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Preface

Myocarditis is a clinical syndrome, most frequently of infectious etiology, that presents itself
with a broad range of relatively non-specific symptoms, and consists of an inflammatory
process of the heart with necrosis and degeneration of the myocardium by inflammatory in-
filtration of immune cells. The infection can cause direct injury of cardiomyocytes as well as
immune-mediated destruction of the myocardium, leading to cardiac dysfunction.

In this book, the broad aspects of myocarditis are fully presented by leading international
experts. The texts are devoted to both clinical aspects and pathophysiology, and they present
comprehensive reviews of the causes of myocarditis, its classification, diagnosis, and treat-
ment, as well as myocarditis in special populations such as pediatric, peripartum and chronic
chagasic myocarditis. Mention is made also of diagnostic aspects, especially by cardiac mag-
netic resonance (CMR) imaging and endomyocardial biopsy. Pathogenesis of myocarditis, re-
garding pathways and mechanisms activated during viral infection and host immune
response, is discussed. The immune-mediated responses operating in myocarditis result from
a myriad of etiologies including infectious, autoimmune, myocardial toxins, hypersensitivity
reactions and physical agents, although human myocarditis is most frequently caused by vi-
ral infection. Among the viral agents, enteroviruses (particularly Coxsackie) and adenovirus
are recognized as the major etiologic factor. However, in the past 10 years, parvovirus B19,
hepatitis C, and herpes virus 6, have emerged as significant viral pathogens. Persistence of
viral infection, myocardial injury, and adverse remodeling can lead to persistent ventricular
dysfunction and dilated cardiomyopathy. Furthermore, acute fulminant myocarditis is a life-
threatening condition, which requires careful management.

Clinical manifestations of myocarditis are highly variable, ranging from asymptomatic electro-
cardiographic or echocardiographic abnormalities to acute myocardial infarction-like syn-
drome, overt congestive heart failure, malignant arrhythmias, cardiogenic shock, and death. On
the other hand, myocarditisis occasionally an unrecognized cause of sudden cardiac death.

Despite the development of diagnostic and therapeutic techniques, acute myocarditis contin-
ues to be an important cause of morbidity and mortality among children and young adults.
To date, there is no specific treatment for this viral infection

Myocarditis is an uncommon but potentially life-threatening syndrome in pediatric pa-
tients who may require critical care transport. Patients may suffer from malignant arrhyth-
mias and hemodynamic collapse and may require transport to a center which offers
extracorporeal life support. In one of the chapters a brief overview of pediatric myocardi-
tis is provided, with a particular focus on considerations for stabilization and transport in
acute fulminant myocarditis.
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Preface

Peripartum cardiomyopathy has recently been defined as “an idiopathic cardiomyopathy
presented by heart failure secondary to left ventricular systolic dysfunction towards the end
of pregnancy or in the months following delivery, where no other cause of heart failure is
found”. Although, the etiology of this disease remains uncertain, overall, there is more evi-
dence to support myocarditis or an autoimmune process as the cause of the disease than for
other proposed etiologies.

Because of these various considerations, it is imperative to have adequate diagnostic tools
and effective drug armamentarium. Yet, despite a variety of diagnostic methods, the diag-
nosis of myocarditis is often difficult to establish. The diagnosis requires a high index of
suspicion, particularly in children, as it may mimic other common diseases

More refined, but controversial diagnostic modalities include CMR imaging and endomyo-
cardial biopsy. In general, these techniques would not be employed in an acute setting in a
non-tertiary care center. CMR has the advantage of being non-invasive; it requires specialty
equipment and radiologists familiar with the interpretation of findings. CMR has a unique
potential for tissue characterization, particularly with the utilization of T1 and T2 weighted
images, can assess 3 markers of tissue injury, namely hyperemia and capillary leakage, ne-
crosis and fibrosis, and intracellular and interstitial edema, and it may help to increase the
diagnostic yield of biopsy for detecting myocarditis due to guiding for biopsy sampling.

The routine indication for performing endomyocardial biopsy in myocarditis has long been a
matter of debate; nonetheless, it continues to be the “gold standard” for the diagnosis of myo-
carditis. Accordingly, the Dallas criteria still remain a reference method for establishing diag-
nosis. The introduction of immunohistochemical techniques and PCR provided new tools for
evaluating endomyocardial samples. Although not yet standardized, they have shown to give
valuable prognostic and therapeutic information and are routine testing in myocarditis.

Viral serological analyses in suspected myocarditis are still widely used, although their utility
remains unproven. The book also presents results in a murine model of viral myocarditis caused
by CVB3. The chapter also describes the characteristics of the infiltrating immune effector cells
and their mechanism of cytotoxicity, especially the role of perforin with which killer lympho-
cytes directly injure target cells and the mechanism of infiltrating T-cell activation.

In the last decades, a number of new strategies have emerged in drug development for the
treatment of myocarditis and its sequelae, most notably dilated cardiomyopathy. However,
there is no specific treatment for this viral infection. Anyhow, as myocarditis can be induced by
anumber of viruses, rapid and timely pathogen identification is critically important for guiding
early and targeted treatments. Certainly, rapid, sensitive and specific detection of a particular
virus or even viral subtype in human samples by detection of virus-specific genes would facili-
tate targeted treatments. This is particularly crucial for those treatments using nucleic acid-
based antiviral agents targeting viral RNA. Interferon beta, immunosuppressive therapy,
immunoglobulin, adsorptive immune therapy and monoclonal antibodies, have all been pro-
posed as potentially useful treatments and are fully discussed in the chapters.

In the case of Chagas myocarditis, nifurtimox and benznidazole have been widely used; their
therapeutic efficacy varies according to the phase of the disease (acute or chronic), duration
of treatment, patient age and geographical area of original infection. The best results are ob-
tained with recently infected patients, when cure rates of 60 to 80% can be achieved, as op-
posed to the chronic phase, depending on the severity of cardiac dysfunction.
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As shown, this book presents a broad spectrum of new aspects of Myocarditis, and we hope
it will be useful to general practitioners, internists and cardiologists.
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Clinical Presentation
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Additional information is available at the end of the chapter
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1. Introduction

Myocarditis is a clinical syndrome characterized by inflammation of myocardium and
caused by a myriad of etiologies including infectious, autoimmune, myocardial toxins, hy-
persensitivity reactions and physical agents. Human myocarditis is most frequently caused
by viral infection. Ongoing viral infection, myocardial injury, and adverse remodeling can
lead to persistent ventricular dysfunction and dilated cardiomyopathy.

The clinical manifestations are highly variable, ranging from asymptomatic electrocardio-
graphic or echocardiographic abnormalities to acute myocardial infarction-like syndrome,
overt congestive heart failure, cardiogenic shock, and death. Myocarditis is occasionally the
unrecognized culprit in cases of sudden cardiac death. Autopsy series have reported that rates
of myocarditis much higher than expected, with overt clinical manifestation from different
etiological agents. Postmortem data have implicated myocarditis in 8.6 % to 12 % of sudden
cardiac death of young adults [1,2]. Furthermore, it has been identified as a cause of dilated car-
diomyopathy in 9 % of cases in a large prospective series [3]. The clinical history in patients pre-
sented with myocarditis remains essential to encompass a wide variety of etiologies, many of
which are infectious [4]. In the past 10 years, however, viruses, including adenovirus, parvovi-
rus B19, hepatitis C, and herpes virus 6, have emerged as significant pathogens [5]. The geo-
graphical distribution can be of relevance for some forms of myocarditis. In selected countries,
Chagas disease, Lyme myocarditis, acute rheumatic fever, and disorders associated with ad-
vanced human immune deficiency virus infection are significant causes. Other less frequent
clinicopathological variants in the etiological spectrum are systemic disorders like giant cell
myocarditis, cardiac sarcoidosis and eosinophilic myocarditis. Additionally, drugs, vaccina-
tions, toxins, physical agents like radiation, heat stroke and hypothermia can be the key point
for some rare clinical diagnoses. Although histological findings remain the gold standard for
establishing the diagnosis of myocarditis, low risk patients are often given a presumptive diag-
nosis if imaging studies and a compatible clinical scenario suggest new-onset cardiomyopathy.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



4 Diagnosis and Treatment of Myocarditis

2. Clinicopathological forms

The changing diagnostic criteria, multifaceted classifications, and varying patterns of infec-
tious disease yielded great deal of confusion over the past two decades. The morphologic crite-
ria for the diagnosis of myocarditis by means of endomyocardial biopsy was proposed by the
Dallas criteria in 1986, which defined myocarditis as a process characterized by the presence of
aninflammatory cell infiltration of the myocardium with necrosis and/or degeneration of myo-
cytes that is not typical of the myocardial injury of ischemic heart disease. The inflammatory
cells are typically lymphocytic but may also include eosinophilic, neutrophilic, giant cells,
granulomatous, or mixed cellularity infiltration. The amount of inflammation and its distribu-
tion may be mild, moderate, or severe, and focal, confluent, or diffuse, respectively. A retro-
spective study of 112 consecutive patients with biopsy-confirmed myocarditis demonstrated,
55 % lymphocytic; 22 % borderline (inflammatory cellular infiltrate with no evidence of myo-
cyte necrosis); 10 % granulomatous; 6 % giant cell and 6 % eosinophilic form of myocarditis [6].
Viral etiology of myocarditis is thought to be the primary cause in most cases. However, a di-
rect causative relationship remains less well established in many clinical occasions. The majori-
ty of these cases are classified as lymphocytic myocarditis.

The Dallas criteria are considered the first attempt to develop standardized histopathologi-
cal description of biopsy samples from patients presented with myocarditis [7]. However,
histopathology alone can be inadequate to identify the presence of active myocarditis. Some
clinicians feel that the definition is too narrow, owing to the limitation by variable interpre-
tation, lack of clinical prognostic values, and low sensitivity [8]. A combination of histopa-
thological characteristics and clinical criteria has been proposed in 1991 [9] as an alternative
scheme to be utilized in the diagnosis of myocarditis. Histologic evidence of myocarditis
was demonstrated in 35 of 348 patients submitted to endomyocardial biopsy over 5 years.
Analysis of the histologic findings and clinical course of these patients resulted in a clinico-
pathological classification of myocarditis in which four clinical subgroups are identified.
The first form of myocarditis is fulminant myocarditis, which is a less frequent form of presen-
tation. The patients present with acute heart failure and cardiogenic shock up to two weeks
after a distinct viral prodromal episode. They have severe cardiovascular compromise and
may require mechanical circulatory support. Multiple foci of active myocarditis are typically
found. The histopathological finding does not match the clinical phenotypic severity. Ven-
tricular dysfunction often normalizes if patients survive the acute illness [10]. In one series,
14 of 147 patients (10.2 %) with clinical myocarditis presented in a fulminant fashion, with
the triad of hemodynamic compromise, rapid onset of symptoms (usually within 2 weeks),
and fever [10]. On follow up, 93 % of the original cohorts were alive and transplant free 11
years following initial biopsy, compared with only 45 % in those with more classic forms of
acute myocarditis. The second form of myocarditis is acute myocarditis, which describes pa-
tients who classically presented with a less distinct onset of illness with nonspecific symp-
toms related to the heart. Viral prodromal episode occurs between 20 and 80 % of the cases,
which can be missed by the patient, and thus cannot be relied upon for diagnosis. They
present with an established ventricular dysfunction and may respond to immunosuppres-
sive therapy or their condition may progress to dilated cardiomyopathy. In a series of 245
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patients with clinically suspected myocarditis, the most common symptoms include fatigue
(82 %); dyspnea on exertion (81 %); arrhythmias (55 %, both supraventricular and ventricu-
lar); palpitations (49 %); and chest pain at rest (26 %), [11]. The presentation can mimic acute
coronary syndromes in view of troponin release, ST segment elevation on electrocardio-
gram, and segmental wall motion abnormalities on echocardiogram. The third form of myo-
carditis is chronic active myocarditis, which describes the majority of older adult patients with
myocarditis. They are also presents with a less distinct onset of illness, often insidious, with
symptoms compatible with moderate ventricular dysfunction such as fatigue and dyspnea.
Affected patients may initially respond to immunosuppressive therapy but often have clini-
cal and histologic relapses and develop ventricular dysfunction associated with chronic in-
flammatory changes, and mild to moderate fibrosis on histological study including giant
cells. The last form of myocarditis is chronic persistent myocarditis, which describes a group of
patients, who also present with a less distinct onset of illness, is characterized by a persistent
histological infiltrate, often with foci of myocyte necrosis but without ventricular dysfunc-
tion, despite other cardiovascular symptoms such as chest pain or palpitation.

The previously depicted four clinicopathological forms of myocarditis are still used to describe
the clinical presentation and its progression, particularly in the absence of ongoing histological
evaluation. These categories may also provide some prognostic information and may suggest
which patients can or cannot benefit from immunosuppressive therapy. A new diagnostic cri-
teria derived from limited data was proposed in 2009. The Lake Louise Consensus Criteria uti-
lizes the cardiac magnetic resonance imaging (CMR) for the diagnosis of myocarditis [12].
CMR enhances the ability to detect myocardial inflammation through noninvasive means, as
well as to improve diagnostic accuracy. In these criteria, four major domains are considered
when making the diagnosis including, clinical presentation compatible with myocarditis, evi-
dence of new or recent onset myocardial damage, increased T2 signal or delayed enhancement
on CMR (compatible with myocardial edema and inflammation), and endomyocardial biopsy
evidence of myocardial inflammation. Use of CMR appears suitable to identify patients with
significant ongoing inflammation, which may be especially important for patients with recur-
rent or persisting symptoms and in patients with new onset heart failure. The awareness came
out that the recommendations proposed by these criteria are based on limited data and that not
all centers will be able to apply all components of the suggested protocol.

3. Clinical manifestation

The presentation of myocarditis has a wide range of clinical scenarios, from subtle to devastat-
ing, that contributes to difficulties in the diagnosis and classification of this disorder. There are
few population-based, epidemiologic studies which have defined the presenting symptoms of
acute myocarditis; this is due to the absence of a safe and sensitive noninvasive test that can
confirm the diagnosis. Worldwide, the true frequency of disease in its less severe forms, wheth-
er clinical or subclinical, across various age segments of the population is more difficult to ap-
preciate. Table 1 summarizes the most significant clinical manifestations and physical findings
in patients presented with myocarditis. Typically, myocarditis has a bimodal age distribution
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in the general population, with the acute presentation more commonly seen in young children
and teenagers. In contrast, in the older adult population the presenting symptoms are more
subtle and insidious, often with dilated cardiomyopathy and heart failure. Most studies of
acute myocarditis reported a slight preponderance in male patients [13]. The male-to-female
ratiois 1.5 to 1, which may be related to a protective effect of natural hormone variations on im-
mune responses in women [14]. The variable clinical manifestation of myocarditis in part re-
flects the variability in histological disease severity. Myocardial inflammation may be focal or
diffuse, involving any or all cardiac chambers. Severe, diffuse myocarditis can result in a clini-
cal manifestation of acute dilated cardiomyopathy.

Many patients with myocarditis present with a nonspecific illness characterized by fatigue,
mild dyspnea, and myalgias. Most cases of viral myocarditis are subclinical; therefore, the
patient infrequently seeks medical attention during acute illness. These subclinical cases
may have transient electrocardiographic abnormalities. The reported antecedent viral infec-
tion syndrome is highly variable, ranging from 10 % to 80 % of patients with viral myocardi-
tis [15-18]. Appearance of cardiac specific symptoms occurs primarily in the subacute virus
clearing phase; therefore, patients commonly present two weeks after the acute viremia. A
few patients present acutely with fulminant congestive heart failure secondary to wide-
spread myocardial involvement. Animal models have led to a much greater understanding
of the fulminant clinical course of myocarditis, in which rapid progression, severe ventricu-
lar dysfunction and cardiovascular collapse occurs [19]. Fulminant myocarditis, manifested
by severe hemodynamic compromise requiring high dose vasopressor support or mechani-
cal circulatory support, was identified in 15 of 147 patients (10.2 %) in a large prospective
study [10]. Fulminant cases were additionally characterized by a distinct viral prodromal
episode, fever, and abrupt onset (generally <3 days) of advanced heart failure symptoms.
These patients typically have severe global left ventricular dysfunction and minimally in-
creased left ventricular end diastolic dimensions. Of note, either borderline or active lym-
phocytic myocarditis can produce this dramatic clinical presentation. The histological
features of chronic myocarditis are usually produced a more subtle clinical course. Adults
may present with heart failure years after initial index event of myocarditis.

The medical history may embrace a number of hints that merits an emphasis. Previous his-
tory of rheumatic heart disease or symptoms defined by Jones criteria, e.g. fever or arthral-
gia, can be a clue for the clinical diagnosis acute rheumatic fever. History of tick bite may
correlate with suspected Lyme disease. Patients treated for neoplastic disorders with chemo-
therapeutic agents like doxorubicin may draw attention to anthracyclines-induced myocar-
ditis. History of travel to Central or South America can be a clue for the diagnosis of Chagas
disease. Additionally, giant-cell myocarditis should be considered in patients with acute di-
lated cardiomyopathy associated with thymoma, autoimmune disorders, ventricular tachy-
cardia, or high-grade heart block. Furthermore, unusual cause of myocarditis, such as
cardiac sarcoidosis, should be suspected in patients who present with chronic heart failure,
dilated cardiomyopathy and new ventricular arrhythmias or second-degree or third-degree
heart block, or who do not have a response to standard care [20]. In the European Study of
the Epidemiology and Treatment of Inflammatory Heart Disease, a 3055 patients with sus-
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pected acute or chronic myocarditis were screened, of them 72 % had dyspnea, 32 % had
chest pain, and 18 % had arrhythmias [21]. The most important clinical manifestations in pa-

tients with myocarditis are as follows:

Clinical Manifestations

Subclinical presentation (Most cases of viral myocarditis)

Nonspecific symptoms e.g. fatigue, arthralgias andmyalgias

Clinical presentation
Shortness of breath, orthopnea or paroxysmal nocturnal dyspnea
Ankle edema
Chest pain (concomitant pericarditis)
Palpitation (arrhythmias)
Presyncope or syncope (atrioventricular block)
Sudden cardiac death (arrhythmic death)
Fever
Flu-like syndrome (e.g. pharyngitis or tonsillitis)

Thromboembolic symptoms (systemic or pulmonary)

Physical Findings
Normal or unremarkable findings
Relevant physical signs Tachypnea
Cyanosis
Elevated jugular venous pressure
Tachycardia
Signs of cardiovascular collapse and shock
Diffuse apex beat and laterally displaced (cardiomegaly)
Diminished intensity of first heart sound
Third and fourth heart sound summation gallops
Murmurs of mitral or tricuspid valves regurgitation
Pericardial friction rub and effusion (concomitant myopericarditis)
Bibasilar crackles
Hepatomegaly
Ascites

Peripheral edema

Table 1. The most significant clinical manifestations and physical findings in patient with myocarditis
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3.1. Shortness of breath

Dyspnea on exertion and fatigue are common. A history of shortness of breath at rest,
orthopnea, ankle edema, or paroxysmal nocturnal dyspnea is suggestive of congestive
heart failure.

3.2 Chest pain

Chest pain is usually associated with concomitant pericarditis. Chest discomfort is re-
ported in one third of patients. The pain is most commonly described as a pleuritic,
sharp, stabbing precordial pain. It may be substernal and squeezing and, therefore, diffi-
cult to distinguish from that typical of ischemic pain. However, myocarditis can be mas-
querading as an acute coronary syndrome both clinically and on the electrocardiogram,
particularly in younger patients [22]. In one series of 34 patients with known normal cor-
onary anatomy presenting with symptoms and electrocardiographic changes consistent
with an acute coronary syndrome, 11 (32 %) of the patients were found to have myocar-
ditis on biopsy [23]. Sarda et al., using myocardial indium111-labeled antimyosin anti-
body and rest thallium imaging, identified 35 of 45 patients (78 %) who presented with
acute chest pain, ischemic electrocardiographic abnormalities, and elevated cardiac bio-
markers as having diffuse or focal myocarditis. However biopsy verification of actual
myocarditis was not undertaken in this series. Complete recovery of left ventricular func-
tion occurred at six months in 81 % of these patients [24]. Some presentations of myocar-
ditis, especially those related to parvovirus B19, present like an acute lateral wall
myocardial infarction. Ischemia associated with myocarditis may be due to localized in-
flammation, or occasionally due to coronary artery spasm [25]. It is essential for clini-
cians to consider acute myocarditis in younger patients who present with acute coronary
syndromes when coronary risk factors are absent, electrocardiographic abnormalities ex-
tend beyond a single coronary artery territory or global rather than segmental left ven-
tricular dysfunction is evident on echocardiography.

3.3. Palpitation, presyncope or syncope

Palpitation is a common presentation in patient with myocarditis. Presyncope or syncope in
a patient with a presentation consistent with myocarditis may be a signal for high-grade at-
rioventricular block and risk for sudden death. Small focal inflammation in electrically sen-
sitive areas may be the etiology of patients whose initial presentation is sudden death.

3.4. Fever

Fever with or without sweats and chills occurs in 20 % of patients presenting with myocar-
ditis. A history of fever or flu-like syndrome in form of pharyngitis, tonsillitis, or upper res-
piratory tract infection before admission occurs in 50 % of patients [17].
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3.5. Other symptoms

Apart from the nonspecific symptoms recognized like malaise, myalgias and arthralgias,
other extracardiac symptoms may identify infectious, toxic agents or autoimmune diseas-
es affecting the heart and resulting in a myocarditis. A viral prodrome of fever, myal-
gias, and muscle tenderness may precede viral myocarditis, while a delayed
hypersensitivity reaction may be first apparent from a cutaneous rash. Rash, fever, pe-
ripheral eosinophilia, or a temporal relation with recently initiated medications or the
use of multiple medications suggest a possibility of hypersensitivity myocarditis. The
clinical diagnosis of myocarditis is challenging, due to its varying presentation and non-
specific symptoms and physical findings. Accordingly, a high level of clinical suspicion
is warranted and a presumptive diagnosis is usually made based on patient’s demo-
graphics and clinical course.

4. Physical examination

The physical examination of patient presenting with myocarditis is frequently normal.
Mild cases of patients with myocarditis may appear to have a simple viral syndrome.
More acutely ill patients with acute myocarditis have the classical signs of circulatory
impairment due to congestive heart failure. Patients may shows signs of fluid overload
including elevated jugular venous pressure, bibasilar crackles, hepatomegaly, ascites and
peripheral edema. More severe cases may show cardiovascular collapse and signs of
shock. In addition to the signs of fluid overload, physical examination may reveal direct
evidence of cardiovascular signs in symptomatic patients. Tachypnea and tachycardia are
common. Tachycardia is often out of proportion to fever. Cyanosis may occur as well.
The apex impulse may be diffuse and laterally displaced suggesting cardiomegaly. Heart
auscultation may reveal diminished intensity of first heart sound. The third and occa-
sionally fourth heart sound summation gallops may be noted with impaired ventricular
function, particularly when biventricular acute myocardial involvement results in system-
ic and pulmonary congestion. If the right or left ventricular dilatation is severe, ausculta-
tion may reveal murmurs of mitral or tricuspid valves regurgitation. Table 1 summarizes
the most significant clinical manifestations and physical findings in patients presenting
with myocarditis.

A pericardial friction rub and effusion may become evident in some patients with dif-
fuse inflammation as a result of myopericarditis. Pericardial tamponade was reported in
very rare occasions. Pleural friction rub may develop as the inflammatory process in-
volves surrounding structures. In cases where a dilated cardiomyopathy has developed,
signs of peripheral or pulmonary thromboembolism may be encountered. Certain physi-
cal findings may imply a specific cause of myocarditis. Enlarged lymph nodes might
suggest systemic sarcoidosis. A pruritic, maculopapular rash may suggest a hypersensi-
tivity reaction, often to a drug or toxin. Acute rheumatic fever can present with the
modified Jones criteria.
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5. Electrocardiogram findings

Generally, the Electrocardiogram (ECG) is a sensitive means in myocarditis. However, its
diagnostic value is limited by the low specificity and a wide diversity of changes ob-
served during the course of disease. ECG must be timely repeated, since minor abnor-
malities detected initially may become subsequently more apparent. ECG findings
associated with myocarditis may include first-, second- or third-degree atrioventricular
block, intraventricular conduction delay (widened QRS complex), bundle branch or fas-
cicular block, reduced R wave height, abnormal Q waves, ST-T segment changes or low
voltage. In one report, either ST-segment elevation or T-wave inversion was present as
the most sensitive ECG criterion in <50% of patients, even during the first weeks of the
disease [26]. A gradual increase in the width of the QRS complex may be a sign of exac-
erbation of myocarditis. Frequent premature beats, supraventricular tachycardia and at-
rial fibrillation may arise as well. Arrhythmias such as sinus arrest, ventricular
tachycardia, ventricular fibrillation or asystole may occur and threaten the life of patients
with myocarditis. Hence, continuous ECG monitoring is crucial to detect potentially fatal
arrhythmias.

6. Clinical manifestation of complications

Despite the fact that a substantial number of myocarditis are never coming to medical atten-
tion, a less frequent form of myocarditis is fulminant and leads rapidly to cardiovascular
collapse and shock that requires mechanical ventilation. In contrast, if these patients survive
the first 3-4 weeks of illness they have almost complete recovery and far fewer long term
complications compared with those patients with more indolent courses [27,28]. Generally,
there are a number of well recognized complications that may be encountered in the variety
of clinical scenarios of patients with myocarditis.

6.1. Congestive heart failure

In many patients who develop heart failure, fatigue and decreased exercise capacity are
the initial manifestations. However, diffuse, severe myocarditis, if rapid in evolution, can
result in acute myocardial failure and cardiogenic shock. Signs of right ventricular fail-
ure include increased jugular venous pressure, hepatomegaly, and peripheral edema. The
decline in right ventricular function "protects" the left side of the circulation so that signs
of left ventricular failure (such as pulmonary congestion) may not be seen. If, however,
there is predominant left ventricular involvement, the patient may present with symp-
toms of pulmonary congestion including dyspnea, orthopnea, pulmonary crackles, and,
in severe cases, acute pulmonary edema. Patients with persistent viral genome expres-
sion show limited recovery of left ventricular function, decreased stroke volume index
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and more stiffness of the ventricle with the resultant long-term morbidity of heart failure
and a mortality of nearly 25 % [29].

6.2. Arrhythmias

A number of arrhythmias may be seen during the clinical course of myocarditis. Sinus ta-
chycardia is more frequent than serious atrial or ventricular arrhythmias, while palpitations
secondary to premature atrial or, more often, ventricular premature complexes are common.
Ventricular arrhythmias and variable degree heart blocks are uncommon, but well recog-
nized clinical presentations [30,31]. Persistent complex ventricular arrhythmias after appa-
rent resolution of myocarditis were reported in children and young adults as well [32].
Several series have examined the frequency of myocarditis among patients evaluated for life
threatening ventricular arrhythmias that occurred in the absence of structural heart disease
[33-35]. These patients tend to be younger than 50 years and to have normal or near-normal
left ventricular systolic function. The frequency of syncope or cardiac arrest as reported has
ranged from 8 % to 61 % [33,34]. Biopsy evidence of myocarditis among patients without
structural heart disease has ranged from 8 % to 50 %. On the other hand, patients with ven-
tricular arrhythmias due to lymphocytic or granulomatous myocarditis have a higher risk.
Sustained ventricular tachycardia or new heart block in the setting of rapidly progressive
congestive heart failure suggests giant cell myocarditis.

Granulomatous myocarditis has been associated more frequently with life threatening ven-
tricular arrhythmias, syncope, and high-grade atrioventricular block requiring temporary or
permanent ventricular pacing than has lymphocytic myocarditis [36-38]. Furthermore, gran-
ulomatous myocarditis might be suspected in patients who present with apparently chronic
dilated cardiomyopathy yet with new ventricular arrhythmias or heart block or who do not
have a response to optimal care [20].

6.3. Sudden cardiac death

The risk of sudden arrhythmic death in patients with myocarditis is increasingly appreci-
ated in the current morbidity and mortality data. The discovery of myocarditis in 1 to 9
% of routine postmortem examinations suggests that myocarditis is a major cause of sud-
den, unexpected death [16]. Although heart failure and cardiomyopathy are more com-
mon clinical presentations, patients with myocarditis may present with syncope or
unexpected sudden cardiac death, presumably due to ventricular tachycardia or fibrilla-
tion [39-42]. Myocarditis is a significant cause of sudden, unexpected death in adults
younger than age 40 years and elite young athletes. In these presumably healthy individ-
uals, autopsy findings have revealed myocarditis in up to 20 % of cases [43]. In an au-
topsy series of patients under age 40 who presented with sudden death in the absence of
known heart disease, myocarditis was responsible for 22 % of cases under age 30 and 11
% in older subjects [39]. In another autopsy study of sudden death occurring in 1866
competitive athletes, myocarditis was present in 6 % of the cardiovascular deaths [44]. In
one more series of autopsies in military recruits, myocarditis accounted for 20 % of
deaths due to identifiable structural cardiac abnormalities [40].
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6.4. Dilated cardiomyopathy

A substantial subset of symptomatic cases of postviral or lymphocytic myocarditis present
with a syndrome of heart failure and dilated cardiomyopathy. A clinical and pathologic syn-
drome that is similar to dilated cardiomyopathy (DCM) may develop after resolution of vi-
ral myocarditis in animal models and biopsy-proven myocarditis in human subjects [45].
This has led to speculation that DCM may develop in some individuals as a result of sub-
clinical viral myocarditis. Theoretically, an episode of myocarditis could initiate a variety of
autoimmune reactions that injure the myocardium and ultimately result in the development
of DCM. These abnormalities in immune regulation and the variety of antimyocardial anti-
bodies present in DCM are consistent with this hypothesis. Enteroviral RNA sequences may
be found in heart biopsy samples in DCM but with a very variable frequency (0-30 %),
[46,47]. Furthermore, analysis of human viruses other than enteroviruses suggests that ade-
noviruses, herpes, and cytomegalovirus can also cause myocarditis and potentially DCM,
particularly in children and young subjects [48,49].

In most acute cases of lymphocytic myocarditis, left ventricular function improves over one
to six months with standard heart failure care. However a substantial minority will develop
a persistent inflammation that leads to chronic cardiomyopathy. In the patients who devel-
op chronic cardiomyopathy, the risk of heart transplantation and death is high. In a large
review of 1230 cases of initially unexplained cardiomyopathy, 9 % were thought to be due to
myocarditis [50]. A similar prevalence of 10 % was noted in the Myocarditis Treatment Trial
in which endomyocardial biopsy was performed in over 2200 patients with unexplained
heart failure of less than 2 years duration [18].

6.5. Thromboembolism

Thromboembolism, arterial and venous, is more evident in patients with left ventricular
dysfunction, and appears to be quite frequent complication in certain forms of myocarditis
and cardiomyopathies. Additionally, the risk of thromboembolism from either tissue or
thrombus from the biopsy site is higher in left ventricular biopsy. Right-sided thromboemb-
olism can be due to thrombus from the venous access sheath, particularly with the internal
jugular approach. The possibility of some small added diagnostic yield by taking biopsy
samples of the left ventricle in addition to the right is outweighed by the attendant risk of
systemic embolism.

Thromboembolism is frequent in advanced Chagas disease, and its occurrence is proba-
bly underestimated [51,52]. At autopsy, 73 % of patients have left or right ventricular
mural thrombi, with evidence of pulmonary or systemic embolization in 60 % [53]. The
apical aneurysm typical of Chagas disease is particularly prone to the formation of
thrombi and is associated with a high incidence of thromboembolic events [54]. Further-
more, there is a high incidence of thromboembolism in population with peripartum car-
diomyopathy. Thrombi are the result of the hypercoagulable state of pregnancy and of
stasis and turbulent flow in the dilated heart. Thrombi often form in patients with lower
left ventricular ejection fraction (<35 %), [55,56]. Higher mortality rates have been report-
ed to be due to thromboembolism as well [57].



Clinical Presentation
http://dx.doi.org/10.5772/54362

6.6. Recurrent myocarditis

In the majority of patients, the clinical course of myocarditis is self-limited, and there is
complete resolution of myocardial inflammation without further relapse or sequelae.
However, the disease has been observed to recur in a similar scenario to initial presenta-
tion, which then may resolve spontaneously or be associated with heart failure, arrhyth-
mias, or death. Chronic myocarditis may be considered to be one of the mechanisms of
the process of recurrence. Recurrence was reported in 10 to 25 % of patients after appa-
rent resolution of the initial illness [58,59]. Recurrence of myocarditis is well recognized
in patients with acute rheumatic fever. It is also demonstrated in subsequent pregnancies
after peripartum cardiomyopathy and recurrence should be suspected if ventricular func-
tion subsequently deteriorates [59]. Women should be counseled to avoid pregnancy af-
ter a diagnosis of peripartum cardiomyopathy. Recurrence was also described in giant
cell myocarditis in transplanted heart which responded to intensive immunosuppression.
History of third time recurrences of active myocarditis proven by endomyocardial biopsy
associated with complete atrioventricular block was described as well and viral studies
showed no evidence of recent infection [60]. Another report present recurrent viral myo-
carditis and vaccine-associated myocarditis in a single patient with complete reversal of
the cardiomyopathy and return to normal cardiac function [61]. Moreover, some cases
were observed to have recurrent myocarditis after tapering of immunosuppressive thera-
py and previous biopsy specimens showing healed myocarditis. One report indicated
that pericarditis on initial presentation may be associated with a higher rate of recur-
rence of myocarditis [62]. However, in reality, there are no reliable predictors that identi-
fy patients likely to have recurrence.

7. Manifestations of specific forms of myocarditis

Specific clinical forms of myocarditis of variable etiologies will be described below. Table 2
summarized some key clinical hints among specific forms of myocarditis that help with the
clinical diagnosis.

7.1. Viral myocarditis

Amongst the multiple infectious etiologies which have been implicated as the cause of clini-
cally significant acute myocarditis, viral myocarditis is the most common and the enterovi-
rus coxsackie B the most significant. Numerous seroepidemiologic and molecular studies
have linked coxsackievirus B to outbreaks of myocarditis which occurred before the 1990s.
The spectrum of viruses that were detected in endomyocardial biopsy samples shifted from
coxsackievirus B to adenovirus in the late 1990s. In the last decade a number of reports im-
plicate new viruses in the etiology of myocarditis and dilated cardiomyopathy. The parvovi-
rus B19 was identified in patients with myocarditis in Germany [63,5], and hepatitis C virus
was reported in Japan [64,65] as well.
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Clinical clues

Clinical diagnosis

Comments

Preceding upper respiratory febrile or flu-like illness

(viral nasopharyngitis or tonsillitis)

Viral myocarditis

Often self-limited

Patients present with chronic heart failure,
dilated cardiomyopathy and new arrhythmias or heart

block with no response to standard care

Sarcoid

myocarditis

Enlarged lymph
nodes suggest

systemic sarcoidosis

Cutaneous rash (pruritic, maculopapular),
fever, peripheral eosinophilia or a temporal
relation with recently initiated medications or the use of

multiple medications

Hypersensitive/
eosinophilic

myocarditis

Patients treated with anti-neoplastic chemotherapeutic

agents

Anthracyclines-induced

myocarditis

History of travel to Central or South America, Systemic or

pulmonary thromboembolism

Chagas disease

The apical aneurysm is typical

in advanced disease

History of residence or travel through the
endemic area; previous tick bites; prior or
current erythema migrans lesions and

coexistence of neurologic dysfunction

Lyme disease

Varying degrees of
atrioventricular
conduction block is

common

Previous history of rheumatic heart disease Acute rheumatic

or symptoms defined by Jones criteria e.g. fever

erythema marginatum, polyarthralgia, chorea,

subcutaneous nodules fever or arthralgia

Heart failure developing in the last month Peripartum Higher incidence of

of pregnancy or within 5 months following cardiomyopathy thromboembolism

delivery (hypercoagulable state of
pregnancy). More often
when left ventricular ejection

fraction <35 %

Sustained ventricular tachycardia in rapidly Giant-cell Syncope or sudden death

progressive heart failure associated with myocarditis develop due to ventricular

thymoma, autoimmune disorders, or high-grade arrhythmias or heart block

heart block

Table 2. Some key clinical hints among specific forms of myocarditis that help with the clinical diagnosis.

Early studies suggested that cardiac involvement occurred in 3.5 to 5 % of patients during
outbreaks of coxsackievirus infection [66,67]. Most cases of enteroviral myocarditis or peri-
carditis occur in children and young adults, two-thirds of whom males. In the majority of
patients, active myocarditis remains unsuspected because the subclinical and self-limited
pattern of presentation or the presence of myocarditis may be inferred only by the finding of
transient electrocardiographic ST-T-wave abnormalities. In addition, subtle cardiac symp-
toms and signs may be overshadowed by the systemic manifestations of the underlying in-
fection or disease process. Clinically, patients give a history of a preceding upper respiratory
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febrile illness or a flu-like syndrome, and viral nasopharyngitis or tonsillitis may be evident.
In the United States Myocarditis Treatment Trial, 89 % of subjects reported a syndrome con-
sistent with a viral prodrome [18]. The patient may also have fever, myalgias, and muscle
tenderness, that is followed by chest pain, dyspnea or arrhythmias, and occasionally heart
failure. A pericardial friction rub is documented in half of cases, and the electrocardiogram
shows ST-segment elevation or ST- and T-wave abnormalities. Most adults recover com-
pletely and only a minority of cases progress to chronic dilated cardiomyopathy.

In addition to the coxsackievirus B, other members of the genus Enterovirus (coxsackievirus
A, echovirus, and poliovirus) and many other viruses have also been associated, less fre-
quently, with myocarditis; these viruses include influenza virus, Epstein-Barr virus, cyto-
megalovirus, human herpes virus [68], and varicella-zoster virus. Myocarditis and
pericarditis were reported in association with influenza virus infection during the 1918-1919
pandemic. Unusually, myocarditis has also been described as a complication of mumps in a
severe but usually self-limited form. Molecular diagnostic assays have implicated mumps
virus in some cases of endocardial fibroelastosis following myocarditis as well. In a recent
study of 172 patients with a biopsy sample showing myocarditis, the most common viruses
were parvovirus B19, 36.6 %; enterovirus, 32.6 %; co-infection with HHV-6 and parvovirus
B19, 12.6 % human herpes virus 6 (HHV-6), 10.5 %; adenovirus, 8.1 % [63].

The novel influenza virus A (HIN1) pandemic began in Mexico in 2009 and rapidly spread
worldwide. Cardiac complications of HIN1 infection were uncommonly reported. Sudden
death as a result of myocarditis was a rare recognized complication in otherwise immuno-
competent individuals, despite the absence of significant respiratory tract infection. A report
from Japan described 10 patients presented with fulminant myocarditis which was con-
firmed by endomyocardial biopsy in 6 patients, 8 of the cases were rescued [68]. Also, influ-
enza myocarditis was documented in a previously healthy adult due to 2009 pandemic
HINT1 virus [69]. Another fatal case of acute myocarditis was reported in an immunocompe-
tent young woman; the autopsy revealed a predominantly lymphocytic myocarditis [70].
Cases diagnosed with fulminant myocarditis were also described in pediatric population,
with fatal outcomes within a 30-day of presentation [71]. Though viral myocarditis is most
often self-limited and without sequelae, fulminant condition with arrhythmias, heart failure
occurs. Arrhythmias are common and are occasionally difficult to manage. Patients with ful-
minant myocarditis may require mechanical cardiopulmonary support or cardiac transplan-
tation, but the majority survived and many demonstrate substantial recovery of ventricular
function. Patients with myocarditis and pulmonary hypertension are at a particularly high
risk of death. Deaths attributed to heart failure, tachyarrhythmias, and heart block has been
reported and it seems prudent to monitor the electrocardiogram of patients with arrhyth-
mias, especially during the acute illness. In some patients, myocarditis simulates acute myo-
cardial infarction, with chest pain, electrocardiographic changes, and elevated serum levels
of myocardial enzymes. Additionally, viral myocarditis are assumed to be the major causes
of chronic dilated cardiomyopathy, some cases of myocarditis may recur as well, however
the number of cases with acute myocarditis that progresses to chronic dilated cardiomyop-
athy remains unknown.
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7.2. Human immunodeficiency virus (HIV) myocarditis

The human immunodeficiency virus type I (HIV-1) infection that causes the acquired im-
munodeficiency syndrome (AIDS) has become a worldwide pandemic. Since its initial
description 3 decades ago, a number of factors have changed, which may have altered
the nature of cardiac manifestation. Notably, survival in adult with HIV infection and
AIDS is now prolonged as a result of earlier detection and use of highly active antiretro-
viral therapy (HAART), [72,73]. At the same time, conditions such as hypertension, dia-
betes, hyperlipidemia, lipodystrophy and coronary artery disease appear to add further
comorbidity to HIV infection [74-76]. Human immunodeficiency virus myocarditis is the
most common cardiac pathologic finding at autopsy in HIV infected patients, prevalence
being as high as 70 % [77,79]. Myocarditis identified at autopsy or on endomyocardial bi-
opsy in HIV-infected patients is most often nonspecific and manifests as focal, inflamma-
tory lymphocytic infiltrates without myocyte necrosis. However, it is uncertain whether
the myocarditis so frequently observed at autopsy is clinically relevant. Myocarditis
should be considered in any HIV-infected patient with dyspnea or cardiomegaly. It is
present either with signs and symptoms of congestive heart failure, or asymptomatic left
ventricular (LV) dysfunction at echocardiography. Of note, the clinical features of other
concomitant non-cardiac disorders may mask cardiac involvement and steer to inaccurate
approach, since myocardial manifestations due of HIV infection may respond at least
transiently to standard therapy. A prospective long-term clinical and echocardiographic
follow-up study of asymptomatic HIV-positive patients showed a mean incidence of pro-
gression to dilated cardiomyopathy of 15.9 cases per 1,000 patient/year. The precise
pathogenesis of myocarditis in AIDS is unclear. Possible direct action of HIV on myocar-
dial tissue or an autoimmune process induced by HIV, possibly in association with other
cardiotropic viruses, have been proposed. It is difficult to assess the clinical significance
of viral infection of the myocardium in HIV infected patients. A histologic diagnosis of
myocarditis was reported in 83 % of patients with dilated cardiomyopathy. This signifi-
cant proportion had focal, nonspecific lymphocytic myocarditis [80]. Dilated cardiomyop-
athy can be subclinical or may present with overt clinical findings. Cardiac involvement
is often subclinical as echocardiographic studies have demonstrated LV dysfunction in 41
% of asymptomatic HIV-positive individuals [81]. However, in the primary care setting,
AIDS cardiac complications are unusual. One autopsy series demonstrated no cardiac
disease in 115 consecutive autopsies of patients who died of AIDS-related complications
[79]. In one series of 416 HIV-positive patients from Rwanda without previous history of
cardiovascular disease and not receiving HAART an echocardiographically evident dilat-
ed cardiomyopathy was found in 17.7 % [82]. Overt clinical involvement is seen in 10 %
of HIV patients, and the most common clinically significant finding is a dilated cardio-
myopathy associated with typical findings of congestive heart failure, namely edema and
shortness of breath. Apart from clinical manifestations which may be a direct conse-
quence of HIV infection, there may be consequence of possible etiologies related to non-
HIV cardiotrophic viral infection, postviral autoimmune mechanism, drug toxicity, or
neoplastic infiltration by Kaposi sarcoma or lymphoma.
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Since the introduction of HAART regimens there has been a marked reduction in the inci-
dence of myocarditis and opportunistic infections, which has led to a nearly 30 percent re-
duction in HIV-associated cardiomyopathy [83]. Opportunistic infections including bacteria,
fungi, protozoa, and viruses are the most frequent cause of morbidity and mortality in
AIDS, in 10 to 15 % of cases [84]. However, symptomatic disease appears to be rare. Toxo-
plasma gondii is the most frequently documented infectious cause of myocarditis associated
with AIDS. Myocardial toxoplasmosis has been described in 1 to 16 % of autopsy series of
patients dying of AIDS [77,78,85]. Cytomegalovirus is another common opportunistic infec-
tion in patients with late stage AIDS that can cause myocarditis [83,86]. Other virus identi-
fied within the myocardium of HIV-infected or AIDS patients, either at antemortem
endomyocardial biopsy or from autopsy material, include Epstein-Barr and coxsackie B vi-
rus in adults [80,87,88]. These viruses may be present as either primary infection or as coin-
fection, and can occur with or without associated myocarditis and with or without
associated LV dysfunction. Other infections, like myocardial tuberculosis, appears to be rare
[89]. Fungal myocarditis is another unusual complication of disseminated infection that is
identified most often at autopsy. Various fungal organisms have been identified in the myo-
cardium at autopsy with associated myocarditis. Cardiac cryptococcus has been diagnosed
in association with congestive heart failure and resolved after therapy [90-92].

Other possible etiologies of LV dysfunction are drug toxicity from either abuse of illicit sub-
stances, or iatrogenic disease from agents used in the therapy of AIDS. Alcohol, cocaine, or
heroin may contribute to LV dysfunction in many cases [93-95]. Therapeutic agents implicat-
ed as potential cardiac toxins include zidovudine [96,97], interleukin-2 [98], and interferon
alfa-2 [99,100]. Neoplastic infiltration of the heart by Kaposi sarcoma is frequently seen at
autopsy and usually associated with widespread disease in the terminal phases of AIDS
[101]. Non-Hodgkin lymphoma is also observed in this setting and also associated with
widespread disease [102].

7.3. Bacterial myocarditis

Nowadays, myocarditis of infectious etiology caused by non-viral agents is less frequent
worldwide. Bacterial involvement of the heart is uncommon, but when it does occur, it is
usually as a complication of endocarditis. Various bacteria include (Corynebacterium diphther-
ine, Streptococcus pyogenes, Staphylococcus aureus, Haemophilus pneumoniae, Salmonella spp.,
Neisseria gonorrhoeae, Leptospira, Borrelia burgdorferi, Treponema pallidum, Brucella, Mycobacteri-
um tuberculosis, Actinomyces, Chlamydia spp., Coxiella brunetti, Mycoplasma pneumoniae and
Rickettsia spp). Bacteria like streptococcal and staphylococcal species and Bartonella, Brucella,
Leptospira, and Salmonella species can spread to the myocardium as a consequence of severe
cases of endocarditis. Some forms of bacterial myocarditis will be discussed below.

7.3.1. Diphtheritic myocarditis

Worldwide, the most common bacterial cause of myocarditis is diphtheria. As early as 1806,
a relationship between infection (diphtheria) and chronic heart disease was postulated, but



18 Diagnosis and Treatment of Myocarditis

it was not until the 1970s, with the advent of endomyocardial biopsy, that the diagnosis of
myocarditis could be established during life.

The risk of developing cardiac toxicity is proportional to the severity of local infection. Cory-
nebacterium diphtheriae produce toxins that inhibit protein synthesis that can cause myocardi-
tis and lead to a dilated, flabby, hypocontractile heart. The manifestations of diphtheritic
myocarditis include various arrhythmias, conduction disturbances, and dilated cardiomyop-
athy. Cardiomegaly and severe congestive heart failure typically appear after the first week
of illness. However, clinically evident cardiac manifestations like dyspnea, muffled heart
sounds, gallop rhythm or cardiac dilatation are much less common, occurring in 10 to 25 %
of all patients with diphtheria [103]. Myocarditis occurred in 22 % of 656 hospitalized pa-
tients with diphtheria in the Kyrgyz Republic in 1995; 7 % of patients with myocarditis and
2 % of patients without myocarditis died [104]. Myocarditis as evidenced by electrocardio-
graphic changes such as ST-T wave changes, QTc prolongation, and/or first-degree heart
block can be detected in as many as two-thirds of cases, often occurring when local respira-
tory symptoms are improving [105,106]. The conduction system is frequently involved.
Complete heart block from diphtheritic myocarditis was almost always fatal before tempo-
rary cardiac pacemakers were developed. Diphtheritic myocarditis is considered the most
serious complication and remains the major cause of mortality [107]. The death rate is high-
est during the first week of illness, particularly among patients with bull-neck diphtheria
and among patients with myocarditis who develop ventricular tachycardia, atrial fibrilla-
tion, or complete heart block.

7.3.2. Lyme myocarditis

Lyme disease is an inflammatory disease caused by infection with the spirochete Borrelia
burgdorferi. In United States, carditis occurs in approximately 5 % of infected patients, while
it is less frequent in Europe, affecting approximately 0.3 to 4.0 % of untreated adults [108].
This difference may be related to infection by different organisms. A careful history should
address risk factors or possible evidence of B. burgdorferi infection particularly in the pres-
ence of atrioventricular conduction abnormalities [109]. These include history of residence
or travel through an endemic area; previous tick bites; prior or current erythema migrans
lesions and coexistence of neurologic dysfunction compatible with neurologic Lyme disease.
Cardiac Lyme disease occurs during the early disseminated phase of the disease, usually
within weeks to a few months after infection [110]. In a patient with suspected Lyme disease
after a tick bite, the possibility of coinfection with Ehrlichia (ehrilichiosis) and Babesia (babe-
siosis) should be considered as both can also cause myocarditis.

There is a male predominance of approximately 3:1 in cardiac Lyme disease [111]. Patients
with cardiac involvement may be asymptomatic and clinically unapparent. However, some
patients develop symptomatic myocarditis with cardiac muscle dysfunction and/or associat-
ed pericarditis [112,113]. Symptoms mainly include palpitations, shortness of breath, chest
pain, presyncope or syncope. In a review of 84 patients with Lyme carditis, the United States
Centers for Disease Control and Prevention reported palpitations in 69 %, conduction abnor-
malities in 19 %, myocarditis in 10 % and left ventricular failure 5 % [114]. Endomyocardial
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biopsy samples resemble idiopathic lymphocytic myocarditis, and rarely the spirochetal or-
ganisms are identified [108,109,115]. Atrioventricular conduction block of varying degrees
are the most common manifestation of Lyme carditis. In some patients, heart block is the
first and only manifestation of Lyme disease [116]. Patients may present with first-degree
heart block, which can progress to second-degree or complete heart block over a short peri-
od of time [117]. One review of 52 patients with Lyme carditis found that 87 % had atrioven-
tricular block, which was usually symptomatic [109]. Wenckebach periodicity occurred in 40
% and complete atrioventricular block in 50 %; other findings include bundle branch and
fascicular blocks, although rare. In another report, 38 % of patients with Lyme carditis re-
quired a temporary pacemaker [118]. Patients with a PR interval greater than 300 millisec-
onds carry a highest risk for progression to complete heart block, which may develop
rapidly [119]. Complete heart block caused by Lyme disease typically resolves within one
week, and minor conduction disturbances within six weeks [109,110]. Other reports showed
heart block usually persisting for 3 to 42 days, often resolving spontaneously [108,119-121].
In Europe, scattered case reports have suggested that B. burgdorferi may, in isolated cases, be
a cause of chronic cardiomyopathy [122,123]. This has not been shown in the United States.
A small Dutch series evaluated 42 patients with dilated cardiomyopathy [112]. Nine were
seropositive for anti-B. burgdorferi; six recovered fully, two had a partial response, and one
showed no improvement.

7.3.3. Salmonella myocarditis

Typhoid fever is a life-threatening illness rarely complicated by myocarditis. Salmonella my-
ocarditis may produce variable clinical manifestations from latent to severe clinical forms,
such as acute congestive heart failure or sudden cardiac death [124,125]. Postmortem studies
suggest that myocarditis is a major cause of sudden unexpected death in young adults and
may account for 20 % of cases [16].

7.3.4. Yersinia myocarditis

Myocarditis sometimes occurs as a complication of Yersinia. Clinical evidence of Campylo-
bacter-associated myocarditis described in association with Campylobacter spp. Enteritis
[126]. Mild, self-limited myocarditis accompanies 10 % of cases of Yersinia-induced arthritis
and can occur independently. Typical manifestations include cardiac murmurs and transient
electrocardiographic abnormalities, such as prolongation of the PR interval and nonspecific
ST-segment and T wave changes. The syndrome of Yersinia-induced arthritis and carditis
can be confused with acute rheumatic fever.

7.3.5. Legionella myocarditis

Myocardial involvement is a rare manifestation of Legionella infection, although the most
common extrapulmonary site of Legionnaires” disease is the heart. Numerous reports have
described myocarditis, pericarditis, postcardiotomy syndrome, and prosthetic valve endo-
carditis [127-129]. Most cases have been hospital acquired. Legionella carditis in the adult
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population is invariably seen in association with pneumonia; however, isolated Legionella
myocardial involvement without associated pneumonia has been reported [130].

7.3.6. Mycoplasma myocarditis

Cardiac abnormalities have rarely been reported in conjunction with Mycoplasma pneumoniae
infection, including myocarditis and pericarditis [131,132]. Myocarditis has been described
in rare autopsy reports as well. Cardiac manifestations include rhythm disturbances, con-
gestive heart failure, chest pain, and conduction abnormalities on the electrocardiogram.

7.3.7. Q fever myocarditis

Myocarditis, though uncommon, may be a particularly severe manifestation of Q fever. In a
study of 1070 patients with acute Q fever from southern France, 1 % had pericarditis, and 1
% had myocarditis. In other series of 1276 patients with Q fever over a 15-year period, only
eight developed myocarditis but two were among the only 12 patients with Q fever who
died [133]. Q fever may also cause endocarditis which usually occurs in patients with previ-
ous valvular damage or immunocompromise particularly on a bicuspid aortic valve or a
prosthetic valve.

7.3.8. Chlamydial myocarditis

Chlamydial infection also has been reported in association with clinical manifestations of
myocarditis [134].

7.3.9. Relapsing fever myocarditis

Relapsing fever is an arthropod-borne infection characterized by recurrent episodes of fever,
caused by spirochetes of the genus Borrelia. The first episode of illness tends to be the most
severe. Myocarditis appears to be common in both louse-borne and tick-borne relapsing fe-
ver. Clinical and electrocardiographic evidence of myocarditis and myocardial dysfunction
includes a prolonged QTc interval, commonly a galloping third heart sound, elevated cen-
tral venous pressure, arterial hypotension, and rarely pulmonary congestion. Heart involve-
ment has been prominent in fatal cases [135].

7.4. Acute rheumatic fever

Acute rheumatic fever (ARF) is a nonsuppurative complication of group A streptococcus
pharyngitis that occurs two to four weeks following infection and arises as an autoimmune
response to extracellular or somatic bacterial antigens that share epitopes similar to human
tissue. Rheumatic fever remains one of the most important cardiovascular diseases that
cause significant cardiac morbidity and mortality in developing countries [136]. In devel-
oped countries, ARF is generally preceded by pharyngitis but not skin infection [137]. How-
ever, data from endemic regions with ARF and rheumatic heart disease suggest a less clear
association [138-140]. Acute rheumatic fever occurs most frequently in children 5 to 15 years
of age. The incidence of rheumatic heart disease in patients with a history of ARF is variable;
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in general, valvular damage manifesting as a murmur later in life is likely to occur in about
50 % of patients with evidence of carditis at initial presentation [141,142]. The myocardial
lesions consist of nonspecific lymphocytic myocarditis and Aschoff nodules. The latter are
pathognomonic of ARF. Myocarditis is often indicated by cardiomegaly and/or congestive
heart failure (CHF), particularly in the absence of a significant pericardial effusion. The pres-
ence of valvulitis is established clinically by auscultatory findings. Although CHF in rheu-
matic fever patients traditionally has been ascribed to severe myocardial inflammation,
endomycardial biopsy in patients with rheumatic carditis does not show significant evi-
dence of myocyte damage [143]. In addition, echocardiographic left ventricular ejection frac-
tion and indices of myocardial contractility remain normal in patients with rheumatic
carditis even in the presence of CHF [144]. Further, CHF occurs only in the presence of he-
modynamically significant valvular lesions. The diagnosis of ARF is established largely on
clinical grounds. The clinical manifestations were initially described by Jones [145]. Subse-
quently, guidelines for the diagnosis of rheumatic fever reviewed have been established by
the American Heart Association Working Group in 2002 [146]. The five major manifestations
include migratory arthritis, carditis and valvulitis, central nervous system involvement (e.g.,
Sydenham chorea), erythema marginatum and subcutaneous nodules. Whereas the four mi-
nor manifestations include, arthralgia, fever, elevated acute phase reactants (erythrocyte
sedimentation rate, C-reactive protein) and prolonged PR interval. The probability of ARF is
high in the setting of group A streptococcal infection followed by two major manifestations
or one major and two minor manifestations. Strict adherence to the Jones criteria in areas of
high prevalence may result in under detection of the disease. This was illustrated in a report
of 555 cases of confirmed ARF among Australian aboriginals in whom monoarthritis and
low-grade fever were important manifestations [147].

7.5. Chagas myocarditis

Chagas disease is a protozoan infection due to Trypanosoma cruzi; transmitted by an insect
vector, produces an extensive myocarditis that typically becomes evident years after the ini-
tial infection. It is a major public health problem in endemic areas and in immigrants from
rural Central or South America. Chagas myocarditis is by far the most common form of car-
diomyopathy in Latin American countries [148]. Chagas disease consists of acute and chron-
ic phases. During the chronic phase, many patients present the indeterminate form. The
latter describes patients who have positive serology, but no symptoms, physical signs, or
laboratory evidence of organ involvement [149].

7.5.1. Acute phase

The first signs of acute Chagas’ disease develop at least 1 week after contact with the infect-
ed vector. Local skin indurated erythema and swelling produces the typical portal of entry
lesions at the skin known as chagomas accompanied by local lymphadenopathy. The con-
junctiva portal of entry may result in a unilateral painless periorbital edema and swelling of
the palpebrae (Romana's sign). Infection can also occur through blood transfusion, congeni-
tal transmission, and, much less often, organ transplantation, laboratory accident, breast
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feeding, and oral contamination [150]. Although heart transplantation for Chagas cardiomy-
opathy has been successfully performed, reactivation of Trypanosoma cruzi is common. These
initial local signs may be followed by malaise, fever sweating, myalgias anorexia; a morbilli-
form rash may also appear. Generalized lymphadenopathy and hepatosplenomegaly may
develop. Cardiac failure occurs secondary to myocarditis; cardiac involvement is present in
over 90 % of those in whom the diagnosis is made [151]. The frequency and severity of myo-
carditis are inversely proportional to age [152]. The acute symptoms resolve spontaneously
in virtually all patients, who then enter the asymptomatic or indeterminate phase of chronic
T. cruzi infection. The electrocardiogram normalizes in over 90 % of patients after one year.

The indeterminate form usually lasts 10 to 30 years and only approximately 30 % of the pa-
tients develop overt cardiac disease. Most patients remain asymptomatic throughout their
life. The natural history of this phase of disease is characterized by subtle degree of cardiac
involvement and gradual appearance of clinical or electrocardiographic markers of cardiac
involvement, which signals the onset of the chronic phase. In one review, progression from
indeterminate to the full-blown clinical form in the chronic phase occurred at approximately
2 % per year [149]. In another report, 38.3 % of patients with positive serology but without
symptoms developed chagasic cardiomyopathy over a 10-year period [153]. About 50 % of
patients remain with the indeterminate form indefinitely [154].

7.5.2. Chronic phase

The chronic form is characterized by dilatation of cardiac chambers, fibrosis and thin-
ning of the ventricular wall, aneurysm formation (especially at the left ventricular apex),
and mural thrombi.

Chronic progressive heart failure is the rule and is associated with poor survival. Mortal-
ity associated with the chronic phase is almost exclusively due to cardiovascular involve-
ment. The cause of death is sudden cardiac death in 55 to 65 %, progressive heart failure
in 25 to 30 %, and stroke in 10 to 15 % [155]. Symptoms and physical signs at this stage
of the disease arise from three basic syndromes that often coexist in the same patient,
heart failure, cardiac dysrhythmia, and thromboembolism (systemic and pulmonary).
Heart failure in Chagas heart disease is usually biventricular and commonly presents
with fatigue. However, right-sided failure manifested with increased jugular venous
pressure, peripheral edema, ascites, and hepatomegaly is characteristically more pro-
nounced than left-sided failure manifested with dyspnea and pulmonary rales. Both sys-
tolic and diastolic dysfunction can occur [156]. Cardiac examination typically reveals
murmurs of mitral and tricuspid regurgitation, wide splitting of the second heart sound
due to right bundle branch block and prominent diffuse apical thrust.

Cardiac arrhythmias may cause palpitation, lightheadedness, dizziness, or syncope. Auto-
nomic dysfunction results in marked abnormalities in heart rate variability. Chest pain is a
common symptom and usually atypical in Chagas heart disease. It may mimic angina due to
abnormal coronary vasomotion postulated as underlying mechanism [157]. Sudden cardiac
death accounts for 55 to 65 % of deaths in CD; the real frequency of this complication is
probably underestimated, particularly in rural areas [155]. Sudden cardiac arrest can occur
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even in previously asymptomatic patients [158]. However, most patients have severe under-
lying heart disease, including ventricular aneurysms at multiple sites (posterior-lateral, infe-
rior basal, or apical), which is a characteristic finding in Chagas heart disease [158]. Sudden
death is usually precipitated by exercise, and can be caused by VT or fibrillation, asystole, or
complete AV block [159]. The electrocardiogram is abnormal in most patients with cardiac
involvement and typically shows right bundle branch block, left anterior hemiblock and dif-
fuse ST-T changes, which may progress to complete atrioventricular block. Ventricular ar-
rhythmia may also be seen as premature beats that may be multiform and runs of
nonsustained ventricular tachycardia. The severity of ventricular arrhythmias tends to cor-
relate with the degree of LV dysfunction. Other changes, like abnormal Q waves, various
degrees of atrioventricular block, QT interval prolongation and variation in the QT interval
(QT dispersion) are frequent findings [160].Virtually all types of atrial and ventricular ar-
rhythmias can occur; atrial fibrillation and low QRS voltage may be observed in advanced
disease. A potentially serious complication of chronic Chagas heart disease is thromboembo-
lism. In a review of 1345 autopsies, cardiac thrombus or thromboemboli were reported in 44
%; both right and left cardiac chambers being equally affected [52]. Although thromboem-
bolic phenomena were more common in the systemic circulation, pulmonary embolism ac-
counted for 14 % of deaths. Cardioembolism appears to be an important cause of acute
ischemic stroke. One series of 94 patients with Chagas disease in Brazil reported higher rate
of cardioembolism (56 versus 9 %) as compared to control group [161]. Stroke was also re-
ported significantly more frequently in patients who had Chagas disease related cardiomy-
opathy compared with patients who had other cardiomyopathies (15.0 versus 6.3 %), [162].
Echocardiography or contrast ventriculography may reveal left ventricular apical aneurysm,
regional wall motion abnormalities, or diffuse cardiomyopathy. The cause of death is either
intractable CHF or arrhythmias, with a minority of patients dying from embolic phenomena.

7.6. Fungal myocarditis

The incidence of invasive fungal disease has dramatically increased over the past few deca-
des corresponding to the rising number of immunocompromised patients. Cardiac fungal
infection, especially myocarditis, may be difficult to recognize clinically and may in itself
produce a fatal outcome. Myocardial involvement frequently occurs in disseminated fungal
infection in which multiple organs are often affected. Conditions that appear predisposing
to fungal infection are human immunodeficiency virus infection, medication like, corticoste-
roids, antineoplastic agents or broad-spectrum antibiotics, alone or in combination with in-
vasive medical procedures [163]. Candida was the most frequently observed organism,
while Aspergillus was the second most frequent fungus to involve the heart. Rarely Crypto-
coccus is identified as a cause of myocarditis as well.

7.7. Eosinophilic and hypersensitivity myocarditis

The association between eosinophilia (eosinophil count >500/mm3) and heart disease was
first identified by Loeffler [164]. A specific eosinophilic form of myocarditis has been
identified following drug-induced hypersensitivity reactions and systemic hypereosino-
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philic syndromes [165]. Eosinophilic myocarditis is characterized by a predominantly ma-
ture eosinophils infiltration of the myocardium and other organ systems. It occurs in
association with systemic diseases such as hypereosinophilic syndrome, Churg-Strauss
syndrome and Loffler's endomyocardial fibrosis. It may also occur in association with
cancer, parasitic, helminthic or protozoal infections such as Chagas disease, toxoplasmo-
sis, schistosomiasis, trichinosis, hyatid cysts and visceral larval migrans [166-168]. Eosino-
philic myocarditis has been reported after vaccination for several diseases, including
smallpox [169,170]. Acute eosinophilic necrotizing myocarditis is a rare aggressive form
of eosinophilic myocarditis and may represent an extreme form of hypersensitivity myo-
carditis which is characterized by acute onset, and rapidly results in cardiovascular dete-
rioration and circulatory collapse carrying high mortality rates [171]. The clinical
manifestations of eosinophilic myocarditis may include right and left congestive heart
failure, endocardial and valvular fibrosis leading to regurgitation, and formation of endo-
cardial thrombi. Clinical awareness is warranted when presentation may mimics acute
myocardial infarction, with ischemic chest pain and ST-segment elevation on electrocar-
diography [172]. Hypersensitivity myocarditis is a form of eosinophilic myocarditis due
to autoimmune reaction affecting the heart muscle, often induced by drugs. It is often
first discovered at postmortem examination. In one series, the prevalence of clinically un-
detected hypersensitivity myocarditis in explanted hearts ranged from 2.4 to 7 % [173].
Numerous drugs have been implicated in hypersensitivity myocarditis, including antibi-
otics, [174] like penicillins, cephalosporins and sulfonamides; antipsychotics, [175] like
clozapine and tricyclic antidepressants [174,176,177]; other drugs like methyldopa, hydro-
chlorothiazide, furosemide, tetracycline, azithromycin, aminophylline, phenytoin and ben-
zodiazepines [165,178,179]. Hypersensitivity myocarditis not always develops early in the
course of medication. Patients taking the antipsychotic agent clozapine have been report-
ed to develop myocarditis more than two years after the drug was started [180]. Pro-
longed continuous infusion of dobutamine has also been associated with hypersensitivity
myocarditis which has been reported in 2.4 to 23 % [181,182]. Cocaine also rarely pro-
duce a hypersensitivity myocarditis, unlike the hypereosinophilic syndrome, peripheral
eosinophilia is typically absent [183].

Clinically, the presentation is often heralded by fever, peripheral eosinophilia and a drug
rash that occurs days to weeks after administration of a previously well-tolerated agent.
Electrocardiographic abnormalities show nonspecific ST segment changes or infarct patterns
[184]. Myocardial involvement varies but usually does not result in fulminant heart failure
or hemodynamic collapse. However, some patients present with sudden death or rapidly
progressive heart failure [172,174].

Eosinophilic myocarditis can be a manifestation of eosinophilia-myalgia syndrome, which is
a multisystem disease, caused by ingestion of contaminants in L-tryptophan containing
products [185], characterized by peripheral eosinophilia and generalized disabling myalgias
[186]. Eosinophils, lymphocytes, macrophages, and fibroblasts accumulate in the affected
tissues, but their role in pathogenesis is unclear. The disease is frequently evolves into a
chronic course but can be fatal in up to 5% of patients.
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7.8. Giant cell myocarditis

Idiopathic giant cell myocarditis is a rare inflammatory disease that often affects previously
healthy young adults and is frequently a fatal type of myocarditis [187]. The pathogenesis of
this disorder is not known. It is identified by the presence of multinucleated giant cells asso-
ciated with eosinophils and myocyte destruction in the absence of granulomas on endomyo-
cardial biopsy. It is thought to be primarily autoimmune in nature because of the reported
comorbidity with a variety of autoimmune disorders [188], thymoma [189], and drug hyper-
sensitivity [190]. Idiopathic giant cell myocarditis is usually a fulminant form of myocardi-
tis, characterised by a history of rapid progression of severe heart failure associated with
refractory sustained ventricular arrhythmias. Giant-cell myocarditis is sometimes distin-
guished from the much more common postviral myocarditis by the presence of ventricular
tachycardia, heart block, and a downbhill clinical course, despite optimal clinical care. In the
series of 63 patients with giant cell myocarditis enrolled in the multicenter Giant Cell Myo-
carditis Treatment Trial, 75 % identified with heart failure symptoms as the primary presen-
tation, 14 % with ventricular arrhythmia and heart block in 5 % [188]. Most patients will
require cardiac transplantation, the median survival from the onset of symptoms is less than
6 months and has an 89 % rate of death or transplantation. This represents a significantly
worse outcome compared to lymphocytic or viral myocarditis. Despite a 25 % incidence of
post-transplantation recurrence of giant cell myocarditis detected by biopsy, the 5-year sur-
vival after transplantation is about 71 % which is comparable to survival after transplanta-
tion for cardiomyopathy.

7.9. Systemic lupus erythematosus myocarditis

Acute myocarditis is an uncommon manifestation of systemic lupus erythematosus (SLE),
with a prevalence of 8 to 25 % in different studies [191,192]. Myocarditis is frequently
asymptomatic but less often may accompany other manifestations of acute SLE. In particu-
lar, pericarditis commonly occurs in about two-thirds of patients, and generally follows a
benign course; however, pericardial tamponade or constriction occur infrequently. Myocar-
ditis generally parallels the activity of the disease and, although common histologically,
rarely results in clinical heart failure unless associated with hypertension. African American
ethnicity is associated with a higher risk of myocarditis compared with Hispanic and Cauca-
sian ethnicity [191]. Myocarditis should be suspected if there is resting tachycardia dispro-
portionate to body temperature, ST and T wave electrocardiographic abnormalities and
unexplained cardiomegaly. The cardiomegaly may be associated with symptoms and signs
of heart failure, conduction abnormalities or arrhythmias [193]. Patients with SLE are at in-
creased risk for myocardial ischemia due to accelerated atherosclerosis or coronary arteritis.
Endocardial involvement with fibrinous endocarditis [194] is another serious manifestation
that can lead to valvular insufficiencies or embolic events. Likewise, patients with the anti-
phospholipid syndrome have a higher incidence of valvular disease, a variety of thrombotic
disorders, myocardial infarction, pulmonary hypertension, and cardiomyopathy. Myocar-
dial biopsy reveals mononuclear cells infiltration distinguishing active myocarditis from fib-
rosis and other causes of cardiomyopathy [195] or rarely cardiotoxicity induced by
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hydroxychloroquine [196]. Inflammation may lead to fibrosis that may be manifested clini-
cally as dilated cardiomyopathy.

7.10. Sarcoid myocarditis

It is a granulomatous form of myocarditis. The clinical evidence of myocardial involvement
is present in approximately 5 % of patients with sarcoidosis. However, an autopsy series re-
ported higher rates of about 25 % of subclinical cardiac involvement [197-199]. The clinical
manifestations of cardiac sarcoidosis are largely nonspecific and may precede, follow, or oc-
cur concurrently with involvement of other organs. Sarcoid heart disease should be consid-
ered in the evaluation of an otherwise healthy young or middle aged person with cardiac
symptoms or in a patient with known sarcoidosis who develops arrhythmias, conduction
disease, or heart failure. Patients who present with apparently chronic dilated cardiomyop-
athy yet with new ventricular arrhythmias or second-degree or third degree heart block or
who do not have a response to optimal care are more likely to have cardiac sarcoidosis [20].
Cardiac symptoms were reported in 101 patients, when cardiac sarcoidosis was diagnosed
in 84 % compared to 4 % in asymptomatic patients [200]. Endomyocardial biopsy shows
characteristic noncaseating granulomas. However, the diagnosis can also be inferred if there
is a tissue diagnosis of sarcoidosis from an extracardiac source in the presence of a cardio-
myopathy of unknown origin.

Electrocardiographic abnormalities are found in nearly 70 % of patients with sarcoidosis
[197]. Cardiac involvement with sarcoidosis may produce clinical symptoms and electrocar-
diographic findings simulating myocardial infarction. Conduction abnormalities in form of
first-degree heart block due to disease of the atrioventricular node or bundle of His, and var-
ious types of intraventricular conduction defects, are common among patients with cardiac
sarcoidosis [197]. These lesions may initially be silent, but can progress to complete heart
block and cause syncope [201]. Sustained or nonsustained ventricular tachycardia and ven-
tricular premature beats are the second most common presentation of cardiac sarcoidosis;
electrocardiography reveals ventricular arrhythmias in as many as 22 % of patients with sar-
coidosis [202]. Supraventricular arrhythmias are infrequent. Sudden death due to ventricu-
lar tachyarrhythmias or conduction block accounts for 25 to 65 % of deaths due to cardiac
sarcoidosis, however, sudden death can occur in the absence of a previous cardiac event
[203-205]. Both systolic and diastolic heart failure can occur. Left ventricular aneurysms de-
velop in patients with extensive involvement of the myocardium. Mitral incompetence may
occur with cardiac sarcoidosis due to associated systolic dysfunction and left ventricular di-
lation or due to papillary muscle involvement by sarcoid granulomas [206]. Tricuspid regur-
gitation with atrioventricular block secondary to infiltration of tricuspid valves and
conduction system by sarcoid granulomas has been reported as well [207]. A left atrial gran-
ulomatous mass resembling myxoma has been reported too [208].

7.11. Peripartum cardiomyopathy

The syndrome is a rare disorder of pregnancy. It was recognized in 1937, as a distinct clini-
cal entity [209]. Currently, the etiology of peripartum cardiomyopathy (PPCM) remains un-
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clear. However, there is compelling data from animal and human studies suggesting that
PPCM is actually a type of myocarditis arising from an infectious, autoimmune, or idiopath-
ic etiology. The relationship between pregnancy and viral myocarditis was first published in
1968 [210]. Endomyocardial biopsies in women with PPCM have demonstrated myocarditis
in many patients. The highest incidence of myocarditis reported in PPCM was 76 % [211],
however much lower incidence was reported (8.8 %), which found to be comparable to an
age and sex matched control population undergoing transplantation for idiopathic dilated
cardiomyopathy (9.1 %), [212]. Viral genomes of parvovirus B19, human herpes virus 6, Ep-
stein-Barr virus and human cytomegalovirus revealed in endomyocardial biopsy specimens
from patients with PPCM [213]. Other reported data linked with Chlamydial infection [214].
Women present with heart failure during the peripartum period and become manifested in
the last month of pregnancy or within 5 months of the delivery without apparent etiology
for the heart failure can be found. The clinical scenario is challenging because many normal
women in the last month of a normal pregnancy experience dyspnea, fatigue and ankle ede-
ma, symptoms that can mimic early congestive cardiac failure. Physical examination can be
significant for signs of right and left heart failure. Symptoms and signs that should raise the
suspicion of heart failure include paroxysmal nocturnal dyspnea, chest pain, nocturnal
cough, new regurgitant murmurs, pulmonary rales, elevated jugular venous pressure and
hepatomegaly. The electrocardiogram usually demonstrates normal sinus or sinus tachycar-
dia rhythm, but frequent ectopy and other atrial arrhythmias may also be present. Left ven-
tricular hypertrophy, inverted T waves, Q waves, and nonspecific ST-T changes have also
been reported [215]. Recurrence in a subsequent pregnancy has been reported. However,
significant improvement occurs in up to 50 % of affected women; others are left with a pro-
gressive dilated cardiomyopathy.

8. Conclusion

Myocarditis presents with a highly variable clinical scenarios. A thorough medical history
with emphasis on possible causes is essential. A scrupulous awareness to ample clinical sce-
narios is essential for clinicians, particularly when the cases are lacking apparent etiologies,
or the presentations resembles that of acute myocardial infarction, asymptomatic left ven-
tricular systolic dysfunction, unexplained ventricular tachyarrhythmias or cardiogenic
shock. Clinicians need to be attentive when evidence is present of myocardial injury not at-
tributable to epicardial coronary artery disease, primary valvular disease or noninflammato-
ry causes. Usually, most cases of myocarditis are self-limited and spontaneous improvement
occurs in a substantial number of patients with lymphocytic disease but is rarely, if ever, ob-
served with granulomatous myocarditis. While routine diagnostic endomyocardial biopsy is
not required in most cases of suspected acute myocarditis, the need for biopsy will depend
upon the time course and severity of the clinical presentation.

Better understanding of the clinicopathological that characterize the diverse clinical scenar-
ios and more comprehensive understanding of the natural history of the various subtypes of
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myocarditis should assist clinicians for better approach and subsequently plan more effec-

tive therapy in the future.
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1. Introduction

1.1. Myocarditis

In 1995, the last World Health Organization (WHO)/International Society and Federation of
Cardiology (ISFC) Task Force on the definition and classification of cardiomyopathies defined
myocarditis (also named “inflammatory cardiomyopathy”) as an “inflammatory disease of the
myocardium associated with cardiac dysfunction” [1]. In myocarditis, the inflammatory
infiltrate of the myocardium is associated with necrosis and/or degeneration of adjacent
myocytes, which is not typical of — nor consistent with — myocardial ischemic damage seen
with coronary artery disease [1, 2]. The clinical presentation of myocarditis is dependent upon
the magnitude of myocardial inflammation, thus it may be quite variable. Clinical signs and
symptoms may range from subclinical disease (which may initially be unrecognized) to new-
onset acute heart failure or sudden death due to ventricular arrhythmias [3]. Moreover, the
clinical course of myocarditis may be as variable as its clinical presentations: some individuals
may develop acute myocarditis that resolves spontaneously within a few weeks, while others
may develop symptoms of chronic heart failure due to dilated cardiomyopathy (DCM) [3].
Although many patients with hemodynamically stable heart failure may respond well to
optimal medical therapy, a significant percentage of patients with DCM become medically
refractory and progress to irreversible end-stage heart failure for which heart transplantation
becomes the only hope of survival. Indeed, it is estimated that acute myocarditis resolves
completely in approximately 50% of cases, with an additional 25% of patients having incom-
plete recovery (i.e.; partial normalization of cardiac function), while the remainder 25% will
inexorably progress to end-stage heart failure and death [1, 4-6].
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Despite its seemingly over simplistic definition, myocarditis is a disease with multiple
heterogeneous etiologies, which in turn lead to a highly variable and very complex pathology.
The etiologies of myocarditis can be divided into three groups: infective, immune-mediated
and toxic. Infective myocarditis may be bacterial (including gram-positive cocci, gram-
negative rods, gram-negative cocci, mycobacterium, mycoplasma); spirochetal (Borrelia,
Leptospira); fungal (including Aspergillus, Candida, Histoplasma and Cryptococcus, among
others); protozoal (including Trypanosoma cruzi, Toxoplasma gondii, Leishmania sp); parasitic
(Tenia solium, Echinococcus granulosus, Trichinella spiralis); rickettsial (e.g., Coxiella burnetii); and
viral (including adenovirus, influenza A and B, Coxsakievirus, poliovirus, HIV-1, herpes
simplex, and varicella-zoster, among many others). Inmune-mediated myocarditis may be
due to allergens (tetanus toxoid, serum sickness, drugs such as penicillin, cephalosporins,
furosemide, isoniazide, tetracycline, among many others); alloantigens (as seen in heart
transplant rejection); and autoantigens such as “idiopathic” (or “virus-negative”) lymphocytic
and giant cell myocarditis, as well as “secondary”, i.e., associated with auto-immune disorders
such as systemic lupus erythematosus, vasculitides, theumatoid arthritis, myasthenia gravis,
inflammatory bowel disease. Toxic myocarditis may be due to drugs (cocaine, ethanol, lithium,
cyclophosphamide, etc); heavy metals (copper, iron, lead); hormones (pheochromocytoma);
as well as miscellaneous etiologies such as radiation, certain spider or snake venoms, scorpion
sting, arsenic, and carbon monoxide [3].

This extraordinary multitude of ethiopathogenetic agents underscores the fact that proper and
accurate diagnosis of myocarditis at the tissue and molecular level is of utmost importance
because it may impact therapeutic choices as well as short- and long-term prognosis. Although
management of myocarditis should ideally consist of very specific and targeted therapeutic
strategies that go beyond symptomatic control of heart failure and temporary reversal of
cardiac dysfunction, such therapies are not clinically available for patients with most types of
myocarditis.

Myocarditis should be suspected on the basis of clinical presentation and imaging data, and
objective diagnosis should be made by endomyocardial biopsy (EMBx) using established
histological, immunological and immunohistochemical criteria combined with molecular
biological techniques, particularly polymerase chain reaction (PCR) and nested-PCR [1, 2, 7].
Histopathological analysis is essential to reach a classification of myocarditis based on
histological criteria (i.e., lymphocytic, giant cell, granulomatous, etc), while semi-quantitative
assessments of the specimens with regards to myocyte necrotic damage/inflammatory activity
(“grading”) and to measure the extension of fibrosis and architectural changes (“staging”) have
also been proposed [2]. Large panels of antibodies should be performed to characterize the
inflammatory cell population and the activated immunological processes. Immunohistochem-
istry increases the sensitivity of EMBx, while amplification methods such as PCR are capable
of detecting few copy viral genomes even from an extremely small amount of tissue such as
an EMBx specimen [2]. A combination of these techniques will most likely reveal the patho-
logical nature of myocarditis and help predict which patients may respond to immunomodu-
latory therapies or not [8].
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2. Pathophysiology and ciinical presentation of Trypanosoma cruzi-
induced myocarditis

In the particular case of myocarditis induced by Trypanosoma cruzi infection, there is a distinct
disturbance in myocardial microcirculation with both vasoconstriction at the arteriolar level
and coronary vasodilation, as well as microaneurysm formation and ventricular fibrosis which
ultimately lead to congestive heart failure and ventricular arrhythmias [9]. Left ventricular
apical aneurysm is considered to be pathognomonic of Chagas disease, consisting of thinning
of the left ventricular apex, with a clear reduction of the myocardium due to fibrosis. Mural
thrombus is a frequent finding. Depending on the severity of cardiac dysfunction in infected
patients, the heart may maintain its normal volume or be mildly enlarged. However, patients
who die of chronic advanced or acute heart failure oftentimes have severe DCM with or
without hypertrophy and intramural thrombosis in the right atrium and left ventricular apex.
These patients usually have rounded hearts, venous congestion, and dilated chambers mainly
on the right side [10].

In this review we will focus on the importance of the acquired immune response to the control
of T. cruzi-induced myocarditis and discuss the possibility of targeting T cells to treat the
disease.

3. Trypanosoma cruzi infection

In 1909, Brazilian physician Carlos Chagas, M.D., identified a hemoflagellate parasite in a
child’s blood, leading to the discovery of the American Trypanosomiasis, or Chagas disease
(named in his honor). Dr. Chagas accomplished a unique feat in the history of medicine: not
only did he identify a new disease, but he also discovered the invertebrate vector and its
biological characteristics; isolated the causative agent — Trypanosoma cruzi (named in honor of
his mentor, Dr. Oswaldo Cruz) — and described its life cycle; identified the epidemiological
characteristics of the disease and its symptoms; and defined the disease’s diagnostic criteria.
Many years later, the disease was also found to be prevalent in many other Latin American
countries. Because the chronic manifestations of Chagas disease (particularly chronic heart
disease) affect patients in their most productive years of life, the disease carries a heavy social
and economic burden.

The disease can be transmitted by transplacental infection or during childbirth, organ trans-
plantation, laboratory accidents with contaminated sharp objects, blood transfusion, or
ingestion of food or drink contaminated with infected vectors or their feces. During the process
of natural infection in endemic areas, T. cruzi parasites are transmitted by the infected feces of
blood-sucking reduviidae bugs, mainly Triatoma infestans and Rhodnius prolixus. These insects
typically live in poorly-constructed homes with cracks and crevices on the walls and roof, and
are very active at night, when they feed on human blood [11]. The bugs defecate while biting
exposed areas of the skin and, despite the injection of anesthetics and inhibitors of blood
clothing, the person instinctively smears the bug feces into the bite. The parasite then gains
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access to adjacent tissue through skin breaks or mucosal surfaces such as eyes and mouth.
Infective metacyclic trypomastigote forms invade macrophages and other cell types and
differentiate into proliferative amastigote forms [12]. These cytoplasmic forms differentiate
into trypomastigote forms that disrupt the host cell membrane and are free to be transported
by blood and infect other cells, such as cardiomyocytes.

The infection is followed by a typically benign acute-phase that lasts up to two months. In this
period, high numbers of circulating parasites are observed in blood. Symptoms, when present,
may include fever, headache, enlarged lymph nodes, pallor, muscle pain, difficulty in breath-
ing, swelling and abdominal or chest pain. All patients will then enter a chronic phase, which
starts with a so-called “indeterminate” asymptomatic period. Most chronic patients will
remain asymptomatic throughout their lives. However, about 10% will develop digestive tract
(enlargement of the esophagus and/or colon, known as “megaesophagus” and “megacolon”),
neurological or mixed symptoms; and about 30% will develop Chagasic myocarditis, the most
common cause of death in infected patients [13].

Twenty years ago, the number of infected people was estimated at 16-18 million, with about
100 million people at risk of contracting the disease [14]. This dire epidemiological situation
has improved thanks mostly to a combined effort by many Latin American countries to control
the burden of transmission through insecticide spraying and serologic screening in blood
banks. Contemporary estimates indicate that approximately 10 million people are infected
with T. cruzi worldwide, and about 25 million people are considered at risk of contracting the
disease [15]. Despite the reduction in the number of infected people, the dynamic movement
of human populations from and to endemic areas in Latin America, the recrudescence of
vector-borne transmission, the risk for domestication of silvatic species of invertebrate hosts,
and the increased importance of secondary vector species still make the infection an imposing
challenge [14].

An important aspect of the infection in the current globalized world is the broader geographic
distribution of infected patients. In the last decades, many cases of Chagas disease were
reported in the USA, Canada, Europe and some Western Pacific countries. Most of those cases
were considered “imported” because they originated from infected Latin American immi-
grants [16]. This changing geographical distribution highlights the increasing necessity to
heighten efforts to combat the spread of the disease and to develop new strategies to treat T.
cruzi-infected patients.

4. Pathogenesis of Trypanosoma cruzi-induced myocarditis

In the acute phase, many cardiomyocytes are parasitized [17]. This process typically occurs in
close proximity to extensive and diffuse inflammatory foci, which consists mostly of mono-
nuclear cells. However, opposite to what is observed in the acute-phase of the disease, parasites
are much less frequently found in the heart of symptomatic chronic patients, despite the
persistence of extensive mononuclear inflammatory foci. Contrary to what was previously
hypothesized, chronic heart involvement in Chagas disease most likely does not rely on
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autoimmune mechanisms, but on parasites persistence [18]. However, the reason why most
patients will not develop chronic myocarditis and heart failure is unknown to this date. It is
postulated that the final outcome of the infection results from a complex and random combi-
nation of pathological characteristics, including microcirculatory derangements; micro
ischemia; significant impairment of the autonomic nervous system due to ganglia cells death;
deregulation of the immune system balance; progressive cardiomyocytolysis induced by
parasite nests; individual genetic background; malnutrition; and comorbidities.

Experiments using murine infection and in vitro systems showed that the innate immune
response takes over the control of the infection shortly after the contact with the parasite, with
NK cells producing high levels of gamma interferon (IFN-y), which then controls the early
replication of parasites in host cells [19]. Macrophages are very important to control the
infection, producing nitric oxide (NO) that limits the burden of intracellular parasites. Mast
cells are also very important in this scenario and we have recently published that infected CBA
mice treated with cromolyn, a mast cell stabilizer, have much greater parasitemia and IFN-y
levels, and higher mortality rates, myocarditis, and cardiac damage [20].

With regards to acquired immunity, a number of published reports support the role and
importance of both CD4 and CD8 T cells in the control of the infection. Experimental ap-
proaches can be used to deplete sub populations of lymphocytes, including the use of thy-
mectomized mice; injection of neutralizing antibodies; or the infection of nude/nude mice
[21-23]. On the other hand, human data is based on the identification of T cell subsets in
postmortem specimens, which generally shows the predominance of CD8" lymphocytes with
few macrophage-like, NK or plasma cells [24]. The predominance of CD8" T cells starts in the
early acute-phase of the infection and extends to the chronic phase both in experimental models
and human patients. Although chronic T. cruzi-induced myocarditis seems to have a very
complex pathology, the immune system, especially CD8" T lymphocytes, is considered a key
player in this condition. Despite many efforts, it is still not clear which cytotoxic cells and
molecular pathways employed by T lymphocytes may be contributing to the death of cardio-
myocytes. We tested whether perforin, a major cytotoxic molecule employed by CD8" T
lymphocytes, was important to the death of cardiomyocytes during the infection [25]. How-
ever, we observed that the molecule was important for myocarditis control, because in the
absence of this cytotoxic pathway, cardiac cellular infiltration was much more intense, but
without increased signs of damage to myocytes. In this review, in this review we will sum-
marize some data from the literature discerning biochemical pathways that target T lympho-
cytes migration and their effector function in the myocardium, and the possibility of targeting
these cells to treat T. cruzi-induced myocarditis.

5. Treatment of T. cruzi infected patients

During the 1960s, two new drugs proved to be effective in vitro and in vivo in the treat-
ment of Chagas disease: nifurtimox, a nitrofuran [3-methyl-4-(5-itrofurfurilidenoamino)
tetrahydro-4H-1, 4-tiazin-1,1-dioxide, Bayer 2502]; and benznidazole [N-benzyl-2-nitroimi-
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dazole acetamide, RO 7-1051]. Although these drugs have been widely used since then,
therapeutic efficacy varies according to the phase of the disease (acute or chronic), duration
of treatment, patient’s age and geographical area of original infection [13]. The best results
are obtained with recently infected patients, when cure rates of 60 to 80% can be ach-
ieved, as opposed to cure rates no greater than 10% in chronic patients, depending on the
severity of cardiac dysfunction [26].

The side-effects of nifurtimox include anorexia, weight loss, insomnia, nausea, vomiting, and
others. Benznidazole-associated side-effects are classified in three types: (i) hypersensitivity
manifestations, such as dermatitis with cutaneous eruptions, periorbital or generalized edema,
fever, lymphadenopathy, and muscular and articular pain; (ii) depression of the bone marrow,
among which neutropenia, granulomatosis, and thrombocytopenic purpura: (iii) peripheral
polyneuropathy, in the form of paresthesia and polyneuritis.

More recently, new progenitor cell-based therapies have been developed with good and
promising results. In this therapy, total bone marrow cells are collected from individual
patients and a mononuclear cell-enriched preparation is slowly injected into the left and right
coronary systems. No adverse effects have been described with this procedure [27] and a few
months after treatment some patients had improved cardiac function. However, it is still
necessary to characterize the phenotype of the transferred cells and the mechanisms underly-
ing such improvement in cardiac function.

The lack of effective treatments for most chronic symptomatic patients reinforces the need for
new drugs and strategies for treating T. cruzi infected patients. This could include the devel-
opment of anti-parasite drugs based on the elucidation of biochemical pathways of the parasite
and/or on particular aspects of the immune response triggered by the infected host.

6. Molecular therapies

Advances in basic research that focus on interconnected molecular pathways in the immune
system led to the design of more specific therapeutic strategies. Many autoimmune and
inflammatory diseases can be treated using humanized or fully human-derived antibodies;
fusion proteins targeting co-stimulatory molecules; or injection of competitive ligands.
Neutralization of molecules involved in endothelial transmigration (CD11a/CD18, for
example), T lymphocyte activation (CD80/CD86 and CD28; CD25) or function (CD2, lympho-
cyte function-associated antigen 3 (LFA-3) and cytotoxic T-lymphocyte antigen 4 CTLA-4) are
now being used with very good results [8]. However, in the case of T. cruzi infection, the
inflammatory response is very important to control parasite burden and to maintain the
immunological equilibrium during the infection. This means that an effective treatment would
have to be specific enough to silence the pathogenic components of the immune system but
still allow a protective response, especially to the heart. The importance of inflammation in the
control of the infection is illustrated by anumber of experimental approaches that block normal
T cells ontogeny/development (infected nude nu/nu, RAG”, and thymectomized mice),
endothelial transmigration (blockage of adhesion molecules such as ICAM-1 and CD11a), or
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function (IFN-y” and perforin” mice) [28, 29, 25]. In all these models, after T lymphocyte
inactivation, the infection was much more aggressive with higher mortality rates and increased
blood and intracellular parasitemia. Previous results indicate that this delicate balance
between an efficient or harmful inflammatory response relies on multiple aspects of the normal
physiology of T lymphocytes, and these may be targeted for future therapeutic strategies.

7. T lymphocyte-based possible targets for treating T. cruzi-induced
myocarditis

7.1. T lymphocytes senescence

Immunological senescence of memory T lymphocytes is a very interesting aspect of the
immune response against pathogen-based and sterile inflammation in general, not only in
T. cruzi induced myocarditis. Normal temporary exposure of naive T cells to antigens in
an appropriate context of activation signals leads to cellular proliferation and differentia-
tion into effector and memory T cells. Memory T lymphocytes are generated in much smaller
quantities and are retained for longer periods of time to fight against a potential subse-
quent exposure to the same antigen, eliciting a more rapid and effective response. Howev-
er, prolonged exposure of T lymphocytes to pathogen-derived antigens or endogenous
danger signals leads to the accumulation of a heterogeneous memory T cell population with
unique characteristics regarding the phenotypic profile and functional activities. These
memory T cells are generally regarded as CD8*/CD28" (or CD8*/CD57*) T cells, as the loss
of CD28 is counterbalanced by the expression of CD57 in this population [30]. The loss of
CD28 and gain of CD57 expression on T cells during persistent immune stimulation is
characteristic of humans and non-human primates but probably not of mice. Although
CD8'/CD28 T cells are seen in mice, they are not the result of chronic antigenic stimula-
tion, do not express CD57 and represent a distinct subset of naturally occurring CD8* T
cells. Amongst this population (CD8*/CD28"), there is a sub population of memory T cells
that was described to be increased in severe T. cruzi-induced myocarditis (CD8*/CD27"/
CD28) and this particular phenotype is expressed by cells that are at the latest stage of
memory activation. This means that they are closest to memory terminal differentiation and
senescence, differentiated to a point where co-stimulatory signals are no longer sufficient
to induce normal memory T cell response. It seems that the phenotypic sequence of memory
stages is CD27*/CD28*; CD27-/CD28* or CD27*/CD28; and CD27-/CD28 for cells that are
‘early’, ‘intermediate’ and ‘late” stages of memory CD8* T cells, respectively [31].

It was first shown that chronic patients with cardiac enlargement and clinical or radiological
evidence of heart failure have a higher frequency (%) of late activated memory CD8" T cells
(CD27-/CD28) in blood, when compared with patients that present mild cardiac alterations
[32]. Accordingly, the frequency of early activated CD27+/CD28*/CD8" T cells in the total
memory CD8" T cell population decreases, as disease becomes more severe. The authors
hypothesize that there is a gradual clonal exhaustion of this sub-population of early activated
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memory CD8" T cells, perhaps as a result of continuous antigenic stimulation by persistent
parasites

It is still not known if there is indeed a causative relation between the increase of CD8'/CD27-/
CD28 memory cells in chronic T. cruzi infected patients and the more severe clinical status of
myocarditis and cardiac dysfunction. However, it is interesting to speculate that these cells
could have a suppressive activity over protective CD8" T lymphocytes (Fig. 1). If this is true,
the death or functional suppression of protective CD8" T lymphocytes observed in severely
affected patients could be a result of late stage senescent memory T cells. A similar interaction
has been described for tumor cells [33]. In this case, CD8/CD27/CD28 have a suppressive
activity over the proliferation of (protective) effector T lymphocytes, and this function requires
cell-to-cell contact. In fact, T. cruzi specific late stage memory CD4"/CD27-/CD28 T lympho-
cytes are also increased in more severely affected cardiac patients, when compared with
patients with mild myocarditis, as observed in the CD8* compartment [34]. It is important to
highlight that these senescent memory T cells, which can be CD8 or CD4 T cells, are distinct
from CD4* T regulatory (TReg) cells that express the transcriptional factor FoxP3 [35].

Although this immunological characteristic of memory T lymphocytes senescence would
probably be hard to be used as a target for treatment, these peripheral blood mononuclear cells
(PBMC) markers could be used as a predictive tool for the severity of potentially developing
myocarditis in chronic patients in the undetermined stage.

7.2. Chemokines and T lymphocyte migration to infected myocardium

One very important aspect of the myocarditis induced by T. cruzi infection is to know which
chemotactic mediators are produced by the cardiac tissue and which effector cells migrate to
the tissue. Ultimately, the cardiac microenvironment will determine the balance between the
control of parasite growth and avoidance of inflammatory secondary damage and cardiac
dysfunction. In this regard, it was shown that cardiomyocytes do not act as passive players
facing the infection. Indeed, these cells become activated and secrete NO, through the activity
of the induced NO synthase (iNOs) enzyme; chemokines; and pro-inflammatory cytokines
[36]. These mediators destroy intracellular parasites or act on inflammatory cells in the vicinity
[37]. Among these mediators, we find tumor necrosis factor (TNF), interleukin (IL)-1beta
(IL-1B), and chemokines growth-related oncogene (GRO or CXCL1), monokine induced by
interferon-gamma (MIG or CXCL9), macrophage inflammatory protein-2 (MIP-2), interferon-
gamma-inducible protein (IP-10 or CXCL10), monocyte chemotactic protein (MCP-1 or CCL2),
and regulated and normal T cell expressed and secreted (RANTES or CCL5). Moreover,
inflammatory cells composing cardiac inflammatory foci also produce cytokines and chemo-
kines, composing an environment that is rich in pleiotropic inflammatory mediators.

Chemokines are small (8-14 kDa) constitutive or inducible inflammatory cytokines, compris-
ing four protein subfamilies (CXC or a, CC or 3, C or v, and CX3C or d) that act through trans-
membrane spanning G protein-coupled receptors expressed on the surface of several leukocyte
and other cells. Chemokines are mostly known by their chemotactic capacity, but they also
play arole in angiogenesis; dendritic cell maturation; tumor growth and metastasis; and others.
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Figure 1. Cardiac pathogenic and protective T lymphocytes in Trypanosoma cruzi infection. Myocarditis and cardio-
myocyte damage are considered pivotal in the progression of cardiac dysfunction. Therefore, the balance between
pathogenic and protective T lymphocyte sub populations may determine the severity of the cardiac pathology in-
duced by the infection. Senescent (1) CD4 and CD8 late stage memory T lymphocytes (CD27-/CD28) are enriched in
blood of patients more severely affected. It has been hypothesized that these cells act as suppressor cells over protec-
tive T lymphocytes, as observed in some tumors. CD4* T lymphocytes secreting IL-17 (Th17) (2) are protective for T.
cruzi-induced myocarditis, as the inactivation of this cytokine leads to increased susceptibility and cardiac inflammato-
ry infiltration. Some directly pathogenic T lymphocyte sub populations are enriched in the heart of patients with more
severe myocarditis. This was observed for T lymphocytes expressing high levels of the chemokine receptor CCR5 (3), T
lymphocytes (and maybe other cells, like macrophages) expressing Fas (4) and possible other pathogenic T lympho-
cytes that remain to be uncovered (5). T regulatory (TReg) lymphocytes apparently do not play a role in the control of
myocarditis in murine infection (6), but are enriched in blood of chronic asymptomatic ones (6), when compared with
cardiac symptomatic patients. Although still not known what sub populations of T lymphocytes are suppressed by
TReg lymphocytes, we suggest some sub populations in the diagram. (?) Means not experimentally tested.

These functions are mostly mediated by the activation of many protein kinases, increased

cytoplasmic Ca*™ and mainly activation of transcription factors [38].
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In the case of non-experimental infection with T. cruzi, it was found that patients with
severe chronic chagasic cardiomyopathy have higher levels of TNF and CCL2 (CCR2
ligand), when compared with patients with mild cardiac dysfunction [39]. Conversely,
enhanced expression of CCR5, a chemokine receptor for some CC chemokines (CCL3/
MIP1a, CCL4/MIP-1p3, CCL5/RANTES), and CXCR3 was found in PBMC from patients with
cardiomyopathy, when compared with asymptomatic patients [40]. Taken together, these
data suggest that not only cytokines, but also chemokines and their receptors, may be
involved in the cardiac pathogenesis associated with T. cruzi infection, especially CCR5"e"
T lymphocytes (Fig. 1), what could be explored in future therapeutic designs. This is
illustrated by human polymorphisms that show that migration of CCR5* T lymphocytes to
the heart is associated with a more severe human and experimental cardiomyopathy.
Namely, studies of CCR5 59029A/G gene polymorphism in Peruvian and Venezuelan
patients revealed that the G allele, which reduces CCR5 expression, is found more frequently
in asymptomatic than in symptomatic chronic patients [41].

The idea that some CC chemokines, and particularly CCR5 receptor, could be involved in the
pathogenesis of T. cruzi-induced myocarditis has been tested in experimental infection [42,
43]. Chronically infected mice were treated with N-terminal-methionylated RANTES (Met-
RANTES), a selective CCR1/CCR5 antagonist, and the treatment led to a reduction in the
number of cardiac parasite nests, fibrosis, and cardiomyocytes damage, as ascertained by
creatine kinase (CK-MB) levels in blood. Moreover, there was an increase in the expression of
connexin 43, a major component of gap junctions in the heart, and iNOs. These results are very
important as a possible alternative for myocarditis treatment, especially if we consider that
these mice were treated in the chronic phase, when the cardiac dysfunction is many times
irreversible.

7.3. Th17 immune response

When a naive CD4" T lymphocyte encounters an antigen presenting cell (APC), it has the
potential to differentiate into a T (helper) h1; Th2; Th3 (secreting mostly TGF-f3 and IL-10 and
usually found in mucosa); inducible regulatory T lymphocyte (iTReg - cited in a following
item); or Th17 lymphocyte. This commitment is mostly based on the cytokines secreted by the
APC, which will interact with cognate cytokine receptors on the lymphocyte’s surface and lead
to the activation of the JAK/STAT (Janus kinases/Signal Transducers and Activator of Tran-
scription proteins) pathway. The differentiation of cellular subtypes induced by the cytokines
is mostly based on different combinations of JAK proteins and STAT transcription factors. In
mammals, there are four members of the JAK family (JAK1, JAK2, JAK 3 and Tyk2) and seven
members of the STAT family (STAT1-4; 5A; 5B; 6). These signaling molecules will ultimately
induce the expression, or repression, of many genes that will orchestrate the final cellular
differentiation, including the panel of cytokines that will be secreted by the final lineage
committed CD4* T lymphocyte [44]. Th1 cells are mainly induced by IL-12 and produce mostly
IFN-y, TNF-a, IL-2 and IL-12; while Th2 cells are mainly induced by IL-4 and produce IL4,
IL5, IL-6,IL-10, and IL-13. In humans, the cytokines that instruct Th17 cell lineage development
likely include IL-6; IL-21; IL-23; and IL-1pB, with TGF-{ playing a role in the suppression of Th1
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cell lineage commitment. Then, STAT3 is necessary for gene clusters transcription, ultimately
leading to the expression of their lineage-defining transcription factors, which are some
retinoid orphan receptors (ROR). Th17 cells secrete mainly IL-17A, IL-17F, IL-21, IL-22, IFN-
v, IL-4, IL-10, IL-9, and IL-26 [45] and were initially described as destructive cells that induced
autoimmunity and inflammatory diseases. However, more recently it became clear that they
also play a role as protective cells, at least in the case of pathogenic infection with C. albicans
and S. aureus.

Targeting IL-17 alone with Secukinumab (AIN457) or Ixekizumab, both fully human neutral-
izing antibodies against IL-17A, has been shown to lead to clinical improvement in patients
with psoriasis, rheumatoid arthritis, and other auto-immune diseases. On the other hand, in
the case of experimental T. cruzi infection, Th17 response appears to be protective against the
infection (Fig. 1). IL-17A-deficient mice infected with T. cruzi have alower survival rate, display
prolonged and higher parasitemia, multiple organ failure, and increased markers of tissue
injury when compared with infected C57BL/6 (wild type) mice [46]. Moreover, mice treated
withneutralizing antibodies against IL-17 showed signs of more severe myocarditis, with more
mononuclear cells migrating to the tissue [47]. According to these results, IL-17 secretion plays
arole in the control of the infection and, differently from other inflammatory diseases, should
not be treated by neutralizing IL-17.

7.4. Cell membrane fas/fas-L interaction

Fas agonistic stimulus was formerly a synonym of apoptosis. However, Fas/Fas-L interaction
can no longer be inextricably associated with cell death. Fas-linked downstream pathways can
lead to cellular survival; proliferation and/or activation, cytokines and chemokines secretion;
genes transcription; inflammatory regulation; etc [8]. The Fas molecule is a type I membrane
protein that belongs to the tumor necrosis factor (TNF) family, and is normally distributed as
monomers on cell surface. These monomers spontaneously and temporarily group into non
signaling oligomers, but agonistic activation through trimers of Fas-L leads to conformational
changes and trimerization/coupling of Fas to intracellular signaling pathways. With regards
to apoptosis, it has been demonstrated that two adjacent trimeric Fas complexes are sufficient
to induce a functional response [48]. Alternative splicing of Fas generates soluble molecules
(sFas) that retain the ability of binding to Fas-L and inhibit Fas-L-dependent responses. Fas-L
is a type II membrane protein belonging to the TNF receptor family and can also exist as a
membrane (mFas-L) or a soluble molecule (sFas-L). SFas-L is generated by matrix metallo-
proteinase (MMP7) and sFas-L monomers have no proapoptotic activity, as long as they do
not induce Fas trimerization. On the other hand, sFas-L shows proinflammatory functions,
acting as a strong chemotactic factor for polymorphonuclear cells, although not involved in
neutrophils activation [8].

Many groups have published that Fas activation in the heart of experimental models or human
patients leads to enhanced inflammation, cardiac dysfunction, and hypertrophy. Accordingly,
lack of Fas/Fas-L interaction results in less severe myocarditis and cardiac involvement. To
date, it has been shown that murine myocarditis induced by coxsackievirus B3 was reduced
in mice treated with anti-Fas-L, in Fas-deficient mice (Ipr/Ipr), and in Fas-L-deficient mice (gld/
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gld). In infected wild type mice, yd T lymphocytes selectively kill protective Th2 CD4* T cells
through a Fas-based pathway, enriching the inflamed heart in pathogenic Th1 cells [49]. When
the Fas/Fas-L pathway is silenced, Th2 cells are enriched in the organ, what counterbalances
the activity of Th1 cells and reduces cardiac inflammatory response and damage [50].

With regards to a possible molecular therapy for myocarditis that modulates Fas/Fas-L
interaction, a likely alternative would involve the blockage of the pathway, which however is
very complicated. The injection of competitive ligands or neutralizing Abs can mislead to
general Fas inactivation and important side effects could be induced by indiscriminate lack of
apoptosis, such as tumor growth and metastasis, and reduced normal turnover of cells.
Moreover, the Fas/Fas-L pathway is coupled to many different cytoplasmic signaling mole-
cules that lead to a number of different cellular responses in different populations. This makes
very difficult to predict what kind of side effects could be observed [8].

In the case of myocarditis induced by T. cruzi infection, we observed that infected gld/gld mice
have a very modest cardiac inflammatory infiltration, when compared with infected wild type
mice, suggesting a pathogenic role for Fas-bearing cells (Fig. 1)However, despite this promis-
ing finding, we observed that both lineages have high mortality rates [51]. Apparently, the
death of infected gld/gld mice is due to a more severe and earlier renal inflammatory infiltra-
tion/damage, while the death of infected wild type mice seems to be mostly related to myo-
carditis and cardiac dysfunction [52]. There are complex organ-specific modulatory roles
played by Fas/Fas-L interaction, and more studies are necessary to approach this pathway
therapeutically. If possible, one of the most promising options would be the injection of non-
agonistichumanized Abs against Fas to avoid cardiomyocytes death through this pathway [8].
This would probably not induce bystander cell death or trigger the proinflammatory activities
of this pathway. Another alternative could be the inactivation of downstream signaling
molecules of the Fas pathway to reduce cardiac inflammation, hypertrophy, and dysfunction.
Inhibition of Fas-1,4,5-inositol triphosphate cascade with genistein, xestospongin C, or
herbimycin A prevented apoptotic and non-apoptotic cardiac dysfunction. This pathway is
functionally interconnected to the PI3K/AKT/GSK3beta pathway that acts in concert to cause
nuclear factor of activated T cells (NFAT) nuclear translocation. The elucidation of these Fas-
based biochemical pathways responsible for unwanted outcomes in the cardiac function may
help to design more efficient therapies in the future. On the other hand, it is noteworthy that
any prolonged treatment blocking the Fas pathway could be dangerous.

7.5. Regulatory T cells

Regulatory T cells (TReg) were first described by Sakagushi et al [53] and consist of a thymus-
derived sub-population of T lymphocytes (natural TReg cells) that have suppressive activity
over effector peripheral T cells, avoiding autoimmunity. However, TReg cells can be generated
in the periphery, and these cells are known as induced TReg cells. TReg cells were phenotyp-
ically described as CD4*/CD25" and use a molecular arsenal to silence peripheral effector T
cells, such as membrane IL-10 and TGF-3; CTLA-4; and others [54].

In the particular case of T. cruzi-induced myocarditis, there is a controversy regarding these
regulatory T cells when considering animal models and results obtained from human subjects
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(Fig 1). Apparently, in mice these cells have no regulatory function over effector cardiac T cells
[55]. On the other hand, it was observed that these cells are enriched in chronic asymptomatic
patients, when compared with chronic symptomatic ones [56]. A better discrimination of the
phenotype of these cells shows that CD4'/Foxp3*/CD25"s" TReg cells from chronic non-
cardiomyopathy patients produce higher levels of IL-17, IL-10 and granzyme B. This correlates
with increased apoptosis of effector (pathogenic) cardiac T cells and maintenance of a better
cardiac function [57]. Regulatory T cells would probably not be targeted for myocarditis
therapy, but instead could be used as a prognostic marker for cardiac dysfunction.

8. Conclusion

All molecular pathways cited here could potentially be used to silence pathogenic T lympho-
cyte sub-populations that lead to myocarditis, or as a predictive tool for patients that have the
potential to develop myocarditis and cardiac dysfunction. Despite this targeted modulation
of sub-compartments of the immune system, the capacity of controlling the infection should
in general terms be preserved to ensure infection resistance.
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1. Introduction

Acute myocarditis may not only develop into congestive heart failure, but it has also been
strongly implicated in the pathogenesis of dilated cardiomyopathy. The mechanism of
myocardial cell injury involved in acute myocarditis is of great clinical significance, but
remained to be clarified for a long period. Because patients with acute myocarditis often
show significantly increased virus titer in serum, and the myocardial histological find-
ings of acute myocarditis are similar to those of experimental viral myocarditis, it is
believed that most of human acute myocarditis is induced by virus infection. Many studies
have been done on the experimental murine viral myocarditis caused by Coxsackievirus
(CVB3), which is the most common pathogen of human acute myocarditis. Because
maximal inflammation develops after a significant decrease in virus titer, it is thought that
immunological mechanisms in addition to the direct cytolytic effects of viruses play a
critical role in myocardial injury in viral myocarditis [1]. Furthermore, myocardial necrosis
occurs with massive cell infiltration, strongly suggesting that cell-mediated (rather than
humoral) cytotoxicity plays an important role.

Using a murine model of viral myocarditis caused by CVB3, we investigated two aspects of
cell-mediated immune mechanism involved in myocardial injury. First, we analyzed the
characteristics of the infiltrating immune effector cells and their mechanism of cytotoxicity,
especially a role of pore-forming protein (perforin), one of the most important cytolytic effector
molecules with which killer lymphocytes directly injure target cells. Second, we investigated
the mechanism of infiltrating T-cell activation, usage of T-cell receptor (TCR) repertoire,
expression of major histocompatibility complex (MHC) antigens, and co-stimulatory signals
for T-cell activation, which are mainly mediated by members of the immunoglobulin as well
as tumor necrosis factor (TNF) receptor/ligand superfamilies.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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2. Characteristics of the infiltrating cells

2.1. Phenotypic analysis

There were some studies reporting the phenotypes of the immune cells playing a critical role
in the development of murine viral myocarditis. These studies showed indirect evidence that
T-cells, cytotoxic T-lymphocytes (CTLs), or natural killer cells (NK cells) mediated the
inflammation characterized by mononuclear cell infiltration and cardiac myocyte necrosis
[1-4]. However, there had been no reports directly showing the phenotypes of the infiltrating
mononuclear cells and whether these infiltrating cells directly injure the cardiac myocytes. We
analyzed the phenotypes of the infiltrating cells in the heart of murine viral myocarditis by
immunohistochemistry with antibodies specific for NK cells, T-cells, T-helper cells (Th-cells),
CTLs, and macrophages, which are the major effector cell types in cell-mediated immunity.
There were almost no yd T-cells expressing TCR yd. Also, we found that most of the infiltrating
cells were NK cells in the early stage (on day 7 after virus infection) when maximal inflam-
mation develops, and T-cells consisting of Th-cells and CTLs represented 10% of the infiltrating
cells. The proportion of T-cells increased to 30-40% in the later stage of acute myocarditis [5].
Next, we examined the ultrastructure of the infiltrating cells by electron microscopy, and found
them to be large granular lymphocytes [5]. Thus, the phenotypic and morphological analyses
revealed that most of the infiltrating cells are NK-like large granular lymphocytes in the early
stage when maximal inflammation develops.

2.2. Expression of a cytolytic factor perforin

NK cells and CTLs are thought to kill virus-infected cells or tumor cells by means of effector
molecules contained in their cytoplasmic granules, one of which and the most important is
called pore-forming protein or perforin. Perforin was shown to play a critical role in cytolysis
and can be a good marker for killer lymphocytes [6-8]. To investigate whether these infiltrating
cells express perforin in their cytoplasmic granules and directly injure cardiac myocytes, we
examined the expression of perforin by immunohistochemistry, in situ hybridization, and
immunoelectron microscopy. We found that about 15% of the infiltrating cells strongly
expressed perforin in their cytoplasmic granules, and most of the infiltrating cells expressed
perforin gene transcripts [5]. Electron microscopic analysis revealed that the infiltrating cells
released massive amount of perforin molecules directly onto the surface of cardiac myocytes.
There were also numerous circular lesions, consistent with pores formed by perforin on the
membrane of cardiac myocytes [9]. These data clearly showed that the infiltrating cells were
NK-like killer cells and directly destroy cardiac myocytes in acute myocarditis in vivo. We also
showed the expression of perforin in the infiltrating cells in the hearts of patients with acute
myocarditis and dilated cardiomyopathy [10]. These data strongly suggested that perforin-
expressing killer lymphocytes play a pivotal role in myocardial inflammation. Gebhard, et al.
[11] reported that perforin knockout mice infected with CVB3 develop only a mild myocarditis
as compared with extensive inflammation of perforin-positive mice, whereas virus titers were
indistinguishable between two groups. This supports the role of perforin in inflammation but
not in virus clearance, and offers perforin to be a possible therapeutic target. However, because
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the strain of mice used in the study is known to develop minimal myocarditis by CVB3, further
investigation using virus-sensitive strains of mice may be needed.

2.3. T—cell receptor (TCR) repertoire

Phenotypic analysis revealed that NK-like killer lymphocytes infiltrate the heart first, then
infiltration by T-cells subsequently increases in the later stage. To investigate the nature of T-
cell infiltration, we analyzed the expression of TCR V[3 genes in the heart of acute murine
myocarditis. Polymerase chain reaction (PCR)-amplified V[3 gene products were subjected to
Southern blot hybridization with a C3 cDNA probe. We found that in contrast to spleen
lymphocytes, the expression of TCR V{3 genes in the heart was restricted [12]. The restricted
usage of TCR V[ genes by infiltrating T-cells indicated that some specific antigens in the heart
with viral myocarditis were being targeted. We also demonstrated the restricted usage of TCR
Va as well as V3 genes by infiltrating cells in the hearts of patients with acute myocarditis and
dilated cardiomyopathy [10]. This strongly suggested that the infiltration by T-cells recogniz-
ing some specific antigens in the heart continued, resulting in persistent myocardial cell
damage, which led to the development of dilated cardiomyopathy. Because no enterovirus
genomes were detected in the heart tissue by PCR in all patients, it seemed that a T-cell-
mediated autoimmune mechanism may be triggered by virus infection and go on to play a
pivotal role in the pathogenesis of persistent myocardial cell damage.

3. Interaction between the infiltrating cells and cardiac myocytes

3.1. Expression of major histocompatibility complex (MHC) antigens

T-cells expressing TCR af3, consisting of CTLs and Th-cells, are known to recognize foreign
antigens, such as virus-derived proteins, by their TCRs, in association with syngeneic MHC
antigens on the surface of antigen-presenting cells (APCs). The recognition of MHC
antigens by CTLs and Th-cells is restricted MHC classes, in general class I for CTLs and
class II for Th-cells [13, 14]. To become target cells for the infiltrating T-cells, virus-
infected cells need to express MHC antigens on their surfaces. To examine whether cardiac
myocytes, which were reported not to express these antigens under normal conditions [15,
16], really express MHC antigens during acute viral myocarditis, we analyzed the
expression of MHC antigens in hearts with acute murine myocarditis induced by CVB3.
We found that CVB3-induced acute myocarditis resulted in enhanced expression of MHC
class I (H-2K) antigen on cardiac myocytes adjacent to the area of cell infiltration, but
undetectable or low levels of MHC class I (H-2D) or Class II (Ia) antigen were seen on
cardiac myocytes, respectively [17]. The induction of MHC antigens was confirmed in vitro
in cultured cardiac myocytes by treatment with interferon (IFN)-y by immunohistochemis-
try and Northern blot analysis [17]. Induction of MHC class I antigen on cardiac myo-
cytes with acute viral myocarditis strongly supported the interaction between cardiac
myocytes and the infiltrating cells, especially CTLs, which may play a significant role in
the persistent myocardial damage involved in later phase of myocarditis.
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3.2. Expression of co-stimulatory molecules

It is necessary for T-cells to receive two signals from the APC for antigen-specific T-cell
activation to occur. The first signal is provided by TCR engagement with the antigen-MHC
complex. The second signal, that is co-stimulatory signal, is provided by co-stimulatory
molecules expressed on both APC and T-cell [18]; they are mainly members of the immuno-
globulin as well as TNF receptor/ligand superfamilies. A scheme showing the interaction
between T-cell and APC is shown in Figure 1.
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Figure 1. Interaction between T-cell and antigen-presenting cell (APC). Scheme shows pairs of receptor/ligand co-
stimulatory molecules expressed on both T-cell and APC.

A. Immunoglobulin superfamily

Intercellular adhesion molecule-1 (ICAM-1]: Cell-cell interactions in the immune responses
are known to be mediated by cell adhesion molecules expressed on both immune effector cells
and target cells. One of the most important cell adhesion molecules is intercellular adhesion
molecule-1 (ICAM-1], a ligand for lymphocyte function-associated antigen -1 (LFA-1), is
expressed on most lymphocytes and thought to be induced on various target cells at the site
of inflammation by cytokines [19]. ICAM-1 is known to provide a co-stimulatory signal for T-
cell activation and to play an important role in the recognition, adhesion, and destruction of
target cells by killer lymphocytes. Therefore, we analyzed the expression of ICAM-1 in hearts
with acute murine myocarditis induced by CVB3. We found that acute myocarditis resulted
in enhanced expression of ICAM-1 on cardiac myocytes, and most of the infiltrating cells
expressed LFA-1 [20]. Induction of ICAM-1was also confirmed in vitro in cultured cardiac
myocytes by treatment with IFN-y/TNF-a by immunohistochemistry, flow cytometry, and
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Northern blot analysis [20]. Because both interferon-y and TNF-a were shown to be expressed
by the infiltrating cells in the heart by in situ hybridization [20], the expression of ICAM-1 as
well as MHC class I antigen on cardiac myocytes was thought to be induced by the infiltrating
cells in vivo. Furthermore, we found that In vivo administration of an anti-ICAM-1 monoclonal
antibody (mAb) significantly reduced myocardial inflammation without enhancing virus
genomes in the heart [20]. We also found the expression of ICAM-1 and MHC class I antigen
on cardiac myocytes and infiltration by perforin-expressing killer cells without enterovirus
genomes in the heart of patients with acute myocarditis and dilated cardiomyopathy [10]. This
suggested that the infiltrating killer cells may recognize some autoantigen and continuous
expression of ICAM-1 as well as MHC class I antigen on cardiac myocytes may enable the
infiltrating killer cells to cause persistent myocardial damage in an autoimmune phase of
myocarditis, leading to dilated cardiomyopathy.

Vascular cell adhesion molecule-1 (VCAM-1): Another immunoglobulin family cell adhesion
and co-stimulatory molecule, VCAM-1was also reported to be induced on myocardial cells in
acute murine myocarditis. However, the role of VCAM-1 in the myocardial damage seemed
to be less important than ICAM-1 [21].

B7 family molecules (B7-1, B7-2): Among the immunoglobulin superfamily co-stimulatory
molecules, B7-1 and B7-2, which are the ligands for CD28 and cytotoxic T lymphocyte antigen
(CTLA)-4 expressed on T-cells, have been extensively characterized and appear to be most
critical [22-24]. To investigate the role of B7-1/B7-2 in the development of acute viral myocar-
ditis, we analyzed the expression of B7-1/B7-2 in hearts with acute murine myocarditis induced
by CVB3. We found that acute myocarditis strongly induced the expression of both B7-1 and
B7-2 on cardiac myocytes, which normally do not express these antigens [25]. The induction
of both B7-1 and B7-2 was also confirmed in vitro in cultured cardiac myocytes by treatment
with interferon-y. in vivo administration of an anti-B7-1 mAb markedly decreased myocardial
inflammation, whereas an anti-B7-2 mAb-treatment abrogated the protective effect of anti-B7-1
mAb [25], indicating that different roles for B7-1 and B7-2 antigens are involved in the
development of acute myocarditis. Using a murine model of chronic ongoing myocarditis, we
also found that in vivo administration of an anti-B7-1 mAb significantly prolonged the survival
of mice with myocarditis, whereas an anti-B7-2 mAb-treatment abrogated the survival-
prolonging effect of anti-B7-1 mAb [26]. We found the expression of B7-1 and B7-2 on cardiac
myocytes of patients with acute myocarditis and dilated cardiomyopathy [27], strongly
suggesting the critical roles of these co-stimulatory molecules as in murine myocarditis. In
contrast to the many co-stimulatory molecules, which deliver positive signals for T-cell
activation, CTLA-4, a second B7 receptor, delivers a negative signal for T-cell activation
competing with CD28. T-cell immunoglobulin mucin (Tim)-3 is highly expressed on Th1 cells,
and is known to negatively regulate Thl responses and affects susceptibility to allergy and
autoimmune diseases. Frisanhco-Kiss et al. [28] reported that in vivo anti-Tim-3 blocking mAb-
treatment reduced CTLA-4 levels in Th-cells in the spleen, and significantly increased
myocardial inflammation of mice infected with CVB3. This indicates the negative regulatory
role of CTLA-4 through Tim-3 signaling in viral myocarditis. Furthermore, Love et al. [29]
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showed a negative regulatory role of CTLA-4 in CTLs, using a murine model of myocarditis
caused by adoptive transferred antigen-specific CTLs.

Programmed death-1 (PD-1)/PD-1 ligands (PD-L1, PD-L2): Among other known co-stimula-
tory molecules, which mediate negative signals for T-cell activation, PD-1/PD-1 ligands,
belonging to the immunoglobulin superfamily, pathway seems to be the most important
[30-33]. To investigate roles of PD-1/PD-1 ligands pathway in the development of myocardial
damage in murine acute myocarditis, we examined the expression of PD-L1 and PD-L2 in
hearts with acute myocarditis induced by CVB3. We found that the expression of PD-L1 (but
not PD-L2) was markedly induced on cardiac myocytes with acute myocarditis. The induction
of PD-L1 (but not PD-L2) was also confirmed in vitro in cultured cardiac myocytes by treatment
with IFN -y [34]. Furthermore, in vivo treatment with anti-PD-1 blocking mAb significantly
increased the myocardial inflammation, whereas anti-PD-1 stimulating mAb-treatment
significantly decreased the myocardial inflammation. In vivo treatment with anti- PD-L1
blocking mAb increased the inflammation (but statistically not significant), whereas anti-PD-
L2 blocking mAb-treatment had no effect [34]. This indicated that PD-1/PD-L1 pathway plays
a critical role in suppressing myocardial inflammation induced by CVB3 infection.

B. TNF receptor/ligand superfamilies

Fas and Fas ligand (FasL): Fas and its ligand FasL, which belong to the TNF receptor/ligand
superfamily, are well-characterized co-stimulatory molecules and known to play an essential
role in the induction of apoptosis [35-38]. They are also known to play an important role in the
cytotoxicity by T-cells and NK cells [39-41]. Because the percentage of cardiac myocytes
undergoing apoptosis was too low to explain the mechanism involved in massive myocardial
injury in acute murine myocarditis, we investigated the role of Fas/FasL pathway in the
activation of the infiltrating immune cells. We found that Fas was markedly induced on cardiac
myocytes with acute myocarditis. The induction of Fas expression on cardiac myocytes was
confirmed in vitro by treatment with IFN -y. In vivo administration of an anti-FasL mAb
decreased myocardial inflammation as well as virus genomes in the heart. Myocardial
inflammation was also decreased in Fas-deficient lpr/lpr and FasL-deficient gld/gld mice
infected by CVB3 as compared with wild type [42]. This strongly suggested that Fas/FasL
pathway played a critical role in the development of myocardial necrosis through activation
of the infiltrating immune cells, rather than inducing apoptosis of cardiac myocytes.

CD40/CD40 ligand (CD40L): Another pathway of co-stimulatory molecules CD40, CD40L,
which belong to the TNF receptor/ligand superfamily, is known to induce expression of B7
antigens and cytokine production by APCs, and to initiate T-cell-dependent antibody re-
sponses [43-45]. We found that CD40 was clearly induced on cardiac myocytes with acute
myocarditis, and that the expression of CD40 on cardiac myocytes was induced by treatment
with IFN-y in vitro. We also found that the production of interleukin-6 by cultured cardiac
myocytes was markedly enhanced by treatment with an anti-CD40 mAb in vitro. In vivo
administration of an anti-CD40L mAb significantly decreased myocardial inflammation,
indicating a critical role of CD40/CD40L pathway in the development of acute murine
myocarditis [46].
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CD30/CD30L, CD27/CD27L, OX40/0X40L, 4-1BB/4-1BBL: Other co-stimulatory molecules
belonging to the TNF receptor/ligand superfamily include CD30/CD30L, CD27/CD27L, OX40/
OX40L, and 4-1BB/4-1BBL [47, 48]. We again investigated the roles of these co-stimulatory
molecules in the development of acute murine myocarditis [49]. Acute myocarditis caused by
CVB3 clearly induced the expression of 4-1BBL and CD30L on cardiac myocytes in vivo,
whereas CD27L and OX40L were constitutively expressed on cardiac myocytes. Induction of
4-1BBL and CD30L on cardiac myocytes was confirmed by treatment with IFN-y in vitro.
Anti-4-1BBL or -CD30L mAb along with IFN-vy significantly stimulated the production of
interleukin-6 by cultured cardiac myocytes in vitro. Furthermore, in vivo administration of
anti-4-1BBL mAb (but not other mAbs) significantly decreased myocardial inflammation,
indicating the critical role of 4-1BB/4-1BBL pathway in the development of acute viral myo-
carditis. We found a persistent expression of CD40 and CD30L on cardiac myocytes in a murine
model of chronic ongoing myocarditis as well [50].

4. Therapeutic interventions

1. Invivo antibody therapy

It is known that immunosuppressant therapy with corticosteroids or cyclosporin [51] may
exacerbate acute viral myocarditis by enhancing virus titers. Godeny and Gauntt [3, 4] reported
that depleting NK cells by injection of anti-asialo GM1 antiserum exacerbated murine viral
myocarditis with increase in virus titers in the heart, indicating the protective role of NK cells
against viral myocarditis by limiting virus replication. Therefore, nonspecific immunothera-
pies inhibiting virus-clearance seem to worsen the course of viral myocarditis, at least in the
acute phase when virus genomes have not disappeared yet. We showed that immunomodu-
lation therapy specifically targeting co-stimulatory molecules, such as ICAM-1 and FasL by
in vivo administration of blocking mAbs, can decrease myocardial damage without inhibiting
(or even enhancing) virus-clearance [20, 42]. We also showed thatimmunomodulation therapy
targeting co-stimulatory molecules B7-1, CD40L, 4-1BBL, and PD-1 (with stimulating mAb)
can significantly attenuate myocardial inflammation [25, 46, 49, 34]. Although we did not
analyze the effects of these therapies on the virus-clearance in the heart, the protective effects
against myocardial injury strongly suggested that immunomodulation therapies targeting
these co-stimulatory molecules improve the course of myocarditis without inhibiting virus-
clearance. The relative effects of immunomodulation therapies targeting co-stimulatory
molecules is summarized in Figure 2. Recently, Fousteri et al. reported that in vivo adminis-
tration of anti-OX40L mAb strongly reduced the inflammation of chronic phase of CVB3-
induced murine myocarditis, supporting the role of these co-stimulatory molecules in
progression to autoimmune phase [52].

2. IFNs

IFNs are among the most important antiviral agents, and are clinically used in hematolog-
ical malignancy, autoimmune disorder, and viral infection such as hepatitis B and C. For
viral myocarditis, the effectiveness of IFN-a A/D in a murine model of viral myocarditis
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was reported [53, 54]. Yamamoto et al. [55] analyzed the effects of IFN-y and IFN-o/p by
intranasal and intramuscular routes on murine viral myocarditis. The authors found that
both IFN-y and IFN-a/f by either route significantly increased the survival rate and that
the effect of IFN-y was significantly greater than that of IFN-a/B. The survival-prolong-
ing effect of IFN-y was confirmed even when started after virus inoculation. Further-
more, intranasal administration of IFN-y significantly suppressed the virus replication and
inflammation in the heart, which in turn dramatically improved the prognosis of acute
murine viral myocarditis. The intranasal administration of IFN-y offers a very useful
antiviral therapy for acute myocarditis in clinical use.

3. TNF-a

TNEF- a is another major cytokine known to be involved in viral myocarditis. Wada et al. [56]
reported that survival rate of TNF- a-deficient mice with acute viral myocarditis was signifi-
cantly lower than that of wild-type control mice, and in vivo administration of recombinant
TNE- aimproved the survival of TNF- a-deficient mice in a dose dependent manner. Although
the authors speculated that TNF-a plays a protective role in acute viral myocarditis through
leukocyte recruitment, it is unclear whether administration of TNF- o improves the survival
of wild-type mice with acute viral myocarditis.

4. Angiotensin II receptor blockers (ARBs)

Angiotensin II has been shown to play an important role in the pathophysiology of various
organs, especially the cardiovascular system. The effects of ARB on hypertension, congestive
heart failure, and myocardial fibrosis have been well analyzed in human trials as well as animal
models. The focus of interest is now directed to its pleiotropic effects especially on the
inflammatory disorders. To investigate the effects of the ARB olmesartan on the cell-mediated
myocardial injury involved in acute myocarditis, we analyzed the effects of olmesartan on the
development of murine acute myocarditis caused by CVB3 [57]. We found that olmesartan

Figure 2. Summary of relative effects of immunomodulation therapies targeting co-stimulatory molecules in murine
acute myocarditis.
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significantly decreased myocardial inflammation as compared with control. Olmesartan also
significantly decreased the expression of IFN-y, FasL, inducible nitric oxide synthase (iNOS),
perforin as well as CVB3 genomes in myocardial tissue, indicating that olmesartan suppressed
activation of the infiltrating killer lymphocytes without inhibiting virus-clearance. This raises
a possibility that olmesartan will reduce myocardial injury and improve prognosis of patients
with acute myocarditis. Although we did not examine whether other ARBs have also protec-
tive effects against myocardial inflammation, there is a possibility that the prognosis of acute
myocarditis patients receiving ARBs may be better than those not treated with ARBs.

5. Beta-adrenergic receptor blockers (B-blockers)

-blockers, as well as angiotensin-converting enzyme inhibitors (ACEIs) and ARBs, have now
been established as the therapy of heart failure. Especially, carvedilol, a non-selective 1, 2
(and less potent a1)-blocker, is known for its anti-oxidant properties [58]. In murine model of
viral myocarditis, carvedilol was shown to attenuate the inflammation and improve left
ventricular function through modulating the production of inflammatory cytokines and
matrix metalloproteinases [59-61]. Because selective [31-blocker, metoprolol was much less
effective, the cardioprotective effects of carvedilol may be due to pleiotropic effects as well as
-blocking effects, would be potentially useful in the treatment of patients with acute myo-
carditis.

6. Anti-virus therapy

Werk et al. [62] reported the effects of two anti-viral strategies, siRNA to degrade cytoplasmic
CVB3 RNA, and a soluble variant of the coxsackievirus-adenovirus receptor fused to a human
immunoglobulin (sCAR-Fc) to inhibit cellular uptake of CVB3. The authors demonstrated that
combination therapy resulted in a strong synergistic inhibition of an ongoing virus infection.
Because the study was done using a cell culture system, further study using an in vivo infection
model is needed. Moreover, it is unknown whether the combination therapy is effective on
patients with acute myocarditis who come to the hospital well after virus infection occurs.

Until now, not a few antiviral compounds have been developed and evaluated in clinical
studies. WIN 63843 (pleconaril) is an orally bioavailable antiviral compound, which inhibits
the binding of picornaviruses to the cell surface receptors and internalization of the viruses
into the cell. In murine viral myocarditis caused by CVB3, pleconaril dramatically reduced the
virus titer in the heart and increased the survival rate [63]. For other mechanism of antiviral
activity, nitric oxide-releasing compounds such as glyceryl trinitrate (GTN) and isosorbide
dinitrate (ISDN) were shown to inhibit proteinases 2A and 3C of CVB3, resulting in inhibition
of viral replication and protecting the host cells from the cytopathic effects. Furthermore, GTN
and ISDN significantly reduced the myocardial inflammation in murine model of viral
myocarditis caused by CVB3 [64]. These antiviral therapeutics seem to be effective in the very
early phase of viral myocarditis when viral replication actively occurs. However, in general,
patients with acute myocarditis go to hospital after signs of inflammation have appeared when
immune response to the virus-infected cells but not cytopathic effects of viruses mainly
mediate myocardial injury. Therefore, the effectiveness of these antiviral therapeutics should
be evaluated in clinical studies. On the other hand, Fousteri et al. reported that nasal admin-
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istration of cardiac myosin-derived oligopeptides (CM-peptides) significantly reduced
myocardial inflammation and mortality by enhancing regulatory T cells and IL-10 production
in murine myocarditis caused by CVB3 [52]. However, the authors started the administration
of CM-peptides before CVB3-infection. Because it is impossible to start the treatment at such
timing clinically, efficiency of the therapy should be evaluated when started after the onset of
inflammation.

7. Cell therapy

Mesenchymal stem cells (MSCs) are known to have anti-apoptotic, anti-fibrotic, pro-angio-
genic, as well as immunomodulatory features. Linthout et al. [65] demonstrated that MSCs
reduced CVB3-infected cardiomyocytes apoptosis and viral production in a nitric oxide-
dependent manner in vitro, and MSCs required priming via IFN-y to exert their protective
effects. Furthermore, in vivo administration of MSCs in mice with CVB3-induced myocarditis
improved cardiac function through reduction in cardiac apoptosis and myocardial injury. The
authors also isolated and identified novel cardiac-derived cells from human cardiac biopsy
specimen, that is cardiac-derived adherent proliferating cells (CAPs). CAPs have anti-
apoptotic and immunomodulatory features similar to MSCs. Like MSCs, in vivo administration
of CAPs in mice with CVB3-induced myocarditis improved cardiac function through reduction
in cardiac apoptosis and virus proliferation [66].

8. MicroRNA

MicroRNAs (miRNAs) are small non-coding RNA molecules endogenously held by many
species. It is known that miRNAs repress the expression of mRNAs by binding to 3 ' untrans-
lated region of their target mRNAs. Corsten et al. [67] analyzed the profiles of miRNA
expression in myocardial biopsy specimen from patients with acute myocarditis, and in
myocardial tissue from myocarditis-susceptible and non-susceptible strain of mice with CVB3-
induced acute myocarditis. They found that expression of microRNA-155, primarily localized
in infiltrating cells, was consistently and strongly upregulated during acute myocarditis in
both humans and susceptible mice. Inhibition of microRNA-155 by a systemically delivered
locked nucleic acid (LNA)-anti-miRNA, a class of miRNA inhibitors, attenuated cardiac cell
infiltration and myocardial damage in acute phase of murine myocarditis. MicroRNA-155
inhibition further improved cardiac function and reduced mortality of mice with viral
myocarditis in later phase, offering a promising therapy against acute myocarditis. Micro-
RNA-122 is expressed in the liver, and is implicated as a key regulator of cholesterol and fatty-
acid metabolism. Elmen et al. [68] first demonstrated using African green monkeys that in
vivo administration of LNA-anti-microRNA-122 resulted in long-lasting decrease in plasma
cholesterol levels without any toxicities. For anti-microRNA therapy against viral infection in
primates, Lanford et al. [69] reported that treatment of chimpanzees chronically infected with
hepatitis C virus with LNA-anti-microRNA-122 resulted in long-lasting suppression of
viremia and improvement of liver pathology with safety profile. Successful study in primates
against virus infection common to a human disease may strongly support clinical trials in
patients with hepatitis C virus infection as well as acute myocarditis.
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1. Introduction

The routine indication of endomyocardial biopsy (EMB) in myocarditis has long been a matter
of debate [1]. Although always claimed as the ultimate diagnostic tool for myocarditis, its low
sensitivity, low availability, high cost, and the inherent risks of an invasive procedure have
led many physicians to avoid performing it. Yet, at present EMB continues to be the “gold
standard” for the diagnosis of myocarditis [2].

Since its introduction in the early 1960s by Sakakibara and Konno many improvements have
been made in the technique and some progress has been made in the analysis of the samples.
The introduction of the Dallas Criteria [3] in 1986 was the first effort to make histological
diagnosis more consistent, but still they have a very low sensitivity and lack prognostic value
in many clinical studies [4-7].

After the Dallas criteria, the use of immunohistochemistry to better identify mononuclear cells
infiltrating myocardial tissue added significant sensitivity to histological diagnosis [8, 9]. Also,
introduction of polymerase chain reaction (PCR) applied to isolation of viral genomes from
EMB samples became a promising tool. Both proved to carry prognostic value in some studies,
but results have been not consistent in all publications.

Moreover, development of noninvasive methods to assess myocardial injury in myocarditis,
particularly magnetic resonance image (MRI), provides a very interesting alternative to EMB,
although some authors suggest that they may be complementary [10].

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
I m EC H Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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In this chapter we will review the most relevant evidence of the clinical usefulness of EMB and
all these developing techniques.

2. Technical issues on endomyocardial biopsies

The first approach to obtain tissue samples from the heart was proposed in the 1950s by Vim
and Silverman by using a needle introduced through a limited thoracotomy. The high
incidence of pneumothorax and cardiac tamponade made this technique not accepted [11]. It
was in 1962 that for the first time Sakakibara and Konno reported their technique of EMB
introducing the bioptome in order to sample the endocardium [12]. After developmentof the
bioptome, many improvements have been made in terms of flexibility and maneuverability,
making the procedure safer and easier.

The possibility of peripheral vein access made the right ventricle the most attractive site for
sampling, especially the interventricular septum because it is thicker than the right ventricular
free wall and it is located in the natural path of blood flow [11]. Anyway, if needed, the left
ventricle may be reached through the femoral artery and across the aortic valve [13].

According to current recommendations of the International Society of Heart and Lung
Transplantation [14] and the American Heart Association, American College of Cardiology
and European Society of Cardiology [2] a minimum of 4 -5 samples of 1 - 2 mm? in size should
be collected at room temperature to prevent contraction band artifacts. Additional samples
may be taken if special procedures are required as immunohistochemistry (IHC), transmission
electron microscopy, and/or polymerase chain reaction.

Complications of EMB have been prospectively studied by Decker et al. [15] in 546 consecutive
procedures. The overall complications rate was 6%, 2.7% related to sheath insertion and 3.3%
related to the biopsy procedure itself. Perforation was observed in only 3 patients (0.5%) with
2 deaths attributable to perforations (0.3%). The detailed report is summarized in table 1.

Related to Sheath Insertion = 15 (2.7%)
Arterial puncture during local anesthesia = 12 (2%)
Vasovagal reaction = 2 (0.4%)

Prolonged venous oozing after sheath removal = 1 (0.2%)

Biopsy Procedure = 18 (3.3%)

Arrhythmias =6 (1.1%)

Conduction abnormalities =5 (1%)

Pain without perforation =4 (0.7%)
Perforation = 3(0.5%), 2 patients died (0.3%)

Table 1. Complications of EMB (Deckers et al. [15])
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3. Current recommendations for the use of endomyocardial biopsies

In an attempt to better determine the clinical use of EMB, a committee of experts from the
American Heart Association, the American College of Cardiologists and the European Society
of Cardiology developed a consensus statement about when EMB was to be used in 14 clinical
scenarios [2]. It is remarkable that in only 2 of those scenarios the recommendation reaches
recommendation level I. Table 2 summarizes the 14 clinical situations, the level of recommen-
dation, and evidence for the use and clinical value of EBM.

N° Clinical Scenario EMB usefulness Level of Level of

recom. evid.

1 New-onset heart failure of <2 weeks’  Distinguish between lymphocytic | B

duration associated with a normal-size  myocarditis (good prognosis) and GCM or

or dilated left ventricle and NEM that require immunosupressant
hemodynamic compromise treatment.
2 New-onset heart failure of 2 weeks' to 3 Distinguish between lymphocytic | B
months’ duration associated with myocarditis (good prognosis) and GCM
dilated left ventricle and new-onset that requires immunosupressant
ventricular arrhythmias, second- or treatment.

third-degree heart block, or failure to
respond to usual care within 1to 2

weeks

3 Heart failure of >3 months’ duration Cardiac sarcoidosis is a special differential Ila C
associated with dilated left ventricle diagnosis in this setting. Sarcoidosis
and new-onset ventricular arrhythmias, responds very well to corticosteroid
second- or third-degree heart block, or  treatment. GCM is also a possibility in this
failure to respond to usual care within 1 scenario.

to 2 weeks

4 Heart failure associated with a DCM of  Detect HSM and stop offending lla C
any duration associated with suspected medication and start high dose

allergic reaction and/or eosinophilia corticosteroids.

5 Heart failure associated with suspected Although anthracycline toxicity can be lla C
anthracycline cardiomyopathy detected by means of noninvasive test,
EMB has better sensitivity to detect earlier
stages and stop offending drug earlier.
Requires TEM.

6 Heart failure associated with Although a great progress has been made lla C
unexplained restrictive cardiomyopathy in the use of noninvasive tests such as

CMR in the assessment of restrictive
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Ne Clinical Scenario EMB usefulness Level of Level of

recom. evid.

cardiomyopathy, EMB still remains the

only diagnostic tool for many of them.

7 Suspected cardiac tumors When diagnosis is not possible through  Ila C
other methods. Not recommended in

typical myxoma because of embolization

risk.
8 Unexplained cardiomyopathy in Differential diagnosis lla C
children
9 New-onset heart failure of 2 weeks' to 3 Seldom GCM can be diagnosed in this Ib B
months’ duration associated with a setting. EMB should not be performed

dilated left ventricle, without new-onset routinely.
ventricular arrhythmias or second- or
third-degree heart block, that responds

to usual care within 1 to 2 weeks

10  Heart failure of >3 months’ duration In recent trials patients showing Ib C
associated with a dilated left ventricle, enhanced expression of HLA molecules in
without new ventricular arrhythmias or  EMB had some benefit from
second- or third-degree heart block, immunosuppressant therapy.

that responds to usual care within 1to  Hemochromatosis may be a differential

2 weeks diagnosis in this setting.
11 Heart failure associated with Some entities, specially infiltrating Ib C
unexplained HCM diseases that can thicken heart walls, can

be diagnosed with EMB (Pompe’s and

Fabry’s diseases, amyloidosis).

12 Suspected ARVD/C Rarely needed because CMR generally Ilb C

establishes the diagnosis.

13 Unexplained ventricular arrhythmias Generally shows myocarditis or Ilb C

nonspecific findings.

14 Unexplained atrial fibrillation Not recommended 1 C

CRM, Cardiac Magnetic Resonance; DCM, Dilated Cardiomyopathy; GCM, Giant Cell Myocarditis; HSM, Hypersensitivity
Myocarditis; NEM, Necrotizing Eosinophilic Myocarditis; TEM, Transmission Electron Microscopy.

Table 2. Clinical Recommendations for the Use of EMB [2].

4. The anatomopathological picture of different types of myocarditis

We will briefly describe the pathological features of the main pathologies cited in this chapter
that constitute the differential diagnosis of lymphocytic myocarditis:
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* Lymphocytic myocarditis
* Giant cell myocarditis
* Sarcoidosis
* Hypersensitivity myocarditis

* Eosinophilic myocarditis

4.1. Lymphocytic myocarditis

The pathological picture of lymphocytic myocarditis is the infiltration of myocardium by
activated T lymphocytes, with or without signs of myocyte injury, as illustrated by the EMB
sample of a patient with cytomegalovirus (CMV) myocarditis shown in figures 1-3. Figure 3
also shows the characteristic nuclear inclusions of CMV infection. Histological findings are
generally diffuse but may be focal in nature (figure 4) making multiple samples and immu-
nohistochemistry necessary for greater diagnostic accuracy.

Figure 1. Myocarditis. Endomyocardial biopsy demonstrating a diffuse infiltration of lymphocytes. H-E. 40 X.
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Figure 2. Myocarditis. Biopsy sample of the case illustrated in Figure 1. A dense infiltrate of lymphocytes and myocyte
necrosis isevident. H-E- 100X.

Figure 3. Myocarditis. Biopsy sample of the case illustrated in Figures 1 and 2. Lymphocytic myocarditis by cytomega-
lovirus infection. Note the characteristic “owl's eye” nuclear inclusions (arrows). H-E. 400X
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Figure 4. Focal myocarditis. Inflammation is quite focal. Note necrotic myocytes infiltrated by lymphocytes (circle) H-E
200X.

In order to better standardize histological diagnosis, Dallas criteria have been developed (table
3), for first and subsequent biopsies. Active myocarditis is defined as the presence of lym-
phocytes infiltrating myocardium plus evidence of myocyte injury (excluding contraction
bands, a common artifact in EMB samples). Borderline myocarditis is defined as milder
infiltrates without evidence of myocyte injury.

For subsequent biopsies, ongoing myocarditis, resolving (healing) myocarditis (figure 5) and
resolved (healed) myocarditis categories have been created if infiltrates are the same as first
biopsy, less than the first biopsy or have disappeared respectively.

First biopsy
Active myocarditis, with or without fibrosis
Borderline myocarditis

No myocarditis

Subsequent biopsy
Ongoing (persistent) myocarditis, with or without fibrosis
Healing (resolving) myocarditis, with or without fibrosis

Healed (resolved) myocarditis, with or without fibrosis

Table 3. Dallas criteria for the diagnosis of myocarditis
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Figure 5. Healing myocarditis. Diffuse lymphocytic infiltrate is mingled with interstitial fibrosis. Note the scattered
atrophic myocytes. H-E 200X.

4.2. Giant Cell Myocarditis (GCM)

This specific form of myocarditis of unknown cause is particularly aggressive with a high
mortality. Extensive myocyte necrosis with an intensive infiltrate of lymphocytes, plasma cells
and eosinophils are seen. The most striking characteristic, which names the disease, is the
presence of giant multinucleated cells in the borders of necrotic areas (figure 6). Multinucleated
cells are originated from macrophages. The most abundant cells in the remaining infiltrates
are CD8+ T-lymphocytes. The main differential diagnosis of GCM is sarcoidosis, which is
differentiated for:

* Eosinophils are abundant in GCM and absent in sarcoidosis
* Fibrotic scarring is more prominent in sarcoidosis
* No granulomas are seen un GCM

* Sarcoidosis may affectepicardium, never affected by GCM
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Figure 6. Giant cell myocarditis. A dense infiltrate of lymphocytes with prominent giant cells isobserved. Note the ab-
sence of well-established granulomas. H-E 200X.

4.3. Sarcoidosis

Sarcoidosis is a systemic disease that may affect the myocardium. The presence of granulomas
on EMBs may reach 20% of cases. The compromise is patchy and EMBs may be negative. Non-
caseificating granulomas consisting of histiocytes, giant cells, lymphocytes and plasma cells
are the most prominent feature of the disease. Focal infiltrates of lymphocytes are seen, but
they lack eosinophils seen in GCM. Patchy fibrosis is also a frequent finding (figure 7).

Figure 7. Sarcoidosis. Endomyocardial biopsy demonstrates a well-established, non-necrotizing granuloma. Giant cells
are evident. H-E 200X.
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4.4. Hypersensitivity myocarditis

Although not very common, hypersensitivity to drugs may involve the myocardium. The
suspicion of this entity should arise when a patient presents with acute heart failure in the
context of a hypersensitivity reaction to a drug. Tissue samples show a chronic perivascular
infiltrates with lymphocytes, macrophages and plasma cells, with a prominence of eosinophils.
Myocyte injury may be seen but is not a prominent feature. Fibrosis is absent.

4.5. Eosinophilic myocarditis

Myocarditis may be present up to in 25% of patients with hypereosinophilic syndrome.
Extensive infiltration with eosinophils is present in this type of myocarditis (figure 8) but two
distinctive features help distinguishing it from hypersensitivity myocarditis: the presence of
myocyte necrosis and the presence of intracavitary thrombi containing eosinophils, which can
also be seen in the lumen of intramyocardial coronary vessels.

Figure 8. Hypereosinophilia. The interstitial infiltrate is suggestive of hypersensitivity myocarditis. H-E 200X
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5. The role of endomyocardial biopsy in the management of myocarditis

Endomyocardial biopsy is still considered the “gold standard” for diagnosis of viral myocar-
ditis. The use of Dallas criteria, although questioned, remains almost universal. The develop-
ment of IHC and PCR for processing EMB samples widened its usefulness.

5.1. The rise, decline and validity of the Dallas criteria

The Dallas criteria for histopathological diagnosis of myocarditis were introduced in 1986 [3]
in the intent of standardizing the way in which EMB would be analyzed and became, since
then, a “gold standard” for the definitive diagnosis of myocarditis.

As previously stated, active myocarditis was defined as the presence of inflammatory
infiltrates associated with myocardial injury not characteristic of ischemic heart disease, and
borderline myocarditis was defined as a les intensive infiltrate without evidence of myocyte
damage.

Furthermore, most clinical investigation on myocarditis have used the Dallas criteria as the
main inclusion criteria [16]. The main weakness of Dallas criteria is low sensitivity (about 25%)
to detect infiltrates in myocardial samples, mainly due to: 1) the patchy nature of myocardial
infiltrates makes sampling error a great concern, 2) the lack of consistent interpretation of EMB
samples, even among most experienced pathologists.

The issue of sampling error has been addressed by many authors. Chow and Hauck published
on postmortem EMB showing that one sample had a sensibility of 25% to detect myocarditis,
and that 5 samples were needed to raise this figure to 66% [17, 18]. Similar experience has been
published with the use of EMB to detect allograft rejection [19, 20].

On the other hand, the lack of interobserver agreement in the interpretation of histological
samples shows that that the Dallas criteria did not achieve completely their goal. It is remarka-
ble that of the 111 patients enrolled in the Myocarditis Treatment Trial (positive EMB accord-
ing to Dallas criteria required as inclusion condition) only 64% had the diagnosis confirmed by
the expert pathologist panel [21]. In another study where 7 expert pathologists examined the
EMB of 16 patients with dilated cardiomyopathy (DCM), interpretation of samples varied re-
markably. Diagnosis of myocarditis was made in 11 patients at least by 1 pathologist. But only
in 3 patients, three pathologists agreed in the diagnosis, and in 5, two pathologists agreed,
showing that even for expert pathologists, interpretation of EMB is quite variable [22].

Some investigators showed that many patients with a clinical presentation suggestive of
myocarditis were negative for Dallas criteria but had a PCR positive for viral genomes in the
EMB. Martin el al. studied 34 children with clinical presentation suggestive of myocarditis.
Twenty-six of the 34 samples were positive for viral genomes but only 13 of the 26 were positive
for Dallas criteria [23]. Pauschinger et al. found that 24 of 94 patients with idiopathic dilated
cardiomyopathy (DCM), all of them negative for Dallas criteria, were positive for viral
genomes [24]. In another study, Pauschinger et al. demonstrated positive PCR for enterovi-
ruses in 45 patients with idiopathic DCM; only 6 were positive for Dallas criteria [25]. Why et
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al. showed in 120 patients with DCM that 41 were positive for enterovirus genomes in their
EMB, but only 5 were positive for Dallas criteria [26].

Dallas criteria also lack prognostic value. Grogan et al. compared the clinical outcome in 27
patients with myocarditis and 58 patients with idiopathic DMC; presence of myocarditis did
not affect prognosis [4]. Angelini et al. followed 42 patients with biopsy proven myocarditis,
26 with active myocarditis and 16 with borderline myocarditis also according to Dallas criteria.
Heart failure was more frequent in the borderline myocarditis (BM) group than in the acute
myocarditis (AM) group. They concluded that myocyte necrosis does not carry prognostic
value [5]. Caforio et al. studied 174 patients, with active myocarditis (n=85) or borderline
myocarditis (n=89). They concluded that IHC enhanced EMB sensitivity for the diagnosis of
myocarditis and that Dallas criteria lacked prognostic value [6]. Kindermann et al. followed
181 patients with clinically suspected myocarditis in whom EMB was performed. Dallas
criteria were positive only in 69 patients (38%), but sensitivity was increased bythe use of IHC,
which showed inflammation in 91 patients. Dallas criteria also proved of no prognostic value
in that study [7].

Moreover, Dallas criteria did not show predictive value to select patients for immunosup-
pressant therapy. Clinical trials using immunosuppressant treatment for myocarditis did not
show, in general, a better outcome in patients who received treatment compared to those who
received placebo, even though, some patients improved markedly their left ventricular
function after treatment. Dallas criteria did not predict which patients were to improve [21, 27].

The need of new criteria to make the definite diagnosis has been claimed for many authors,
but as shown in the papers cited, the Dallas criteria supported by immunohistochemistry
remain, at present the “gold standard” for the diagnosis of myocarditis.

5.2. The role of immunohistochemistry

The main problem with the histopathological diagnosis of myocarditis in routine samples is
the differentiation between interstitial lymphocytes and other types of cells, mainly fibroblasts
and histiocytes.

Schnitt et al. published a pioneer work in 50 consecutive EMBs assessed by two independent
observers [28].The use of an immunoperoxidase technique to stain specifically leucocyte
common antigen (CLA, now CD45A) had a better interobserver concordance (r=0.83) than
hematoxylin — eosin (H&E) samples (r=0.63) in identifying lymphocytes. Intraobserver
concordance between IHC and H&E-identified lymphocytes was poor (r=0.28 and r=0.14
respectively). The main drawback of CLA antibodies is that it also stains mast cells and
histiocytes. They did not study the impact of the technique in the diagnosis of myocarditis [28].

One of us (JM) emphasized in a pioneer paper in 1990, the need of immunohistochemical stain-
ing of lymphocytes for the reliable diagnosis of myocarditis in EMB. The diagnosis of myocar-
ditis was established in 27 patients according to routine staining of EMB samples. We analyzed
those samples using antibodies to CLA, 1« and A immunoglobulin light chains and T cell recep-
tor (TCR). Only 14 out of the 27 biopsies showed to have true myocarditis [8]. The technique
proved to be useful for diagnosis of myocarditis as a cause of sudden death (figure 9) [30].
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Figure 9. Diffuse myocarditis in a 6 year-old boy found underwater in a swimming pool. There are extensive myocar-
dial injury and marked interstitial edema and apposition of T- lymphocytes to the sarcolemma of necrotic myocytes.
Immunoperoxidase for T- lymphocytes. Note the classic picnotic nuclei and cytoplasmic positivity (arrows) X200 [30].

After these papers, new markers and new antibodies have been developed and IHC diagnosis
has become more sophisticated. Kiihl et al. studied the biopsies of 170 patients with DCM with
no history of previous viral disease. EMB were performed and processed for H&E to determine
the presence of myocarditis according to Dallas criteria, and for immunohistochemistry using
antibodies to CD45RA, CD2, CD3, CD4, CD8, CD45R0 and HLA class I. Only 5% of samples
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were positive for Dallas criteria, but 48% showed positive staining for one or more of the
antibodies, showing a very higher sensitivity of immunohistochemistry to show inflammatory
changes in DCM [29].

Feeley et al. showed that antibodies anti CD45R0 were very accurate for the diagnosis of
myocardial inflammation in a series of 163 routine autopsies in a general hospital. The only 5
samples that showed more than 14 CD45R0 positive cells per high power field belonged to
transplanted patients, of whom three with cardiac rejection and one with a linfoproliferative
disorder [30]. Although not designed to study myocarditis, Krous et al. showed that staining
with anti CD3 (T lymphocytes) and CD68 (macrophages) was useful to differentiate myocar-
ditis from sudden infant death syndrome and suffocation in EMB of children [31]. And as
previously reported, in our hands immunohistochemical staining allowed the diagnosis of
unapparent myocarditis as a cause of sudden death in children [32].

In a paper by Caforio et al. immunohistochemistry has been used to reinforce Dallas criteria.
More than half of borderline myocarditis diagnosis would have been missed with H&E alone
[6]. In this connection, also Kindermann et al showed in their study that only 69 (38%) out of
181 EMB samples were positive for Dallas criteria while 91 (50%) were positive using CD3,
CD68 and HLA class II antibodies [7].

5.3. The role of polymerase chain reaction

In the early 1990s many authors published series of cases showing the isolation of different
viral genomes with PCR [33-37], but these papers were mainly descriptive of the presence of
certain types of viruses in EMB samples and did not assess prognostic or therapeutic value of
these findings. However, almost a decade after PCR also proved to be of prognostic value [36].
Frustaci et al. treated 41 patients with biopsy proven myocarditis who presented with ongoing
heart failure with complete standard immunosuppressant treatment. Viral genomes were
present in biopsy specimens of 17 non responders (85%), including enterovirus (n=5), Epstein-
Barr virus (n=5) adenovirus (n=4), both adenovirus and enterovirus (n=1), influenza A virus
(n=1), parvovirus-B19 (n=1), and in 3 responders, who were all positive for hepatitis C virus.
Cardiac autoantibodies were present in 19 responders (90%) and in none of the nonresponders.
The presence of viral genomes was independently associated with failure of immunosuppres-
sion to improve ventricular function [38]. Conversely, Camargo et al. demonstrated that
children with chronic myocarditis have a favorable response to immunosupressant therapy
independently of the presence or not of viral genomes in EMB [39].

Kyt et al. showed in a retrospective analysis of autopsies of 40 fatal myocarditis that viral
nucleic acids were found in the hearts of 17 patients (43%), including CMV (15 patients),
parvovirus B19 (4 patients), enterovirus (1 patient), and human herpes virus 6 (1 patient). In 4
patients, CMV DNA was found in addition to parvovirus B19 or enterovirus genomes. No
adenoviruses, rhinoviruses, or influenza viruses were detected in that study of fatal myocar-
ditis. In 67% of the patients in whom PCR was positive for CMV, in situ hybridization revealed
viral DNA in cardiomyocytes. Only 1 of these patients was immunocompromised. From these
findings it can be concluded that the finding of CMV genome in EMB biopsies of patients with
myocarditis carries a particularly bad prognosis [40].
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Wilmot et al. also demonstrated the prognostic value of PCR in fulminant myocarditis in
16 children treated with mechanical circulatory support. PCR results were available from
15 patients and were positive in 11. Viral presence was associated with death or need for
transplantation (P = 0.011). Upon histological analysis, absence of viral infection and lack
of myocardial inflammation were associated with recovery (P values 0.011 and 0.044, re-
spectively) [41].

Mavrogeni et al. followed a cohort of 85 patients with myocarditis. In 71 patients CRM was
positive and in 50 EMB was performed. Chlamydia, herpes virus and parvovirus B19 were
present in 80 % of EMB samples. In 7 patients with clinical deterioration 1 year after, EMB
showed persistence of infectious agent genomes [42].

Viral myocarditis is a known cause of sudden death. In this connection, PCR has been
performed in post-mortem samples of patients with sudden death. The test proved to be of
diagnostic usefulness in some cases [43, 44].

6. Endomyocardial biopsy as a research tool

The role of EMB as a research tool cannot be undervalued. Almost all papers cited in this
chapter have been conducted on EMB samples. Many developments relative to heart disease
are due to basic science investigations using EMB. In this regard, many advances in the
understanding of genetic expression in the failing heart have been made thanks to the
possibility of obtaining heart muscle samples [45-48].

In the specific field of myocarditis, EMB will surely allow to identify better predictors of
mortality, need of transplantation and response to certain drugs or therapeutic strategies
by the discover of new molecular markers of inflammation, tissue damage or survival.
With PCR the prognostic value of viral genome presence will be better defined promptly
and, in the future, the expression of certain myocyte genes will surely introduce a new
tool to predict outcomes.

7. Conclusions

As shown by the data revised here, EMB is an important diagnostic tool in myocarditis. It
still remains the gold standard for the definite diagnosis. Dallas criteria, although severe-
ly questioned by many authors, still remain a reference method to establish diagnosis and
are generally required as inclusion criteria in clinical investigation. On the other hand, it
helps distinguishing lymphocytic myocarditis from other entities, like giant cell myocardi-
tis, necrotizing eosinophilic myocarditis or sarcoidosis, which may guide treatment and
prognosis.
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The introduction of IHC and PCR provided new tools for evaluating EMB samples. Although
not yet standardized adequately, they have shown to give valuable prognostic and therapeutic
information. They have become routine testing in myocarditis.
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1. Introduction

Chronic chagasic cardiomyopathy (CCC) is the most serious manifestation of the chronic form
of Chagas’ disease and constitutes the most common type of chronic myocarditis in the world
[1-5]. Chagas’ disease, a chronic illness caused by the flagellate parasite Trypanosoma cruzi (T.
cruzi), was first described in 1909 by the Brazilian physician Carlos Chagas [6]. The insect
vectors of the disease are present throughout most of South and Central America, and their
zone of distribution extends across the southern United States [7]. It was estimated by year
2000, that in endemic areas 40 million people were considered to be at risk of infection, being
20 million already infected. Every year near 200,000 new cases are expected to happen, and
21,000 deaths per year occur [8].

Although always considered to be confined to Latin America, due to migratory movements
from endemic countries to Europe and North America, Chagas’ disease is being detected more
frequently in developed countries. Europe is estimated to have from 24,001 to 38,708 (lower
or upper limit of estimate, respectively) immigrants with T. cruzi infection [1]. In the United
States 6 autochthonous cases, five transfusion related cases and five transplant associated cases
have been reported, but migratory movements still remain the main source of Chagas’ disease.
It has been estimated that around 89,221 to 693,302 infected Latin Americans migrated to the
United States in the period 1981 to 2005 [3].

Two phases of the disease can be distinguished: (1) acute phase, with transiently high con-
centration of parasites in tissue and blood, nonspecific symptoms, and a 5% myocarditis
incidence, lasting 4 — 8 weeks; and (2) chronic phase, lasting lifelong. Chronic phase can be
presented as indeterminate form, characterized by lack of symptoms and normal ECG and
normal radiographic examination of the chest, esophagus and colon. Approximately 60 - 70%
of patients remain in this form for the rest of their lives. Only 20 - 40% of infected individuals,
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10 - 30 years after the original acute infection, will develop cardiac, digestive or mixed form
of the disease, characterized by the appearance of megavicera (dilated cardiomyopathy,
megaesophagus and/or megacolon). It poses a substantial public health burden due to high
morbidity and mortality [3, 7, 9].

CCC is manifested by a chronic, diffuse, progressive fibrosing myocarditis that involves not
only the working myocardium but also the atrioventricular (AV) conduction system, auto-
nomic nervous system and microcirculation [10 - 12]. This leads to cardiomegaly, cardiac
failure, arrhythmias, thromboembolism, and death [11]. Colon and esophagus are also
commonly affected by Chagas’ disease, being megacolon with constipation and megaesofagus
with achalasia also features of the disease [7].

2. Pathogenesis of Chagas’ myocarditis

Milei et al. proposed a combined theory that could explain the pathogenic mechanism in
chronic chagasic myocarditis [2, 13] that has been previously reviewed by us [14]. This
hypothesis is based on three ingredients: the parasite, host immune system and fibrosis. These
ingredients are proposed as being the primary causative agents of damage on myocardial
tissue, conduction system, autonomic ganglia and nerves and microvasculature.

2.1. First ingredient: The parasite

The role of T. cruzi in the chronic phase has been previously underestimated due to the fact
that its presence was believed to be scarce and unrelated to the inflammatory infiltrate present
at this stage. Nowadays, the involvement of the parasite in the chronic phase has been well
documented. Using dissimilar methods, different authors demonstrated either the persistence
of T. cruzi or parasite antigens in mice [15], the parasite DNA sequence amplified by the
polymerase chain reaction (PCR) [16, 17], T. cruzi antigens from inflammatory lesions in human
chagasic cardiomyopathy [18], or the immunohistochemical finding of the parasite in endo-
myocardial biopsies with PCR confirmation [19]. This would suggest a direct role for the
parasite in the perpetuation of myocardial inflammation. In other words, the antigen stimu-
lation would persist throughout the chronic stage, even though the parasites are not morpho-
logically detectable by light microscopy [20].

The role of parasitemia is more controversial. High parasitemia correlated with severity of
disease in one report [21], but showed no association in another [22]. Interestingly, it has
been observed that immunosuppression reactivates rather than ameliorates the disease, as
seen in patients receiving immunosuppressive therapy to prevent transplant rejection and
in AIDS patients. Accordingly, many experimental models where strains of genetically
manipulated mice lacking various immune functions showed increased susceptibility to
develop the disease [23].
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2.1.1. Life cycle of Trypanosoma cruzi (Figure 1)

When a reduviid bug feeds from an infected mammal, it takes up circulating trypomastigotes,
which reach then the bug’s gut. There, they differentiate to amastigotes, which proliferate and
start to differentiate into epimastigotes. In this process, when amastigote is still sphere-shaped
but has developed its flagellum, some authors call this stage spheromastigotes. Then, it
elongates its cell body and flagellum, taking the classical epimastigote shape. At this stage, the
parasite undergoes metacyclogenesis, differentiating in metacyclic trypomastigotes, the
infective form for mammals. When the bug feeds again, it excretes trypomastigotes with feces,
which in turn reach blood torrent through bug’s wound. Trypomastigotes can infect a wide
variety of host cells, within them it differentiate into amastigotes and proliferate. Then, they
can differentiate into trypomastigotes again, reach circulation and infect new cells. If an
uninfected bug feeds from the animal in the moment of parasitemia, cycle starts again [24].

2.1.2. Genetic variability of Trypanosoma cruzi and its relation to its pathogenesis

The genetics of T. cruzi caught the attention of researchers in late 80" and early 90". First studies
on variability were performed analyzing electrophoretic variants on cellular enzymes. The
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Figure 1. Life cycle of Trypanosoma cruzi
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groups resulting were called zymodemes and were named Z1, Z2, Z3. Only Z2 was associated
with domestic transmission cycle.

THe development of PCR based techniques allowed the study of new variant regions and the
characterization of multiple variants of a great number of genes. All these variants showed
significant correlation with each other, suggesting the existence of two subtypes of T. Cruzi
based on these data [25]. Moreover, T. cruzi Il which is clearly linked to human pathology,
being T. cruzi I mainly related to infection of wild sylvatic mammals. Even, applying LSSP-
PCR to the study of the variable region of kinetoplast minicircle from T. cruzi provided
evidence of a differential tissue distribution of genetically diverse T. cruzi populations in
chronic Chagas’ disease, suggesting that the genetic variability of the parasite is one of the
determining factors of the clinical form of the disease [26].

2.1.3. Cell host invasion and intracellular survival by Trypanosoma cruzi

Once T. cruzi reaches blood torrent, it invades a great variety of cells in the host. When
parasiting non phagocytic cells, T. cruzi uses some surface glycoproteins to attach to cell: gp82,
gp30 and gp35/50. All three glycoproteins are known to induce calcium mobilization from
intracellular reservoirs. Gp82 is linked to the phospholipase C (PLC) and inositol 1,4,5 —
triphosphate (IP3). Gp 35/50is associated to increasing intracellular levels of cyclic AMP. On
the other side, cruzipain, a protein known to be secreted by T. cruzi, acts on kininogen and
produces bradykinin, which binds to its receptor, further increasing intracellular calcium.
Increased intracellular calcium produces modifications in cytoskeleton that lead to parasite
endocytosis [27].

In the parasitoforous vacuole, mainly by the action of gp85/TS a glycoprotein with trans-
sialidase action, and TcTox, a protease, the parasite degrades the membrane of the vacuole,
escapes from it and proliferates within the cell [28].

2.1.4. Molecular mimicry

The induction of autoimmunity by similarities between T. cruzi and host epitopes has been
long proposed as a mechanism that leads to tissue damage in the chronic phase of the disease.
Both humoral and cellular autoimmune responses have been described, but we will discuss
them in more detail in the section of immune system. The real importance of molecular mimicry
in the pathogenesis of chagasic myocarditis is still a matter of debate [29].

Although it seems that in some cases this mechanism triggers autoimmunity, in many others,
autoimmunity seems to be an epiphenomenon of cellular destruction, with exposition of
intracellular epitopes not normally exposed to the immune system. This, in turn may activate
autoreactive lymphocytes leading to the appearance of autoantibodies that are not the cause
of damage, rather a consequence [29].

The most important cross reacting epitopes of T. cruzi and the correspondent epitopes in
humans are listed in table 1, as well as the kind of immune response they elicit.
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2.2. Second ingredient: Host immune system
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When the three ingredients theory was first proposed [2, 13], second ingredients were mainly

T lymphocytes and macrophages. In the subsequent years some evidence grew about the

participation of humoral immune system through autoantibodies in the pathogenesis. As a

consequence, the whole immune system of the hostis now considered as the second ingredient.

As described earlier, mononuclear cells persist in the chronic stage of the disease, contribu-

ting to the inflammation through its products of secretion or through its own cytotoxici-

ty (suppressor T cells) and cytolytic action (macrophages) [13]. As previously stated,

molecular mimicry may be the main explanation of autoimmunity, triggering both cellular

and humoral autoreactivity [29]. Figure 2 summarizes the most important immune events

in CCC pathogenesis.

Parasite antigen

Human Antigen

Immune reaction

B13

Cardiac myosin heavy chain

Autoantibodies

Autoreactive T cells

R13 (ribosomal protein)

Ribosomal protein
B,-adrenergic receptor
M,-muscarinic receptor

38-kDa heart antigen

Autoantibodies

Ribosomal protein PO

B,-adrenergic receptor

Autoantibodies

FL-160

47-kDA neuron protein

Autoantibodies

Shed acute-phase antigen (SAPA)

Cha antigen

Autoreactive T cells

TENU2845/36 kDa

Cha antigen

Autoantibodies

Calcireticulin

Calcireticulin

Autoantibodies

Autoreactive T cells

Galactosyl-cerebrosides

Galactosyl-cerebrosides

Autoantibodies

Unknown

Neurons, liver, kidney, testis

Autoantibodies

Sulphated glycolipids

Neurons

Autoantibodies

150-kDa protein

Smooth and striated muscle

Autoantibodies

Cruzipain

Cardiac myosin heavy chain

M,-muscarinic receptor

Autoantibodies

Microsomal fraction

Heart and skeletal muscle

Autoantibodies

Cytoskeleton

95-kDa myosin tail

Autoantibodies

SRA

Skeletal muscle Ca** dependent SRA

Autoantibodies

MAP

MAP (brain)

Autoantibodies

Soluble extract

Myelin basic protein

Autoantibodies

Autoreactive T cells

55-kDa membrane protein

28-kDa Lymphocyte membrane protein

Autoantibodies

Table 1. Examples of cross-reacting epitopes [12, 29]
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Figure 2. A. The immune pathogenesis of Chagas disease in indeterminate patients. The presence on numerous down
regulating mechanisms shift the response towards an anti-inflammatory profile. B. The immune pathogenesis of Cha-
gas disease in CCC patients. Cells evolve towards a proinflammatory profile, with development of autoimmunity.
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2.2.1. Innate immunity

In recent years innate immunity came to the attention of researchers of Chagas’ disease
pathogenesis. The role of NK cells has been particularly studied in early and late indeterminate
phases of the disease and in CCC patients. In early indeterminate patients, compared to non
infected people, increased values of pre-natural killer (NK)-cells (CD3- CD16* CD56°), and
higher values of proinflammatory monocytes (CD14* CD16* HLA-DR") were found. The
higher values of activated B lymphocytes (CD19* CD23*) contrasted with impaired T cell
activation, indicated by lower values of CD4* CD38* and CD4* HLA-DR*lymphocytes, alower
frequency of CD8* CD38" and CD8* HLA-DR" cells; a decreased frequency of CD4* CD25"6H
regulatory T cells was also observed. All these data suggest a rather proinflammatory profile
[30]. This profile may be useful to limit parasitemia and confine infection to tissues. In fact, it
has been demonstrated that NK cells are important in defence against the spread of parasitic
infection [31], and are an important source of INF-y, a key cytokine to activate macrophages
and help with parasite clearance [32].

In late indeterminate phase, CD3"CD16*CD56" and CD3CD16"CD56P™ NK cells are increased
but are in normal range in CCC patients, suggesting a protective role for them [33]. NK cells
showing CD56°™ may play a role in the down modulation of cytotoxic deleterious T CD8"
response reported in CCC patients [34].

Monocytes display different cytokine profile. In indeterminate patients they produce more
IL-10 [35] while in CCC patients they produce more TNF-a [36], leading to a proinflammatory
profile that could be responsible for chronic myocarditis. Conversely in vitro experiments
culturing moncytes from indeterminate and CCC patients showed a predominant production
of INF-vy in the former and IL-10 in the later [37]. Also, monocytes of indeterminate patients
showed downregulation of Fc-yR, TLR and CR1 molecules, related to an impaired phagocytic
capacity [38].

Toll-like receptors (TLR) are also implied in the response to acute infection with T. cruzi.
TLR-2 has been shown to recognize GPI surface molecules from the parasite. In vitro and
in vivo studies have demonstrated that macrofages stimulated with GPIs through TLR-2/
CD14 receptors produce NO, TNF-a and IL-12 [39]. Toll-like receptor 4 (TLR4)-deficiency
genotype D299G/T3991 occurred more frequently in asymptomatic (14.8%) than CCC
patients. TLR1-1602S, TLR2-R753Q, TLR6-5249P, and MAL/TIRAP-S180L did not associate
with CD or CCC. These findings indicate that curbed TLR4 activation might be benefi-
cial in preventing CCC [40].

A key role of complement in infection control has been clearly established. The complement
activating molecules C1q, C3, mannan-binding lectin and ficolins bound to all strains analysed;
however, C3b and C4b deposition assays revealed that T. cruzi activates mainly the lectin and
alternative complement pathways in non-immune human serum [41]. Mannose-binding lectin
(MBL) initiates complement on Trypanosoma cruzi through the MBL-associated serine protease
2 (MASP2). MASP2 polymorphisms, specialy g.1961795C, p.371D diplotype (short CD),
occurred at a higher frequency among symptomatic patients, compared with the indeterminate
group, highlighting the importance of complement in the pathogenesis of CCC [42].
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2.2.2. Cellular adaptative immunity

The role of immune cells in the pathogenesis of Chagas’ heart disease has been de dominant
hypothesis for many years. The paucity of parasite cells in the inflamed myocardium and the
presence throughout the evolution of the disease of macrophages and lymphocytes in patched
infiltrates lead to this hypotesis. As early as in 1929, Magarifios Torres, observing those
infiltrates postulated an “allergic” mechanism for CCC. Further, Mazza and Jorg followed this
thought and supported the “allergic” theory [13].

The study of circulating lymphocytes in peripheral blood of chagasic patients showed an
increase in the percentages and actual numbers of double-positive cells of the phenotype CD3+/
HLA-DR#+, as well as decrease in the percentage of CD45RA+/CD4+ and CD45RA+/CD8+ T
cells, indicating greater numbers of activated T cells circulating. Consistent parallel increases
were seen also in the B lymphocyte subset which stained double-positive for CD19/CD5 [43].
These results were similar for both indeterminate and CCC patients. Moreover, T cells from
chagasic patients do not express the co-stimulatory molecule CD28 [44] but express high levels
of HLA-DR molecules [45]. Some interesting differences were demonstrated between inde-
terminate and CCC patients. CD28 T cells in indeterminate patients showed expression of
CTLA-4, which recognizes the same ligands as CD28, but instead of inducing cell activation it
causes down modulation of T cells. On the contrary, T cells in CCC patients do not up-regulate
CTLA-4 [46].

Monocytes from indeterminate patients, when infected in vitro with T. cruzi, express low levels
of HLA-DR and high levels of CD80, a ligand for CTLA-4 [47]. The interaction of these
monocytes with CTLA-4* T cells leads to the expression of IL-10, a cytokine known to down-
modulate inflammatory responses [35]. This is not observed in CCC patients. CD28" T cells,
not expressing CTLA-4, express TNF-ot and INF-y [44].

In the same direction, CD4CD8 vd T cells are found to be increased in indeterminate patients
compared with CCC ones. These cells are also linked to the production of IL-10 and a down
modulatory effect on inflammation [48].

Cells infiltrating myocardium have also been studied. As demonstrated with immunostaining
of endomyocardial biopsies by our group, leukocytes infiltrating myocardium in Chagas’
disease were approximately 50% macrophages, and 50% lymphocytes, mainly T lymphocytes
[49]. Further immunohistochemical characterization of these cells with CD45R for lympho-
cytes, CD20 and lambda and kappa light chains for B lymphocytes, CD45R0 for T lymphocytes
and CD68 for macrophages, confirmed these findings [2].

Autoreactive T cells have caught the attention of many investigators. In experimental models,
CD4' T cells from infected mice showed a proliferative response to the exposition to human
cardiac myosin heavy chain and to T. cruzi B13 protein. They also arrested the beating of fetal
heart cells and, more importantly, induced myocarditis in immunized mice and promoted
rejection of transplanted normal hearts in the absence of T. cruzi [50]. Also, ithas been described
that T cells infiltrating the myocardium of chagasic patients cross react with human cardiac
myosin heavy chain and to T. cruzi B13 protein and express high levels of INF-y and low levels
of IL-4, switching to a Th1 profile [51].
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A second group of autoreactive T cells have been characterized, that react to Cha antigen in
human heart. Cha antigen is a protein in human myocardium of unknown function that is
recognized sera from chagasic patients. When anti-Cha T cells are transferred to non infected
mice, they cause myocarditis and stimulate anti-Cha autoantibodies production [52].

In recent years, a newly described T cell, named Treg, has come to attention in relation to
Chagas’ disease pathogenesis. These cells are characterized by the expression of CD4 and
CD25. Treg cells are increased in indeterminate patients compared to CCC, which correlates
negatively with levels of activated CD8* [33]. In a recent review on the role of these cells on
the pathogenesis of CCC it is highlighted that indeterminate patients have a higher frequency
of Treg cells, suggesting that an expansion of those cells could be beneficial, possibly by
limiting strong cytotoxic activity and tissue damage. Indeterminate patients also show an
activated status of Treg cells based on low expression of CD62L and high expression of CD40L,
CD69, and CD54 by cells from all chagasic patients after T. cruzi antigenic stimulation.
Moreover, there was an increase in the frequency of the population of Foxp3* CD25"CD4*
cells that was also IL-10" in the IND group, whereas in the cardiac (CARD) group, there was
an increase in the percentage of Foxp3* CD25High CD4* cells that expressed CTLA-4 [53].

An additional mechanism is the bystander activation. This is the activation of autoreactive
lymphocytes by antigen presenting cells in a proinflammatory environment [54]. This kind of
autoreactive T cells activation has been described in Chagas’disease [55].

2.2.3. Humoral adaptative immunity

The importance of humoral immunity in controlling T. cruzi acute infection has been clearly
established. Mice lacking B lymphocytes rapidly succumb to infection [56]. But the fact that
attracted most attention from researchers is the production of a wide variety of autoantibodies.

The first autoantibody to be described was one that reacted to endocardium, blood vessels and
interstitium of skeletal muscle (EVI) [57], but was the same group of investigators who
recognized the heterophil nature of the antibody and realised that had no pathogenic role [58].

Another autoantibody, studied by our group, was anti-laminin antibody [59, 60]. These
antibodies were shown to react against T. cruzi amastigotes and trypomastigotes and human
laminin [61] and deposition of this antibody in marked thickened basement membranes of
myocytes, endothelial cells, and vascular smooth muscle cells was shown by us with light
microscopy, electron microscopy and immunohistochemical techniques in endomyocardial
biopsies of chagasic patients [62] but then we found that only 50% of patients had the antibody
on their sera and no correlation with disease severity could be established [59].

Anti-myosin antibodies are postulated by some authors to be generated through molecular
mimicry with two T. cruzi antigens: B13 protein [63] and cruzipain [64, 65]. Although cruzipain
antibodies mainly react to skeletal muscle myosin, they can cause conduction disturbances
when transferred to uninfected mice and, when transferred to pregnant animals, they caused
conduction disturbances in pups [65]. On the other hand, immunossuppresed mice did not
mount any humoral response when immunized with myosin but still develop myocarditis [66].
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This fact made some authors doubt on the molecular mimicry hypothesis and rather consider
antibodies to myosin a consequence of myocyte damage [67].

Antibodies that react with muscarinic receptors are also being intensely studied. In early 1990’s
IgG from chagasic patients was observed to bind to muscarinic M2 receptors and activate them
[68]. These anti-muscarinic antibodies were found to increase intracellular cGMP and decrease
cAMP [69] and were positively related to the presence of dysautonomia [70]. These antibodies
also causes accumulation of inositol phosphate and nitric oxide synthase stimulation, with a
negative inotropic effect on myocardium [71]. As mentioned before, anti-muscarinic autoan-
tibodies are positively related to the presence of dysautonomia [70], the presence of achalasia
in chagasic patients [72], sinus node dysfunction [73], but are not related with the degree of
myocardial dysfunction [73, 74], nor with the presence of brain lesions [75]. In fact patients
with cardiomyopathy and left ventricular dysfunction but without autonomic dysfunction
show low levels of anti-muscarinic antibodies [76].

Autoantibody Hypothetic pathogenic role Reference
Anti-Cerebroside Probably related to neurologial symptoms [77]
Anti-Gal Apparently protective [78]
Anti-Brain Microtubules Unknown [79]
Anti-Ribosome Unknown [80, 81]
Anti- UsnRNPs Unkwnown [82]
Anti-Sulfatides May cause myocarditis and induce arrhythmias [83]
Anti-Galectin-1 Increased in CCC patients [84]
Anti-Cha R3 Specific of CCC [85]
Anti-Desmoglein-1 Related to Penphigus foliaceum [86]
Anticardiolipin Unknown [87]
Anti- TrkA, TrkB and TrkC Prevents apoptosis of neurons and helps cellular invasion [88]
Anti-MBP Related to gastrointestinal form [89]

Table 2. Less studied autoantibodies in Chagas’ disease

Antibodies against [3;-adrenergic receptors are also intensely studied. Described in early 1980’s
[90] these antibodies increased cAMP in mouse atrial fibers, increasing the release of PGE, and
TXB, causing diminished contractility [91]. Increased cAMP activates PKA and then increases
the intracellular calcium concentration. This causes in turn inhibition of the Na*/K*-ATPase
and stimulates Ca*-ATPase activity leading to intracellular depletion of K* and further
increase in Ca*. These alteration alter contractility and electric impulse generation and
conduction [92]. Antiadrenergic autoantibodies titers could not be related to the severity of
left ventricular dysfunction [74] and patients with overt cardiomyopathy but without auto-
nomic dysfunction show low leves of these antibodies [76]. Antibodies against [3,-adrenergic
receptors have also been described but are mainly related to megacolon [93].

Antibodies against atrio-ventricular (AV) node and sinus auricular node tissues have been
studied as markers of chronic cardiopathy condition. When compared in chronic chagasic
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cardiopathy patients, non-chagasic cardiopathy patients, indeterminate chagasic subjects,
healthy blood donors as controls, they more frequently found in chronic chagasic cardiopathy,
but not enough to be good markers for chagasic cardiopathy group. Besides, no clear associ-
ation with complex rhythm or conduction aberrations was found [94].

Many other autoantibodies have been described (table 2) but are not so widely studied and
their role in pathogenesis of chagasic myocarditis is not clear.

2.2.4. Genetic factors

Human Leucocyte Antigen (HLA) have show some relation to de development of CCC. HLA-
B40 and Cw3 combination was protective for CCC [95], as resulted DRB1*14, DQB1*0303 [96],
HLA-DQB1*06 [97] and HLA-A68 [98]. On the other hand, HLA-C*03 [99], DRB1*1503 [100],
DRB1*01, DRB1*08, DQB1*0501 [96] and HLA-DR16 alelles [98] were positively related to the
development of CCC.

A number of other genes related to immune system have been studied in order to determine
their relation to a predisposition to develop CCC. In table 3 we list those positively related to
the appearance of CCC [101].

Gene Polymorphism
CCL2/MCPI -2518

CCR5 +53029

TNF-a -308G/A, -238G/A, -1031T/C
LT-a +80A/C, +252A/G
BAT-1 -22C/G,-348C/T
NF-kB -62,-262

IL-18 -31,+3954, + 5810
IL-1RN +11100T/C

IL-4 -509C/T

IL-10 - 1082G/A

IL-12B +1188A/C

INF-y +874T/A
MAL/TRIAP S180L

MCP-1 -2518a/G

MIF -174G/C

TGF-B1 +10T/C

Table 3. Genetic polymorphisms related to CCC. Adapted from [101, 102].

2.2.5. The cytokines and chemokines

Although proinflammatory cytokines seem to be necessary for controlling parasitemia during
acute phase of the disease [101], CCC patients display a rather proinflammatory cytokine while
indeterminate patients display a down modulator one. CCC patients have increased levels of
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TNF-a and CCL2 than indeterminate patients [103, 104]. Infiltrating macrophages from CCC
patients express INF-y, TNF-at and IL-6 but show low levels of IL-2, IL-4 and IL-10 [105-107].
Also CCR5, CXCR3 and CCR? and their ligands are increased in hearts of CCC patients, as
well as monocytes expressing CXCR3, CCR5, CXCL9 and CCLS5 [101]. It has been shown that
INF-y and CCL2 induce myocytes to secrete arial natriuretic factor and cause hyperthrophy
[108], and IL-18 and CCR? ligands, which are increased in CCC, cause cardiomyocyte hyper-
throphy and fibrosis [109-111]. Cultures of peripheral blood mononuclear cells from patients
with moderate and severe cardiomyopathy produced high levels of TNF-a, IFN-y and low
levels of IL-10, when compared to mild cardiomyopathy or cardiomyopathy-free patients.
Flow cytometry analysis showed higher CD4+IL-17+ cells in peripheral blood mononuclear
cells cultured from patients without or with mild cardiomyopathy, in comparison to patients
with moderate or severe cardiomyopathy, reflecting a relative protective effect of IL-10 and
IL-17 compared with INF-y and TNF-a [112]. In another experiment in which CD8" in culture
were stimulated with trypanosomal antigens, those cells froms patients with CCC produced
larger amounts of INF-y and TNF-a than those obtained from indeterminate patients [113].

2.3. The third ingredient: Fibrosis

Fibrosis is one of the most striking characteristics of CCC. In our experience with endomyo-
cardial biopsies, fibrosis had replaced between 8,2 and 49% of contractile myocardium, with
only one patient having less than 10% [49]. In our experience with autopsies of hearts, fibrosis
was more extensive in conduction system than in contracting myocardium [2]. The deposition
of laminin in extracellular and basement membranes has been implicated in the pathogenesis
of inflammatory process, as laminin is able to bind proinflammatory citokines [114]. The
inflammatory infiltrate in CCC is related to the production of citokines such as INF-y, TNE-
a, IL-18, CCL2 and CCL21, that may have modulator actions on fibrotic process [101].

3. Pathophysiological consequences of myocarditis

With the perpetuation of inflammation, necrosis and scarring fibrosis, damage to all histolog-
ical components of myocardium occurs. Damage to contracting myocardial fibers determines
contractile failure as well as electrophysiological disturbances. Conduction system, nervous
autonomic system and microvasculature are also damaged and as a consequence they cause
further damage to contractile myocardium and produce electrical instability.

3.1. Dysautonomia

As early as 1922 Carlos Chagas noted that the chronotropic response to atropine was altered in
chagasic patients [115], but it was not until late 1950’s that Koberle published his works show-
ingimpressiveneuronal depopulationinmicroscopicsectionsobtained from theintercavalatrial
stripinchagasicpatientsusingastandardized techniqueof cardiacintramuralneuronal counting
developed by himself[116, 117]. These findingsled to the “neurogenic hypothesis” [118], which
explained all megasin Chagas’ disease as a consequence of neuronal depletion.
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Although many other authors claimed to have confirmed this finding [119, 120], other
authors called to attention about the criteria used to diagnose neuronal depletion be-
cause of the great variability in the number of neurons in autonomic ganglia [121] and
they also remark that the only right criterion to establish neuronal depletion is the presence
of proliferation of satellite cells, with the formation of Terplan’s nodules, a characteristic
lesion described as proliferating satellite cells which replace degenerating neurons, forming
nodular structures. These lesions, once considered patognomonic, can be found in other
cardiomyopathies [121]. The same author could not confirm the loss of neurons or
denervation in CCC [122]. Finally, it was demonstrated that, using Terplan’s nodules as
diagnostic criterion, CCC patients with heart failure has more neuronal depletion than
patients with dilated cardiomyopathy of other causes [120]. In our experience the neurogan-
glionic involvement was variable in autopsies of chagasic hearts [11].

According to neurogenic hypothesis [118], early and irreversible damage to the parasympa-
thetic system during acute phase of the disease causes a cathecolaminergic cardiomyop-
athy, but this point of view has been debated and evidence is contradictory. Functional
test performed in CCC patients demonstrated impaired parasympathetic heart rate
regulation: metaraminol, phenylephrine and atropine intravenous injections, facial immer-
sion, Valsalva maneuver, head-up and head-down tilt tests, respiratory sinus arrhythmia,
hand grip, graded dynamic exercise, and spectral analysis of Holter recordings [123-130],
but a carefull analyasis of these data showed that many patients had normal autonomic
function and most patients had heart failure, that could explain autonomic dysfunction per
se [131]. But the study of indeterminate patients has shown conflicting results. While some
authors could demonstrate impaired autonomic function [132, 133] others could demon-
strate that autonomic function was normal in patients without myocardial damage and
that abnormalities in autonomic dysfunction was proportional to heart dysfunction, leading
these authors to propose that these abnormalities arise as a compensating mechanism for
the progressive left ventricular dilatation [134, 135]. These findings led to a new “neurogen-
ic theory”, which considers autonomic dysfunction as secondary to ventricular dilatation
and hemodynamic alterations, but once installed, acts synergistically with parasitism and
inflammation to cause further myocardial damage [136].

3.2. Microvascular damage

Microcirculation abnormalities have been demonstrated in experimental models as well as in
clinical practice [137]. Many investigators have found abnormal myocardial perfusion using
isonitrile-99m-technetium [138] and thallium-201 [139, 140] scintigraphy in chagasic patients
with normal epicardial coronary arteries. Furthermore, the progression of left ventricular
systolic dysfunction is associated with both the presence of reversible perfusion defects and
the increase in perfusion defects at rest [141, 142]. Anatomopathological studies in humans
also provided evidence of microvascular damage in CCC. In late 1950’s first reports showing
collapse of arterioles and intimal proliferation [143] caught the attention of investigators. Also,
microthrombi have been described [144]. In endomyocardial biopsies we also found thickening
of capilary basement membranes [49].
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Additional evidence of microvascular damage was obtained from experimental models.
Vascular constriction, microaneurysm formation, dilatation and proliferation of microvessels
has been demonstrated [145-148].

Many factors have been advocated in the genesis of these lesions. First, the parasite itself.
It was shown that T. cruzi produces a neuraminidase that removes sialic acid from de
surface of endotelial cells. This results in thrombin binding and platelet aggregation [149].
T. cruzi also produces tromboxane A, (TXA,), specially during amastigote state [150], also
favouring platelet aggregation and vascular spasm. Direct parasitism of endothelial cells
by T. cruzi has also been demonstrated, and this causes the activation of the NF-kB pathway
increasing the expression af adhesion molecules [151], and secreting proinflammatory
citokines [152] and iNOS [153].

Endothelin-1 (ET-1) is another proposed pathogenic element. Elevated levels of mRNA for
preproendothelin-1, endothelin converting enzyme and endothelin-1 were observed in the
infected myocardium [154], and elevated levels of ET-1 have been found in CCC patients [155].
Mitogen-activated protein kinases and the transcription factor activator-protein-1 regulate the
expression of endothelin-1, and both are shown to be increased in myocardium, interstitial
cells and vascular and endocardial endothelial cells [156]. Besides, treatment with phosphor-
amidon, an inhibitor of endothelin converting enzyme, decreases heart size and severity of
pathology in an experimental model of Chagas’ disease [157]. Moreover, the use of bosentan,
a dual endothelin A (ETA) receptor and endothelin B (ETB) receptor was accompanied by a
significant increase in parasitemia and tissue parasitism or inflammation and reduced the
infection-associated increase in NOx serum concentration, suggesting that ETA and ETB may
play a role in the control of T. cruzi infection probably by interfering in NO production [158].

Inflammation also produces dysfunction of endothelial cells. Macrophages secrete TXA, and
platelet activating factor (PAF) that act on endothelium causing vasoconstriction [159].
Endothelial cells infected in vitro with T. cruzilose their antithrombotic properties in response
to interleukin 1  (IL-1p) [160, 161].

It is remarkable that, although the data presented, endothelial function seems to be normal in
CCC patients without heart failure, as measured by increases in blood flow in response to
acetilcholine and sodium nitroprusside [162]. A normal endothelial function has also been
found using pulse plethysmography in 40 asymptomatic patients with Chagas’ disease
compared with healthy controls, although a prothrombotic and proinflammatory state has
been noted in Chagas’ disease patients [163].

4. A combined theory that could explain the pathogenic mechanism in
chronic chagasic myocarditis

With the perpetuation of inflammation, necrosis and scarring fibrosis, damage to all histolog-
ical components of myocardium occurs. Damage to contracting myocardial fibers determines
contractile failure as well as electrophysiological disturbances. Conduction system, nervous
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autonomic system and microvasculature are also damaged and as a consequence they cause
further damage to contractile myocardium and produce electrical instability. Figure 3
illustrates with a flow chart the interactive network of different elements in the pathogenesis

of CCC.
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Figure 3. Schematic representation of the integrated theory of multiple factors that determine myocardial damage in
CCC.

5. Conclusions

As shown across the sections of this chapter, the numerous hypothesis about pathogenic
pathways of CCC have supporting data and pitfalls. All hypothesis finally interact with each
other, giving us the idea that none of these theories explains the development of CCC by itself.
Rather, it seems more feasible that all of these conform a network of damaging elements, and
that all elements cause and/or enhances each other. The triggering element is obviously the
interaction between parasite and host’s immune system. Cell parasitism, the inflammatory
process and consequent necrosis and fibrosis cause damage to contracting myocardium,
autonomic system, conduction system and microcirculation. Autonomic damage causes
impaired regulation of microvasculature and further alterations in blood flow. Ischemia causes
more myocardial damage. Necrosis exposes intracellular epitopes and causes autoantibodies
production, with more necrosis, fibrosis and so on. It seems that, if adequate down modulator
immune mechanisms work properly, this vicious circle stops and patients do not develop
cardiomyopathy, rather they remain in an indeterminate form lifelong.
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1. Introduction

Cardiac disease in pregnancy is a leading cause of maternal and neonatal morbidity and
mortality [1]. Pregnancy not only poses a risk of maternal mortality but also of serious
morbidity such as heart failure, stroke and cardiac arrhythmias. Heart failure during preg-
nancy was recognized as early as 19th century [2], however, the syndrome was not recognized
as a distinct clinical entity until the 1937, when Gouley et al. [3] described the clinical and
pathologic features of seven pregnant women who had severe and often fatal heart failure. In
1971, Demakis et al. [4] described 27 patients who presented during the puerperium with
cardiomegaly, abnormal electrocardiographic findings, and congestive heart failure, and
named the syndrome peripartum cardiomyopathy (PPCM). The European Society of Cardi-
ology [5] recently defined peripartum cardiomyopathy as an idiopathic cardiomyopathy
presenting with heart failure secondary to left ventricular systolic dysfunction towards the
end of pregnancy or in the months following delivery, where no other cause of heart failure is
found. It is a diagnosis of exclusion. The left ventricle may not be dilated but the ejection
fraction is nearly always reduced below 45%.

The etiology of this disease remains uncertain, but a number of possible causes of PPCM have
been proposed [5], including myocarditis, abnormal immune response to pregnancy, malad-
aptive response to the hemodynamic stress of pregnancy, stress activated cytokines, viral
infection, and prolonged tocolysis. In addition, there have been a few reports of familial PPCM
[6 - 8], raising the possibility that some cases of PPCM are actually familial dilated cardiomy-
opathy unmasked by pregnancy. Overall, there is more evidence to support myocarditis or an
autoimmune process as the cause of the disease than for other proposed etiologies.

The beginning of the myocarditis hypothesis is related to work of Gouley et al. [3], who
reported several cases of heart failure in women dying in the puerperium. Also, they found
enlarged hearts with focal areas of necrosis and fibrosis and they also proposed infection as a
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possible cause of heart failure in these women. After that, Melvin and colleagues proposed
myocarditis as the cause for PPCM and reported a dense lymphocyte infiltrate with variable
amounts of myocyte oedema, necrosis, and fibrosis in right ventricular biopsy specimens. They
also noted that treatment with prednisone and azathioprine resulted in clinical improvement
and loss of inflammatory infiltrate on repeated biopsies in the three patients studied [9,10].
Rizeq et al. [11] also found an inflammatory component in less than 10% of biopsy samples
from patients with PPCM, a proportion similar to that found in age-and-sex-matched patients
with idiopathic dilated cardiomyopathy. The highest frequency of myocarditis (78%) was
reported by Midei et al., who found 14 of the 18 patients to have borderline and/or established
histologic myocarditis. In that study resolution of myocarditis was associated with improved
left ventricular function in the post-partum period [12]. A decade later, Felker and colleagues
[13] confirmed that the absence or presence of inflammation on endomyocardial biopsy tissue
did not predict outcome in patients with PPCM. However in that endomyocardial biopsy
study, the authors also showed a high incidence of active viral myocarditis, using the Dallas
criteria, in 26 of 51 PPCM patients. Bultmann et al. [14] found that after a viral infection, a
pathologic immune response might occur that is inappropriately directed against native
cardiac tissue proteins, leading to ventricular dysfunction. However, in that study the same
incidence and types of viral positivity were noted also in controls.

Why should myocarditis be more common in pregnancy? It is assumed that the amended or
muted immune response during pregnancy allows viral replication and greater likelihood of
myocarditis in the setting of a viral infection [15]. Also it is known that pregnancy results in
an immuno compromised state and that the decreased humoral and cellular immunity in
pregnancy, together with higher levels of corticosteroids, and raised titres of ‘blocking
antibodies” formed in normal pregnancy, may allow greater viral replication than in age-
matched non-pregnant individuals, and thus, a greater probability of viral myocarditis in the
context of infection [16,17].

Farber and Glasgow [16] in their animal studies demonstrated that pregnant mice are more
susceptible to viral infections than non-pregnant ones. Furthermore, they found that these
viruses multiply to a greater level in the hearts of pregnant mice. The physiologic and
hemodynamic changes of pregnancy may result in an increased susceptibility to viral myo-
carditis, higher virus load (such as coxsackie and echoviruses), and worsening of myocardial
viral lesions [16, 17]. Pregnancy may predispose women to a more severe form of viral
myocarditis when they are infected by a cardiotropic virus [18]. Immunologic studies in
women have demonstrated enhanced suppressor cell activity during pregnancy [19], which
could augment susceptibility to viral infections [20, 21].

2. Pathogenesis

2.1. Infection

Myocarditis is the term used to indicate acute infective, toxic or autoimmune inflammation of
the heart [22]. It can be caused by many different viruses and the microbial pathogenesis may
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be complex. Myocardial inflammatory reaction can be directed against the specific virus
infection or predominantly reflects local autoimmune processes. Probably combination of
autoimmune processes and virus-associated pathogenicity determines the outcome of the
disease. A wide spectrum of agents has been associated with myocarditis, and the more
common of these are listed in Table 1.

Etiology Examples

Infectious Adenovirus, Coxsackievirus, Cytomegalovirus, Epstein-Barr virus, HIV-1, Borrelia
(Lyme's disease), Toxoplasmosis, Actimonices, Chlamydia, Coxiella burneti,

Echinococcus granulosus

Drug induced Amphetamines, Anthracyclines (especially doxorubicin), Catecholamines,

Cocaine, Cyclophosphamid, Trastuzumab

Systemic diseases Crohn’s disease, Kawasaki disease, Sarcoidosis, Ulcerative colitis, Cardiac
(autoimmune disease) rejection, Peri-partum myocarditis, Giant cell myocarditis, Systemic lupus

erythematosus, Dermatomyositis

Hypersensitivity to drugs Hydrochlorothiazide and loop diuretics, Methyldopa

Penicillin, Ampicilin, Sulphadiazine, Sulphamethoxazole

HIV - human immunodeficiency virus

Table 1. Common etiology of myocarditis

During the acute viremic stage, viral replication can be present, in the absence of significant
host immune responses. Viruses can enter the cardiac myocytes, fibroblasts, or endothelial
cells through receptor-mediated endocytosis. Acute myocardial injury can result from either
direct virus-mediated lytic processes or is caused by the emerging antiviral immune response.
In fulminant cases of myocarditis, resulting myocyte necrosis may cause a significant loss of
contractile tissue, which is accompanied by rapidly developing heart failure and early death
of the host. It seems that the virus enters cardiomyocytes or macrophages via specific receptors
and coreceptors. For example, a receptor for the coxsackie and adenoviruses 2 and 5 is the
coxsackie adenoviral receptor [23]. Coreceptor has a role in serotypes B1, B2, and B5, and it is
estimated that this activation may play a role of coreceptor acceleration and can cause an
increase in virulence of Coxsackie virus B3. Virulence of Coxsackie virus B3 depends on the
viral genome, as well as a host of factors, which may be increased by deficientlevels of selenium
or copper [24]. During the second stage of infection initial immune response is essential in
defending the body during early infection. Natural killer cells and macrophages cause cytokine
production (tumor necrosis factor-a, interleukin-1, interleukin-2, and interferon gamma) and
inflammatory cell infiltration of the myocardium. The third stage consists of fibrotic reparation
and cardiac dilatation in the presence or absence of low-level persistent viral genomes [25].
Important place of myocarditis pathogenesis belongs to the mechanism of molecular mimicry,
which means that the activated T killer cells are not just attacking viruses and viral antigens,
but they can function on their own proteins, in this case myosin. Further activation of B cells
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leads to production of specific antibodies as a central place in the subacute and chronic phase
of myocarditis. This leads to further necrosis, fibrosis, cardiac remodeling, dilatation, and

chronic heart failure ( figure 1).
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Figure 1. Transition from inflammation to cardiomyopathy

Because of the myocarditis-like inflammatory response seen in endomyocardial biopsy
specimens (EMBs) from patients with PPCM, a possibility is reactivation of latent virus
infection as a consequence of impaired immune mechanisms during pregnancy [26]. However,
no investigation regarding the prevalence of viral genomes in PPCM has been published until
recently, when endomyocardial biopsy specimens from 26 patients with PPCM revealed viral
genomes (parvovirus B19, human herpes virus 6, Epstein-Barr virus, and human cytomega-
lovirus) in 8 patients (30.7%) that were associated immunohistologically with interstitial
inflammation [14]. The presence of viral genomes in EMBs was associated with inflammatory
cardiomyopathy exclusively in patients with PPCM but not in control subjects. Bachmaier et
al. [27] reported experimental data supporting the Chlamydia hypothesis. A peptide from the
murine heart muscle-specific alpha myosin heavy chain that has sequence homology to the
60-kDa cysteine-rich outer membrane proteins of Chlamydia pneumoniae, Chlamydia psittaci
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and Chlamydia trachomatis was shown to induce autoimmune inflammatory heart disease in
mice. Injection of the homologous Chlamydia peptides into mice also induced perivascular
inflammation, fibrotic changes and blood vessel occlusion in the heart. Chlamydia DNA
functioned as an adjuvant in the triggering of peptide-induced inflammatory heart disease. In
the study of Cenac et al. [28], 96% of patients with PPCM versus 80% of controls were positive
for Chlamydia IgG antibodies.

3. Autoimmune mechanisms

The introduction of fetal cells of hematopoietic origin into the maternal circulation may have
a significant influence on the immune and genetic alterations. In women with PPCM, high
titers of autoantibodies against select cardiac tissue proteins (adenine nucleotide translocator,
branched chain a-keto acid dehydrogenase) and increased levels of tumor necrosis factor-
alpha, interleukin- 6, and soluble Fas receptors (an apoptosis signaling receptor) have been
reported, suggesting a possible role of abnormal immunologic activities and inflammatory
cytokines in pathogenesis of this disease [29-31].

The serum from women with peripartum cardiomyopathy has been found to contain autoan-
tibodies in high titers, which are not present in serum from patients with idiopathic cardio-
myopathy [32]. Most of these antibodies are against normal human cardiac tissue proteins of
37,33, and 25 kD. The peripheral blood in these patients has a high level of fetal microchimer-
ism in mononuclear cells, an abnormal cytokine profile, and low levels of CD4+ CD25lo
regulatory T cells. Some authors postulated that after delivery the fast degeneration of the
uterus results in fragmentation of tropocollagen by collagenolytic enzymes releasing actin,
myosin, and their metabolites [33]. Antibodies are formed against actin that cross-react with
the myocardium, and the patient subsequently has a cardiomyopathy.

4. Prevalence and clinical features

The prevalence of acute peripartum myocarditis is unknown because most cases are not
recognized on account of non-specific, only mild, or no symptoms, but sudden death may
occur [22]. The clinical manifestations of myocarditis are various. Myocarditis may develop as
a complication of an upper respiratory or gastrointestinal infection with general symptoms,
particularly fever and skeletal myalgia, malaise, and anorexia. Since myocarditis may not
develop for several days or weeks after symptoms and after return to a normal activity, there
is a risk of overexertion, which may be dangerous. Arrhythmias or conduction disturbances
may be life threatening despite only mild focal injury, whereas more widespread inflammation
is necessary before cardiac dysfunction can cause symptoms.

The initial presentation may be with heart failure or suspected acute myocardial infarction.
Acute onset of chest pain is usual and may mimic myocardial infarction or be associated with
pericarditis. Symptoms resembling those of heart failure such as dyspnea, dizziness, ankle
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edema, and orthopnea can occur even in normal pregnancies. Therefore, a pregnant woman
in whom peripartum myocarditis and/or cardiomyopathy is developing may consider her
symptoms to be normal. If swelling and other heart failure symptoms develop suddenly in an
otherwise normal pregnancy, this should prompt further investigation.

5. Investigations

The initial evaluation of acute peripartum myocarditis includes detailed history and careful
physical examination.

The ECG is not specific for diagnosis, but it may show sinus tachycardia, focal or generalised
abnormalities, ST-segment elevation, fascicular blocks or atrioventricular conduction distur-
bances [34]. Although the ECG abnormalities are non-specific, an abnormal ECG maydraw
attention to the heart and lead to other investigations.

The chest x ray may be normal, or show cardiac enlargement, pulmonary venous congestion
or pleural effusions.

There is no specific serum marker for myocarditis. Laboratory tests may show leukocytosis,
elevated erythrocyte sedimentation rate, eosinophilia, or an elevation in the cardiac fraction
of creatine kinase. Evidence of myocyte necrosis may be found with an increase in creatine
kinase or appearance of troponin, indicating myocytolysis. The highest enzyme concentrations
occur early and will probably have returned to normal by about a week after onset [35].

Cardiac autoantibodies can be demonstrated only late in the disease process, and a viral origin
of myocarditis can only be proved if the virus is detected within an altered myocardium. Levels
of BNP do not change significantly during normal pregnancy or in the postpartum period, but
are markedly elevated in patients with peripartum cardiomyopathy [36]. So, an early meas-
urement of BNP could help in detection of systolic dysfunction and elevation of left ventricle
end-diastolic pressure.

Echocardiography may reveal segmental or generalised wall motion abnormalities, left
ventricular dilatation, or a pericardial effusion. Echocardiography allows other causes of heart
failure to be excluded but pronounced focal changes in wall motion may lead to confusion
with myocardial infarction, especially if the ECG changes also suggest this [37]. The advent of
novel echocardiographic techniques provides the opportunity to study peripartum myocar-
ditis further. These techniques include those for studying ventricular long-axis function, right
ventricular function, tissue Doppler techniques including strain and strain rate echocardiog-
raphy, and speckle tracking echocardiography. New echo technologies, mainly three-dimen-
sional echocardiography (3DE) and speckle tracking echocardiography, have become available
and are competitive with cardiac magnetic resonance imaging (MRI) in accuracy while being
less expensive and more widely available [38]. Unfortunately, these novel techniques have not
been widely utilized to study peripartum myocarditis and PPCM.

Cardiac magnetic resonance imaging has been recently developed for the diagnosis of
myocarditis. It allows more accurate measurement of chamber volumes and global and
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segmental myocardial function than echocardiography has a higher sensitivity for the
detection of LV thrombus [39], and it can characterize the myocardium [40]. In suspected
myocarditis MRI can localize and quantify tissue injury, including edema, hyperemia, and
fibrosis. In recent series of 82 patients with myocarditis who had biopsy-proven disease, MRI
alone made the correct diagnosis in 80% cases [41].There are limited data during organogenesis
available, but MRI is probably safe, especially after the first trimester [42].

In the acute phase, the use of contrast media such as gadolinium-diethylene triamino pentaace-
tic acid (gadolinium-DTPA) helps to differentiate accurately healthy from inflamed or injured
tissue. Furthermore, delayed contrast enhancement with gadolinium can help differentiate the
type of myocyte necrosis: myocarditis vs ischemia. Myocarditis has a nonvascular distribu-
tion in the subepicardium with a nodular or band-like pattern, whereas ischemia has a vascu-
lar distribution in a subendocardial or transmural location [43]. Gadolinium can be assumed to
cross the fetal blood—placental barrier, but data are limited. The long-term risks of exposure of
the developing fetus to free gadolinium ions are not known, and therefore gadolinium during
pregnancy should be avoided, but after delivery it represents a useful method for myocarditis
diagnosis. Breast feeding does not need to be interrupted after administration of gadolinium
[44,45] The importance of MRI is the fact that it is a non-invasive method, there is no risk unlike
endomyocardial biopsy, and it can be used to monitor the effects of therapy.

The diagnostic gold standard is endomyocardial biopsy (EMB) with the histological Dallas
criteria [46, 47] in conjunction with the new tools of immunohistochemistry and viral poly-
merase chain reaction (PCR). EMB and PCR are particularly important for those patients who
are not experiencing improvement in the early weeks after the diagnosis and therapy, since
emerging new antiviral and immunomodulatory treatments depend upon knowing if virus is
present or absent in cardiac tissue. It is recommended that MRI should be performed before
taking tissue samples, to reduce the sampling error. Leurent et al. [48] advocate using cardiac
MRI to guide biopsy to the abnormal area, which may be much more useful than blind biopsy.
Whether endomyocardial biopsy should be done in the setting of peripartum myocarditis is
still controversial. Some authors not recommend it [49, 50] while Midei et al. [12] recommend
endomyocardial biopsy of all patients with peripartum cardiomyopathy and myocarditis who
fail to normalize left ventricular function after one week of standard medical therapy.

6. Management

The most important thing in treatment planning is clinical status of the mother and the fetus.
If the patient is haemodynamically stable vaginal delivery should be carried out. Urgent
delivery irrespective of gestation duration should be considered in women with advanced
heart failure and haemodynamic instability despite treatment. Caesarean section is recom-
mended with combined spinal and epidural anaesthesia. An experienced interdisciplinary
team is required (cardiologist, obstetrician, anaesthesiologist, neonatologist and intensive care
physician) [51].
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Heart failure should be treated according to guidelines on heart failure [52], and it can be
divided into supportive (heart failure therapy, heart rhythm disturbances, cardiogenic
shock), and specific therapy (immunosuppressive therapy, interferon, immunoglobulin, im-
mune-adsorptive therapy, immune-modulation). Heart failure therapy involves administra-
tion of diuretics, vasodilators, inotropes, beta blockers, angiotensin-converting enzyme
inhibitors (ACEI), angiotensin II receptor blockers (ARBs), anticoagulation therapy, and me-
chanical support with intraaortic balloon pump or ventricular assist devices in cardiogenic
shock as a bridge to recovery or heart transplantation. During pregnancy, ACEI, ARBs and
renin inhibitors are contraindicated because they can cause birth defects, although they are
the main treatment for postpartum women with heart failure [53, 54]. Digoxin, beta-block-
ers, loop diuretics, and drugs that reduce afterload such as hydralazine and nitrates have
been proven to be safe and are the mainstays of medical therapy of heart failure during
pregnancy [15, 55]. Warfarin can cause spontaneous fetal cerebral hemorrhage in the second
and third trimesters and therefore is generally contraindicated during pregnancy [56].

7. Specific therapy

In case of early stages of myocarditis, administration of antiviral medications that target vi-
ral attachment to host-cell receptors, virus entry, or virus uncoating, would be effective.

Interferon beta. It was shown that beta interferon can decrease the number of viruses up to
complete regression, the accumulation of viral RNA and viral coat protein. Interferon beta
(IFN-Bla) may affect the elimination of viruses, repair left ventricular ejection fraction and
clinical status of patients [57]. In the study of Schmidt-Luce et al. [58], parvovirus B19 and
human herpes virus-6 responded less well upon IFN-{3 treatment with respect to virus clear-
ance and hemodynamic changes, although affected patients can improve clinically, despite
incomplete virus clearance following reduction of virus load and/or improvement of endo-
thelial dysfunction. Complete clearance of those viruses may need longer treatment, higher
doses, or even change of the antiviral treatment regimens. Currently, there is no approved
treatment for chronic viral heart disease, but data have demonstrated that subgroups of pa-
tients who had not improved upon regular heart failure medication may get significant ben-
efit even years after onset of chronic disease.

Immunosuppressive therapy. It could be considered in patients with proven myocarditis.
Administration of immunosuppressive (corticosteroids, azathioprine, cyclosporine) is still
controversial and investigators have emphasized the need to rule out viral infection before
starting immunosuppressive treatment, as the treatment may activate a latent virus, with
subsequent deterioration in myocardial function [59]. In published randomized study on the
Tailored Immunosuppression in Inflammatory Cardiomyopathy (TIMIC study) authors con-
firmed a positive treatment response in patients with chronic active myocarditis [60]. Ac-
cording to studies performed until now, immunosuppressive therapy should not be
routinely administered to patients with myocarditis. However, patients with giant cell myo-
carditis, autoimmune or hypersensitive myocarditis with heart failure can benefit from this
therapy. The best responders may be those with active autoimmune response without per-
sisting viral genome [61].
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Immunoglobulin. In case of autoimmune myocarditis, inflammatory process in the myocar-
dium is triggered by a transient viral infection. Instead of anticytokine or immune-suppression
therapy, a possible strategy is passive immunization through the infusion of immune globu-
lins. Bozkurt and colleagues added intravenous immune globulin to conventional heart failure
therapy in 6 women with PPCM and reported a significantly greater improvement in left
ventricular ejection fraction compared with 11 control patients who received conventional
therapy alone. Although the results seemed encouraging, a very small number of patients and
the lack of a blindly randomized, well-matched control group limited the study [62]. However,
McNamara et al. [63] reported that improvement of left ventricular ejection fraction was
identical in both the intravenous immuneoglobulin treatment arm and in the placebo arm.
These results suggest that for patients with recent-onset dilated cardiomyopathy, immuno-
globulins do not improve left ventricular ejection fraction. There are no reliable data for the
application of this type of therapy in the adult population with viral myocarditis who do not
respond to immunosuppressive therapy [61].

Adsorptive immune therapy. Involves the use of plasmapheresis to remove circulating
cytokines and antibodies to cardiomyocytes, beta-adrenergic receptors, adenosintriphosphate
carriers, myosin. If this treatment is applied five or more days, beside elimination of circulating
antibodies and immune complexes, it also effects the elimination from the heart muscle.
Removal of circulating antibodies by immunoadsorption improved cardiac function and
clinical and humoral markers of heart failure severity (NT-proBNP) [64]. Inmunoadsorption
can also decrease myocardial inflammation, and in patients with inflammatory cardiomyop-
athy, left ventricular systolic function improved after protein A immunoadsorption [65]. The
value of adsorptive immune therapy should be confirmed in larger studies.

Monoclonal antibodies. There are some data about possible use of monoclonal antibodies in
myocarditis due to T-cell mediated inflammation. Wang et al. [66]. showed that administration
of anti-CD4 monoclonal antibody can induce immune tolerance to porcine cardiac myosin.
Cardiac function of antibody-treated rats was significantly increased compared with untreated
rats 18 days postimmunization examined by transthoracic echocardiography. Also, antibody-
treated rats had no proliferative response to porcine cardiac myosin examined by lymphocyte
proliferation assay, and administration of anti-CD4 monoclonal antibody significantly
prevented production of anti-cardiac myosin antibodies. The conclusion of that study was that
immune tolerance to cardiac myosin could be induced by anti-CD4 monoclonal antibody in
vivo, and cardiac dysfunction and myocardial injury could be prevented by induction of
immune tolerance.

8. Prognosis

Recovery from acute myocarditis often surprises and delights after life threatening illness.
Clinical recovery may be slow and delayed even up to a year or more after delivery. Even
when it appears to be complete, a portion of cardiovascular reserve has been lost, asis indicated
by the myocytolysis found on biopsy [22]. It is also uncertain how many patients will progress

143



144 Diagnosis and Treatment of Myocarditis

to cardiomyopathy. Recurrence in future pregnancies is not invariable, but there are few data.
Pregnancy should therefore be discouraged in any woman with residual myocardial dysfunc-
tion or, if possible, delayed for some years.

9. Summary

Myocarditis is an inflammatory disease of the myocardium that is diagnosed by histological,
immunological and immunochemical criteria, and is associated with cardiac dysfunction.
There has been greater evidence for myocarditis as a cause of PPCM than any other proposed
aetiological factor. The prevalence of acute peripartum myocarditis is unknown because most
cases are not recognized on account of non-specific, only mild, or no symptoms, but sudden
death may occur. However, the initial presentation may be with acute or chronic heart failure
or mimics acute myocardial infarction. The combination of biomarkers from blood samples
together with imaging techniques such as echocardiography and MRI may help to confirm the
diagnosis of myocarditis.The diagnostic gold standard is endomyocardial biopsy with the
histological Dallas criteria in conjunction with the new tools of immunohistochemistry and
viral polymerase chain reaction. Whether endomyocardial biopsy should be done in the setting
of peripartum myocarditis is still an open question. The most important thing in treatment
planning is clinical status of the mother and the fetus. Heart failure in postpartum women
should be treated according to guidelines on heart failure. Pregnant women should not receive
angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, or warfarin because
of potential teratogenic effects. Specific therapy strategies may include: immunosuppressive
therapy, interferon, immunoglobulin, immune-adsorptive therapy, immune-modulation.
Subsequent pregnancies carry a high risk of relapse, even in women who have fully recovered
left ventricular function.
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1. Introduction

Myocarditis is an uncommon but potentially life-threatening presentation in pediatric patients
requiring critical care transport. Patients may present with malignant arrhythmias and
hemodynamic collapse, and may require transport to a center offering extracorporeal life
support. In this chapter we aim to provide a brief overview of pediatric myocarditis, with a
particular focus on considerations for stabilization and transport in acute fulminant myocar-
ditis. These considerations include intubation and ventilation, hemodynamic support,
induction of anesthesia and pharmacological considerations for sedation, patient triage, and
choice of an appropriate receiving center.

1.1. Etiology

Myocarditis is an acute inflammatory disease of the myocardium, classically characterized by
myocyte necrosis [1], which leads to ventricular dysfunction. There are several possible causes
of myocarditis including infectious (viral, bacterial, fungal, yeast, parasitic, and protozoan)
and non-infectious (immune mediated reactions, toxins, and other disorders). In many cases
there is no identified cause. Most cases of pediatric myocarditis with a known etiology are
caused by infections, in particular by viral infections [2]- [4], however a viral etiology may be
difficult to detect. In a recent autopsy series examining 28 cases of myocarditis, viral analysis
was done in 25 cases and was only positive in 9 of those. [5]

2. Epidemiology and clinical presentation

It has been estimated that pediatric cardiomyopathy occurs in between 1.13 and 1.24 per
100,000 patients, and more than 14% of these patients likely have cardiomyopathy from an
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infectious cause. [6]- [8] Klugman et al identified 216 cases of pediatric myocarditis over a one-
year period in 35 different children’s hospitals, making up 0.05% of all patients seen. This group
concluded that pediatric patients with myocarditis have considerable variability in their
outcomes, use more intensive care unit (ICU) resources, and die more often than children with
other diagnoses. [9] There is a broad range of clinical presentation ranging from asymptomatic
to fulminant and symptoms are often non-specific. Some patients present with constitutional
symptoms, and complaints of chest pain and fatigue are common. Additionally there may be
large variability between presentations in different age groups. Patients with cardiac dysfunc-
tion may have syncope, heart failure, arrhythmias, or shock. [1] Fulminant myocarditis occurs
in approximately 20-30% of all cases, and clinically presents with severe hemodynamic
deterioration, cardiogenic shock, severe ventricular dysfunction, and possibly life-threatening
arrhythmias. [10] Unlike adult patients, children more commonly present with fulminant
myocarditis. [11] Myocarditis is a significant cause of sudden death and may result in the
development of cardiomyopathy in some affected children. [12], [13]

3. Diagnosis

The diagnosis of myocarditis is often difficult. In one series of 31 cases of myocarditis in a
pediatric emergency department, 57% of patients had been previously evaluated by a physi-
cian and diagnosed with pneumonia or asthma. [14] The less controversial diagnostic modal-
ities include chest x-ray, electrocardiogram (EKG) and echocardiogram. Sinus tachycardia on
EKG with low-voltage QRS complexes is described as a classic finding. Beyond that there may
be a variety of changes seen on EKG, including widened QRS complexes, non-specific ST
changes, axis deviation, and/or Q waves. Patients may also present with arrhythmias including
ventricular tachycardia, supraventricular tachycardia, and varying degrees of heart block.

Figure 1. EKG of a 12 year old patient with myocarditis, atrioventricular block [15]
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Figure 2. EKG (rhythm strip) of the same patient, who had ongoing severe ventricular dysfunction and developed in-
termittent episodes of wide-complex tachycardia [15]
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Figure 3. EKG (rhythm strip) of a 7 year old patient with myocarditis; wide-complex tachycardia [15]

Chest x-ray findings tend to be consistent with congestive heart failure, including cardiome-
galy and increased pulmonary markings suggestive of pulmonary edema. Echocardiography
is a useful adjunct to assess ventricular dimensions, function, and presence of atrioventricular
valve regurgitation or pericardial effusion.

A recent review of diagnostic strategies for myocarditis concluded that enlarged ventricular
dimensions on echocardiography and elevated cardiac troponin levels were the most common
findings. [16] Troponin I has high specificity but limited sensitivity in the diagnosis of
myocarditis, despite the fact that it is otherwise a reliable and commonly available biomarker
of myocardial injury. [17] In children, cardiac troponin T has been reported to have a sensitivity
of 71% in myocarditis. [18] Other common laboratory studies include general markers of
inflammation or infection, such as complete blood count with differential, C-reactive protein
and erythrocyte sedimentation rate. It is also useful to examine markers of end organ perfusion
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including lactate, liver function tests and creatinine. These studies may help understand the
etiology and impact of the disease process, but none are specific for myocarditis.

More controversial diagnostic modalities include cardiac magnetic resonance (CMR) imaging
and endomyocardial biopsy (EMB). In general these techniques would not be employed in an
acute setting in a non-tertiary care center. CMR has the advantage of being non-invasive it
requires specialty equipment and radiologists familiar with the interpretation of findings. EMB
is controversial for a variety of reasons, especially since it is invasive and carries a risk of
adverse events. Also, myocardial inflammation tends to be patchy and may be missed by
biopsy. A recent consensus statement by the American College of Cardiology and the Euro-
pean Society of Cardiology made a class Ila recommendation for EMB in cases of unexplained
cardiomyopathy in children. [19]

4. Transport considerations

4.1. Triage

Pediatric patients with symptomatic myocarditis should be admitted to a pediatric tertiary
care center. Klugman et al. reported that in their cohort of pediatric myocarditis patients 45%
of patients required milrinone, 35% needed epinephrine, and 25% were supported with
mechanical ventilation. Extracorporeal membrane oxygenation was needed in 7% of patients,
and cardiac transplantation in 5%. [9] When triaging the patient, consideration should be given
to the fact that any patient requiring the use of blood pressure support in the setting of acute
myocarditis may quickly deteriorate and need mechanical cardiovascular support. Extracor-
poreal membrane oxygenation (ECMO) support is now increasingly viewed as optimal
supportive therapy in anticipation of full cardiac recovery. [20] In larger children, a ventricular
assist device (VAD) has also been used to support ventricular function during acute illness. In
a previously published paper reporting the transport a series of children with myocarditis,
there were five out of ten patients who required ECMO. Among those five patients there were
three survivors. [15] In another retrospective review of 36 cases of histologically confirmed
myocarditis ECMO was used in 4 patients (11%). [21]

4.2, Transport

It has been estimated that fewer than ten percent of hospitals with intensive care unit beds
have pediatric critical care beds. [22], [23] Therefore, pediatric admission to a tertiary intensive
care unit frequently requires patient transport. Though emergency medical service teams are
trained in basic pediatric resuscitation and stabilization, often times they do not have the
breadth of experience or advanced training which would provide for the safest transport of
the critically ill child. The use of a critical care transport teams on the other hand is strongly
associated with decreased complication rates. [24]- [27] In particular for pediatric patients, the
chance of an unplanned airway or cardiovascular event was 22 times greater when a critical
care transport team was not used. [24] In any population of patients with a high risk for
cardiopulmonary deterioration, consideration must be given to balancing the potential benefit
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of using a critical care transport team and the risk of holding the patient in the emergency
department for a longer time period until the specialty team is available.

For the above reasons, patients who present with symptomatic myocarditis are best trans-
ported to a tertiary care center with a critical care transport team. These patients are at high
risk for deteriorating during transport, and often require urgent interventions upon arrival at
the receiving hospital. Helicopter transport may be faster than ground transport, although this
is not always true in urban environments or if the involved facilities do not have an on-site
helipad. [28] Helicopter transport guidelines have identified pediatric patients with sympto-
matic myocarditis as appropriate candidates for helicopter transport. [29] While an efficient
mode of transport, medical helicopters have maximum distance limitations. There are also
strict weather and altitude limitations to helicopter transport, which may affect ground and
fixed wing transport to a lesser degree. A patient requiring frequent assessment or interven-
tions may be challenging to care for in a helicopter due to noise, lack of space making access
to the patient challenging and turbulence in flight. Additionally in a helicopter, and certainly
in a fixed wing vehicle, it may be more difficult to divert to a different receiving facility should
the patient become acutely unstable for transport. There is no evidence looking at pediatric
myocarditis and ideal modes of transport. Data from adult patients shows that there are
conflicting reports about the efficacy of different modes of transport, specifically helicopter
versus ground transport. In 2012 a retrospective cohort study showed that among patients
with major trauma admitted to level I or level II trauma centers, transport by helicopter
compared with ground services was associated with improved survival to hospital discharge.
[30] While there are earlier studies in agreement with these findings, other studies in the adult
population have failed to show a benefit of helicopter transport. [31]- [34]

In summary, choosing a team and mode of transport for a patient is complex. There are many
factors influencing decision-making surrounding patient transport. The medical team should
consider the patient’s anticipated medical needs and the risks of destabilization during
transport, the urgency of the treatments needed at the receiving facility, transport logistics
such as altitude, weather and distance, and the team availability and experience. [35]

4.3. Treatment

There are currently no specific therapies for acute fulminant myocarditis. The mainstay of
therapy is supportive care to maintain cardiac output including mechanical ventilation,
inotropic support and, if tolerated, afterload reduction and diuresis. For transport purposes
intubation, ventilation and inotropic support play a larger role than other support strategies.
In adult populations there have historically been more options for ventricular assist devices.
However, pediatric assist devices have been successfully developed. In a recent study of the
Excor Pediatric ventricular assist device (Berlin Heart), Fraser et al demonstrated that survival
rates for patients awaiting heart transplant were significantly higher with the ventricular assist
device than with ECMO. [36] This data is not specific for myocarditis, but is promising that
assist devices can be effectively used in the pediatric population. Currently, the majority of
patients with refractory cardiogenic shock and/or severe respiratory failure will likely require
ECMO for ongoing support.
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4.3.1. Intubation and sedation

In patients with evidence of pulmonary edema the risk of worsening hypoxemia and potential
for respiratory acidosis is concerning, as neither would be well tolerated from a cardiac
standpoint. As respiratory demands increase to compensate for these issues, the oxygen
consumption of the respiratory muscles can increase up to eightfold. [37] Intubation and
mechanical ventilation will reduce respiratory muscle oxygen consumption, and thus overall
myocardial oxygen demand. [37] The risks of the induction for intubation should be carefully
weighed against these benefits, but declining status may force a clinician to proceed with
endotracheal intubation prior to transport.

In general, positive pressure ventilation reduces left ventricular wall tension and left ventric-
ular afterload, and therefore may improve cardiac output by this mechanism. However, other
cardiopulmonary interactions associated with intubation and positive pressure ventilation
may precipitate low cardiac output or cardiac arrest in a patient with biventricular failure.
Those potentially harmful interactions include cessation of right sided venous return during
the transition from spontaneous breathing to positive pressure ventilation, and systemic
vasodilation and negative inotropy induced by medication used for induction of anesthesia.
If possible, it is important to ensure that the patient is euvolemic prior to induction to preserve
right ventricular preload upon initiation of positive pressure ventilation. It is also advisable
to have an inotropic agent either initiated or prepared to infuse to support biventricular
function. [38]The choice of specific induction agents is less important than recognizing that
patients in failure will likely have limited contractile reserve, will be relatively preload
dependent and will not respond well to rapid changes in afterload. [39] The choice of the
appropriate medication for induction of anesthesia for intubation is important. Any agent may
precipitate vasodilation and cardiac depression. Etomidate is well-known for a low rate of
adverse hemodynamic effects, and the direct sympathomimetic effects of ketamine may be
particularly beneficial in shock states. [40] Carefully titrated low-dose fentanyl may also
provide appropriate levels of sedation and analgesia with a more favorable cardiac profile.
Midazolam, propofol, and barbiturates are all likely to trigger hypotension at induction doses
and should therefore be avoided. Atropine premedication may be considered in pediatric
patients with bradycardia, though many patients with myocarditis are tachycardic on
presentation. [38]

The adverse hemodynamic effects of positive pressure ventilation on right sided venous return
may be ameliorated by using a strategy to minimize mean airway pressure, thus reducing
intrathoracic pressure. This includes avoiding lung hyperinflation, minimizing peak inspira-
tory pressures, the use of short inspiratory times and adequate expiratory times and conser-
vative use of positive end-expiratory pressure (PEEP). While PEEP may be helpful in managing
pulmonary edema and hypoxemia, it should be used with caution as it may lead to decreased
right ventricular preload and increased right ventricular afterload.

4.3.2. Rate control

Both tachycardia and bradycardia can pose risks to a pediatric patient in acute heart failure.
Arrhythmias must be quickly recognized and treated. Transcutaneous pacing has been
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recognized as an easy, safe, and effective temporary measure of rate control but may require
sedation and likely requires analgesia in the pediatric patient. [41]- [44] As mentioned,
administering sedation in a pediatric patient with myocarditis and cardiovascular compromise
could lead to further hemodynamic instability. Initiation of catecholamines such as dopamine
may provide benefit in patients with complete heart block by increasing the ventricular escape
rate to improve systemic perfusion in transport and should be considered before initiation of
transcutaneous pacing in hemodynamically stable patients. However, when using such agents
care should be taken not to acutely increase left ventricular afterload.

4.3.3. Afterload reduction

Management of heart failure should be employed if the patient can tolerate diuresis and
afterload reduction, but is probably not advisable in the acute setting. Ideally this management
would include diuretics to lower filling pressures and angiotensin-converting enzyme (ACE)
inhibitors to reduce systemic vascular resistance and left ventricular afterload. Beta-blockade
may be used as well, however the only randomized controlled trial of beta-blockade for
treatment of pediatric heart failure failed to demonstrate a benefit. [45] Furthermore using a
beta-blocker in the acute setting may complicate resuscitation efforts should a patient have
critically compromised output or lose circulation altogether. In patients with significant
dysfunction and diminished cardiac output systemic inodilators such as milrinone, are often
useful if tolerated. Due to the risk of systemic hypotension and some risk of worsening
myocardial dysfunction these interventions are best started in a tertiary care setting, not during
transport.

4.3.4. Levosimendan

Levosimendan is a positive ionotrope and functions by binding to cardiac troponin C to
increase calcium sensitivity of myocytes. It also has vasodilatory effects in arterial, venous and
coronary vasculature, which leads to afterload reduction and better matching of myocardial
oxygen demand. [46]- [49] Therefore despite improving ventricular function, levosimendan
does not significantly increase myocardial oxygen demand. Levosimendan is currently not
FDA approved, so there is no collective experience with it the US centers. There are case reports
of levosimendan being used successfully in both adult and pediatric myocarditis. [50]- [52]
However, there are no larger, prospective studies to provide adequate evidence for routine
use at this point. It remains unclear what potential benefit this drug would have in critical care
transport.

4.3.5. 1IVIG

The benefit of immune modulation remains controversial, and is not usually an adjunct to
consider during acute transport management. Intravenous immunoglobulins (IVIG) are the
most commonly used immune modulator in myocarditis. Drucker et al. showed a statistically
significant improvement in survival in pediatric patients treated with IVIG. [53] However
McNamara conducted a randomized control trial in adults and failed to show any difference
in survival among those treated with IVIG. [54] The data on the use of immunosuppressive
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agents such as prednisone, azathioprine and cyclosporine is not yet convincing. When the
existing data was examined in a meta-analysis, Hia et al were not able to find statistical
significance for improved outcomes. [55] That said, many centers currently use IVIG in the
treatment of myocarditis and in certain cases immunosuppressive therapy may improve
outcomes. [9], [56]

4.3.6. Mechanical support

In severe cases of cardiogenic shock patients may require rescue with veno-arterial (VA)
ECMO or ventricular assist devices (VADs). Veno-venous (VV) ECMO is typically reserved
for patients with predominant pulmonary failure. Whether requiring ECMO or VAD support,
patients are best cared for in tertiary care centers with established ECMO programs.

VA-ECMO should be considered in patients with myocarditis only once routine supportive
therapies have failed. [57], [58] While potentially life-sustaining in these cases, ECMO is not
withoutrisk. There is significant chance for hemorrhage, infectious complications and vascular
injury during cannulation. There is also a risk of cerebral and coronary hypoxia and stroke.
Less common, but potentially life-threatening are thrombotic events. Another complicating
issue, which may ultimately compromise ventricular recovery, is left atrial hypertension
secondary to poor ventricular function and decreased ejection while on ECMO. Left atrial
hypertension can result in increased left ventricular end-diastolic pressure, subendocardial
ischemia and pulmonary edema. There is no consensus on indications or technique for left
atrial decompression, but it has been shown to relieve pulmonary edema and improve
hemodynamics in one study. [59]

In experienced centers, ECMO is often successfully employed as a short-term rescue therapy
for refractory cardiopulmonary failure. Though there is extensive experience with pediatric
ECMO, in addition to potential complications there are also other significant limitations: need
for sedation, lack of mobility, and relatively short lifespan of the circuit. In cases where failure
is more chronic, or transplant isneeded, a VAD may be a more appropriate intervention. VADs
are available asright (RVAD), left (LVAD) and bi-ventricular (BiVAD) devices. They have been
used for ventricular recovery, destination devices and as bridges to heart transplant. A recent
prospective, single-group pediatric trial showed that survival rates to transplant were
significantly higher with the ventricular assist device than with ECMO. [36] Complications of
assist devices are significant and similar to ECMO, including bleeding, stroke, infection and
thrombotic events.

4.3.7. Special consideration: ECMO on transport

Pediatric ECMO is offered in many centers worldwide [60], and increasingly ECMO centers
are confronted with the request to transport a patient on ECMO. A few centers in the
United States and in Europe reported these transports in the literature. [61]- [67] One group
reported the successful transport of 68 children on ECMO, traveling a distance between
eight and 7500 miles. Overall ECMO survival was comparable with in-house survival on
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ECMO at the same institution. More importantly, no deaths occurred during ECMO
transport. [66]

Bringing an ECMO team to a referring facility to place an unstable patient on extracorporeal
support and then transport the patient back to a tertiary care center on ECMO has been
suggested and, in a few cases, successfully completed. The logistics of providing such a service
are very complicated. Based on military data, Coppola and colleagues reported that the ECMO
transport team consists of 10-15 staff members, including a mission commander, a pediatric
intensivist, a pediatric cardiologist, a pediatric surgeon, two to three ECMO specialists, nurses
and respiratory therapists [66]. A civilian team reported using a team consisting of two nurses,
two ECLS specialists, an attending physician, and a resident. [67] ECMO transports to date
have been completed in ground, fixed-wing, and rotor-wing vehicles. The complexity of
ECMO transport warrants careful discussion about feasibility and resource utilization, but
may be successfully accomplished. That said, early referral to an ECMO center while the
patient may be safely transported without ECMO is the preferred option.

5. Conclusions

Myocarditis presents with a broad range of relatively non-specific symptoms and for that
reason is difficult to diagnose, but must remain on the list of differential diagnoses for any
child presenting with acute heart failure or other signs of cardiac deterioration. Acute fulmi-
nant myocarditis is life-threatening and requires careful, proactive management. When
treating the pediatric patient with acute fulminant myocarditis clinicians should consider the
benefits of intubation, inotropic infusions, and transcutaneous pacing as temporizing meas-
ures especially during the transport phase, recognizing that any of those interventions can lead
to further deterioration of the patient if not performed with great caution. Prompt and safe
transport to a pediatric tertiary care center should be ensured. The option of early management
with ECMO or other assist devices seems beneficial and should be considered when making
triage decisions.
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1. Introduction

Viral myocarditis is caused by a variety of viruses of more than 10 genera, such as coxsackievi-
rus, adenovirus, parvovirus, hepatitis ¢ virus, herpes virus, influenza virus, HIV, etc. [1]. How-
ever, the most frequently reported and extensively studied one is coxsackievirus B3 (CVB3),
which causes ~30% of all viral myocarditis cases [2]. Thus, in this chapter the review will main-
ly focus on CVB3-induced myocarditis. This virus can infect multiple organs of human such as
heart, pancreas, brain, liver, lung, spleen, etc. and cause myocarditis, pancreatitis, meningitis,
hepatitis, etc. However, the most fatal disease is myocarditis, particular in children and young
people [3]. Viral myocarditis is characterized by inflammatory infiltration of immune cells in
the heart muscle after viral infection. This viral infection can cause direct damage of cardio-
myocytes as well as immune-mediated destructions of the myocardium, leading to cardiac
dysfunction. In addition, viral myocarditis often progresses into dilated cardiomyopathy
(DCM), an end-stage heart dysfunction. Patients with DCM usually require heart transplanta-
tion [4]. There is no other treatment option at the present. Viral myocarditis is one of the major
life-threatening diseases in children. It is the cause of ~ 20% of sudden unexpected death in
young people [5]. To date, there is no specific treatment for this viral infection.

CVB3 is a positive single-stranded, non-enveloped RNA virus of the enterovirus genus of
the Picornaviridae family. Its genome is ~7.4 kb long, containing a single long open reading
frame (encoding 11 proteins) flanked by the 5" and 3’ untranslated regions (UTRs). The 5’
UTR is 741 nucleotides (nt) long and harbors a number of cis-acting translational elements,
such as the internal ribosomal entry site (IRES) and the cloverleaf sequence [6-9], which are
crucial structures for viral translation and transcription. The 3’ UTR is a 99-nt long segment
attached with a poly-A tail. The 3" UTR folds to form kissing-loop tertiary structures, which
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are believed to play a role in facilitating viral transcription of the negative strand of CVB3
replication intermediate [10, 11]. The viral genomic RNA can directly serve as a mRNA tem-
plate for translation of a single long polyprotein, which is processed by viral proteases to
produce eleven individual proteins, among which four are structural proteins, VP1-VP4,
and seven are non-structural proteins including proteases 2A and 3C, as well as a RNA-de-
pendent RNA polymerase 3D. These three enzymatic proteins play important roles in viral
life cycle and pathogenesis.

CVB3 infects cardiomyocytes by endocytosis through viral receptor CAR (coxsackie and ad-
enovirus receptor) co-localized with tight junction proteins (e.g., occludin) [12]. It is also
known that CAR-binding site (anti-receptor) on CVB3 particle lies in the canyon on the cap-
sid surface. Upon attachment of CVB3 particles to CAR, the receptor changes conformation
to form the viral A-particle, a product of the interactions between CVB3 and CAR, which
then allows for the release of viral RNA into host cells and begins viral translation and tran-
scription. The observation that soluble CAR protein can function as a virus trap leading to
inactive A-particles has suggested a strategy for CVB3 therapy [13-15]. Depending on the
different combination of viral strains and mouse models in the study of CVB3 infection, a
CVB3 co-receptor called decay accelerating factor (DAF, CD55) is sometimes also necessary
for CVB3 entry into the host cells [16, 17]. Thus, genes encoding CAR and DAF are impor-
tant candidates for study of viral tropism and rational targets for antiviral drug design.

In recent years, extensive researches have been conducted for drug development. Although
effective treatments are still not clinically available for this viral disease, some research strat-
egies are very promising and have made exciting progresses. This chapter will first briefly
summarize the current treatments used clinically for viral myocarditis even though they are
not very specific and effective. Then we will focus on recent advances in new drug develop-
ment, which include nucleic acid (NA)-based strategies, natural compounds, cell-based ther-
apy, etc. We will also briefly discuss the limitations and challenges faced by the
development of such treatments.

2. Current treatments

To date, there is no clinically proven specific treatment for viral myocarditis and DCM. Pa-
tients with DCM eventually need heart transplantation as the final option [18]. Manage-
ments for viral myocarditis are usually supportive therapies, such as improvements in
hemodynamics with drugs used to treat other kinds of heart diseases, and application of
non-specific antiviral agents to decrease viral load. The former include administration of an-
giotensin-converting enzyme inhibitors or angiotensin receptor blockade, beta-adrenergic
blockade, diuretics, etc. [18-20]. The latter include application of type I interferon or nucleo-
tide analogs such as ribavirin, which was reviewed elsewhere [3, 18, 19, 21, 22]. If it is
caused by an autoimmune disorder, myocarditis would be appropriately treated by immu-
nosuppression [18, 20]. However, the effectiveness of treatment with immunosuppressive
therapies has not reached a consensus amongst different studies. This can probably be at-
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tributed to the difficulty of confirmation and diagnosis of the etiology and pathogenesis of
myocarditis. Thus, it is very important to distinguish between infectious and autoimmune
disease, since the same methods of treatment will not be optimal for both forms of heart
muscle diseases. The diagnostic gold standard is endomyocardial biopsies with the histolog-
ical Dallas criteria, in association with new immunohistochemical and viral PCR analyses of
cardiac tissues [23]. In case of confirmed autoimmune-related disease and lack of detectable
viral infection, an immunosuppressive treatment combining corticoids and azathioprine
may be beneficial [24]. However, if the disease is primarily caused by viral infections, more
specific antiviral agents would be the ideal drugs of choice.

In recent years, the search for such antiviral drugs has become a new trend in drug develop-
ment for treatment of viral myocarditis. One of the strategies for developing such antivirals
is the screening of chemical compounds, such as pleconaril, capable of interacting with pi-
cornavirus (particularly human rhinovirus) anti-receptor to block viral entry into the host
cells [25-27]. Pleconaril functions in a mechanism similar to that of WIN compounds, by in-
teracting with the hydrophobic amino acid residues located within the canyon floor of the
anti-receptor of host cell. Thus, it results in the blockage of the attachment of viral particles
to the host cell surface and reduces viral load in the heart [28]. Furthermore, the binding of
WIN compounds also results in increased protein rigidity and stabilizes the entire viral cap-
sid against enzymatic degradation, so that viral uncoating and release of viral RNA into the
cytoplasm is inhibited [29, 30]. Pleconaril was initially developed for treatment of human
common cold caused by human rhinovirus, a close relative of CVB3. It also shows effective-
ness in inhibiting CVB3 infection [31]. To avoid mutation escape induced by pleconaril, new
pleconaril derivatives have been synthesized and successfully tested against pleconaril-re-
sistant mutants [32]. However, due to its high toxicity, pleconaril has not passed the appro-
val by FDA of USA and is only used in a compassionate manner.

3. New strategies in drug development

3.1. Nucleic acid (NA)-based antivirals against CVB3 infection

3.1.1. Anti-CVB3 antisense oligonucleotides (ASONs)

ASON:s are designed to bind to a complementary sequence in the target mRNA to form RNA-
DNA heteroduplexes. These double-stranded hybrid sequences are recognized by RNase H,
which digests the RNA strand in the duplex. Due to major problems, including instability, non-
specific delivery, and unwanted side effects of the ASONs, the structure of this molecule has
been modified extensively at different components (i.e., bases, sugar, or phosphate backbone),
and has entered its third generation. The first generation of chemical modification was de-
signed to enhance nuclease resistance of ASON in serum [33]. The representative of such is the
phosphorothioate (PS) oligonucleotide (ON), in which one of the non-bridging oxygen atoms
in the phosphodiester bond is replaced by sulfur, intended to prevent cleavage by nucleases.
Early antiviral PS-modified ASONs exhibited the antisense properties of phosphodiester
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ASONEs, such as the ability to induce RNase H activation, while showing enhanced stability
[34]. Another strategy to increase the stability of ASONs is the addition of alkyl groups at the 2
position of the ribose. 2-O-methyl (OMe) and 2-O-methoxy-ethyl (MOE) substitutions sterical-
ly shield the backbone from nuclease access, and also increase affinity to the target [35]. These
modified ASONs function mainly by blocking translation via steric hindrance of elongating ri-
bosome but not by RNAse H-mediated cleavage. In order to retain the advantage of the RN Ase
H mechanism, chimeric oligos containing both 2 unmodified and 2-modified DNAs, called
gapmers, were conceived. The 2-O-alkyl modified ASONs and mixed backbone gapmer
ASONs represent a second generation of ASON. The third generation ASONs are phosphoro-
diamidate morpholino oligonucleotides (PMOs). PMOs have a structure in which the ribose is
replaced by a morpholine moiety and phosphorodiamidate (O-PONH2-O) linkers are used in-
stead of phosphodiester bonds. Thus, PMOs are resistant to digestion by nucleases and are
electrically neutral. PMO-RNA hybrids do not activate RNase H. Therefore, the mechanism by
which PMOs inhibit protein synthesis is via binding the critical mRNA elements, such as the
mRNA 5'UTR or the start codon region, to prevent ribosomes from binding or scanning.

CVB3, one of the most frequently used model systems for study of viral replication and
pathogenesis, is also widely employed for evaluation of NA-based antiviral agents. The ear-
ly investigations mainly focused on the application of the second and third generations of
ASONs. McManus and coworkers are one of the pioneer groups to study the potential possi-
bility to inhibit CVB3 replication using ASONs. Their earliest work using regular ASONs to
target the different sites of 5° UTR of CVB3 genome successfully mapped the IRES by in vitro
translation inhibition assay [9]. That study provided useful information for the design of
ASON for inhibiting CVB3 replication in vitro and in mouse models. Later, they used PS-
ASON:s targeting the 5" and 3" UTRs as well as the start codon region, and found that the
oligomers targeting the 5" and 3’ proximate ends of the CVB3 genome are the most effective
candidates to inhibit viral replication in HeLa cells. Each of these two ASONs resulted in
~80% reduction of viral particle production, which is followed by the candidates targeting
the IRES and the initiation codon region [36]. The importance of these sites for ASON bind-
ing was further confirmed by in vivo evaluation using a murine myocarditis model, al-
though the antiviral efficiency is not as high as that obtained from in vitro evaluation [37].

To improve the stability of the oligomers, our group designed eight PMOs targeting both
the sense and antisense strands of the CVB3 replication intermediate. To increase the effi-
ciency of drug internalization, the PMOs were conjugated to a cell-penetrating arginine-rich
peptide. These modified ASONs were evaluated in HeLa cells and HL-1 cardiomyocytes in
culture and in a murine myocarditis model [38]. One of the oligomers, designed to target a
sequence in the 3’ portion of the CVB3 IRES, was found to be especially potent against
CVB3. Treatment of cells with this oligomer prior to CVB3 infection produced an approxi-
mately 3-logl0 decrease in viral titer and largely protected cells from virus-induced cyto-
pathic effect. A similar antiviral effect was observed when this oligomer treatment began
shortly after the virus infection period. A/] mice receiving intravenous administration of this
oligomer once prior to and once after CVB3 infection showed an ~2-log10-decreased viral tit-
er in the myocardium at 7 days post infection and a significantly decreased level of cardiac
tissue damage, compared to the controls [38].
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In addition to the many ASON reports, another strategy using CpG containing oligodeoxy-
nucleotide to activate antiviral immunity has been reported [39]. The mechanism is that the
C-type of CpG oligomer can induce anti-CVB3 activity in human peripheral blood mononu-
clear cells through the induction of synthesis of natural mixed interferons.

3.1.2. Antiviral ribozymes

Ribozymes are catalytically active small RNA (~30-100 nts) molecules that act as enzymes to
specifically cleave single strand RNA without the need of proteins. A major therapeutic ad-
vantage of ribozymes is the ability to make them trans-acting and to confer specificity to virtu-
ally cleave any target sequence [40]. This can be achieved by fusing the ribozyme core sequence
atthe 5’ and 3’ ends with the sequences that are complementary to the target sequence.

Ribozyme as an antiviral agent has been tested for many viral infections; however, report on
anti-CVB3 has not been documented. Here, we will take HCV as an example to briefly discuss
the potential application of ribozyme for the treatment of HCV infection, as many recent re-
ports found that HCV is a new causal agent of myocarditis [41, 42]. To investigate the potential
application of synthetic, stabilized ribozymes for the treatment of chronic HCV infection, Ma-
cejak et al. designed and synthesized hammerhead ribozymes targeting 15 conserved sites in
the 5" UTR of HCV RNA including the IRES [43]. It was shown that the inhibitory activity of ri-
bozyme targeting site at nt 195 of HCV RNA exhibited a sequence-specific dose response, re-
quired an active catalytic ribozyme core, and was dependent on the presence of the HCV 5
UTR. In an investigation of new genetic approaches on the management of this infection, six
hammerhead ribozymes directed against a conserved region of the plus strand and minus
strand of the HCV genome were isolated from a ribozyme library that was expressed using re-
combinant adenovirus vectors [44]. Treatment with synthetic stabilized anti-HCV ribozymes
and vector-expressed HCV ribozymes has the potential to aid in treatment of patients who are
infected with HCV by reducing the viral burden through specific targeting and cleavage of the
viral genome. Gonzalez-Carmona and colleagues used RNA transcripts from a construct en-
coding a HCV-5'-NCR-luciferase fusion protein to test four chemically modified HCV specific
ribozymes in a cell-free system and in HepG2 or CCL13 cell lines. They found that ribozyme
(Rz1293) showed an inhibitory activity of viral translation of more than 70%, thus verifying
that the GCA 348 cleavage site in the HCV loop IV is an accessible target site in cell culture and
may be suitable for the development of novel optimized hammerhead structures [45].

3.1.3. Anti-CVB3 siRNAs

Accumulated evidence suggests that RNA interference (RNAi) plays an important role in
the antiviral defense mechanism in mammalian cells [46-49]. These findings fueled the inter-
ests of researchers to use RNAi for antiviral drug development [49, 50].

The specificity of RNA silencing is mediated by small RN As called short interfering RN As (siR-
NA) and microRNA (miRNA). Both types of RN As are generated by processing of ribonucleas-
es in the Dicer family, a group of class III endoribonucleases, which cleaves double stranded
non-coding RNA into fragments with a length of 21-25 nts. For siRNA, the long dsRNA or
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transgene-expressed short hairpin RNA (shRNA) are cleaved by Dicer. These RN As are assem-
bled into a multi-component complex, known as the RNA-induced silencing complex (RISC),
which incorporates a single strand (antisense strand) of the siRNA serving as a guide sequence
to silence the target gene [51, 52] (Figure. 1). For miRNA, this endogenous gene regulator is
processed from primary miRNA (pri-miRNA) transcripts of non-coding regions or introns of
protein-coding polymerase II transcripts. They are processed by RNase III Drosha to produce
approximately 70-nt long pre-miRNAs, which are transported into cytoplasm by exportin-5
and are cleaved by Dicer to become the functional miRNA. Similar to siRNA, they also form a
RISC with Argonaut proteins (having RNase H activity) and bind to their target mRNAs. The
modes of actions of siRNA and miRNA depend on the degree of complementation between the
siRNA or miRNA and their target sequences. siRNAs usually target coding regions by comple-
mentary base-paring and induce sequence-specific cleavage of mRNA substrate [53]; however,
miRNAs preferentially recognize target sequences in the 3" UTR of mRNAs and these target
sites are often in multi-copy [54-57]. The binding of the miRNAs often takes place with an in-
complete base-pairing, although a perfect base-pairing in the seed region (positions nt 2-8 from
5 end of the antisense strand) of miRNA forms the core of interaction. Depending on the com-
plete or partial complementarities between the miRNA and mRNA, the outcome can be cleav-
age of the target mRNA or repression of translation (Figure. 1) [58, 59].
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Figure 1. NA-based antiviral strategies to treat viral myocarditis. Antiviral nucleic acid molecules can either be
transfected into cells or expressed intracellularly. ASONs hybridize to viral mRNA to induce RNase H-mediated cleav-
age of RNA strand of the DNA-RNA duplexes. Some modified ASONs cannot induce RNase H but they have a high
affinity for the target and inhibit translation by steric hindrance of ribosome. Binding of ribozymes to the target se-
guence can trigger cleavage of the viral RNA. siRNAs incorporated in the RISC target the viral RNA by perfect sequence
complementation and induce cleavage of the target sequence by RNAse H activity of Ago protein. miRNAs (or AmiR-
NAs) target viral RNA by imperfect sequence complementation and induce gene silencing by destabilizing mRNAs and
suppression of translation. In addition, siRNAs can also target cellular genes (e.g., viral receptor and signal molecules)
involved in viral entry and replication.
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RNAi-mediated antiviral strategies can achieve much higher efficiency than ASONSs. Thus,
recent studies have focused on the design and evaluation of anti-CVB3 siRNAs. This group
of small double-stranded RNAs, as a silencer of target gene expression, can virtually inhibit
any genes of virus and cell if the site of targeting within the gene is unique. Thus, the target
search for anti-CVB3 siRNAs is not only concentrating on CVB3 genome but also extending
to the host cellular genes required for viral infection or replication.

3.1.3.1. Targeting the CVB3 genome

CVB3 genome harbors many cis-acting sequence elements for viral transcription and
translation, such as the 5 and 3° UTRs, IRES, and other segments for binding of tran-
scription and translation initiation factors. In addition, the viral genome also encodes
many essential enzymes for CVB3 multiplication, such as proteases 2A and 3C as well as
the RNA-dependent RNA polymerase 3D. These structures are rational targets for design
of anti-CVB3 siRNAs. This hypothesis has been tested by a number of groups. The earli-
er selection of the siRNA targets was focused on CVB3 protease 2A. Almost at the same
time, two groups independently found that inhibition of 2A protease by specific siRNAs
significantly reduced CVB3 replication. Our laboratory evaluated five siRNAs targeting
the 5° UTR, AUG start codon, VP1, 2A and 3D, respectively and found that the siRNA
targeting 2A (nts 3543-3561) showed strongest anti-CVB3 activity in HeLa cells, resulting
in 92% reduction of viral replication and siRNAs targeting VP1, 3D and the 5UTR
showed modest antiviral effects, respectively. By mutational analysis of the mechanism
of siRNA action, we further found that siRNA functions by targeting the positive strand
of the virus and require a perfect sequence match in the central region of the target, but
mismatches were more tolerated near the 3’ end than the 5 end of the antisense strand
[60]. This finding on the targeting of siRNA to positive strand of CVB3 was further sup-
ported by a later study using siRNA targeting the CVB3 3D gene [61]. We later also con-
jugated the siRNA-2A with folate to achieve specific delivery of the drug into HeLa cells
and inhibited CVB3 replication[62].The second group that studied the siRNA targeting
CVB3 2A by Merl and co-workers evaluated antiviral activity of siRNA-2A (nts
3637-3657) in vitro and in highly susceptible type I interferon receptor-knockout mice.
They found that siRNA-2A led to a significant reduction of viral tissue titers, attenuated
tissue injury and prolonged survival of mice [63]. It is very interesting to point out that
although the two groups used different targeting sequences within the 2A RNA, they all
achieved high efficiency of antiviral effects. However, the later work by Racchi et al,
which used these two siRNAs together to transfect HeLa cells and then infect with CVB3
did not potentiate the anti-CVB3 effect compared with an equimolar concentration of ei-
ther siRNA [64].

CVB3 RNA polymerase 3D is probably the most frequently used target for design of anti-
CVB3 siRNAs as it is the only viral enzyme involved in CVB3 RNA replication. To date, at
least a half dozen of studies on 3D have been reported. The earlier in vitro investigations
used either un-modified or LNA-modified siRNAs or plasmid vector-expressed shRNAs
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and all achieved significant reduction of viral replication in CVB3-infected HeLa or Cos-7
cells [60, 61, 65-67]. The in vivo evaluation using mouse models also showed very promising
results. One study employing transient transfection for in vivo mouse models demonstrated
that two of the six candidate siRNAs targeting 3D and VP1, respectively, exerted strong an-
ti-CVB3 effects in viral replication, accompanied by attenuated pancreatic tissue damage
[68]. Another in vivo study is the intravenous treatment of mice with an adeno-associated vi-
rus vector (AAV2.9) expressing a shRNA targeting 3D [69]. Intravenous injection of re-
combinant AAV2.9 significantly attenuated cardiac dysfunction compared to vector-treated
control mice on day 1 after CVB3 infection. Recently, a study by combination of soluble CAR
receptor (SCAR-Fc) and siRNA targeting 3D achieved a synergistic effect in antiviral effect
in human myocardial fibroblast cell culture [14].

Other less frequently used CVB3 target genes are protease 3C, structural protein VP1
and non-structural protein 2C. Like protease 2A, protease 3C also plays an important
role in the viral life cycle by processing CVB3 polyproteins to generate mature individu-
al structural and non-structural proteins after initial cleavage by 2A [70, 71]. One study
designed three siRNAs targeting genes encoding 3C, 2A and 3D of CVB4. Evaluation by
transfection of rhabdomyosarcoma (RD) cells demonstrated that siRNA-3C was the most
potent siRNA among these three in inhibition of CVB4 replication. This antiviral activity
was followed by siRNAs targeting 3D and 2A [72]. The difference in efficiency of these
siRNAs was discussed by these authors and they proposed that this may be due to dif-
ferences in function of these viral enzymes, which are encoded by these regions. The 3C
region encodes a protease 3C which is responsible for the majority of cleavage of the vi-
ral polyprotein [71] and 3C as well as its precursor 3CD also plays an important role at
the level of viral transcription [73]. Protease 3C has been shown to be critical for interac-
tion with the cloverleaf structures found at the 5 UTR of the viral genome to deliver the
3D to the replication complex [74]. They also indicated that since the function of 3C is
required prior to 3D, a down-regulation in 3C would have a detrimental effect on viral
transcription, as available 3D would not be able to carry out replication of CVB4 replica-
tion without the assistance of 3C. The authors’ interpretation seems to be reasonable;
however, according to the order (timing) of action for these enzymes, 2A cleaves the pol-
yprotein prior to 3C cleavage. For this situation, it may be difficult to explain why the
siRNAs targeting 2A did not achieve a more efficacious anti-CVB3 activity than siRNA
targeting 3C. Obviously, many issues relating to the mechanisms of action need to be
further studied. However, according to the present reports, one point is clear that 2A, 3C
and 3D are three important targets for design anti-CVB3 siRNAs.

Viral structural protein VP1 was also a selected target for testing anti-CVB3 siRNAs;
however, data from literature often showed less effectiveness of the siRNA targeting this
structural gene compared to that targeting other genes [60, 65, 68]. Due to the absence of
a proof-reading activity in 3D, the mutation rate for RNA viruses is as high as 10° -10*
[75]. Thus, in recent years, the discovery of the occurrence of escape mutants due to siR-
NA treatment of HCV, poliovirus and HIV infections [76-78] greatly encouraged re-
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searchers to search for new approaches to counteract drug resistance. One direction is
the application of multiple distinct siRNAs or a siRNA pool to target more than one tar-
get genes of the virus [79, 80]. The other direction is the identification of conserved cis-
acting replication elements (CRE) [81]. Theoretically, the 5 and 3’ UTRs are the ideal
target regions for siRNAs as they harbor a number of conserved cis-acting elements.
However, studies with poliovirus and CVB3 found that siRNA residing in these regions
are less efficient than siRNAs targeting other regions (e.g., the coding region and particu-
larly the non-structural coding region) in inducing antiviral activity [60, 77, 79, 82]. This
low antiviral potency seems to be due to the highly ordered structure of the UTRs itself,
as well as to the formation of the protein-RNA complexes in the region, which may
block the access of the RISC complexes to its target sequences. To address this issue, Lee
and coworkers selected a CRE within the coding region of 2C. Evaluation in HeLa cells
demonstrated the down regulation of virus replication and attenuation of cytotoxicity in
various strains and human isolates. Cells treated with this siRNA were resistant to the
occurrence of viable escape mutants and showed sustained antiviral ability [83]. Based
on this study, a similar experiment using siRNA targeting CRE of CVA24 2C was con-
ducted and the authors reported similar observations [84]. These findings from in vitro
studies were further strengthened by in vivo evaluation, in which recombinant lentivirus
was employed to express shRNAs targeting the CRE of CVB3 2C. Mice injected intraperi-
toneally with recombinant lentiviruses had significant reductions in viral titers, viral my-
ocarditis and proinflammatory cytokines as well as improved survival rate, after being
challenged with CVB3 [85]. Recently, this CRE was further confirmed for a number of
enteroviruses, by using a novel program and in vitro evaluation [86].

3.1.3.2. Targeting host cellular genes

Another approach to fight drug resistance caused by escape mutants is the selection of
therapeutic targets within the host cellular genes that are involved in virus entry or viral
replication. In this regard, the CAR receptor which is shared by CVB3 and adenovirus is
an attractive candidate since both CVB3 and adenovirus are considered as the common
causal agents of myocarditis. To date, two studies have been reported to silence CAR ex-
pression with specific siRNAs. One study reported that transfection of HeLa cells with
siRNAs, siCAR2 or siCARY9, almost completely silenced the expression of CAR and that
further analysis by viral plaque assay revealed ~60% reduction of CVB3 particle forma-
tion [67]. Another study, using cardiac-derived HL-1 cell line and primary neonatal car-
diomyocytes (PNCMs) demonstrated that treatment with recombinant adenoviruses
expressing shRNAs against CAR resulted in almost completely silencing of CAR expres-
sion in both HL-1 cells and PNCMs. CAR knockout resulted in inhibition of CVB3 infec-
tions by up to 97% in HL-1 and up to 90% in PNCMs. Adenoviruses were inhibited by
only 75% in HL-1, but up to 92% in PNCMs [87].

Another host gene, the tissue inhibitor of matrix metalloproteinase-1 (TIMP-1), has been
suggested to be a potential target for siRNA to ameliorate CVB3-induced myocarditis.
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This suggestion is based on the investigation of Crocker and colleagues on a new role of
TIMP-1 in exacerbating CVB-induced myocarditis. They found that TIMP-1 expression
was induced in the myocardium by CVB3 infection. Surprisingly, TIMP-1 knockout mice
exhibited a profound attenuation of myocarditis, with increased survival. The ameliora-
tion of disease in TIMP-1 knockout mice was not attributable to either an altered T-cell
response to the virus nor to reduced viral replication. These data allowed the authors to
propose and prove a novel function for TIMP-1. Its highly localized up-regulation might
arrest the matrix metalloproteinase (MMP)-dependent migration of inflammatory cells at
the sites of infection, thereby anatomically focusing the adaptive immune response. Final-
ly, the benefits of TIMP-1 blockage in treating CVB3-induced myocarditis were con-
firmed by administration of siRNAs targeting TIMP-1, which diminished the disease.
However, this improvement of the treatment is not due to changes of viral titers, as
demonstrated by viral plaque assay [88].

Recently, active investigations on CVB3-induced signal transduction pathways have pro-
vided new avenues for the search of therapeutic targets for the treatment of myocarditis.
Since CVB3, like other picornaviruses, requires the activation of certain signal pathways
for initiating their life cycle, inactivation of some signal molecules in the signal cascade
with specific siRNAs would block CVB3 replication. Such kind of studies that have been
documented thus far include i) the knockdown of ubiquitin expression by siRNAs to
down-regulate the ubiquitination and subsequent alteration of protein function and/or
protein degradation [89]; ii) silencing of proteosome activator REG to inhibit the REG-
mediated degradation of several important intracellular proteins [90], such as cyclin-de-
pendent kinase inhibitors p21, pl6 and tumor suppressor p53; and iii) knockdown of
genes critical for autophagy formation including ATG?7, Beeclin-1 and VPS34 [91]. Al-
though these target genes mentioned above have been tested in vitro using specific siR-
NAs in signal transduction studies and showed promising outcomes, their potential
serving as a therapeutic target for treatment of CVB3 infection needs further evaluation
by pharmacological study in animal models.

3.1.4. Anti-CVB3 artificial miRNAs

miRNAs are a group of recently discovered new regulators of gene expression. These en-
dogenous regulators control one third of human gene expression [92, 93]. Thus, endoge-
nous miRNAs are important targets for gene therapy and artificial miRNAs (AmiRNA)
are useful tools for inhibiting disease-causing gene expression [94, 95], which have been
tested in numerous studies on the treatment of cancers, cardiovascular diseases, genetic
diseases and other viral infections. To test its anti-CVB3 effect, we constructed three
short hairpin AmiRNAs (AmiR-1, -2 and -3) targeting the stem-loop of the 3’ UTR of
CVB3 with mismatches at the middle region of the target [96]. Transfection of HeLa cells
showed over-expression of these mature AmiRNAs as determined by real time quantita-
tive RT-PCR. After these AmiRNA-expressing cells were infected with CVB3, the viral
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titers were reduced ~10 folds in cell cultures treated with AmiR-1 or AmiR-2 but not in
those treated with AmiR-3, at 24 h post infection. Mutational analysis of the targeting
sites of AmiRNAs demonstrated that the central region but not the seed region of AmiR-
NAs is more tolerant to target mutation. In this study we also performed targeted deliv-
ery of the AmiRNAs to host cells through ligand-receptor interactions. Recently, another
group evaluated the antiviral activity of miR-342-5p in CVB3 infection of tissue culture
cells. They found that miR-342-5p functions by targeting CVB3 2C region at nts
4989-5010, which is conserved in CVB type 1-5. Treatment of HeLa cells by transfection
significantly inhibited viral RNA and protein synthesis. Mutation of the target site or us-
ing inhibitor of miR-342-5p decreased the antiviral effect in vitro [97].

In summary, the NA-based antivirals against CVB3 infection discussed above have shown
great promise thus far (Table 1); however, none of them has reached the step for clinical tri-
al. Many limitations such as drug stability, toxicity and targeted delivery need to be over-
come before its addition to the list of clinical application.

4. Immunomodulatory therapy

As discussed above, the effectiveness of immunosuppressive therapy for viral myocarditis is
controversial; we here focus the immunomodulatory therapy on immunoglobulin (Igs)
treatment and immunoadsorption.

4.1. Immunoglobulin treatment

IgGs have already been shown to be efficacious treatments for Kawasaki disease [98], idio-
pathic thrombocytopenic purpura, and numerous neuroimmunologic disorders including
Guillain-Barre syndrome [99]. The rationale to use IgG in viral infections results from their
antiviral and immunomodulating effects. In the setting of viral myocarditis, IgGs can be uti-
lized to suppress superfluous immune activation which may include an autoimmune com-
ponent, but such treatment has shown conflicting results. IgGs prevented myocardial injury
in experimental models of myocarditis [100, 101]. Even when administered in a delayed
manner, IgG administration was able to limit scar formation and improve left ventricular
(LV) function [101] or reduced pro-inflammatory TNF-a coupled with increased anti-inflam-
matory interleukins-1 and -10 [102]. More recently, Kishimoto et al [103] also showed im-
proved heart function in adults with myocarditis and DCM. The same group recently
showed that immunoglobulin treatment ameliorates myocardial injury in experimental au-
toimmune myocarditis associated with suppression of reactive oxygen species [104]. To
date, however, there has only been one randomized clinical trial investigating IgG treatment
in patients with myocarditis. McNamara et al [105] showed that, in a placebo-controlled pro-
spective trial in patients with recent-onset DCM and myocarditis, intravenous immunoglo-
bulin administration did not improve LV function.
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Category Target Model system Delivery route Reference
5' & 3'UTRs, IRES, start ) )
PS-ASON Hela cell, mice Transfection Wang 2001 (36)
codon
Transfection, IV
PS-ASON 3'end of CVB3 HL-1 cells, mice o Yuan 2004 (37)
injection
5" & 3'UTRs, IRES, start Transfection, IV
MOP-ASON ) Hela, HL-1 cell, mice o Yuan 2006 (38)
codon, minus strand injection
CpG
) no PBMCs Treatment Cong 2007 (39)
oligomer
SiRNA 2A,VP1,3D Hela cells Transfection Yuan 2005 (60)
SiRNA 2A Hela cells pRNA vector Zhang 2009 (62)
) ) Hydrodynamic
siRNA 2A HelLa cells, mice ) Merl 2005 (63)
Transfection
SiRNA 2A Hela cells Transfection Racchi 2009 (64)
Transfection of
shRNA 3D Hela cells double expression Schubert 2005 (66)
plasmid
SiRNA 3D, VP1 Hela cells Transfection Ahn 2005 (65)
LNA-siRNA 3D Cos-7 cells Transfection Schubert 2007 (61)
siRNA siRNA pool LLC-MK?2 cells Transfection Nygardas 2009 (80)
) Hydrodynamic )
shRNA VP1,3D, 5 &3'UTR Cos-7 cells, mice _ Kim J-Y 2008 (85)
Transfection
SiRNA &
3D HMF Transfection Werk D 2009 (14)
SCAR-Fc
Transduction, IV, AAV
shRNA 3D HelLa, PNCMs, mice Fechner 2008 (69)
vector
SiRNA (CVB4) 3D, 3C, 2A RD cells Transfection Tan, 2010 (72)
) IP injection, lentivirus
shRNA 2C Mice Lee 2007 (83)
vector
shRNA Transfection of
2C Hela, HCC ] Jun 2008 (84)
(CVA24) plasmid
SiRNA
(entero- 2C Hela, Vero cells Transfection Lee 2009 (86)
viruses)
shRNA CAR HL-1, PNCMs Adenovirus vector Fechner 2007 (87)
SiRNA TIMP-1 Mice IV injection Crocker 2007 (88)
SiRNA CAR, 3D Hela,Cos-7 cells Transfection Werk 2005 (67)
SiRNA Ubiquitin Hela cells Transfection Si 2008 (89)
SiRNA ATG7, Beclin-, VPS34 Hela cells Transfection Wong 2008 (91)
Proteasome activator
SiRNA Hela cells Transfection Gao G 2010 (90)

REGy

Table 1. NA-based agents for the treatment of CVB3 infection
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4.2. Immunoadsorption

The rationale for immunoadsorption is to lower concentration of cardiotoxic antibodies in
patients plasma, and with serial treatments over 5 or more days, extract antibodies and im-
mune complexes from the heart as well [106]. There is evidence that removal of circulating
antibodies against cardiac proteins by immunoadsorption in DCM improved cardiac func-
tion [107] and reduced clinical and humoral markers of heart failure severity [108, 109] as
well as improved hemodynamic parameters [110]. Further immunoadsorption decreased
myocardial inflammation. In patients with inflammatory cardiomyopathy, LV systolic func-
tion improved after protein A immunoadsorption [111]. Recently, Nagatomo et al reported
that immunoadsorption using IgG3-specific tryptophan column for patients with refractory
heart failure due to DCM is a safe treatment and has shown short term efficacy. Long term
follow-up is needed to confirm the effects on cardiac function and on morbidity/mortality in
such patients [112]. Another recent study demonstrated that immunoadsorption treatment
improved endothelial function in patients with chronic inflammatory DCM. This effect is as-
sociated with a significant drop in circulating microparticles [113].

5. Antiviral treatment

5.1. Compounds inhibiting viral replication

As mentioned earlier, ribavirin is a frequently used antiviral agent. This agent is a nu-
cleoside analogue and can block viral transcription elongation and thus can be used to
inhibit a number of RNA viral infections, including CVB3 [114, 115]. Recently, new anti-
viral compounds have been synthesized. Harki et al. synthesized some cytidine ana-
logues and one of them, 5-nitrocytidine, decreased CVB3 titer in infected cells, with 12-
fold higher efficiency than ribavirin, but so far the in vivo evaluation has not been
reported [116]. Other strategies for antiviral compound design are inhibitors of viral pro-
tease, RNA-dependent RNA polymerase or other nonstructural proteins, such as guani-
dine hypochloride, HBB, MRL-1237 and TBZE-02, which interact with viral 2C protein
resulting in inhibition of viral RNA transcription.

Nitrooxide (NO) donor is another form of antiviral agents interfering with viral nonstructur-
al proteins. They inhibit enterovirus proteases 2A and 3C [109, 117]. The NO donors nitro-
glycerin (GTN) and isosorbide dinitrate (ISDN) can suppress CVB3 replication by inhibiting
viral proteases in vitro. Further, in vivo study showed that GTN significantly reduced myo-
carditis after administration by decreasing immune cell infiltration and tissue fibrosis up to
14 day post infection [111]. In another study using a CVB3 myocarditis mouse model, treat-
ment with NO-metoprolol showed enhanced therapeutic benefit compared to metoprolol,
with significant reduction of viral RNA synthesis, body weight loss, infiltration and fibrosis
score [118]. Interestingly, another study using cinnamaldehyde, which can reduce plasma
nitric oxide (NO) content, also showed the effectiveness in treatment of CVB3 myocarditis.
This compound also reduced NF-«B, inducible nitric oxide synthase and TLR4 expression.
Thus, the underlying mechanism is likely by inhibiting the TLR4-NF-kB signal transduction
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pathway [119]. Recently, a protein-based CVB3 protease 3C inhibitor, 3CPI, demonstrated
that treatment by way of a micro-osmotic pump delivery significantly inhibited viral prolif-
eration, and attenuated myocardial inflammations, subsequent fibrosis, and CVB3-induced
mortality in vivo [120].

5.2. Interferons (IFNs)

IFNs are critical cytokines of the innate immune response released in response to stimuli
with particular importance in viral infection. IFN signal through one of two receptor groups
which dictates their subtype IFN-alpha and IFN-beta are of type I and IFN-gamma is of type
II. Type I IENs trigger critical antiviral responses whereas, type II IFNs contribute to im-
mune enhancement and modulation including an important role in macrophage activation.
The best studied of these proteins is the IFN-gamma. Infections in IFN-gamma-deficient
mice showed that IFN-gamma triggers release of IL-1, IL-4 and transforming growth factor,
the latter being sentinel to development of cardiac fibrosis [121]. Notably, expression of IFN-
gamma by IFN-gamma recombinant CVB3 vector protected mice against infection of lethal
CVB3H3 variant by decreasing the viral load and spread as well as tissue destruction when
given prior to or directly after viral infection [122, 123].

Type I IFNs have also shown promise in the treatment of viral myocarditis. IFN-alpha is
known to trigger a number of biological cascades to inhibit virus infection. IFN-alpha
was used successfully to treat two patients with acute enterovirus-induced myocarditis
[123]. As well, IFN-beta therapy has been used to improve the prognosis for patients
with DCM [124]. Recently, experimental evidence has suggested that IFN-beta can also
be used as an antiviral treatment and can improve outcome in viral myocarditis [125,
126]. These studies showed that treatment with IFN-beta resulted in an elimination of
cardiac viral load, protected cardiomyocytes against injury and decreased inflammatory
cell infiltrates. In a placebo controlled, randomized, double-blind, phase II trial (BICC-
study), 143 patients with inflammatory DCM and viral myocarditis were treated with
IFN-beta-1b and showed significant reduction of viral load (enterovirus) in myocardium;
however, complete viral elimination (parvovirus B19) was not achieved in all patients
[127]. This is probably due to that this virus responds less well upon IFN-beta treatment.
Novel IFN amplification using poly(inosinic acid)-poly(cytidylic acid) [poly(IC)], IFN-al-
pha-2b, pegylated IFN-alpha-2b (PEG-INTRON-alpha-2b), and ampligen have proved
successful in blocking virus infection [128]. Oral administration of IFN-alpha-2b express-
ing bacteria (B. longum) also protects mice against CVB3-induced myocarditis [129]. In
addition, type I interferons induced by modified 3p-siRNA specifically targeting CVB3
genome significantly reduced viral load and damage of the heart [130].

5.3. Soluble receptor analogues

Another similar strategy in developing antiviral agents is to block viral entry by utilization
of recombinant soluble protein of CAR receptor. Detailed review can be found in a recent
article [21]. Soluble receptor analogues bind to the virus before the viral binding to its recep-
tor, thus preventing binding of virus and subsequent entry to the target cells. Several re-
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search groups designed and produced this type of analogues by recombinant DNA
technology to increase its efficiency. The most common strategy is the modification of the
protein by fusion of virus binding domain on the receptor, CAR or DAF, with the C-termi-
nus of the human IgG1 Fc region, resulting in a dimeric antibody-like molecule. This modifi-
cation greatly enhanced the solubility and stability of the fusion protein [13, 15, 131-133]; as
well as increased the efficiency in viral neutralization [134]. However, one study reported
the possible side effects caused by this approach, which demonstrated that after treatment
with recombinant CAR4/7, animal showed aggravated myocardium inflammation, tissue
damage and presence of CAR-specific antibody. The possible mechanism leading to this
problem may be due to the bacteria-produced recombinant protein altered the glycosylation
pattern and increased the immunogenicity [135]. Recently, another study simultaneously
applied soluble CAR-Fc and siRNA targeting CVB3 genome exerted synergistic antiviral ac-
tivity in the treatment of a persistently infected cardiac cell line in vitro [14].

6. Natural products

Natural products occupy tremendous chemical structural space — unmatched by any oth-
er small molecule families — possess a range of biological activities, remain the best sour-
ces of drugs and drug leads, and serve as outstanding small molecule probes for
dissecting fundamental biological processes [136, 137]. Natural products are evolutionari-
ly optimized to be drug-like. They are generally more potent and specific than synthetic
molecules, suggesting increased binding affinities for their cognate protein receptors.
This characteristic may be attributed to the fact that natural products are biosynthetically
made through repeated interaction with modulating enzymes; thus their ability to inter-
act with biological macromolecules is intrinsic to their structures. In addition, they may
result from a complex evolutionary interaction between co-occupants of an ecological ni-
che, resulting in the optimization of natural products in a process that is inaccessible to
synthetic compounds [138-140].

The natural products, such as Astragalus membranaceus, Salviae miltiorrhizae, Sophorae flaves-
centis and Phyllanthus emblica or Chinese proprietary medicines, such as Shenmai, Shuan-
ghuangkian and Qishaowuwei, have been long known to be effective in treating viral
myocarditis. However, the components of the medicine and the mode of action are largely
unknown [141]. Recent years, emerging studies focused on the isolation of the major compo-
nent of the medicine and the mechanisms of action. Astragaloside IV is probably the most
studied natural compound in anti-myocarditis caused by viral infection. Two groups isolat-
ed this compound from Astragalus membranaceus and Radix Astragali respectively and all
showed the effectiveness of this component in treatment of CVB3 infection of the heart. One
group demonstrated that treatment could significantly decrease virus load, mononuclear
cell infiltration and cardiomyocyte injury in mice. They further found that astragaloside IV
exerted antiviral effects against CVB3 by upregulating IFN-gamma expression [142]. The
other group showed that astragalus treatment significantly decreased the fibrosis of the
heart tissue and increased the mouse survival rate; further analysis revealed that this cardio-
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protective effect is largely due to the inhibition of the TGF-beta 1-Smad signaling in DCM
[143]. Sophoridine, an alkaloid extracted from Sophora flavescens, has been evaluated in mice
and rats. The results showed that sophoridine treatment obviously decreased viral titer and
enhanced mRNA expression of IL-1 and IFN-gamma but decreased TNF-alpha. They con-
cluded that sophoridine itself but not its metabolites is responsible for its antiviral activity
by regulating cytokine expression [144]. Recently, another natural product phyllaemblicin B,
the main sesquiterpenoid glyside isolated from roots of Phyllanthus emblica, was reported to
reduce CVB3-iduced apoptosis both in vitro and in vivo. In CVB3 myocarditis mouse model,
this compound reduced CVB3 titer, decreased activities of LDH and CK in murine serum,
and alleviated pathological damage of the myocardium [145].

7. Cellular cardiomyoplasty

The critical loss of functional cardiomyocytes causes a severe deterioration of contractility,
which eventually results in heart failure. To reverse the myocardial injuries in disease pro-
gression, the damaged, hypocontractile and necrotic myocytes need be replaced. Although
in contrast to the long-standing dogma that mammalian heart loses capability of prolifera-
tion in injuries after birth, there is much evidence now to support a degree of regeneration
in postnatal human heart. Regardless of whether the proliferating myocytes are derived
from the resident cardiomyocytes or circulating stem cells, it is obvious that this self-renew
mechanism is not sufficient in amount to prevent or block the heart failure.

Cellular cardiomyoplasty (CCM) is now emerging as one of the most promising therapeutic
techniques for the augmentation and regeneration of injured myocardium [146]. The strat-
egy is to introduce less differentiated or undifferentiated cells, or in vitro derived cardio-
myocytes into injured heart to mediate repair of chronically injured myocardium [147]. Cells
of various origins and stages of differentiation, but with the capability of differentiating into
a contractile phenotype have been utilized. The most frequently referred cell types for such
treatment are skeletal myoblast, embryonic stem cells, and bone marrow cells which contain
lineages of hematopoietic and mesenchymal stem cells [148].

All transplanted cell lines mentioned above showed some improvements on myocardial re-
gional and/or global function in a variety of animal models and some have been investigat-
ed in clinical trials. Although the mechanism of improved cardiac function with implanted
cells requires further study, the following evidence may help us to understand the general
therapeutic process: i) systolic contraction generated by implanted cardiomyocytes; ii) alter-
ation and attenuation of deleterious ventricular remodeling; iii) induction of angiogenesis
by released growth factors such as vascular endothelial growth factor, basic fibroblast
growth factor, and angiopoietin-1.

To date, a number of studies have been conducted for the treatment of myocardial in-
farction or chromic myocardial ischemia, only a few experimental cell-based studies are
directed at treating nonischemic cardiomyopathy [149, 150]. The treatment studies for vi-
rus-induced viral myocarditis or DCM is even fewer. Here we only found two reports
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on the CVB3-induced myocarditis. The pioneer work by van Linthout and co-workers
demonstrated that mesenchymal stem cells (MSCs) are potential therapeutic cells for the
CVB3-viral myocarditis [151]. This finding is largely based on that these cells express a
low level of CAR receptor and thus are not sensitive to CVB3 infection. In co-culture ex-
periments with the cardiomyocytes HL-1, MSCs reduced CVB3-induced cell apoptosis
and oxidative stress. Furthermore, MSCs diminished viral progeny release by approxi-
mately 5-fold. Importantly, intravenous injection of MSCs decreased cardiac apoptosis
and improved LV function in a murine CVB3 myocarditis model. A detailed study on
the mechanism revealed that the protective effect of MSCs is mediated in an NO-de-
pendent manner and requires priming via IFN-gamma. Another recent study using car-
diac-derived adherent proliferating cells (CAPs) showed similar results as that using
MSCs [152]. CAPs only minimally express both CAR and DAF receptors, which trans-
lates to minimal CVB3 copy numbers, and without viral particle release after infection.
Co-culture of CAPs with CVB3-infected HL-1 cells resulted in a reduction of CVB3-in-
duced HL-1 cell apoptosis and viral progeny release. In addition, CAPs have immuno-
modulatory feature and can lead to a decrease in CVB3 load, myocyte death and an
improvement in LV contractility parameters in murine acute CVB3 myocarditis. CAPs ex-
ert protective effects in an NO-and IL-10-dependnet manner and require IFN-gamma for
their activation.

Despite many questions regarding stem cell plasticity have not been answered, exploratory
clinical trials are currently underway with both skeletal myoblasts [153, 154] and bone mar-
row-derived cells [155, 156]. It is estimated that more than 15 patients have been treated
with CCM worldwide, and the number of patients treated with autologous skeletal myo-
blasts is equivalent to those treated with bone marrow cells [156]. These preliminary results
of CCM are encouraging. However, the potential for this treatment will heavily depend on
conducting more rigorously controlled and randomized clinical trials with appropriate end-
points to show a clear therapeutic benefit of this approach. In addition, for CCM to become
a widely accepted therapy in the future, fundamental questions such as best cell source, ap-
propriate cell dose, timing of implantation, optimum delivery mode, mechanism of action,
electrical and mechanical integration, cell survival and long term fate of transplanted cells,
need to be addressed.

8. Concluding remarks

Since the last decades, a number of new strategies have been emerged in drug develop-
ment for treatment of viral myocarditis and its sequela DCM, which are summarized in
Figure 2. As myocarditis can be induced by a number of viruses, rapid and timely
pathogen identification is critically important for guiding early and targeted treatments.
Certainly, rapid, sensitive and specific detection of a particular virus or even viral sub-
type in human samples by detection of virus-specific genes would facilitate targeted
treatments. This is particularly crucial for the treatments using nucleic acid-based antivi-
ral agents targeting viral RNA.
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Figure 2. Antiviral strategies for CVB3 infection. The potential therapeutic targets in viral life cycle and the subse-
quent inflammatory response are indicated for different antiviral agents.

As CVB3 is a RNA virus and has a high mutation rate, drug resistant mutations pose poten-
tial obstacles. Therefore, drug targeting on viral proteins for viral replication is another
choice for drug design. For example, the inhibition of RNA-dependent RNA polymerase or
proteases of CVB3 may offer great promise since their functions are essential for the virus
but not for the cell. In the treatment of infection using nucleic acid-based antiviral agents,
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simultaneous application of several drugs may achieve synergistic effects and also reduce
the emergence of drug resistance. In addition, combination with the non-nucleic acid-based
drugs, such as interferon or soluble receptor, may also achieve the same goal. Recent emerg-
ing of the artificial microRNA technology provides another strategy for overcoming drug re-
sistance because miRNA targeting requires partial complementation and is more tolerant to
target mutation than siRNA. In searching for new antiviral drugs, although the natural
products have long been known to be valuable sources of such agents, progresses in this
area of research are not significant as compared to other areas of drug development. Thus
more efforts should be made in the screen of the natural antiviral compounds. For end-stage
therapy, in light of the preliminary clinical studies, CCM is no doubt an exciting area. We
look forward with great anticipation to future clinical studies and a greater understanding
of the mechanism of action, which will potentially lead to clinical applications.
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