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Preface

There are three phases to treatment: diagnosis, diagnosis and diagnosis. William Osler W. (1892)
Principles and Practice of Medicine

William Osler, with this serendipitous sentence, stated, back in 1892, in his
Medicine textbook: “There are three phases to treatment: diagnosis, diagnosis and
diagnosis.” This sentence clearly applies to modern medicine, pointing out that,
even nowadays, with the wide armamentarium of sophisticated imaging and molec-
ular diagnostic tools, optimal, personalized clinical management is based upon an
accurate etiopathogenetic diagnosis. Traditionally, myocarditis has been considered
a rare and poorly understood condition and a diagnostic challenge for the clinician.
There has been also wide skepticism in the cardiology community on the possibility
to cure the disease. As a matter of fact, myocarditis is not rare and does not have a
pathognomonic presentation, mimicking many noninflammatory cardiac diseases.
Prognosis is also very heterogeneous, ranging from spontaneous resolution to pro-
gressive heart failure, development of burned-out dilated cardiomyopathy, and
death or heart transplantation. Typically myocarditis affects the young with a predi-
lection for male gender, although it may occur at any age. The first comprehensive
studies with a modern approach to etiopathogenesis were published in 1980 by
Woodroof JF, who highlighted the etiological role of Coxsackieviruses and of the
immune system in the progression of cardiac damage, with possible evolution to a
dilated cardiomyopathy. A major advance in diagnosis was the development of the
endomyocardial biopsy technique using the King’s bioptome by Richardson.
Another fundamental advance was the publication of a consensus histopathological
classification and definition of myocarditis by endomyocardial biopsy findings,
known as the Dallas criteria. Meanwhile, the first experimental observations were
made, suggesting the involvement of autoimmunity to cardiac self-antigens; a
mouse model for myosin-induced autoimmune myocarditis was described by Neu
et al. Subsequently, various groups in the late 1980s and early 1990s reported the
presence of circulating anti-heart autoantibodies against myosin as well as other
self-antigens in acute and chronic myocarditis or dilated cardiomyopathy, in keep-
ing with the hypothesis of autoimmunity being involved in a substantial proportion
of patients. A retrospective multicenter registry from the USA by Cooper et al.
reported for the first time the efficacy of combined immunosuppressive therapy in a
rare but lethal form of myocarditis, e.g., giant cell myocarditis, that is currently
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considered the prototype of autoimmune myocarditis and that currently, if a biopsy-
proven diagnosis is achieved early, has better prognosis on immunosuppression.
The multicenter Myocarditis Treatment Trial was designed using the Dallas criteria
to recruit myocarditis patients to 6 months immunosuppression; the therapy with
azathioprine and prednisone or cyclosporine A and prednisone was well tolerated,
and no significant effect on survival was observed, although the study was not pow-
ered to detect differences in survival. The results of the trial strongly discouraged
cardiologists in the next decades on the use of endomyocardial biopsy to detect and
treat myocarditis. However, researchers developed new diagnostic tools to be added
to standard histology, in particular immunohistochemistry, to increase sensitivity of
endomyocardial biopsy and characterize the number and type of infiltrating inflam-
matory cells, and molecular detection of genomic material of infectious agents
mainly by polymerase chain reaction (PCR), to diagnose infectious, particularly
viral myocarditis. This work led to another major step forward, e.g., the 1995 WHO
classification of cardiomyopathies, with the acknowledgment that myocarditis is
diagnosed on endomyocardial biopsy by established histological, immunological,
and immunohistochemical criteria; molecular techniques on EMB were recom-
mended to identify viral etiology. In the WHO classification, infectious, autoim-
mune, and idiopathic forms of myocarditis are recognized that may lead to dilated
cardiomyopathy. Using serum cardiac autoantibody testing as well as histology,
immunohistology, and viral PCR on endomyocardial biopsy, it is nowadays possi-
ble to define distinct etiopathogenetic subsets of myocarditis, in particular infec-
tious versus immune-mediated, e.g., infection-negative forms. This characterization
is key to define who are the infection-negative cases in which immunosuppression
and immunomodulation may be beneficial. Conversely, immunosuppression and
immunomodulation are contraindicated in patients with active myocardial infec-
tion. In this regard, we propose here, for the first time, a patient safety checklist
before the introduction of immunosuppressive therapy in autoimmune biopsy-
proven myocarditis. In the last years, another advance has been the development of
cardiovascular magnetic resonance imaging (CMR) as a noninvasive imaging tool
in inflammatory heart muscle disease. CMR does not replace endomyocardial
biopsy; it is currently unable to differentiate between infectious and immune-
mediated forms, but is valuable to refine the clinical suspicion of myocarditis and
for noninvasive follow-up. These concepts were summarized by the 2013 European
Myocarditis Task Force that produced the first consensus document on myocarditis,
helping in the design of future multicenter trials of etiology-directed treatment,
according to homogeneous consensus criteria.

It has been a privilege to coordinate in this book worldwide recognized expert
groups on myocarditis who, in the last 20 years, provided and are still providing
major insights into the pathogenesis, diagnosis, and treatment of myocarditis. I
gratefully thank all of them for their precious and enthusiastic contributions. This
book was aimed at providing the current cutting edge between knowledge and igno-
rance. Myocarditis is no longer a neglected disease; it is currently a hot issue. There
are suggestions that immune-mediated pathogenesis may be a final common path-
way of heart dysfunction and arrhythmia not only in “idiopathic” myocarditis but
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also in genetic cardiomyopathies and nonischemic heart failure. It is hoped that this
book will provide a useful reference for new young researchers who would like to
work on this fascinating disease.

This book would not have been possible without the serendipity and support of
Dr. Donatella Rizza, Editor at Springer Italy, who suggested dedicating a book to a
generally neglected cause of heart failure. The book is addressed to cardiologists,
internists, theumatologists, clinical immunologists, cardiac pathologists as well as
basic scientists with an interest in myocarditis, since myocarditis is a multidisci-
plinary challenge. Last but not least, I would like to dedicate this book to our
patients, the lucky ones, who were cured with specific therapies or underwent car-
diac transplantation, but especially to those, the unlucky ones, who died because of
sudden cardiac death or waiting for a new heart. We are confident that we are on the
right path and will rapidly progress in finding new and effective tailored treatments
for myocarditis.

Padova, Italy Alida L. P. Caforio
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Classification, Histopathology,
Immunohistology, and Molecular
Diagnosis of Myocarditis

Stefania Rizzo, Elisa Carturan, Gaetano Thiene,
and Cristina Basso

1.1 Definition and Classification

In the 1995 WHO Classification of Cardiomyopathies [1], myocarditis, also named
inflammatory cardiomyopathy, is listed among specific cardiomyopathies and is
defined as an “inflammatory disease of the myocardium associated with cardiac
dysfunction.” The diagnosis of myocarditis is based on endomyocardial biopsy
(EMB) according to established histological, immunological, immunohistochemi-
cal, and molecular criteria. Different causes of myocarditis, including infectious,
autoimmune, and idiopathic forms, are recognized and they may progress along the
clinical course toward dilated cardiomyopathy, a disease frequently requiring car-
diac transplantation [2].

New definitions and classifications of cardiomyopathies have been advanced by
the American Heart Association (AHA) in 2006 [3] and the European Society of
Cardiology (ESC) in 2008 [4]. In the 2006 AHA document, myocarditis is classified
among the primary cardiomyopathies, in the acquired subgroup (with infectious,
autoimmune, and toxic causes), but also in the mixed subgroup, as inflammatory
dilated cardiomyopathy (i.e., predominantly non-genetic, with infectious, autoim-
mune, and toxic causes). In the 2008 ESC document [4], specific morphofunctional
categories of cardiomyopathies are recognized, subclassified into familial and non-
familial forms. Myocarditis forms are grouped among the dilated cardiomyopathies,
thus possibly excluding acute/fulminant myocarditis or those forms presenting in the
setting of an almost preserved ventricular function with arrhythmias and/or chest pain.
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In the 2013 ESC Working Group of Myocardial and Pericardial diseases report
[5], the disease is defined histologically as an inflammatory disease of the myocar-
dium diagnosed on EMB, based upon histological, immunological, immunohisto-
chemical, and molecular findings to detect possible infectious causes. Inflammatory
cardiomyopathy is defined as myocarditis associated with cardiac dysfunction.

Finally, the MOGE(S) classification system published in 2013 reflects the rap-
idly growing knowledge on genetic and acquired causes (i.e., intramyocardial
inflammation, viral infections) and further conditions involved in the induction of
cardiomyopathies (e.g., toxicity) [6].

Myocarditis is a broad term and can be classified based upon several parameters,
such as etiology, stage, and histopathology.

Based on etiology, several agents may lead to development of myocarditis,
including infectious agents (with viruses showing the higher incidence and preva-
lence, Table 1.1 [7]), physical (radiation), pharmacologic (like anthracyclines,
5-fluorouracil, alcohol, tricyclic antidepressants, immune check point inhibitors
[8]), hematologic (essentially the eosinophilic myocarditis, either associated or not
with hypereosinophilic conditions), and autoimmune disorders. Unfortunately, dif-
ferent etiologies might lead to similar histopathological characteristics. For exam-
ple, viral, toxic, radiation-associated, and autoimmune myocarditis might lead to
acute lymphocytic myocarditis with similar pathologic findings.

Based on the disease stage, the inflammation may be acute (and then might
spontaneously resolve or progress), subacute, and chronic, with tissue remodel-
ing and fibrosis that are eventually similar regardless of the initial subtype of
myocarditis [9, 10]. It is possible that, with disease progression, several etiologic
subtypes merge into a common pathogenic process, characterized by tissue
remodeling with chronic inflammation, fibrosis, myocyte damage, and eventu-
ally leading to a dilated cardiomyopathy phenotype. Although the incidence of
dilated cardiomyopathy as a sequela of previous myocarditis is not known, retro-
spective studies report that up to 50% of dilated cardiomyopathy cases have his-
tological evidence of myocarditis, suggesting a persistent inflammatory process

Table 1.1 Myocarditis: infective agents

DNA viruses: Adenovirus, herpes virus (cytomegalovirus, Epstein—Barr virus, varicella-zoster
virus, human herpes virus 6), hepatitis B, parvovirus B19

RNA viruses: Arbovirus, hepatitis C virus, picornavirus (entero, rhino), orthomyxovirus
(influenza A and B), paramyxovirus (rubella, mumps, respiratory syncytial virus), retrovirus,
HIV

Bacteria: Staphylococcus, Streptococcus, Pneumococcus, Meningococcus, Gonococcus,
Salmonella, Corynebacterium diphtheriae, Haemophilus influenzae, Mycoplasma pneumoniae,
Brucella species

Mycobacteria: Tuberculosis, Avium intracellulare, Leprae

Fungi: Aspergillus, Candida, Actinomyces, Blastomyces, Cryptococcus, Histoplasma

Protozoa: Toxoplasma gondii, Trypanosoma cruzi

Rickettsiae: Coxiella burnetii (Q fever), Rickettsia rickettsii, Rickettsia tsutsugamushi

Chlamydiae: Trachomatis, Psittaci

Parasitic: Trichinella spiralis
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[2, 11, 12]. The progression rate of myocarditis to irreversible tissue damage
varies depending on the etiology. Ongoing disease may be due to either persis-
tence of virus in the myocardium or an autoimmune process.

EMB is essential not only for the definitive diagnosis of myocarditis but also to
reach a classification of myocarditis based on histological criteria, that is, lympho-
cytic, eosinophilic, polymorphous, granulomatous, giant cell, which might reflect a
different etiopathogenesis of the myocardial inflammatory process and may have
treatment implications. Moreover, molecular techniques may allow us to specify the
etiology of the inflammatory disease.

1.2  Histopathological Diagnosis

The gold standard for the diagnosis of myocarditis remains EMB. However, this diag-
nostic tool has limitations due to the patchy involvement of the myocardium and
therefore a negative biopsy may not exclude disease, due to EMB sampling error
[13—-19]. Appropriate timing of the procedure close to symptom onset, the number of
EMB samples, the serial sectioning technique with multiple-level examination of
specimens [20], and possibly biventricular EMB [21] are all important factors to
increase diagnostic sensitivity of EMB in the setting of suspected myocarditis.
Moreover, there is controversy whether or not to perform EMB, being an invasive
procedure with possible associated complications, such as arrhythmias and perfora-
tion. If EMB is performed by experienced teams, the complication rate is low and
similar to that of standard coronary angiography [22—24]. The reason to proceed with
EMB is that it allows a certain diagnosis and may guide therapy. In patients with clini-
cally suspected myocarditis, the ESC Working Group recommended selective coro-
nary angiography and EMB, including conventional histology, immunohistochemistry,
and molecular detection of infectious agents for an etiology-specific strategy [5, 25].

Diagnostic guidelines for the histopathological classification of myocarditis (the
so-called Dallas criteria) were published for the first time in 1986, in order to stan-
dardize the pathology reports (Table 1.2) [26, 27]. Myocarditis is defined as an
“inflammatory infiltrate of the myocardium with necrosis and/or degeneration of
adjacent myocytes, not typical of ischemic damage associated with coronary artery
disease.” At that time, it was based on conventional staining procedures (hematoxylin-
eosin) and not immunohistochemistry. According to the histologic features, myo-
carditis was categorized as follows:

Table 1.2 Dallas criteria: First biopsy
morphological diagnosis of
myocarditis

Myocarditis with/without fibrosis

Borderline myocarditis (repeat biopsy may be indicated)
No myocarditis

Subsequent biopsy
Ongoing (persistent) myocarditis with/without fibrosis

Resolving (healing) myocarditis with/without fibrosis
Resolved (healed) myocarditis with/without fibrosis
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(a) Myocarditis with/without fibrosis, if routine light microscopy reveals infiltrat-
ing lymphocytes and myocyte necrosis

(b) Borderline myocarditis, with lymphocytic infiltration in the absence of
myocytolysis

(c) No myocarditis, if both lymphocytic infiltration and myocytolysis are absent

Follow-up biopsies should be reported as persistent, healing, or healed myocar-
ditis [26, 27].

Further description of the variant of myocarditis can be made based on the qual-
ity of the inflammatory cell infiltrate, e.g., eosinophilic, polymorphous, lympho-
cytic, or granulomatous [27].

When the diagnosis was only based upon the histological Dallas diagnostic cri-
teria, myocarditis was considered to be a relatively rare cause of heart failure and/or
of sudden cardiac death [10, 28]. Moreover, Dallas criteria are not particularly use-
ful to understand the pathophysiologic and immunologic aspects, and their useful-
ness has decayed over time. Several limitations of the Dallas criteria have been
raised: (a) inflammatory cell characterization by immunohistochemistry and fibro-
sis amount have not been considered; (b) the type and extent of myocyte damage
have not been further specified; (c) inflammatory infiltrates other than lymphocytes
were just mentioned (i.e., lymphocytic, eosinophilic, polymorphous, giant cell, and
granulomatous myocarditis); (d) a diagnosis of healing or healed myocarditis was
not feasible on the first biopsy, but only when unequivocal myocarditis had been
previously diagnosed; (e) the term borderline myocarditis, including also chronic
forms, remains equivocal and does not help in the clinical setting; (f) any reference
to etiological agents was lacking; and (g) finally, interobserver variability was evi-
dent in pathologic interpretation [29, 30].

We previously put forward a proposal for a classification of myocarditis based
upon a semiquantitative histological criteria, including, besides the inflammatory
cell type, a system of grading (i.e., semiquantitative assessment of myocyte dam-
age/inflammation) and staging (i.e., semiquantitative assessment of fibrosis), as it is
currently applied in extracardiac inflammatory diseases and in graft rejection [30,
31]. Grading might be used in myocarditis to describe the intensity of necro-
inflammatory activity. Staging, on the other hand, may be a measure of fibrosis and
architectural changes, which are the consequence of tissue injury and repair.

1.3  Immunohistopathological Diagnosis

An increase in sensitivity of EMB has now been reached by using immunohisto-
chemistry [IHC] together with histology, thus overcoming some limitations of the
Dallas criteria. Many interstitial cells such as mast cells, fibroblast nuclei cut in
cross section, pericytes, histiocytes, and endothelial cells may be difficult to charac-
terize on routine hematoxylin eosin-stained sections and may resemble lympho-
cytes [32-35]. Moreover, a small number of inflammatory cells, including
lymphocytes, may be found in the normal myocardium.



1 Classification, Histopathology, Immunohistology, and Molecular Diagnosis... 5

Table 1.3 Proposed Acute (active) myocarditis
common definition/

nomenclature of inflamma-
tory myocardial disease by
histology/
immunohistochemistry

>14 leukocytes/mm? with the presence of CD3 T lymphocytes
>7 cells/mm?

Necrosis or degeneration of the cardiomyocytes present

Fibrosis may be either absent or present*
Chronic myocarditis

>14 leukocytes/mm? with the presence of CD3 T lymphocytes
>7 cells/mm?

Necrosis or degeneration of the cardiomyocytes absent
Fibrosis usually present*

Inflammatory cardiomyopathy (or dilated cardiomyopathy with
inflammation)

>14 leukocytes/mm? with the presence of CD3 T lymphocytes
>7 cells/mm?

Cardiomyopathic changes

Fibrosis may be either absent or present*

“The pathology report should always specify whether fibrosis is
absent or present for prognostic implications

A large panel of specific antibodies is now mandatory, besides routine histology,
for the identification, localization, and characterization of mononuclear cell infil-
trates as well as the activated immunological processes. The main antibodies used
for immunophenotype cell characterization are CD45 (leukocyte antigen common),
CD43 (T lymphocytes), CD3 (T cell marker), CD4 (helper T cell marker), CDS8
(cytotoxic T cell marker), CD45RO (memory subset of CD8+ T cell marker,
expressed on activated T cells), CD20 (B lymphocytes), and CD68 (macrophages).
A value of >14 leukocytes/mm? with the presence of CD3 T lymphocytes >7 cells/
mm? has been considered a cutoff to reach a diagnosis of myocarditis. Additional
stains relevant to immune activation include HLA-ABC and HLA-DR to assess
HLA class II expression in antigen-presenting immune cells. Recently, it has also
been suggested that the use of the more common leukocyte marker CD45 may
increase the diagnostic sensitivity of EMB [36].

Based on the immunopathology findings, we will discuss the various forms of
inflammatory myocardial diseases (Table 1.3).

1.4  Acute (Active) Myocarditis

It is the most common form of myocarditis, usually lymphocytic. It is a nonspecific
and variable form of inflammatory cardiomyopathy, often associated with viral
infections [37], autoimmune/connective tissue diseases, or toxic myocarditis/
catecholamine-induced myocardial injury. It is characterized by a predominant
myocardial patchy infiltration of T lymphocytes, typically identified in [HC by CD3
expression. Areas of lymphocyte infiltration colocalize with CD68+ macrophages.
Necrosis or degeneration of the cardiomyocytes is compulsory, while fibrosis may
be either absent or present (Figs. 1.1 and 1.2).
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Fig. 1.1 Acute (active) myocarditis: Lymphocytic myocarditis with plurifocal interstitial
inflammation and diffuse necrosis of the myocardium. Immunophenotypic characterization
of inflammatory cells shows that the infiltrate mainly comprised active T lymphocytes
(CD3+ > 7/mm?)

Fig. 1.2 Acute (active) myocarditis: Lymphocytic myocarditis with signs of edema, mild lympho-
monocyte interstitial infiltration, and foci of myocardial necrosis. At immunohistochemistry, clear-
cut evidence of CD3+ T lymphocytes >7/mm?

1.5  Chronic Myocarditis

It is thought to be a chronic stage of acute lymphocytic myocarditis; this entity is
pathologically characterized by the presence of replacement-type fibrosis in the
myocardium, still accompanied by leukocyte infiltration. Necrosis or degeneration
of the cardiomyocytes is usually non-evident. The timing for such progression from
acute to chronic inflammation is variable and currently unpredictable. The areas of
fibrosis, when present, are the consequence of the evolution of the myocardial
inflammatory process (Fig. 1.3).

According to some authors, the presence of chronic inflammatory cells by histol-
ogy and immunohistochemistry, in association with cardiomyopathic changes,
could define a category called dilated cardiomyopathy with inflammation or inflam-
matory cardiomyopathy [38] (Fig. 1.4).
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Fig. 1.3 Chronic myocarditis: Replacement type fibrosis with patchy lymphomonocytic infiltrate
(CD3+ > 7/mm?) in the absence of myocardial necrosis

Fig.1.4 Inflammatory cardiomyopathy: Cardiomyopathic changes of the myocytes with increased
diameter, perinuclear halo, and dysmetric nuclei. There are sparse lymphocytic T cells CD3+ not
associated with myocardial necrosis

1.6  Giant Cell Myocarditis

Giant cell myocarditis is characterized by the unique histological features and particu-
lar aggressiveness. More frequently it presents clinically as fulminant myocarditis
with progression to chronic life-threatening complications like dilated cardiomyopa-
thy in up to 80% of cases [9]. Giant cell myocarditis is thought to be a consequence of
autoimmunity, a view supported by the association of giant cell myocarditis with sev-
eral autoimmune diseases and the not so rare posttransplantation recurrence of giant
cells in heart grafts [39]. Myocardial involvement is diffuse, which explains the high
sensitivity of EMB [40—43]. Histologically, giant cell myocarditis is characterized by
a prominent and extensive leukocyte infiltration with myeloid cell predominance
(mainly CD68+ macrophages) as compared with T cell infiltration and massive myo-
cyte necrosis, without well-formed granulomas. Interestingly, eosinophils are also
often present within the cellular infiltrates (Fig. 1.5).
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Fig. 1.5 Giant cell myocarditis showing the presence of diffuse inflammatory infiltration of the
myocardium with lymphocytes, eosinophils, and multinucleated giant cells in the absence of gran-
ulomas associated with diffuse myocardial necrosis

1.7 Sarcoidosis

This is a systemic “idiopathic” disorder characterized by an antigen-presenting
cells dysfunction, generating chronic tissue inflammation and granulomatous
lesions in organs like the lung, lymph nodes, and heart. Sarcoidotic myocarditis
displays extensive infiltration by activated macrophages, leading to chronic
inflammation and tissue damage with non-necrotizing granulomas and fibrotic
replacement, in the absence of infection. Eosinophils and necrosis are rare or
absent [40]. The macrophages within sarcoid granulomas tend to become epithe-
lioid and form multinucleated giant cells. The giant cells may contain cytoplasmic
inclusions, particularly Schaumann bodies or asteroid bodies. The latter are stel-
late-shaped inclusion bodies, generally within a cytoplasmic clearing (Fig. 1.6).
Both Schaumann and asteroid bodies are suggestive but not specific for sarcoid.
As cardiac sarcoidosis progresses, the granulomatous inflammation elicits a repair
response with scarring. Sarcoidosis affects the heart nonuniformly, with the ven-
tricular septum and left ventricle basal free wall most commonly affected. As a
result, EMB has only 20% to 30% sensitivity, if not guided by imaging [40].
Granulomatous forms of myocarditis are also likely due to autoimmunity, myco-
bacterial infection, or fungal infection and these should enter in differential
diagnosis.

1.8  Eosinophilic Myocarditis

This form of myocarditis is often observed in conditions associated with peripheral
eosinophilia (e.g., primary idiopathic hypereosinophilia, hypersensitivity reaction
to drugs or parasitic infections, allergic diseases, and autoimmune disorders), but
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Fig. 1.6 Cardiac
sarcoidosis showing
noncaseating granuloma
with epithelioid
histiocytes, multinucleated
giant cells with asteroid
bodies, and lymphocytes
embedded in a collagenous
stroma

Fig. 1.7 Eosinophilic
myocarditis with
interstitial inflammation
within the myocardium
mainly represented by
eosinophilic leukocytes

may also appear as a primary isolated disease. Its landmark is the presence of
patchy, interstitial eosinophils, in significant numbers, in myocardial infiltrates
(Fig. 1.7). This entity, similar to giant cell myocarditis, also shows a poor long-term
prognosis despite broad immunosuppressive treatment [9]. Eosinophils release
toxic granules, cationic proteins, pro-inflammatory cytokines, and oxygen free radi-
cals that will cause myocyte injury and necrosis. There is a spectrum of disease,
ranging from hypersensitivity myocarditis to hypereosinophilic syndrome [44],
which is defined as persistent (>6 months) blood eosinophilia >1500/pL and evi-
dence of eosinophil-mediated organ damage. Hypereosinophilic syndrome is char-
acterized by three stages, the acute stage with inflammation and necrosis, thrombosis
of damaged myocardium, and finally the fibrotic stage characterized by both severe
atrioventricular regurgitation and restrictive cardiomyopathy. End-stage disease is
termed Loeffler’s endocarditis.
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1.9  Myocarditis and Sudden Death

A special issue is the diagnosis of myocarditis at postmortem in full specimens [30,
45]. Myocarditis has been traditionally considered an important cause not only of
heart failure-related death but also of sudden death, particularly in young individu-
als [46-48]. However, patchy inflammatory infiltrate (<14 leukocytes/mm?), not
necessarily associated with myocyte necrosis, is frequently observed in sudden
death cases. Thus, the prevalence of myocarditis may have been exaggerated
because of over-interpretation of histological data and lack of standardized mor-
phologic criteria. For these reasons, the Association for European Cardiovascular
Pathology (AECVP) put forward guidelines which represent the minimum stan-
dard that is required in the routine autopsy practice for adequate assessment of
sudden cardiac death, including a protocol not only for heart examination and his-
tological sampling but also for toxicology and molecular investigation [45].
Accordingly, scattered inflammatory foci with or without small foci of fibrosis
(“physiological” changes) should be distinguished from borderline/focal myocar-
ditis (“pathological” changes). In this document, it has been clearly emphasized
that, in the absence of myocyte necrosis, small foci of inflammatory cells (even
after immunohistochemistry) are not sufficient evidence of myocarditis; scattered
small foci of fibrosis are also insignificant. Both findings should prompt examina-
tion of additional blocks and viral infection should be excluded by molecular
techniques.

1.10 Molecular Diagnosis

Lymphocytic myocarditis is the most common form of myocarditis in Western
countries, and most of the cases are viral in origin (Table 1.1) [49]. Non-viral infec-
tious agents may be identified by routine histology including special stains, although
microbiologic cultures are essential for precise isolation [49, 50]. Conversely, clas-
sical morphological analysis has great limitations in the detection of viral agents
and usually lacks specific cytopathic features, with the rare exception of some forms
of cytomegalovirus myocarditis.

Serological studies and peripheral viral cultures lack sensitivity and specificity
[29]. Thanks to the advent of molecular biological techniques, including in situ
hybridization [51, 52], but particularly amplification methods, e.g., polymerase
chain reaction (PCR) or nested-PCR, it is possible to detect low copy viral genomes
even from an extremely small amount of tissue such as EMB specimens.

Numerous studies on myocarditis have demonstrated the usefulness of PCR
analysis for etiologic diagnosis [53—-62]. Moreover, in pediatric patients with a clini-
cal suspicion of myocarditis, since EMB may be technically difficult to be per-
formed, it has been demonstrated that tracheal aspirates may be a useful surrogate
for the identification of causative agents by PCR analysis. Previous molecular stud-
ies demonstrated high concordance of viral genome detection in EMB specimens
and in tracheal aspirates [63, 64].
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EMB samples from patients with lymphocytic myocarditis are evaluated by
PCR, using specific primers and probes, for genome of the following cardiotropic
viruses: adenovirus, enterovirus, Epstein—Barr Virus (EBV), cytomegalovirus, her-
pes simplex virus 1, herpes simplex virus 2, parvovirus B19 (PVB19), human her-
pes virus 6, HIN1 strains of influenza virus, and hepatitis C virus. In case of
virus-positive EMB, blood samples, collected at the time of the EMB, are also tested
for the same virus to exclude passive blood contamination; viral blood positivity
requires additional investigation by quantitative PCR analysis [49, 50].

Enteroviruses, specifically Coxsackievirus group B serotypes, have traditionally
been identified as the predominant viral cause [65], although adenoviruses, PVB19,
and human herpes virus 6 nowadays can also cause myocarditis. In contrast, herpes
simplex virus (HSV) rarely causes acute myocarditis. In subjects with chronic
inflammatory cardiomyopathy, parvovirus B19 and human herpes virus 6 genomes
predominate [60, 65, 66].

However, it has been underlined that the presence of viral genomes does not
automatically imply a direct role of viruses in the pathogenesis of myocarditis, since
an infective agent detected by PCR/nested-PCR may be just an innocent bystander.
Therefore, it is recommended to use molecular techniques as diagnostic tools ancil-
lary to other mandatory investigations, either clinical or morphological, and apply it
with skilled expertise. On the other hand, while interpreting the molecular results, a
limitation is still represented by the number of EMB specimens needed to obtain an
acceptable sensitivity for the detection of viruses: only a positive PCR result is
diagnostic, whereas a negative PCR does not exclude viral disease, particularly
when a very small sample of tissue is analyzed. Moreover, the identification of an
underlying organism is not usually possible or effective because viruses are often
cleared by the immune system, before significant inflammation occurs, so the tim-
ing of EMB is also important.

Among the molecular biology techniques used to differentiate viral genomes,
gene sequencing allows not only the precise characterization of the infective agent
but can also help in assessing the molecular basis of cardiotropism as well as cardio-
virulence [67, 68].

A further step in the molecular pathology investigation can be represented by the
identification of the “infective status” of viruses; the detection of virus replication is
useful not only for those DNA viruses known to be in the latent form [68] but also
for RNA viruses [69, 70].

More recently, the need of viral genome load quantification has been advanced
by means of real-time polymerase chain reaction [71]. In particular, in the last
few years, several studies revealed a prevalence up to 60% of PVB19 [72].
However, PVB19 was also detected in healthy transplant donors, in autoptic sam-
ples without myocarditis or with borderline myocarditis, and in patients under-
going EMB for other reasons [73-77]. In situ hybridization revealed that
endothelial cells are the principal target, even though a myocyte tropism has also
been demonstrated [78]. Bock et al. [79] measured viral loads in EMB specimens
obtained from 498 patients with myocarditis or chronic dilated cardiomyopathy
who were positive for PVB19 on immunohistologic analysis and suggested that
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a viral load of more than 500 ge per microgram in EMB specimens is a clinically
relevant threshold for the maintenance of myocardial inflammation.

PCR analysis should be applied on follow-up EMB of patients with viral myo-
carditis and may represent the best way to verify the efficacy of specific antiviral
therapy and to evaluate viral clearance.

A role for laser microdissection has also been suggested in peculiar types of
myocarditis. The definition of viral myocarditis requires unequivocal demonstration
of the viral genome or virus gene products within the cardiomyocytes and their
absence in unaffected hearts. In particular, EBV has been occasionally detected in
myocardial tissue of patients with myocarditis, but may persist for life in circulating
B cells after a primary infection; thus, blood contamination might be the source of
the identified viral DNA. To this aim, Chimenti et al. [80] studied a series of patients
with inflammatory cardiomyopathy by laser microdissection and identified intra-
myocyte EBV genome in up to 6.3% of them, as to suggest a cytopathic EBV role
and an antiviral/immunomodulatory therapy.

In the future, panviral microarray approach could achieve a more sensitive diag-
nosis of viral myocarditis versus nonviral cases [71]. Microarray analysis has been
recently reported by Heidecker et al. [81] as valid diagnostic tool for improving the
diagnosis of inflammatory versus non-inflammatory cardiomyopathy. Given emerg-
ing treatment strategies for viral and inflammatory myocarditis, accurate diagnostic
tools are of outmost importance.

Multicenter joint efforts including a large number of cases are needed to under-
stand the different phenotypes of myocarditis, trying to distinguish self-limiting
cases from those with a progressive course. Different virus- or host-related factors
may influence the clinical phenotype of myocarditis. Among virus-related factors,
the type of virus, viral load, or certain specific strains within the same viral family
represent the most important issues, which are also largely investigated to design
appropriate vaccines for prevention program planning [82]. Various host-related fac-
tors could influence the different susceptibility and disease course. Among these,
specific viral receptors (CAR, DAF), transcriptional/translation factors (JAK, STAT,
SOCS, NFkB), or immune mediators are the most commonly studied [83—85].

Different pro-inflammatory cytokines have a crucial role in the development and
progression of myocarditis. Tumor necrosis factor alpha (TNFa) is thought to play
a pivotal role in the development and progression of viral myocarditis [64]. A high
level of TNFa has been detected by our group in EMBs from adult patients with
myocarditis. The cytokine overexpression significantly correlated with impaired
cardiac function and its persistency, as demonstrated in the follow-up EMB or in the
explanted heart from patients who died or underwent heart transplantation, support-
ing the view that TNFa is implicated in disease progression and development of
irreversible heart failure [85].

The final question whether persistent virus or reactivation of latent virus is
responsible for chronic myocarditis and contributes to the development of dilated
cardiomyopathy requires further research. The availability of EMB has renewed
attention to the importance of persistent virus in chronic myocarditis and dilated
cardiomyopathy [86].
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Clinical Presentation of Myocarditis

Alida L. P. Caforio, Renzo Marcolongo, Chun-Yan Cheng,
Anna Baritussio, Giuseppe Tarantini, and Sabino lliceto

2.1 Introduction

Myocarditis has a heterogeneous spectrum of clinical presentations, ranging from mild to
severe [1]. It may be paucisymptomatic, with a slow and insidious course, leading to
delayed diagnosis. It may also have a distinct onset of unexplained cardiac signs and
symptoms up to rapidly progressive or fulminant forms, which include life-threatening
arrhythmias and aborted sudden death, cardiogenic shock and severely impaired left ven-
tricular function (Table 2.1) [1]. Myocarditis may also mimic non-inflammatory myocar-
dial diseases; for instance, in hyper-acute myocarditis the echocardiographic appearance
of increased wall thickness may resemble hypertrophic cardiomyopathy, or in acute-cor-
onary-syndrome like myocarditis, segmental wall motion abnormalities may be similar
to those observed in an acute coronary syndrome [1-7]. Cardiac signs and symptoms lack
specificity, depending on the degree of myocardial inflammation and ventricular dys-
function, and may be subtle; thus, the disease may be unrecognised [8—13]. Myocarditis
is a diagnosis of exclusion. Clinical suspicion of the disease should be high if cardiac
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Table 2.1 Clinical presentations of patients with biopsy-proven myocarditis (modified from [1])

1. Acute coronary syndrome-like
(a) Acute chest pain
— Frequently starting within 1-4 weeks of a respiratory or gastrointestinal infection

— Symptoms may be severe and recurrent, similar to ischaemic pain if pericarditis is
associated

— In the absence of angiographic evidence of CAD

(b) ST/T-wave changes
— ST-segment elevation or depression
— T-wave inversions

(c) With or without normal global or regional LV and/or RV dysfunction on
echocardiography or CMR

(d) With or without increased TnT/Tnl, that may have a time course similar to acute
myocardial infarction or a prolonged and sustained release over several weeks or
months

(e) Reactive C protein (RCP) most frequently within normal range, may be increased if
associated pericarditis is present

(f) It may present as Takotsubo cardiomyopathy

2. New onset or worsening heart failure in the absence of CAD and known causes of heart
failure:

(a) New onset or progressive heart failure over 2 weeks to 3 months

— Dyspnoea

— Peripheral oedema

— Chest discomfort
— Fatigue

(b) Impaired systolic LV and/or RV function, with or without an increase in wall thickness,
with or without dilated LV and/or RV on echocardiography or CMR

(c) Symptoms possibly started after a respiratory or gastrointestinal infection, or in the
peripartum period

(d) Non-specific ECG signs, bundle branch block, AV-block and/or ventricular
arrhythmias

3. Chronic heart failure in the absence of CAD and known causes of heart failure (see point 2
above):

(a) Heart failure symptoms (with recurrent exacerbations) of >3 months duration

(b) Fatigue, palpitation, dyspnoea, atypical chest pain, arrhythmia in an ambulant patient

(c) Impaired systolic LV and/or RV function on echocardiography or CMR suggestive of
DCM or non-ischaemic cardiomyopathy

(d) Non-specific ECG signs, sometimes bundle branch block and/or ventricular arrhythmias
and/or AV-block

4. “Life-threatening condition”, in the absence of CAD and known causes of heart failure

comprising

(a) Life-threatening arrhythmias and aborted sudden death

(b) Cardiogenic shock

(c) Severely impaired LV function

5. Asymptomatic, occasional finding of unexplained arrhythmia at cardiac screening (ECG,
24 h Holter monitoring), and/or impaired systolic LV and/or RV function on
echocardiography and/or CMR pattern suggestive of non-ischaemic DCM or myocarditis
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Table 2.1 (continued)

6. Paucisymptomatic (unexplained fatigue, palpitation, dyspnoea, atypical chest pain,
arrhythmia, syncope, in an ambulant patient) with abnormal ECG, 24 h Holter monitoring
and/or impaired systolic LV and/or RV function on echocardiography and/or CMR pattern
suggestive of non-ischaemic DCM or myocarditis

7. Mixed presentations, e.g. (1) combined with (2) or (3)
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signs and symptoms are unexplained and occurring in predominantly young or middle-
aged male patients with few or no coronary artery disease risk factors, although it may be
observed in the elderly. Myocarditis may resolve spontaneously, recur or progress, lead-
ing about 25% of biopsy-proven cases to dilated cardiomyopathy (DCM), sudden or
heart failure-related death or heart transplantation [1-4, 9, 10]. Figure 2.1 shows an actu-
arial survival free from death or heart transplantation of 90% at 1 year, 82% at 6 years and
73% at 8.5 years in a contemporary prospective cohort of 214 biopsy-proven patients
from the Padova Cardioimmunology Outpatient Clinic with a median follow-up of 55
(13-89.5) months (reported in December 2010, prior to introduction of immunosuppres-
sive therapy) [14]. In keeping with expert consensus and current classifications, the diag-
nosis of certainty and aetiological diagnosis in myocarditis require endomyocardial
biopsy (EMB); the definitions used here are those recommended by the World Health
Organization/International Society and Federation of Cardiology (WHO/ISFC) and the
2013 European Society of Cardiology (ESC) myocarditis expert position statement and
are summarised in Table 2.2 [1, 4, 15-19]. The various aetiological forms of myocarditis
are summarised in Table 2.3 [1]. The incidence of myocarditis is difficult to assess, due to
the fact that diagnostic gold standard, EMB, is not used in all cases where the disease is
suspected clinically and/or at non-invasive cardiac imaging [1]. Autopsy studies on sud-
den cardiac death in young people report a highly variable prevalence, ranging from 2 to
42% of cases [19]. Biopsy-proven myocarditis is reported in 9—16% of adult patients with
unexplained non-ischaemic dilated cardiomyopathy (DCM) [3, 6] and in 46% of children
with an identified cause of DCM [8]. Most clinical studies show a higher frequency of
myocarditis and DCM in males [1].
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Table 2.2 Definitions

Definite (Biopsy-Proven) Myocarditis (WHO /ISFC, ESC) [1, 15-17]

Inflammatory disease of the myocardium diagnosed by (1) established histological, (2)

immunohistochemical and (3) immunological criteria

(1) Established histological Dallas criteria [17] defined as follows: “histological evidence
of inflammatory infiltrates within the myocardium associated with myocyte
degeneration and necrosis of non-ischaemic origin”

(2) Immunohistochemical criteria, abnormal inflammatory infiltrate [1, 18, 19] defined as
follows: “>14 leucocytes/mm? including up to 4 monocytes/mm? with the presence of
CD 3 positive T-lymphocytes > 7 cells/mm?>”

(3) Immunological criteria and myocarditis aetiology defined as follows [1]:

— Viral: Histology (Hx) and immunoHx positive (pos), polymerase chain reaction (PCR)
pos for >virus

— Autoimmune: Hx and immunoHx pos; viral PCR negative (neg); with or without pos
cardiac autoantibodies (aabs); exclusion of other known inflammatory causes

— Viral and immune*: Hx and immunoHx pos; viral PCR pos; cardiac aabs pos
Inflammatory Cardiomyopathy and Dilated Cardiomyopathy (DCM) (WHO /ISFC, ESC)
[15-17]

Myocarditis in association with cardiac dysfunction

AN.B. a follow-up EMB may identify persistent viral myocarditis, resolved myocarditis (Hx and
virological), or persistent virus-negative myocarditis, e.g. post-infectious autoimmune

"Involved in the pathogenesis of DCM, includes idiopathic, autoimmune and infectious subtypes.
DCM is a clinical diagnosis characterised by dilation and impaired contraction of the left or both
ventricles that is not explained by abnormal loading conditions or coronary artery disease. DCM
includes idiopathic, familial/genetic, viral and/or immune, alcoholic/toxic subtypes

Table 2.3 Etiological forms of myocarditis (modified from reference [1])

Infectious myocarditis

Bacterial Staphylococcus, Streptococcus, Pneumococcus, Meningococcus,
Gonococcus, Salmonella, Corynebacterium diphtheriae, Haemophilus
influenzae, Mycobacterium (tuberculosis), Mycoplasma pneumoniae,

Brucella

Spirochaetal Borrelia (Lyme disease), Leptospira (Weil disease)

Fungal Aspergillus, Actinomyces, Blastomyces, Candida, Coccidioides,
Cryptococcus, Histoplasma, Mucormycosis, Nocardia, Sporothrix

Protozoal Trypanosoma cruzi, Toxoplasma gondii, Entamoeba, Leishmania

Parasitic Trichinella spiralis, Echinococcus granulosus, Taenia solium, Toxocara
canis

Rickettsial Coxiella burnetii (Q fever), R. rickettsii (Rocky Mountain spotted fever), R.
tsutsugamuschi

Viral RNA viruses: Coxsackieviruses A and B, echoviruses, polioviruses,

influenza A and B viruses, respiratory syncytial virus, mumps virus,
measles virus, rubella virus, hepatitis C virus, dengue virus, yellow fever
virus, chikungunya virus, Junin virus, Lassa fever virus, rabies virus, human
immunodeficiency virus-1

DNA viruses: Adenoviruses, parvovirus B19, cytomegalovirus, human
herpes virus-6, Epstein—Barr virus, varicella-zoster virus, herpes simplex
virus, variola virus, vaccinia virus
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Table 2.3 (continued)

Infectious myocarditis

Immune-mediated myocarditis

Allergens Tetanus toxoid, vaccines, serum sickness

Drugs: Penicillin, cefaclor, colchicine, furosemide, isoniazid, lidocaine,
tetracycline, sulfonamides, phenytoin, phenylbutazone, methyldopa,
thiazide diuretics, amitriptyline

Alloantigens Heart transplant rejection

Autoantigens | Organ-specific: Infection-negative lymphocytic, giant cell

Associated with other organ-specific or systemic immune-mediated
disorders (SIDs): Systemic lupus erythematosus, rheumatoid arthritis,
eosinophilic granulomatosis with polyangiitis (EGPA, formerly Churg—
Strauss syndrome), Kawasaki’s disease, inflammatory bowel disease,
scleroderma, polymyositis, myasthenia gravis, insulin-dependent diabetes
mellitus, thyrotoxicosis, sarcoidosis, granulomatosis with polyangiitis
(GPA, formerly Wegener’s granulomatosis), rheumatic heart disease
(rheumatic fever)

Toxic myocarditis

Drugs Amphetamines, anthracyclines, cocaine, cyclophosphamide, ethanol,
fluorouracil, lithium, catecholamines, hemetine, interleukin-2, trastuzumab,
clozapine, mesalazine

Heavy metals | Copper, iron, lead (rare, more commonly cause intramyocyte accumulation)

Miscellaneous | Scorpion sting, snake, and spider bites, bee and wasp stings, carbon
monoxide, inhalants, phosphorus, arsenic, sodium azide

Hormones Phaeochromocytoma, vitamins: Beri-beri
Physical Radiation, electric shock
agents

2.2  Possible Myocarditis Presentations According
to the 2013 ESC Myocarditis Expert Position Statement
(Table 2.1)

2.2.1 Acute Coronary-Syndrome Like

A common clinical scenario entails a previously asymptomatic subject with few
coronary artery disease risk factors who, days or weeks after a presumed viral respi-
ratory or gastrointestinal prodromal phase, with or without increased systemic
inflammatory markers and fever, develops one or more of the following features: (1)
dyspnoea/orthopnoea, (2) palpitation, (3) effort intolerance/malaise, (4) heart fail-
ure, (5) chest pain (which may be pleuritic if concomitant pericarditis is present)
and (6) cardiac troponin release with a time curve similar to that seen in acute myo-
cardial infarction or prolonged over days/weeks, occasionally months, and reveals
unobstructed coronary arteries [1-13, 20-23]. This scenario, dominated by pseudo-
infarct presentation with normal coronary arteries, may become relapsing/recurrent
with a variable level of troponin release.
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2.2.2 New-Onset (Days up to 3 Months) or Worsening Heart
Failure

Biopsy-proven myocarditis may be the underlying aetiology of acute or fulminant
non-ischaemic unexplained heart failure with or with a DCM phenotype [1-13, 20,
24]. The fulminant presentation has been described as having (1) a viral prodromal
phase within 4 weeks from the onset of cardiac symptoms, (2) a distinct onset of
life-threatening unexplained heart failure, (3) haemodynamic compromise and/or
cardiogenic shock and (4) good prognosis, at least in the reported series [25], which
excluded specific forms with dismal prognosis, in particular giant cell myocarditis
[24]. Myocarditis should be differentiated from peripartum [1, 2] or Takotsubo car-
diomyopathy [26] and from arrhythmogenic right ventricular cardiomyopathy
(ARVC) [27]. Non-inflammatory causes (e.g. valve heart disease, pericardial con-
striction, coronary artery disease) should always be excluded.

2.2.3 Subacute/Chronic (>3 Months) or Worsening Heart Failure

Biopsy-proven myocarditis may also be found in patients with a long (from >3 months
to several years) symptom duration, with recurrent exacerbations, or in paucisymptom-
atic ambulant subjects, with a smouldering course, and a history of fatigue, palpitation,
dyspnoea, atypical chest pain and arrhythmia. LV and/or RV function on echocardiog-
raphy or CMR may be mildly, moderately or severely impaired, with or without
increased ventricular dilation, suggesting a DCM or non-ischaemic hypokinetic non-
dilated cardiomyopathy [28, 29]. Tissue characterisation by CMR may reveal normal
findings, active myocardial inflammation or fibrotic changes with a non-ischaemic late
gadolinium enhancement (LGE) pattern [11-13, 30, 31]. ECG findings are often abnor-
mal, non-specific, sometimes bundle branch block and/or ventricular arrhythmias and/
or AV-block may be present. Table 2.4 shows that univariate predictors of death or heart
transplantation at presentation in the prospective biopsy-proven cohort from Padova
Cardioimmunology Outpatient Clinic before the introduction of immunosuppressive
therapy [14]. Negative predictors included young age, female gender, heart failure pre-
sentation, advanced NYHA class, giant cell myocarditis, high titre anti-nuclear anti-
body, lower left ventricular ejection fraction, high left ventricular end-diastolic volume
and other haemodynamic or echocardiographic indexes of biventricular dysfunction.

2.2.4 Life-Threatening

Myocarditis should always be suspected, in the absence of coronary artery disease
and of other known causes, in patients with:

(a) Life-threatening arrhythmias and aborted sudden death
(b) Cardiogenic shock
(c) Severely impaired LV function
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Table 2.4 Univariate predictors of death/transplant in biopsy-proven myocarditis prior to introduc-
tion of immunosuppressive therapy—Prospective Padova Myocarditis Cohort December 2010 [14]

Alive Dead or transplanted

(n=153) (n=34) P
Age at presentation (years, mean + SD) 39+ 16 31+19 0.018
Female gender (%) 51 (33) 20 (59) 0.006
History of myocarditis (yes/no)* 22/130 6/27 NS
Heart failure presentation (%)° 63 (41) 28 (82%) 0.000
NYHA class (II-IV)® 64 (42) 32 (79%) 0.001
Dallas class (active/borderline)® 77/69 16/17 NS
Giant cell myocarditis (%)° 2(1.3) 4 (12%) 0.002
Viral polymerase chain reaction(positive/negative)! | 32/86 713 NS
ANA (positive/negative)® 15/105 7/15 0.01
Left atrium dimension-Echo (mm) 40+9 48 = 15 0.04
LV EDV-Echo (mL/m?) 86 = 35 110 £ 52 0.04
LVEF-Echo (%) 45+ 14 31+12 0.000
LVSP (mmHg) 119 +20 102 +28 0.001
RA mean (mmHg) 4+3 8§+6 0.006
Angiographic LVEF (%) 50+17 3117 0.000
CO (L/min) 3.6x1.7 2707 0.002
Angiographic LVEDV (mL/m?) 105 + 42 139 + 45 0.005

Total of patients n = 187, lost to follow-up n =27

ANA anti-nuclear autoantibody, CO cardiac output at cardiac catheterisation, Echo standard trans-
thoracic echocardiography, LVEDV left ventricular end-diastolic volume, LVEF left ventricular
ejection fraction, LVSP left ventricular systolic pressure at cardiac catheterisation, RA mean right
atrial mean pressure at cardiac catheterisation

*Available data on 185 patients

"Available data on 186 patients

“Non diagnostic (Dallas criteria in the remainder of patients’ BEM)

dAvailable data on 138 patients

¢Available data on 142 patients

The arrhythmia presentation includes the whole clinical spectrum from mildly
symptomatic brady- or tachyarrhythmia or occasional finding of significant arrhyth-
mia at cardiac screening to syncope or aborted sudden death [1-13, 24].

Patients with one of the life-threatening presentations, particularly if haemody-
namically unstable or refractory to standard cardiological therapy, should be
promptly referred to centres with expertise in EMB as well as in advanced mechani-
cal assist devices, as a bridge to recovery or to heart transplantation. In these
patients, EMB is a class I indication [1, 4, 14, 19], as it may reveal forms susceptible
of aetiology-directed therapy, e.g. immunosuppression for idiopathic giant cell
myocarditis or idiopathic eosinophilic myocarditis.

2.2.5 Asymptomatic/Oligosymptomatic and Combined Scenarios

Myocarditis may ultimately be diagnosed in asymptomatic patients with occasional
findings of unexplained arrhythmia at cardiac screening (ECG, 24 h Holter monitoring),
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and/or impaired systolic LV and/or RV function on echocardiography and/or CMR pat-
terns suggestive of non-ischaemic DCM or myocarditis. Similarly, ambulant patients
may have unexplained fatigue, palpitation, dyspnoea, atypical chest pain, with abnormal
ECG, 24 h Holter monitoring, and/or impaired systolic LV and/or RV function on echo-
cardiography and/or CMR pattern suggestive of non-ischaemic DCM or myocarditis.

The clinical presentation may also combine one or more scenarios (Table 2.1),
for instance pseudo-myocardial infarct and arrhythmia, or heart failure [1].

2.2.6 Ancillary Features

Ancillary features in the family history include presence of DCM, other cardiomy-
opathy, sudden cardiac death and extra-cardiac autoimmune disease among relatives.
Additional ancillary findings in the patient’s history include previous clinically sus-
pected (according to ESC 2013 criteria) or biopsy-proven myocarditis, recent (days
to 2 weeks) upper respiratory or gastrointestinal suspected viral syndrome, allergy,
other autoimmune diseases, heavy alcohol intake, consumption of drugs and toxic
substances (e.g. cocaine), peripartum period, vaccines, travel to places where specific
cardiotropic infection is possible or endemic (e.g. Brazil, Argentina and Chile for
Chagas’ disease), proximity with domestic animals, conventional coronary risk fac-
tors, etc. The aim is to search as well as exclude possible treatable causes (e.g. drug-
related toxicity or hypersensitivity) (Table 2.3) [1]. The diagnosis of clinically
suspected myocarditis according to ESC criteria may be given with or without ancil-
lary features, although their presence strengthens the clinical suspicion [1].

2.3  Possible Myocarditis Diagnostic Findings According
to the 2013 ESC Myocarditis Expert Position Statement

2.3.1 Category I: Electrocardiographic (ECG) and/or Holter and/
or Stress Testing

Electrocardiographic (ECG) findings commonly lack specificity [1-13, 20, 24]. In
myocarditis, ST-T segment elevation is more concave (convex in ischaemia) and
diffusely present over the precordial leads, without reciprocal changes. PR depres-
sion is frequently present in pericarditis associated with myocarditis, but is rare in
cardiac ischaemia. Q-waves are uncommon in myocarditis. T-wave inversion gener-
ally occurs after complete ST-T normalisation in myocarditis, but usually takes
place while the ST segment is still elevated after myocardial infarction.

Possible diagnostic features include newly abnormal 12 lead ECG and/or Holter
and/or stress testing, in particular any of the following:

I to IIl-degree atrioventricular block, or bundle branch block, ST/T wave change, sinus
arrest, ventricular tachycardia or fibrillation and asystole, atrial fibrillation, reduced R wave
height, intraventricular conduction delay (widened QRS complex), abnormal Q waves, low
voltage, frequent premature beats, supraventricular tachycardia [1].
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2.3.2 Category Il. Biomarkers of Necrosis, Inflammation, Heart
Failure

Erythrocyte sedimentation rate and reactive C protein levels are not raised in the
majority of patients with biopsy-proven myocarditis and conversely are a major
feature in acute pericarditis [1, 2, 9]. Cardiac troponins do not differentiate isch-
aemic from inflammatory myocyte injury, may be raised in several other condi-
tions and when normal do not exclude myocarditis [1, 2, 9, 23]. This also applies
to brain natriuretic peptides, circulating cytokines and other markers [1]. Positive
viral serology does not imply active myocardial infection [32—-35] and does not
correlate with EMB findings [35]. Viral serology is not generally recommended,
except for hepatitis C, rickettsial phase 1 and phase 2, Lyme disease in endemic
areas as well as human immunodeficiency virus serologies in high-risk patients
and populations [1]. Serum anti-heart autoantibodies (AHA) contribute to the
aetiological diagnosis of autoimmune myocarditis in index cases and identify
relatives at risk [1, 2, 19, 28, 29, 36-41]. Some of them may have a functional and
prognostic role [36, 42-61].

Possible diagnostic findings for category II include increased cardiac troponins.

2.3.3 Category lll: Functional and Structural Abnormalities
on Cardiac Imaging (Echo/Angio/CMR) and Category IV:
Tissue Characterisation (CMR)

Echocardiography defines morphology and biventricular function, but it is not spe-
cific [62, 63]. Apical left ventricular aneurisms suggest Chagas’s disease. In fulmi-
nant myocarditis, there may be an increase in left ventricular wall thickness and a
mildly dilated severely hypokinetic ventricle [62].

Cardiac magnetic resonance (CMR) imaging defines morphology and function
and provides tissue characterisation [1, 11-13, 30]. The Lake-Louise criteria [30]
are used to differentiate myocarditis from non-inflammatory aetiologies and are
incorporated into the 2013 ESC Task Force criteria for clinically suspected myocar-
ditis [1]. CMR does not differentiate specific inflammatory cells (e.g. lymphocytes,
giant cells) or viral from non-viral myocarditis [1, 11-13, 30, 31]. Gallium-67 scin-
tigraphy and positron emission tomography with fluorodeoxyglucose may be of
great value in the acute phase and in the follow-up of cardiac sarcoidosis [64].

Possible diagnostic findings for category III include new, otherwise unexplained
left ventricular (LV) and/or right ventricular (RV) functional and structural abnor-
malities on cardiac imaging (echo/angio/cardiac magnetic resonance), including
incidental finding in apparently asymptomatic subjects, in particular any of the
following:

Regional wall motion or global systolic or diastolic abnormality, with or without ventricular
dilatation, with or without increased wall thickness, with or without pericardial effusion,
with or without endocavitary thrombi [1].
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Possible diagnostic findings for category IV include:

Oedema and/or late gadolinium enhancement (LGE) of classical myocarditis pattern
(according to Lake-Louise criteria) [20].

24 Clinically Suspected and Definite (Biopsy-Proven)
Myocarditis: The 2013 Task Force Criteria

In 2013 ESC Myocarditis Task Force has introduced new criteria for clinically sus-
pected myocarditis, using the combination of >1 plausible clinical presentation and
>1 diagnostic criteria from different categories, as well as exclusion of known non-
inflammatory causes, e.g. coronary artery disease that could explain the syndrome
(Fig. 2.2) [1]. These criteria were proposed to better refine the clinical and non-
invasive diagnosis of myocarditis also in centres that do not routinely perform EMB.

In clinically suspected myocarditis, it is recommended to consider selective cor-
onary angiography and EMB, including histology, immunohistochemistry and PCR
detection of infectious agents [1, 19] since:

— EMB, including conventional histology (Dallas criteria), immunohistochemistry
and PCR detection of infectious agents, is the diagnostic gold standard.

— Absence of infectious agents identifies immune-mediated myocarditis, either pri-
mary or post-infectious if an infectious agent had been identified on a previous
EMB and is the basis for safe (infection negative) immunosuppression [1, 65]. EMB
is essential to identify specific myocarditis types (e.g. giant cell, eosinophilic, sar-
coidosis) which imply different treatments and prognosis [1, 2, 10, 19, 20].

Myocarditis: CLINICAL PRESENTATIONS* Myocarditis: DIAGNOSTIC CRITERIA
with or without ancillary findings

I. ECG/Holter/stress test features : Newly abnormal 12 lead ECG and/or Holter
and/or stress testing, any of the following:

« I to Il degree atrioventricular block, or bundle branch block,

* ST/T wave change (ST elevation or non ST elevation, T wave inversion),

* Sinus arrest, ventricular tachycardia or fibrillation and asystole, atrial

fibrillation, frequent premature beats, supraventricular tachycardia

* Reduced R wave height, intraventricular conduction delay (widened QRS
complex), abnormal Q waves, low voltage

* Acute chest pain, pericardic or pseudo-ischemic

* New-onset or worsening heart failure

* Subacute-chronic or worsening heart failure

« Palpitation, and/or arrhythmia symptoms and/or syncope
and/or aborted sudden cardiac death

 Cardiogenic shock

ANCILLARY FINDINGS
Il. Myocardiocytoilysis markers: Elevated TnT/Tnl

* Fever>38.0° C within the preceding 30 days L. F
* A respiratory or gastrointestinal infection
* Previous clinically suspected or biopsy proven myocarditis
* Peri-partum period
* Personal and/or family history of allergic asthma
* Other types of allergy
* Extra-cardiac autoimmune disease
« Toxic agents
* Family history of dilated cardiomyopathy, myocarditis

uctural abnor ities on cardiac i i io/CMR)
* New, otherwise unexplained LV and/or RV structure and function abnormality
(including incidental finding in apparently asymptomatic subjects): regional wall
motion or global systolic or diastolic function abnormality, with or without
ventricular dilation, with or without increased wall thickness, with or without
pericardial effusion, with or without endocavitary thrombi

IV. Tissue characterisation by CMR: Oedema and/or LGE of classical
myocarditic pattern

1 or more clinical presentations, with or without ancillary features AND 1 or more diagnostic criteria from different categories (I to IV)
OR when patient is asymptomatic 2 or more more diagnostic criteria from different categories (I to IV)
*in the absence of known pre-existing cardiovascular disease or extra-cardiac causes that could explain the syndrome
(e.g. valve disease, congenital heart disease, hyperthyroidism, etc.) AND of angiographically detectable coronary artery disease

Y

| Fullfiled ESC 2013 definition of Clini p yocarditi |

Fig. 2.2 The 2013 ESC Task Force criteria of clinically suspected myocarditis [1]
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— EMB provides differential diagnosis from diseases that may mimic myocarditis
(arrhythmogenic right ventricular cardiomyopathy, Takotsubo cardiomyopathy,
peripartum cardiomyopathy, infiltrative/storage disorders, cardiac masses) [4, 19].

— If EMB is performed in experienced centres, its complication rate (0-0.8) is
similar to that of standard coronary angiography [1, 65-67].

2,5 Clinical Presentation of Specific Forms of Myocarditis

Lyme disease, caused by the spirochete Borrelia burgdorferi, can result in a variety
of presentations, from asymptomatic first-degree to advanced heart block or to tran-
sient life-threatening myocardial dysfunction [68]. Advanced heart block may
require temporary pacing; it resolves within 1 week in most cases following appro-
priate antibiotic treatment.

Trypanosoma cruzi (Chagas’ disease), a common cause of myocarditis/DCM in
South America with a suggested post-infectious autoimmune component, has an
acute phase of mild febrile course, and a prolonged (up to 30 years) symptom-free
latent phase [69]. Systolic and diastolic heart failure, ventricular aneurisms, arrhyth-
mias and cardiac autonomic dysfunction may be present.

Toxoplasma gondii associated and fungal myocarditis is mainly observed
among sero-negative cardiac transplant recipients of sero-positive donors and in
other immune-deficient populations with multiple opportunistic infections, in
particular HIV [1].

Giant cell myocarditis, the prototype of autoimmune myocarditis, a rare but
devastating disease, is characterised by a rapid and severe downhill course, despite
optimal standard care [1, 2, 4, 19, 20, 24, 70]. If the diagnosis is reached early and
cardiac damage is not massive, giant cell myocarditis can be stabilised on immu-
nosuppression. It may be associated with other autoimmune disorders and with up
to 25% recurrence rate in the native heart after recovery and in the donor heart
following transplantation; relapse in both conditions usually responds to intensi-
fied immunosuppression [1, 2, 4, 19, 20, 24, 70]. The disease is discussed in detail
in Chap. 12.

Sarcoidosis is a systemic granulomatous immune-mediated disease [64]. Heart
involvement may occur at any time and does not correlate with other extra-cardiac
locations. Sarcoid granulomas may involve any site of the heart, although left ven-
tricular free wall, posterior interventricular septum, papillary muscles, the atria and
the right ventricle are most frequently affected [64]. Ventricular septum and conduc-
tion system involvement can lead to brady- or tachyarrhythmia and sudden cardiac
death [4, 64]. Myocarditis should be suspected if a patient with known sarcoidosis
develops conduction blocks, tachyarrhythmia, congestive cardiac failure or DCM
[71]. If the right ventricle is involved, cardiac sarcoid should be differentiated from
ARVC. Since sarcoid lesions are focal, sensitivity of EMB may be low due to sam-
pling error, and the definitive diagnosis of cardiac involvement is based on a multi-
parametric approach, often including CMR and PET [64]. If positive, EMB provides
differential diagnosis from idiopathic GCM and other infectious granulomatous
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forms (e.g. mycobacteria, Bartonella henselae, Toxoplasma gondii and Yersinia)
[19]. Myocarditis in sarcoidosis and in other immune-mediated systemic diseases is
discussed in Chap. 11 [72-76].

Hypersensitivity myocarditis, probably the most common form of drug-induced
cardiac toxicity, is unpredictable, and not related to drug dosage (Table 2.3). Non-
specific skin rash, malaise, fever and eosinophilia may suggest the diagnosis, but are
absent in many cases [19, 20, 77]. Conversely, a direct cardiac toxicity is dose-
dependent, may be reversible and is often potentiated by other anti-neoplastic treat-
ments, such as radiotherapy (see Chap. 12).

2.,5.1 Myocarditis in Rheumatic Heart Disease

Rheumatic fever (RF) is still a leading cause of acquired cardiac disease in the
world, but recent EMB-based studies are lacking, since RF is rare in Europe and
North America; most of the literature on this subject dates back to the 1950s. It is
unclear whether or not myocarditis in RF can be defined as infectious or post-
infectious autoimmune according to the 2013 Task Force criteria [19, 20, 78-80].
Rheumatic myocarditis is thought to be a component of acute rheumatic carditis,
which also includes pericarditis and valvulitis. However, in acute rheumatic myo-
carditis, histopathology reveals no necrosis and for this feature there are authors
who have questioned that rheumatic myocarditis exists [19, 20, 78-80]. The diag-
nostic criteria are summarised in Table 2.5. Rheumatic myocarditis may be asymp-
tomatic or present tachycardia or mild heart failure, a first-degree atrioventricular
heart block and mild to moderate pericardial effusion (rarely pericardial tampon-
ade) [19, 20, 78-80]. The main endocardial lesions, the rheumatic verrucae, are
nowadays visualised by transoesophageal echocardiography as small multiple veg-
etations on the edge of native valves. Imaging techniques that highlight inflamma-
tion in the heart may also be useful, e.g. Gallium-67 myocardium scintigraphy [19,

Table 2.5 Rheumatic heart disease: diagnostic criteria [79, 80]

Rheumatic fever (RF) is an inflammatory multisystem disease, occurring few weeks to
6 months following group A streptococcal (GAS) infection of the tonsillopharynx. Its
diagnosis dates back to the 1992 revised Jones’ criteria [80]

Major criteria:
— Carditis, polyarthritis, chorea, erythema marginatum, subcutaneous nodules

Minor criteria:

— Fever, arthralgia, elevated erythrocyte sedimentation rate or C-reactive protein, prolonged
P-R interval on standard 12-lead ECG

If supported by evidence of GAS, e.g. positive throat culture or rapid streptococcal antigen

test, high or rising streptococcal antibody titre, the presence of two major criteria (or one

major and two minor) indicates a high probability of acute RF

The diagnosis of cardiac involvement during acute RF is based upon fulfilment of any of the

following features:

— New onset of nonfunctional cardiac murmurs; cardiac enlargement; sign and symptoms
of heart failure; pericardial friction rubs or pericardial effusion
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20, 78]. Positron-emission scintigraphy associated with tomography (PET-CT) is
being evaluated [19, 20, 78]. Acute rheumatic myocarditis is a difficult diagnosis
that should be considered in any patient, including patients who have just under-
gone valve surgery, with rheumatic valvular heart disease who present with a sud-
den worsening of heart failure symptoms or rapid-onset ventricular dysfunction,
particularly if the patient is not on secondary prophylaxis for RF. However, myo-
carditis in RF only occasionally leads to important pump dysfunction [19, 20].
Even patients with severe myocardial dysfunction seem to resolve with corticoste-
roid treatment [78—-80]. Management of RF and rheumatic carditis is reviewed
elsewhere [79, 80].

2.6 Conclusion

Clinical presentation of myocarditis lacks specificity; thus clinical suspicion needs
to be supported by non-invasive diagnostic tools, including CMR with tissue char-
acterisation. The diagnosis of certainty and of myocarditis aetiology requires EMB,
after exclusion of non-inflammatory causes. The ESC 2013 Task Force recommends
a systematic consideration of EMB in clinically suspected myocarditis [1]. EMB
should not be limited to standard histology, but include immunohistochemistry and
molecular analysis for infectious agents and should be performed by experienced
teams. The rationale for this effort is the availability of a wide range of antiviral [1]
(see Chap. 17), immunosuppressive [9, 20, 65, 70, 81] and immunomodulatory
therapies [1, 9, 20, 59] for infection-negative patients, to stop or control the chronic
immune-mediated cardiac tissue injury leading to post-inflammatory irreversible
DCM (see Chaps. 14, 15, and 16) [20]. For some specific forms of myocarditis,
immunosuppression is established [1, 4, 9, 18, 19, 23, 31, 67, 69-74], but more
evidence-based data from multicentre-controlled trials are needed in the majority of
patients with infection-negative myocarditis.
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Endomyocardial Biopsy 3

Cristina Chimenti and Andrea Frustaci

Endomyocardial biopsy (EMB) of the right ventricle (RV) and left ventricle (LV)
was introduced into clinical practice in 1963 by Sekiguchi and Konno [1] and grad-
ually became a recognized, valuable diagnostic investigation for primary myocar-
dial diseases.

Over the years, the development of new techniques such as immunohistochemis-
try, in situ hybridization, and polymerase chain reaction to detect a myocardial viral
infection improved the diagnostic performance on EMB tissue. On the other hand,
the development of new therapies for specific myocardial diseases, administrable on
the basis of histological and molecular diagnosis, has given adjunctive value to the
contribution of EMB.

The role of EMB in the management of cardiovascular disease was described for
the first time in a joint scientific statement from the American Heart Association
(AHA), the American College of Cardiology, and the European Society of
Cardiology in 2007 [2]. A group of experts identified several clinical scenarios in
which the value of EMB was weighed against the procedural risks. In subsequent
years, other position papers confirm the important role of this procedure, particu-
larly in myocarditis, where it is recognized as the diagnostic gold standard [3, 4].

Nevertheless, the use of EMB procedure is still controversial because of con-
cerns about the risk of complications due to the invasive nature of the procedure and
the uncertain diagnostic contribution.
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3.1 Techniques and Safety of Endomyocardial Biopsy

The most common approaches for EMB procedures are through the right internal
jugular vein, and the femoral vein, for the EMB taken from the right ventricular site
of the interventricular septum (RVEMB) and through the femoral artery, for the
EMB of the left side of the interventricular septum (LVEMB) [5-7].

The right internal jugular vein is the most common percutaneous access site for
RVEMB in the USA. In Germany and Italy, the femoral vein is commonly used for
percutaneous access [2]. Sonographic techniques, to identify location, size, and
respiratory phasic variation in size of the internal jugular vein, decrease duration of
the procedure and complications. EMB via the femoral approach is safely per-
formed under fluoroscopic guidance.

In our center from 1989 to 2008, more than 4000 patients underwent diagnostic
EMB [8].

EMB was usually performed in the left, right, or both ventricles, approached with
a King’s bioptome until 1990 and afterward by BIPAL biopsy forceps (Cordis
Corporation 430 Route 22 East Bridgewater, NJ 08807) using a 7F (501-613A Cordis
Corporation 430 Route 22 East Bridgewater, NJ 08807) long sheet introduced from a
right and/or left femoral access (Fig. 3.1a). A long sheath with angulated tip is intro-
duced through the femoral vein and used for right ventricular EMB, while a long
sheath with straight tip is introduced through the femoral artery and used for left
ventricular EMB. The left ventricular EMB procedure starts with a 7F pigtail guiding
catheter that is introduced into the long sheath and then passed retrogradely through
the aortic valve into the left ventricle using a standard J tip guide wire. Once the sheath
is positioned near to the segment of the left ventricle where the biopsy should be per-
formed, the guiding catheter is withdrawn through the sheath. The bioptome is
advanced through the guiding sheath into the left ventricle under biplane fluoroscopic
control (30° RAO and 60° LAO) which helps to guide the tip of the catheter to the
target area. The site of the biopsy is identified on a radiographic view using flashing
of contrast medium. For right ventricular biopsy, a 7F pigtail guiding catheter inserted
into the sheath with angulated tip is advanced over a J tip guide wire into the right
ventricle. Under fluoroscopic control at 30° RAO, the tip of the guiding catheter is
positioned in the septal position. Then the guiding catheter is withdrawn through the
sheath, the bioptome is advanced, and the biopsies are taken from the septum.
Coronary angiography is always performed before the EMB procedure. EMBs are
usually performed by experienced interventionists with several years of experience in
EMB procedures. For better anatomic definition of the specimen site, noninvasive
techniques of cardiac imaging may usefully be associated, such as gadolinium mag-
netic resonance imaging in targeting bioptic specimens in suspected myocarditis [9].

Major complications of EMB included death, perforation with cardiac tamponade
requiring pericardiocentesis, pericardial effusion not requiring pericardiocentesis, brain
embolization with transient cerebral ischemia or stroke, pulmonary embolization, and
permanent complete atrioventricular block. Minor complications included transient
conduction disturbances, transient ventricular or supraventricular arrhythmias, tran-
sient chest pain, and intramyocardial hematoma. Local complications included vaso-
vagal reaction, local nerve paresis, local hematoma, and femoral arterial-venous fistula.
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Fig. 3.1 (a) The BIPAL
biopsy forceps (Cordis
Corporation 430 Route 22
East Bridgewater, NJ
08807) used to perform left
and right ventricular
endomyocardial biopsies at
our center. (b) Two
endomyocardial biopsy
samples taken from the left
ventricle measuring

2-3 mm?

In our experience, the incidence of major complications after LVEMB was very
low (0.33%) and comparable to that of RVEMB (0.45%), suggesting that a biopsy
in the LV is as safe as in the RV.

The overall major complication rate in our patient population was 0.39%. These
results are at variance with another study reporting a major complication rate for
LVEMB of 0.64% and for RVEMB of 0.82%, likely related to a greater operator
experience obtained over a longer period of time [9].

Remarkably, no patients died. In particular, LVEMB showed a lower incidence of
cardiac perforation compared with RVEMB, most likely because of the thinner RV wall.
A major complication of LVEMB was brain embolization (0.24%). Importantly, this
complication was associated with transient cerebral ischemia and no permanent damage
and was significantly reduced when patients were pretreated with high-dose aspirin.

The low complication rate may also be related to the high level of experience of
a few operators dedicated to the execution of EMB at our center. A higher rate of
complications from EMB was reported in previous studies [5, 10] in which the pro-
cedure was performed in >1 center or by a high number of operators, while a lower
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incidence of EMB complications was present when only a small number of inter-
ventional cardiologists with extensive experience with the EMB procedure (>100
EMB procedures per year) were operating [11].

Importantly, operator performance improved significantly with experience
acquired over time. Indeed, a higher number of major complications were recorded
over the years that significantly and progressively reduced as experience accumu-
lated, denoting a steep learning curve [8].

3.2 Diagnostic Contribution of Endomyocardial Biopsy

EMB is still the gold standard for in vivo diagnosis of myocarditis. The number of
obtained samples is crucial to decrease sampling error and increase the diagnostic
value of EMB. The number of specimens to be taken should range from five to ten and
each sample should be 2-3 mm?® in size (Fig. 3.1b). The sample must be carefully
handled to minimize artifacts and transferred from the bioptome to fixative (10% neu-
tral buffered formalin) by the use of a sterile needle. The fixative should be at room
temperature to prevent contraction band artifacts. In general, at least four to five sam-
ples are submitted for light microscopic examination, one to two are fixed in 4% glu-
taraldehyde at room temperature for transmission electron microscopy, and additional
specimens should be snap-frozen in OCT-embedding medium and stored at —80° for
immunohistochemistry and flash-freezing in liquid nitrogen or preserved in RNA later
for molecular biology studies and for virus molecular investigation [2, 3].

A biventricular approach is generally advisable since it does not increase the
overall periprocedural risks (0.5% for biventricular EMB and 0.44% for univen-
tricular EMB) and reduce the sampling error because of the higher number of avail-
able specimens. Moreover, recent studies demonstrated that biventricular biopsies
have a higher diagnostic yield compared to selective LV or RV biopsies [8, 9].

However, when minimizing the length of the procedure is a consideration,
LVEMB should be preferred to RVEMB given that LVEMB gives a higher diagnos-
tic yield while having a lower risk of complications.

In particular, in the clinical suspicion of myocarditis, when both ventricles show
echocardiographic abnormalities, EMB can be either performed in the LV or the RV,
whereas in the presence of selective LV involvement, an LVEMB is advisable [8,
12]. In our study the overall diagnostic yield for LVEMB was 96.3%, while for
RVEMB was 71.4%. This discrepancy was even more evident when structural or
functional echocardiographic abnormalities exclusively affected the LV; the diag-
nostic yield of LVEMB increased to 97.8% and the diagnostic yield of RVEMB
decreased to 53%. Thus, in the clinical suspicion of myocarditis omitting LVEMB
would have resulted in missing 47% of the histological diagnoses. Similarly, in the
study by Yilmaz et al. [9] omitting the LVEMB would have resulted in missing
18.7% of cases with myocardial inflammation, whereas leaving out the RVEMB
would have missed 7.9% of patients with inflammatory disease. Considering the
therapeutic and prognostic relevance of myocardial inflammation in EMBs as
recently demonstrated [7-9], valuable diagnostic EMB data will be missed if biop-
sies are taken only from 1 ventricle and particularly if taken only from the RV.
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Myocarditis is usually the most frequent diagnosis (43.6 and 49.4%, respec-
tively) at EMB examination [8, 9]. In our study, myocardial inflammation with
either diffuse or focal signs of cardiomyocyte necrosis (i.e., active myocarditis) was
detected in 88% of patients and without these signs (borderline myocarditis) in 12%
of patients. Most patients (95.5%) were affected by a lymphocytic myocarditis
(CD45RO+, CD3+, CD20-), whereas in 3.6%, an eosinophilic inflammatory pro-
cess, including necrotizing vasculitis (Churg—Strauss disease), drug hypersensitiv-
ity, and Loeffler disease, was detected. In the remaining 0.9%, granulomatous
myocarditis (sarcoidosis) and giant-cell myocarditis were observed (Fig. 3.2).

Fig. 3.2 Prevalence of different forms of myocarditis (A = lymphocytic, B = eosinophilic,
C = giant cell and sarcoid) in left ventricular endomyocardial biopsy. (a) Immunoperoxidase for
CD45R0, 200x, (b) H&E, 250x, (¢) H&E, 200x%, (d) H&E, 200x. From Chimenti C. and Frustaci
A. Contribution and Risks of Left Ventricular Endomyocardial Biopsy in Patients with
Cardiomyopathies, Volume: 128, Issue: 14, Pages: 1531-1541
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Among the 1752 patients (49.4%) who globally received a diagnosis of myocar-
ditis, 322 (18.4%) were diagnosed in the 7 years in which only the Dallas criteria
were adopted, and 1430 (81.6%) were diagnosed in the 21 years after the introduc-
tion of immunohistochemistry, with an average of 46 cases of myocarditis per year
without immunohistochemistry and 68 cases of myocarditis per year with immuno-
histochemistry, representing an overall 48%/y increase in the rate of diagnosis.
Thus, the histologic Dallas criteria should always be implemented with immunohis-
tochemical identification of the inflammatory infiltrate [4]. To increase the diagnos-
tic sensitivity of immunohistochemistry, the use of a large panel of monoclonal and
polyclonal antibodies (including anti-CD3, T lymphocytes; anti-CD68, macro-
phages; and anti-HLA-DR) is mandatory for the identification and characterization
of the inflammatory infiltrate and for the detection of HLA-DR upregulation on
EMB tissue sections as marker of infectious-negative autoimmune myocarditis
where immunosuppression may be considered. In a recent study, immunohisto-
chemical myocardial expression of Toll-like receptor 4 was able to identify patients
with myocarditis responding to immunosuppressive therapy and can be considered
a biomarker to guide the patient treatment [13].

The diagnostic contribution of EMB is enhanced by molecular analysis with
DNA-RNA extraction and RT-PCR amplification of viral genomes. In a recent
German study [9], polymerase chain reaction analyses revealed the presence of
PVB19 in 51.2%, HHV6 in 23.3%, both PVB19 and HHV6 in 14.5%, and EBV
in 4.4%, as well as other combinations and viruses (comprising mainly adenovi-
ruses and enteroviruses) in 6.6% of patients. In our study [8], polymerase chain
reaction analysis revealed the presence of a viral infection in 28% of patients
consisting of adenovirus (35%), Epstein—Barr virus (30%), enterovirus (16%),
influenza A virus (5.2%), parvovirus B19 (3.3%), human herpes virus 6 (1.9%),
hepatitis C virus (4.4%), and a combination of viruses (4.2%), showing a different
distribution of viral genomes compared with the series reported from German
centers.

Cardiac magnetic resonance (CMR) has been proposed as a tool to direct EMB. A
small study suggested that the diagnostic performance of EMB might be increased
when biopsies were obtained from the region of late gadolinium enhancement
(LGE) [14]. Most often, LGE is found either in the interventricular septum, which
is best reached by the bioptome from the right side, or in the posterolateral LV wall
to which the bioptome is automatically directed after its passage through the aortic
valve in case of LV-EMB. Although obtaining EMBs exactly from the region of
LGE could indeed result in an even higher number of positive diagnoses of myocar-
ditis, this can be often a nonachievable goal. Indeed, a recent study from a high
number of patients demonstrated that there were no substantial differences in the
number of diagnostic LVEMB, RVEMB, or biventricular EMB when related to the
site of LGE [9]. LGE shows a variable sensitivity to detect active or chronic inflam-
mation and active myocarditis may not always lead to large enough regions of
necrotic myocytes to be visually detectable with CMR [15]. Moreover, the sensitiv-
ity of CMR depends on the clinical presentation of myocarditis, being elevated in
patients with an infarct-like clinical presentation, moderate in patients with a car-
diomyopathic pattern, and low in those with an arrhythmic clinical profile [16].
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Consequently, our current routine clinical approach is to preferentially take EMB in
a standardized procedure from the ventricle demonstrating LGE but not necessarily
from the “area” of LGE.
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4.1 Introduction

4.1.1 Definition

The term myocarditis describes the presence of inflammatory cells in the myocar-
dium. This descriptive diagnosis encompasses a wide spectrum of etiologically dif-
ferent diseases that share, as a unique criterion, the presence of myocardial
inflammation [1] (Fig. 4.1). The term, however, does not specify the type of inflam-
mation, the nature of inflammatory cells, and the cause. In clinical practice, the
diagnosis of myocarditis implies that the observed phenotype is attributable to the
inflammation of the myocardium or that the myocardial inflammation constitutes a
“comorbidity” or “complication” of preexisting known heart disease, even of a non-
inflammatory nature [2].

4.1.2 Immunocompetent Cells in Myocardial Tissue

Unlike other organs and tissues, the myocardium does not host lymphoid tissue
(e.g., BALT in lung, MALT in gastrointestinal tract) and does not possess resident
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Fig.4.1 The figure shows
the typical features of
acute lymphocytic
myocarditis in an
endomyocardial biopsy of
a young male patient
presenting with acute heart
failure and elevated
troponin levels

“reticulo-endothelial (RE)” cells (e.g., liver and spleen), such as alveolar macro-
phages in the lung, glia cells in the brain, or glomerular-mesangial cells in the kid-
ney. However, a fair amount of steady-state, resident macrophages is present in
myocardial tissue [3, 4]. These macrophages originate from yolk sac and fetal
monocytic progenitors and are either replenished by local proliferation in infancy
[3] or by blood monocytes in adulthood [4]. At birth, resident macrophages express
major histocompatibility complex class II (HLA II) molecules and the CX3CRI1+
Fractalkine receptor and are therefore distinct from conventional oE integrin
CD103+ dendritic cells [5]. With age, the number of HLA II macrophages increases
while the number of CX;CR+ macrophages decreases [6]; the proliferation capac-
ity of embryo-derived cardiac macrophages progressively declines after the perina-
tal period [6]. Cardiac-resident macrophages display distinct functional properties
from those of monocyte-derived macrophages in cardiac tissue. Resident macro-
phages interweave a complex molecular dialogue with cardiac myocytes, likely
mediated by cytokines; macrophages can modulate the different signals that origi-
nate from the injured cardiac tissue [7]. In cardiac inflammatory diseases, resident
macrophages likely participate in attracting circulating monocytes and other inflam-
matory cells, depending on the local signal triggering the inflammation [8].
Therefore, the myocardial tissue is not lacking in its own immune defenses, but it
does not have a structured RE system like other organs that are much more com-
monly the target of infections.

4.1.3 Why Does Myocardial Tissue Trigger Inflammation?

Myocardial tissue becomes a target of inflammation when it has to repair tissue
damage (e.g., acute myocardial infarction or toxic necrosis), if the myocytes are
infected by cardiotropic pathogens (infective myocarditis) or in an allogeneic con-
dition (e.g., transplant), if other cardiac structures (valves or pericardium) become
targets of inflammation due to self/pathogen mimicry mechanisms (e.g., rheumatic
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fever), or become self-reactive as in immune-mediated myocarditis, or if genetic
defects induce deficiency of the immunologic system (e.g., primary immunodefi-
ciency and auto-inflammatory diseases). The understanding of mechanisms of myo-
cardial inflammation in infectious and non-infectious myocarditis is challenging, as
it is difficult to understand whether individual constitutional gene variants can influ-
ence these mechanisms. In fact, it is noted that individuals exposed to the same
pathogens may or may not develop myocarditis, even within the same environmen-
tal exposure context. This is one of the reasons why the search for predisposing
genetic factors continues to attract the interest of researchers.

In this chapter, we will briefly review the main types of myocarditis and discuss
individual genetic susceptibility to different types of myocarditis from both a clini-
cal and research development perspective. Each type of myocarditis is reviewed in
other chapters of this book.

4.2 Is Myocarditis a Genetic Disease?

Overall, myocarditis can be simply grouped by infectious, non-infectious (autoim-
mune, immune-mediated, or auto-inflammatory), and toxic etiologies (Table 4.1).
Infectious myocarditis can be caused by DNA and RNA viruses, bacteria, fungi,
protozoa, and helminths. The most common causes of infectious myocarditis in
both children and adults are cardiotropic viruses [9]. Non-viral cardiotropic infec-
tions such as Trypanosoma Cruzi (Chagas disease) [10] and Borrelia burgdorferi
(Lyme disease) [11] can affect immune-competent individuals in endemic areas. In
immunocompromised patients, typically heart transplant recipients, the most com-
mon opportunistic infections include the human cytomegalovirus (HCMV) and
Toxoplasma gondii. The state of knowledge on the etiology, diagnosis, manage-
ment, and therapy of myocarditis and that on the diagnosis and management of
myocardial involvement in systemic immune-mediated diseases are reported in two
position statements of the European Society of cardiology [12, 13].

Precise rules define the criteria for the diagnosis of systemic and organ involve-
ment [14], including the heart. Myocardial involvement is diagnosed when the
infectious agent is detected in myocardial tissue by pathologic and pathogen-related
genomic studies [12, 13]. Often, in clinical practice, the diagnosis of myocarditis is
suspected, based more on clinical, biochemical, and imaging criteria than on the
demonstration of myocardial tissue inflammation. Failure to precisely diagnose the
cause can lead to overlooking a potentially toxic origin (e.g., pheochromocytoma)
[15] and genetic familial diseases with similar clinical expression. Resuscitated car-
diac arrest is one of the examples in which imaging-detected interstitial edema [15]
can lead to incorrect diagnostic hypotheses. As expected, infectious myocarditis is
not a genetic disease; in the absence of the pathogen, there is no myocarditis.
However, the role of genetic susceptibility has been repeatedly raised in clinical and
experimental studies in an attempt to understand why some individuals develop
myocarditis, while others, perhaps exposed to the same risk, do not.
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4.3 Infectious Myocarditis and Genetics

Reasons to suspect a genetic susceptibility in infectious myocarditis may derive
from twin studies (usually newborn or children) [16—18], familial clustering sug-
gesting genetic determinants or predisposing genetic factors [19-21], and rare
Mendelian diseases [22, 23] as well as endemic infections linked to both pathogen
and population genetic make-up [24]. The topic must be discussed with caution so
as not to transform infectious diseases into genetic ones, especially as the distinc-
tion between genetic susceptibility from exclusive environmental factors that might
aggregate within families can be difficult.

4.3.1 Single Gene Defects and Myocarditis

“Mendelian” myocarditis is rare, and the available information is based on single
case reports and small clinical series. Disease genes are either immunity genes or
non-immunity genes whose defects cause heritable cardiomyopathies [2] and may
eventually predispose to myocarditis.

4.3.1.1 Immunity Genes

These are cases of apparently sporadic myocarditis in patients with “primary immu-
nodeficiency diseases” (PID), mainly autosomal recessive, which predispose to
infections including those that cause myocarditis [25]. PID phenotypes are hetero-
geneous overall [26-28], and the genetic cause is not the infection itself, but the
condition of immunodeficiency that underlies the predisposition and the occurrence
of myocarditis. PIDs are predominantly observed in the pediatric age as the case of
a child with disseminated Mycobacterium avium infection carrier of IL-12Rp1 defi-
ciency due to compound heterozygosity and who ultimately died of acute heart
failure due to a Coxsackie myocarditis and a poor nutritional status [29]. In the adult
it is rarer but possible. A toll-like receptor 3 mutation has been identified in an adult
patient diagnosed with enteroviral (EV) myocarditis [30].

4.3.1.2 Non-immunity Genes: Do Genetic Cardiomyopathies Display
Susceptibility to Myocarditis?

The possibility of deep molecular and genetic exploration of heart diseases may
contribute to unravel the molecular pathogenetic mechanisms of heart diseases,
either predisposition of genetic cardiomyopathies to infections which may trigger
the first manifestation of the disease or simply infectious complications in patients
with an established diagnosis of genetic cardiomyopathy. The question is whether
genetically affected hearts are more vulnerable to inflammatory triggers than non-
affected hearts [2, 31]. A recent in vitro and clinical study explored the hypothesis
that human genetic factors might underlie acute viral myocarditis in previously
healthy children. Authors tested the role of TLR3-interferon (IFN) immunity using
human-induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM) and per-
formed whole-exome sequencing in 42 unrelated children with acute myocarditis,
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some with proven viral etiologies. TLR3- and STAT-deficient iPSC-CM did not
show more susceptibility to coxsackievirus B3 (CVB3) infection than control cells.
CVB3 did not induce IFN-o/p and IFN-o/f-stimulated genes in control cardiomyo-
cytes and exogenous IFN-a did not substantially protect cardiomyocytes against
CVB3. Exome sequencing did not show mutations in 7LR3- or IFN-a/f-related
genes. Unexpectedly, seven of 42 patients (16.7%) were carriers of rare bi-allelic,
nonsynonymous, or splice-site variations in six cardiomyopathy-associated genes
(BAG3, DSP, PKP2, RYR2, SCN5A, or TNNI3). The authors concluded that “previ-
ously silent recessive defects of the myocardium may predispose to acute heart
failure presenting as acute myocarditis, notably after common viral infections” [32].
The hypothesis that acute myocarditis reflects an active phase of ARVD that leads
to changes in phenotype and abrupt progression of the disease has been investigated
by Lopez-Ayala and colleagues [33]. They suggest that an active phase should be
suspected in a patient with myocarditis associated with a family history of ARVD
and that certain mutations may increase the susceptibility to superimposed myocar-
ditis in ARVD [33]. Patients with dilated cardiomyopathy caused by defects of dys-
trophin and dysferlin demonstrate increased susceptibility to myocardial CVB3
infection by enhancing viral propagation to adjacent cardiomyocytes and disrupting
the function that repairs the myocyte membrane [34-36]. The history of a recent flu
episode in patients with XL-DCM caused by defects of dystrophin may confound
the true clinical diagnosis, but the possibility that a viral flu triggers or unmasks the
manifestation of preexisting asymptomatic disease cannot be excluded. Although
myocarditis and the viral genome may not be found in the EMB from patients with
XL-DCM [37], the myocardium with dystrophin defects could sustain greater dam-
age from coxsackievirus proteases that are known to affect host cell proteins such as
dystrophin [34-37]. As confirmation of the role or effect of myocarditis on the
expression of dystrophin, there is evidence of focal disruption of the dystrophin—
glycoprotein complex (DGC) in human coxsackievirus B myocarditis. DGC disrup-
tion can contribute to the pathogenesis of human enterovirus (EV)-induced dilated
cardiomyopathy [38], and the disintegration of the sarcoglycan complex may, in
addition to dystrophin cleavage, play an important role in the pathogenesis of
enterovirus-induced cardiomyopathy [39].

4.3.2 Genetic Susceptibility and Enteroviral Myocarditis

The clinical presentation of EV infection may be relatively mild (fever, herpangina,
conjunctivitis, hand-foot-mouth disease, tonsillitis, pharyngitis, lower respiratory
tract infection, acute gastroenteritis) or, less commonly, very severe (pneumonia,
meningitis, encephalitis, myocarditis, pericarditis, hepatic necrosis, and coagulopa-
thy) [40]. EV myocarditis is often described in outbreaks of EV infections [41-46]
(Table 4.2). The cardiotropic coxsackievirus B3 (CV-B3) is one of the most com-
mon causes of myocarditis [40]. The myocardial infection is initiated by the trans-
membrane coxsackievirus-adenovirus receptor (CAR) encoded by the CXADR gene
(MIM=602621); in experimental models, the ablation of CAR blocks viral infection
of myocardial cells as well as inflammation in the myocardium [47]. Similarly,
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Table 4.2 Enterovirus, outbreaks, and reports of EV myocarditis
Outbreaks with reports of
Species | Types myocarditis Ref
A » Coxsackievirus 1-8, 10, 12, 14, 16; Severe hand-foot and mouth | [41, 42]
¢ Enterovirus A71, A76, A89, A90, disease due to CVAOG,
Al14,A119,A120,A121 CVA16, and A71
B ¢ Coxsackie B 1-6, A9, Neonatal sepsis due to CVBI1 | [43, 44]
¢ Echovirus 1-7, 9,11-21, 24-27,29-33
¢ Enterovirus B 69, 73-75, 77-88, 93,
97,98, 100, 101, 106 and 107
C » Coxsackie virus Al, 11, 13, 17, 19, Small outbreaks of cVDPV [45]
20, 21, 22, 24; and paralytic disease due to
¢ Enterovirus C 95, 96, 99, 102, 104, newer EV-C viruses
105, 109, 113, 116-118;
* Poliovirus 1-3
D *« EV D68 D70, D94, D111 Reports of EVD68 respiratory | [46]
diseases, including
myocarditis. Association with
acute flaccid myelitis

increased cardiac expression of CAR may partially explain increased susceptibility
to myocarditis [48]. However, to date, mutations in the CXADR gene have not been
reported/identified. In CVB3-infected myocytes, the cell damage is induced by
direct cytotoxicity and mediated by viral proteinases [49]. CVB3 replicates on the
surface of autophagosomes [50, 51] and enhances replication by employing miRNA
[52, 53]. CVB3-induced differential expression of miRNA modulates the expres-
sion of both host and viral genes.

Individual genetic make-up may favor EV infection. A recent investigation
focuses on PI4KB/ACBD3 (phosphatidylinositol kinase 4, type 3 beta/acyl-CoA-
binding domain-containing protein 3) interaction as facilitating mechanisms for
efficient viral replication. Enteroviruses, as well as other positive-strand RNA
viruses, reorganize host cellular membranes through recruiting phosphatidylinositol
(PI) 4-kinase (PI4KB), whose defects cause the monogenic autosomal recessive
perisylvian polymicrogyria, with cerebellar hypoplasia and arthrogryposis [54].
Acute inhibition of the enzyme PI4KA by kinase inhibitors causes sudden death
[55]. The Golgi-residing protein, ACBD3 (Golgi phosphoprotein 1; GOLPH1),
which is involved in the maintenance of Golgi structure and function, is responsible
for proper localization of enteroviral 3A proteins in host cells. Mutants abrogating
the ACBD3-PI4KB interaction showed that this interaction is crucial for enterovi-
rus replication and allowed the identification of the minimal ACBD3 domains that
are essential for enterovirus replication. Therefore, acyl-coenzyme A binding (ACB)
and charged-amino-acid region (CAR) domains are dispensable for 3A-mediated
PI4KB recruitment and efficient enterovirus replication [56]. The myocardial
expression of NOD?2 (nucleotide-binding oligomerization domain protein 2) gene
has also been found to be higher in CVB3-positive patients compared with patients
with myocarditis but without evidence of persistent CVB3 infection; no genetic
variants in the gene have been reported to date [57].
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4.3.3 Parvovirus B19 and Myocarditis: Genetic Studies Unravel
Molecular Mechanisms But Do Not Demonstrate Heritable
Predisposition

Human parvovirus B19 (B19V) belongs to genus Erythroparvovirus of the
Parvoviridae family, which is composed of a group of DNA viruses with a linear
single-stranded DNA genome [58]. B19V infects human erythroid progenitor
cells (EPCs) and causes mild to severe hematological disorders [59]. It may also
infect non-erythroid lineage cells such as myocardial endothelial cells [60]. The
tropism of B19V for EPCs depends on the expression of viral receptors and co-
receptors on the cell surface and by the viral use of host factors such as RNA
binding motif protein 38 (RBM38) for the processing of its pre-mRNA during
viral replication [61]. Variants in RBM38 gene have not been reported so far.
The RBM38 protein (coded by the RBM38 gene, 20q13.31, MIMx612428)
interacts with the intronic splicing enhancer 2 (ISE2) element of B19V pre-
mRNA and promotes 11-kDa protein expression that regulates the 11-kDa pro-
tein-mediated augmentation of B19V replication [62]. The B19V-antibody
complex enters the cells through an endocytosis process mediated by the direct
interaction of antibody-bound complement factor C1q with its receptor CD93
on the cell surface [63].

Infection by PVB19 causes fifth disease, arthropathy, anemia in immunocom-
promised patients and sickle cell disease patients, myocarditis, and hydrops feta-
lis in pregnant women [64—66]. The cardiac manifestations vary, from mild and
nonspecific symptoms (e.g., fatigue, arrhythmias) to severe, including cardiogenic
shock requiring mechanical support. PCR-based studies have reported B19V
genome in myocardial tissue of patients with myocarditis and dilated cardiomy-
opathy, however also in control cases, disproving the hypothesis that persistent
myocardial viral infection might be a frequent cause of DCM or myocarditis [67—
69]. Similar findings have been reported in skin samples from patients with der-
matological diseases in which the role of viral infection is debated [70]. It should
be considered that no biopsy tissue sample is blood-free. In addition, remnant
B19V DNA strands can be released from tissues without active viral replication;
therefore, the PCR-based detection of B19V DNA in blood does not prove the
presence of infectious virions and viral replication [71]. This finding suggests
caution in the interpretation of the role of B19V infection when based on B19V
DNA detection in blood, not only in myocarditis but also in other diseases that
have been hypothesized to be causally linked with B19V. Finally, the viral load of
PVB19 genomes in the myocardium is not related to the long-term outcome [72].
A possible hypothesis that could explain the role of B19V in myocarditis and
cardiomyopathy is the potential trigger effect of the viral genome for innate
immunity, inducing pro-inflammatory cytokine secretion [72] and myocardial
inflammation. Although the hypothesis that individual susceptibility and modifier
genes may influence the predisposition to myocarditis, there is no current proven
evidence of gene variants potentially exerting this role.
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4.3.4 Herpes Virus Infections: Heritability of Chromosomally
Integrated HHV-6 (ciHHV-6)

A recently described case of myocarditis in a patient with chromosomally inte-
grated HHV-6 (ciHHV-6) [73] links the herpes virus infection with an inherited risk
of myocarditis. ciHHV-6 is a rare heritable condition in which the complete genome
of the virus is integrated into the host germline genome (OMIM 604474) [74].
ciHHV-6 is characterized by high viral copy numbers in blood or sera (>6 log (10)
copies/mL) with a prevalence of 0.8% of UK blood donors. Therefore, the finding
of high HHV-6 viral loads in healthy normal individuals highlights the need to
correctly interpret ciHHV-6, with its possible confounding effect in laboratory diag-
nosis of HHV-6 infection [75, 76] or its role in patients with DCM/heart failure [77].
The integrated viral genome eventually secreting viral chemokines can confer
human genes with links to inflammatory pathology and supports ciHHV-6A
reactivation as a source for emergent infection [77, 78].

4.3.5 Chagas Disease and Genetic Predisposition

Chagas disease (CD) is caused by the protozoan parasite Trypanosoma cruzi [79]
through direct oral contact, contaminated blood transfusion, or bone marrow trans-
plantation. There may also be vertical transmission from the mother to infant. CD
is endemic in the southern USA, Mexico, Central America, and South America [10,
79, 80]. Contamination of food and drink has been reported in northern South
America, where transmission cycles may involve wild vector populations and
mammalian reservoir hosts [10, 79-82]. In the acute phase, the disease can mani-
fest with myocarditis, conduction system abnormalities, and pericarditis. In
untreated patients, the disease progresses to the chronic phase with development of
chronic Chagas cardiomyopathy (CCC) [79]. Genetic susceptibility to the develop-
ment of CCC is a matter of ongoing investigation of immunity genes to identify
possible individual and population-based predisposition. Table 4.3 [83-91] lists the
genes and related variants investigated to date in CD. Although some association
studies tested positive, no genetic test is currently performed in the diagnostic
work-up of CD.

4.3.6 Rheumatic Fever, Carditis, and Genetics

Rheumatic fever (RF) is an immune-mediated disease that affects predominantly
children and adolescents in low-income and developing countries, in which the
disease burden is still relevant [92, 93]. RF occurs in “genetically susceptible indi-
viduals”, as sequelae of Group A Streptococcus (GAS) pyogenes infection. The
clinical manifestations depend upon the tissues involved, including synovium
(arthritis), heart valves (endocarditis), myocardium (pancarditis), brain
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Table 4.3 Genetic association studies for susceptibility to Chagas Disease (CD) and pathophysi-
ology of Chronic Chagas Cardiomyopathy (CCC)

Monogenic disease and

Genetic variants variably
associated with Chagas

susceptibility in OMIM Disease
Gene Peptide MIM Phenotype Inheritance Ref
COLECI11 Collectin 11 3MC syndrome 2 AR Association with [83]
MASP2 Lectin MASP?2 deficiency AR the
complement pathophysiology of
activation Chagas disease
pathway, defect, 2
Promoter region, | Interleukin 18 - - Susceptibility to [84]
1IL18 CD
VDR gene Vitamin D Rickets, vitamin AR 1s2228570%A [85]
(rs731236, receptor D-resistant, type IIA allele: Association
1s7975232, with CD
rs1544410 and
1s2228570)
IL17A G197A Interleukin 17A - - Association with [86]
(rs2275913) Chagas disease
IL17F T7488C Interleukin 17F Familial candidiasis, AD
(rs763780) 6
CCR5 > A32 Chemochine, — Susceptibility/ - CCRS A32 no [87]
(rs333) 59029 CR motif, 5 resistance to HIV CCR5 59,029 A/G
AIG infection yes
(pm rs1799987) — West Nile virus, Association with
susceptibility to Cccc
CCR2-CCR5 Chemochine, - Association with [88]
genes and their CR motif, 2 CcCcC
haplotypes Chemochine,
CR motif, 5
* TGFBI: ¢ Transforming e Camurati— « AD No association with | [89]
rs8179181, growth factor B 1 Engelmann disease® clinical outcome in
rs8105161, CcCcc
rs1800469;
« IL10: e Interleukin 10 e HIV susceptibility; |* —
rs1800890, RA progression
rs1800871,
rs1800896;
* IFNG: ¢ Interferon * TSC2 * AD
1s2430561; gamma angiomyolipomas,
renal, Mod.
* TNF: ¢ Tumor necrosis | * Asthma and Sepsis | * —
rs1800629; factor susceptibility
¢ BAT1 * HLA-B- . — o —
(DDX39B): associated
1s3853601; transcript 1
* LTA: e Lymphotoxin * Leprosy and .« —
1s909253, alpha Psoriatic ar.
12239704 susceptibility
« TNFR1 e Tumor necrosis | * Periodic familial * AR
(TNFRSFI1A): factor receptor 1 fever
rs767455;
* TNFR2 e Tumor necrosis | * — . —
(TNFRSF1B): factor receptor 2

1s1061624.
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Table 4.3 (continued)

Genetic variants variably
Monogenic disease and associated with Chagas
susceptibility in OMIM Disease
Gene Peptide MIM Phenotype Inheritance Ref
NLRPI NLR family, pyrin | Auto-inflammation AD, AR NLRP1 rs11651270 | [90]
rs11651270, domain containing | with arthritis and & CARD
1 dyskeratosis 1s6953573:
CARD (NOD2) | Caspase Blau syndrome AD Association with
156953573 recruitment ccc
domain containing
protein 15
CASP1P2 Caspase 1 - -
apoptosis-related
cysteine protease
TYK2 gene Tyrosine kinase Immunodeficiency 35 | AR Negative [91]
variants susceptibility study

Inflammatory bowel disease, immunodeficiency, and encephalopathy

(Sydenham’s chorea), kidney (glomerulonephritis), skin (erythema marginatum),
and subcutaneous tissue (rheumatic nodules). Rheumatic heart disease (RHD) is
the most common acquired cardiovascular disease in youths [2] and is associated
with high morbidity and mortality [94].

4.3.6.1 Familial Susceptibility

Genetic susceptibility has repeatedly been claimed as a contributor to the pathogen-
esis of RHD, but, to date, no significant result has been identified or reproduced
with GWAS study [95]. Rheumatic fever is an example of familial “non-genetic
aggregation” and of difficulties in distinguishing familial genetic susceptibility
from transient or persistent environmental factors to which members of the same
families may be exposed. Historical research focused attention on family aggrega-
tion [96], exploring the field of immunogenetics. An early study published in Nature
in 1979 [97] identified the B-cell alloantigen marker, 883, in patients previously
diagnosed with RF with or without subsequent RHD. The 883 antigen on B cells
was found in 71% of patients typed in New York and 74% of patients typed in
Bogota as compared with 17% in the two disease-free control groups. The marker
was not associated with any of the known major histocompatibility complex (MHC)
antigens. A later study showed that two antibodies produced against this antigen
were present in 92% of patients as compared with 21% of disease-free controls [98].
Another monoclonal antibody, labeled D8/17, which identified a B-cell antigen
present in 100% of RF patients, was found in 14.6 and 13% of unaffected sibs and
parents, respectively. The segregation of phenotypes (percentage D8/17-positive
cells within HLA-typed rheumatic fever families) was consistent with autosomal
recessive inheritance, which was not associated with the MHC gene system [99].
The D8/17 antibody was later considered a disease-specific marker with worldwide
distribution: it may serve as a diagnostic tool in patients with suspected rheumatic
fever [100]. Therefore, the hypothesis of an autosomal familial recessive
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predisposition/susceptibility that was not related to HLA genes remains doubtful.
Nonetheless, more recent twin pairs’ studies demonstrated a concordant risk for
acute rheumatic fever of 44% in monozygotic twins and 12% in dizygotic twins.
The estimated heritability across six meta-analyzed studies was 60% [101].

Genetic variants associated with increased risk of RHD have been investigated
on the basis of the hypothesis that cytokine gene polymorphisms could play a role
in the susceptibility of RHD in patients: TNF-a (-308G>A) and IL-1p (-511C>T)
were significantly associated with increased risk of RHD, while IL-10 (-1082G>A)
and IL-6 (-174G>C) were not associated with modified RHD risk [102]. Thereafter,
research focused on the role of functional variants in genes encoding molecules of
the complement activation pathways. The rationale is that tissue damage in RHD is
mediated by autoantibodies resulting from molecular mimicry between GAS and
cardiac tissue proteins. The GAS molecule N-acetyl-p-D-glucosamine (GlcNAc)
and the M protein cross-react with valve and myocyte proteins of the host [103].
GlcNAc is the immunodominant cell wall antigenic epitope of GAS and is recog-
nized by ficolins [104] that comprise pattern-recognition receptors (PRRs) of the
complement [103, 105]. Of the three human ficolins [ficolin-1 (M-ficolin), ficolin-2
(L-ficolin), and ficolin-3 (H-ficolin also known as Hakata antigen)] [106], ficolin-1
is found both in soluble form and on the cell membrane [107-109] and binds sialic
acid to capsular polysaccharides of pathogens including Streptococcus agalactiae
[110, 111]. The levels of expression of ficolin-1 are influenced by promoter gene
variants, all associated with increased FCN1 gene expression in whole blood or
adipose subcutaneous tissue, but are also associated with increased protection
against the disease [112, 113]. FCN1 polymorphisms may play a dual role in the
physiopathology of RF. On the one hand, they increase the GAS infection and pre-
dispose the patient to RHD symptoms, once the infection is established [113].
Polymorphisms associated with low levels of L-ficolin level may predispose carri-
ers to recurrent and/or more severe streptococcal infection [112]. The low levels of
ficolin-1 levels reported in RHD have been interpreted as an effect of the consider-
able ficolin-1 consumption in RF (Table 4.4). In any case, ficolin-1 is a promising
therapeutic target for autoimmune diseases [114].

FLC3 gene defects are associated with immunodeficiency due to ficolin-3 defi-
ciency (MIM # 613860), an autosomal recessive disease characterized by increased
susceptibility to infections and autoimmune diseases, and by defect in the lectin

Table 4.4 Ficolin levels in autoimmune diseases [115]

Ficolin-1 levels CRP correlations
Disease High |Low | Unmodified |(mgdL™") REF
Rheumatic fever + — [112]
Vasculitis + 0.98 [0.19, 6.71] [113]
Rheumatoid arthritis + 0.81 [0.06, 2.52]
Myositis + 0.20 [0.04, 0.63]
Systemic lupus erythematosus + 0.15[0.10, 0.48]
Behcet’s disease + 0.05 [0.04, 0.80]




4 Genetic Basis of Myocarditis: Myth or Reality? 57

fivuli

—

Fig. 4.2 Fatal rheumatic pancarditis with mitral chordal rupture in a boy with autosomal domi-
nant osteogenesis imperfecta. The figure shows (a) the macroscopic view of the posterior atrio-
ventricular wall. The sample in the (b) corresponds to the squared area in panel (a) and the
histological panel (¢) shows a ruptured chorda surrounded by inflammatory cells. The myocardial
wall was extensively involved (d, e) and demonstrated the typical Anitschkow cells

activation pathway of the complement system. The specific biomarker is the
decreased serum levels of ficolin-3. FLC3 deficiency is a rare disease of major sci-
entific and clinical interest because heterozygous carriers have 50% reduction in
circulating ficolin-3 levels. To date, only one case of cardiac disease has been
described in an 11-month-old male infant who was operated on to repair a congeni-
tal heart defect [115]. Finally, the possibility exists that patients with genetic disease
are more susceptible to RF [116]. This is a new area of clinical observation that also
deserves attention due to the increasing number of genetic diseases that can now be
correctly diagnosed [2]. As an example, the figure shows the case of a fatal rheu-
matic pancarditis in a boy with osteogenesis imperfecta (Fig. 4.2).

4.4 Non-Infectious Myocarditis
4.4.1 Sarcoidosis

Sarcoidosis is a chronic multisystem inflammatory disease of unknown etiology
whose pathologic hallmark includes non-caseating, epithelioid granulomas primar-
ily in the lungs and lung-draining lymph nodes [117, 118]. Sarcoidosis is consid-
ered a T-cell driven inflammatory disease in which mononuclear phagocytes
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(macrophages, monocytes, and dendritic cells) initiate and maintain T-cell activa-
tion and release cytokines that contribute to granuloma formation and maintenance
[118, 119]. The data on incidence range from 3—4 to 35-80 per 100,000, reflecting
ethnicity, geographic distribution, and gender. The prevalence is 10-40/100,000
persons in the USA and Europe, higher in the Scandinavian population, and lower
in those of Turkish descent; in addition, the ratio of prevalence between African
Americans and Caucasians is 10-17 to 1. Young women (2040 years) are preferen-
tially affected [119-121]. Cardiac involvement is influenced by ethnicity, approach-
ing up to 58%, and constitutes the cause of death in up to 85% of Japanese patients
[120, 122]. The disease typically occurs in the adult age; in children with suspected
sarcoidosis, the autosomal dominant Blau syndrome has to be considered [123,
124]. This early aggressive form is associated with heterozygous mutations in
CARDI15 gene (NOD1) (MIM:605956) that cause constitutive NF-kappa-B activa-
tion [125].

The clinical manifestations of sarcoidosis are heterogeneous due to the involve-
ment of many organs/organ systems and consist of polyarthritis, iridocyclitis, skin
rash, and arteritis, in addition to potential heart, kidney, and nervous system involve-
ment [117, 118, 124]. The heart is affected in 2-7% of patients diagnosed with
systemic sarcoidosis [117, 122] (Fig. 4.3). Cardiac involvement is clinically mani-
fest in about 5% of patients with sarcoidosis (sarcoid granulomas can be clinically
silent), while it is asymptomatic in about 25% of cases, as confirmed by pathology,
i.e., autopsy studies [126, 127], and imaging series, either CMR or fluorodeoxyglu-
cose positron emission tomography (PET) [128, 129]. Simultaneous PET/MR
increases the diagnostic accuracy and offers complementary information on disease
pathophysiology [129, 130]. Therefore, given that sarcoid granulomas can be clini-
cally silent, the real proportion of cardiac sarcoidosis is likely higher than clinically
apparent.

Sarcoidosis can manifest acutely (Lofgren’s syndrome) or with gradual onset
(non-Lofgren’s syndrome). The acute Lofgren’s syndrome is characterized by hilar
lymphadenopathy, erythema nodosum, and fever [131]; it mainly affects women
and is common in Scandinavian, Irish, African, and Puerto Rican populations. The
prognosis is good, with>90% of patients experiencing disease resolution within
2 years. On the other hand, resolution is difficult when lupus pernio, cardiac, or
neurologic involvement is present.

4.4.1.1 Familial Monogenic Sarcoidosis: The BLAU Syndrome
and Early-Onset Sarcoidosis (EOS)

Blau syndrome is an early-onset, chronic, granulomatous auto-inflammatory dis-
ease that is inherited by an autosomal dominant pattern [124]. The original clinical
manifestations were described as a triad constituted by granulomatous dermatitis,
arthritis, and uveitis [124]. Additional manifestations include erythema nodosum,
fever, sialadenitis, lymphadenopathy, leukocytoclastic vasculitis, transient neuropa-
thies, granulomatous glomerular and interstitial nephritis, interstitial lung disease,
arterial hypertension, pulmonary hypertension, pericarditis, pulmonary embolism,
hepatic granulomas, splenic involvement, and chronic renal failure [132-138].
Cardiac involvement is rare [136-140]. The pathologic hallmark is the
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Fig. 4.3 End-stage fibrotic
phase of adult-onset
sarcoidosis. The patient
underwent heart
transplantation because of
the extensive, multifocal
scarring (a); residual giant
cells are visible, with
asteroid bodies, both H&E
(b) and Movat
Pentachrome stain (c¢)

non-caseating epithelioid cell Blau granuloma. Blau syndrome is caused by muta-
tions in the Caspase Recruitment Domain Gene 15 (CARDI15 or NODI)
(MIM%605956) on chromosome 16q12.1 [125]. The mutations are systematically
collected in the international Infevers Registry [fmf.igh.cnrs.fr/infevers] [139]. Blau
syndrome is allelic to early-onset sarcoidosis (EOS) [140, 141]. The diagnosis is
usually suspected in the clinical context of rheumatology or dermatology or oph-
thalmology issues. It is unusual for patients to manifest cardiac involvement at
onset. Cardiologists are more likely to be involved in the clinical management of
patients diagnosed with the disease [126]. Myocarditis is not specifically mentioned
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in the complex phenotype of the disease, but pericarditis is a known possible com-
plication and myocardial involvement and cardiac infiltration have been reported in
early-onset sarcoidosis associated with CARD15 mutations [140, 141].

4.4.1.2 Non-monogenic Sarcoidosis: Candidate Genes, Familial
Aggregation, and Susceptibility

Outside of Blau syndrome and EOS, sarcoidosis is usually considered an autoim-
mune disease with possible family susceptibility in a way that does not conform
to a classic Mendelian mode of inheritance [142, 143]. The susceptibility loci and
the genes identified to date are summarized in Table 4.5. SNPs in major histocom-
patibility complex HLA-DRA and BTNL2 genes have been associated with sus-
ceptibility to sarcoidosis. A recent multi-population study demonstrates that at
least a part of these associations are HLA-DRBI independent (unrelated with link-
age disequilibrium) and shared across ancestral origins. The variants that were
independent of HLA-DRBI associations acted as e-quantitative trait loci for HLA-
DRBI and/or -DRBS5, suggesting a role in regulating gene expression [144]. The
BTNL2 gene variant G16071A seems to be a predisposing factor for sarcoidosis
except in Caucasian postmenopausal women with sarcoid uveitis in whom the GG
genotype prevails [145]. Other loci associated with genetic susceptibility of sar-
coidosis are pending and many candidate genes are reported but not yet confirmed
(ACE, ADAM33, ANXAIl, BTNL2, NOD2, CCDC88B, CCR2, GREM1, HLA-
DRBI, IL23R, NOTCH4, C60RF67, OS9, PRDXS5, SLC11A1, TGFBI, TLR9, and
TNFA) [146-149]. Genes influencing clinical presentation of sarcoidosis are
likely to be different from those that underlie disease susceptibility. To date, no
genetic testing has entered the clinical diagnostic path of sarcoidosis. Whole-
exome sequencing studies identified rare genetic variations in families with pul-
monary sarcoidosis [150]. The family-based exome sequencing study identified
40 plausible functional rare genetic variants among German families. The find-
ings highlighted the calcium ion-related biological activities and immune respon-
sive genes with possible involvement in pathways of immune/inflammatory
response regulation, leukocyte proliferation, and defense response to bacteria,
among the major mechanisms. The KEGG pathway mapping analysis indicated
inflammatory bowel disease as most relevant. The complexity of the phenotype
(severity, chronicity, clinical course) and the overlapping of concurrent lung dis-
ease partly explain the difficulties encountered in the studies that investigate the
genetic basis of sarcoidosis [150].

4.4.1.3 Familial Genetic Risk: Clinical Evaluation

On a clinical level, it is useful to be aware of the risk of recurrence of sarcoidosis
in relatives of affected patients. The ACCESS study (A Case Controlled Etiologic
Sarcoidosis Study) demonstrated that first-degree relatives of patients with sar-
coidosis have a five times higher relative risk of developing sarcoidosis than con-
trol subjects [151-153]. A more recent study (Swedish National Patient Register
using International Classification of Diseases codes, 1964-2013) confirmed that
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having at least one first-degree relative with sarcoidosis is associated with a 3.7-
fold increase in the risk of sarcoidosis [154]. The relative risk increases in those
with two or more relatives (relative risk 4.7) and in Lofgren’s syndrome (relative
risk 4.1). The percentage of heritability was 39% (95% CI 12-65%). Therefore,
having a relative with sarcoidosis is a strong risk factor for the disease. In clinical
practice, the family history (uveitis and lung diseases in particular) should be
explored with the aim of verifying whether there are other family members diag-
nosed with sarcoidosis [155]. Instead, in the Japanese population in which sar-
coidosis is particularly frequent, the occurrence of cardiac sarcoidosis in female
patients is associated with the presence of HLA-DQB1x0601 and the allele TNFA2
[156, 157]. Loci formally listed in the OMIM catalogue are described in Table 4.5
[155, 158-161] and genetic variants investigated in sarcoidosis are reported in
Table 4.6.

4.4.2 Giant Cell Myocarditis and Genetics

Giant cell myocarditis (GCM) is a rare and potentially fatal illness of unknown
etiology characterized by myocardial inflammation with multinucleated giant
cells and myocyte necrosis [162, 163]. GCM is currently considered a “multifac-
torial disease triggered by different causes” [164—187]. Etiologic hypotheses
include systemic autoimmune diseases [164—168], drug toxicity [169], infections
[170-172], and complex combination of autoimmunity, infections and drug toxic-
ity [173]. Infections reported in GCM include coxsackie B2 virus [170], parvovi-
rus B19 [171], HCMV [172] and HIV 1 infection [173—-184]. In most cases, GCM
is an isolated entity, while in about one-fifth of cases GCM occurs in association
with autoimmune/immune-mediated diseases (Table 4.7), infections, drug toxic-
ity, or syndromes such as immune reconstitution inflammatory syndrome (IRIS)
in patients undergoing highly active antiretroviral therapy (HAART) against
human immunodeficiency virus type 1 (HIV-1) [173, 184, 185] or even in patients
taking common medications such as amoxicillin [183]. To date, the autoimmune/
immune-mediated hypothesis is the most accredited pathogenic theory supported
both by the aforementioned associations with systemic autoimmune diseases
(Table 4.7) and by the partial remission of GCM in patients treated with immuno-
suppression as well as by the non-aggressive occurrence (10-50%) of the disease
during immunosuppression treatment in transplanted patients [186, 187].

Table 4.5 Genetic susceptibility in sarcoidosis: loci formally included in OMIM catalogue

Susceptibility

loci Mapping Association with variants in: Ref

SS1 6p21.3 HLA-DRBI (HLA-DRB1x03) [155, 157]

SS2 6p21.3 BTNL2 (butyrophilin-like protein, major [159]
histocompatibility complex class II-associated BTL II)

SS3 10922—q23 | ANXAI11 (Annexin XI) [160, 161]
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Table 4.6 Systemic sarcoidosis: familial aggregation and genetic predisposition

Family studies

Series

Relatives

Risk compared with the general population

210 twin Twins, monozygotic | 80-fold
pairs Twins, dizygotic 7-fold
ACCESS (A | First or second 4.7-fold
Case-Control| degree relative of a

Etiologic patient with

Study in sarcoidosis

Sarcoidosis)

Genetic studies

Genetic Chromosome 6, e Acute sarcoidosis: HLA-DRB1x0301
association | MHC genes ¢ Remitting disease: HLA-DQB1:x0201-DRB 10301
e Chronic active disease: DQB1:x0602-DRB 1150101
» Extra-pulmonary manifestations: HLA-DRB 111
Candidate | Case-control studies | Variation of TNF production: TNFA1/TNFA2;
genes and family-based rs1800629
studies e Chronic sarcoidosis: IL23R: rs11209026 (Arg381Gln)
* Sarcoidosis and uveitis: IL23R: rs11209026
(Arg381GlIn)
GWAS Susceptibility loci * Butyrophilin-like 2 (BTNL2) gene: rs2076530 A
and candidate genes | ¢ Annexin A1l (ANXAT11) gene: rs1049550
* Ras-related protein Rab-23 (RAB23): rs1040461
* Osteosarcoma amplified 9 (OS9): rs1050045
* Coiled-coil domain containing 88B (CCDC88B)
 Peroxiredoxin 5 (PRDXS5) gene
» Neurogenic locus notch homolog protein 4
(NOTCH4) gene region: SNP rs715299
Gene— 1101 patients with HLADRB
environment | extrapulmonary
interactions | sarcoidosis and
exposed to

insecticide, molds,
and musty odors

Table 4.7 Giant cell myocarditis in inflammatory autoimmune diseases

Disease References
Inflammatory bowel disease, both Crohn’s disease (CD) and ulcerative colitis [174-176]
(UC); drug reaction is a possible trigger

Spondyloarthropathy [177]
Thymoma, myasthenia gravis [168, 178]
Vasculitis [179]
Orbital myositis, vitiligo [180]
Autoimmune hepatitis [164]
Systemic lupus erythematosus [181]
Sjogren’s syndrome [182]
Immune reconstitution inflammatory syndrome (IRIS) that may occur in patients [185]
undergoing highly active antiretroviral therapy (HAART) against human

immunodeficiency virus type 1 (HIV-1)
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Clinical manifestations of GCM are variable. Most patients present with car-
diogenic shock or acute heart failure, requiring mechanical circulatory support.
However, conduction disease such as atrio-ventricular nodal or infra-nodal heart
block or atrial or ventricular arrhythmias can be the first manifestation. The rare
“atrial variant” is characterized by atrial fibrillation and severe atrial dilation but
preserved ventricular function [188, 189]. A precise diagnosis of GCM is estab-
lished only when typical pathologic features are demonstrated on EMB or surgi-
cal samples [190] (Fig. 4.4). The inflammatory infiltrate is constituted by
CD8-positive lymphocytes, eosinophils, and multinucleated giant cells; myocytes
show damage and necrosis [162, 163]. The origin of giant cells, from myocytes
and/or histiocytes, remains a matter of investigation. Differential diagnosis
between GCM and cardiac sarcoidosis relies on pathologic features (non-caseat-
ing epithelioid granulomas with CD68-positive giant cells in sarcoidosis) and is
supported by the different T-cell subsets, CD4+ in sarcoidosis and CD8+ in
GCM. GCM carries a poor prognosis, with a median survival of 5.5 months from
the onset of symptoms; up to 90% patients either die or require cardiac

Fig. 4.4 The figure shows
the EMB done in a
42-year-old patient with
fulminant clinical
manifestation of giant cell
myocarditis. Death
occurred 52 hours after
admission to the
emergency room, despite
ventricular support,
including medications and
ECMO. (a) H&E; (b)
Anti-CD68 immunostain
showing specific immune-
reaction of giant cells.
Green arrows indicate the
giant cells in both panels
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transplantation. Data on management, including medications and mechanical cir-
culatory support for bridge to recovery or to transplantation, are given in the dedi-
cated chapter of this book.

The occurrence of GCM in Mendelian diseases is either underreported or unex-
plored or anecdotal and extremely rare. Myocarditis and giant cell hepatitis have
been diagnosed in a patient with spinal muscular atrophy with respiratory distress
(SMARDI1) that was genetically caused by a nonsense mutation in the
immunoglobulin-mu-binding protein 2, IGHMBP2 disease gene. Mutations in this
gene typically cause the autosomal recessive Charcot—-Marie—Tooth disease, axonal,
type 2S, and the distal hereditary motor neuronopathy type IV. This evidence does
not causally link GCM with the genetic defect but rather represents a possible com-
plication of the disease [191].

The association between GCM and myasthenia gravis (MG) and thymoma war-
rants special mention for two reasons: (1) the fair number of reports of GCM in
patients with myasthenia gravis and (2) the association of giant cell polymyositis
and myocarditis with myasthenia gravis and thymoma [168, 178, 192—195] and the
possible responsiveness of myositis to novel biological drugs such as rituximab
when steroids, acetylcholinesterase inhibitors, and immunosuppressive agents fail
[193]. Cardiomyositis and subclinical cardiac dysfunction have been described in
patients with thymoma and late-onset myasthenia gravis [192, 193].

To date, gene expression studies have not identified disease genes but rather have
contributed to unraveling some pathophysiologic mechanisms of disease. Cardiac
gene expression profiling has revealed upregulation of genes involved in the T-cell
immune response, with the majority of upregulated genes involved in T-cell activa-
tion of the Thl subset [196]. Plakoglobin expression was reduced in GCM and
cardiac sarcoidosis as well as in ARVC, but not in lymphocytic myocarditis. A
redistribution of plakoglobin from intercellular junctions to intracellular location
was attributed to the mediation of IL-17 and TNF-alpha; both are considered to be
mediators of granulomatous myocarditis [197].

4.4.3 Hypereosinophilic Syndromes (HES) and Myocarditis

Eosinophils are involved in host immune response to infection, cancer surveillance,
and maintenance of other immune cells [198, 199]. The normal range of circulating
eosinophils is 3-5%, which corresponds to an absolute count of 350-500/mm?
[198]. Eosinophilia (hypereosinophilia) refers to an increased absolute eosinophilic
count in peripheral blood and is graded as mild (from upper normal limit to 1500/
mm?), moderate (1500-5000/mm?), and severe (>5000/mm?) [200]. Eosinophilia
encompasses a broad range of disorders including hematologic eosinophilia (clonal,
neoplastic, primary, HEy), non-hematologic (secondary or reactive HEy), eosino-
philic diseases of unknown significance (HEys), and familial diseases (HEg)
(Table 4.8). Organ damage may occur in each of these forms [201]. The heart is
either the major or solely involved organ or is potentially involved in systemic dis-
eases. Diagnostic criteria of HES [201] were modified in 2006 when the definition
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Table 4.8 Classification of HE eosinophilic syndromes

Class Abbreviation | Pathogenesis/definition

Hereditary HER, Pathogenesis unknown; familial clustering; absence of

(familial, FA) HE hereditary immunodeficiency; and absence of a reactive
or neoplastic condition/disorder underlying HE

HE of HEys No underlying cause of HE, no family history, no

undetermined evidence of a reactive or neoplastic condition/disorder

significance (US) underlying HE, and no end-organ damage attributable to
HE

Primary (clonal/ HEy Underlying stem cell, myeloid, or eosinophilic neoplasm,

neoplastic) (N) HE* as classified by WHO criteria; eosinophils considered
neoplastic cells®

Secondary HER Underlying condition/disease in which eosinophils are

(reactive) HE® considered nonclonal cells®; HE considered cytokine
driven in most cases®

*HEN and HER should guide further diagnostic evaluations but cannot serve as final diagnoses
"Proven clonality: a myeloid or stem cell neoplasm typically manifesting with clonal HE; typical
molecular defect is demonstrable (e.g., PDGFR or FGFR mutations or BCR/ABLI); eosinophilia
should be considered clonal

“In a group of patients, HER might be caused/triggered by other as yet unknown processes because
no increase in eosinophilopoietic cytokine levels can be documented

was expanded to include other previously distinct diseases associated with eosino-
philia [eosinophilic granulomatosis with polyangiitis (EGPA), formerly known as
Churg—Strauss syndrome, chronic eosinophilic pneumonia, and eosinophilic gastro-
intestinal disorders (EGID)] [200-202]. In 2010, the 6-month diagnostic period was
substituted with the criterion of elevation of the absolute eosinophilic count >1500/
mm? on at least two occasions [203]; it was recommended that the diagnosis had to
be formulated in patients with “tissue eosinophilia and marked peripheral eosino-
philia.” The definition of HES was also expanded in order to include molecular
evidence of end-organ damage [203]. HES has an age-adjusted prevalence of
approximately 0.036 per 100,000 wherein the estimates are based on the ICDO
(International Classification of Disease for Oncology Version 3), coding 9964/3
(HES including chronic eosinophilic leukemia), and the SEER database
(Surveillance, Epidemiology, and End Results) [204].

4.4.3.1 Somatic Mutations

HES with somatic genetic mutation PDGFRA/B-FGFR1 fusion accounts for a
minority of cases (median = 23%, range 3-56%) [205]. In developing countries,
FIPIL1-PDGFRA fusion occurs in approximately 10-20% of patients with idio-
pathic hypereosinophilia [205, 206], usually young adults/adults and, less com-
monly, children and elderly [207-210]. Most patients with FIP1L1-PDGFRA fusion
or myeloproliferative variants are male [205, 211, 212], while other eosinophilia
subtypes do not show gender differences. Other rearrangements such as BCR/ABL1
are far less common than FIP1L1-PDGFRA.
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4.4.3.2 HES: The Clinical Phenotype

The clinical presentation of HES is heterogeneous and nonspecific (weakness,
fatigue, dyspnea, myalgias, angioedema, rash, fever, rhinitis, and diarrhea) [213].
Patients demonstrate leukocytosis (e.g., 20,000-30,000/mm? or higher) with eosin-
ophilia in the range of 30-70%, neutrophilia, basophilia, myeloid immaturity, and
both mature and immature eosinophils with varying degrees of dysplasia [214].
Anemia occurs in more than 50% of patients; thrombocytopenia, bone marrow
eosinophilia with Charcot-Leyden crystals, and possible increased blasts and mar-
row fibrosis can also recur [198, 202]. Skin is the most commonly affected tissue
(about 70% of patients), followed by lung and gastrointestinal manifestations in
40% and 30% of cases, respectively.

4.4.3.3 Eosinophilic Disease: The Cardiac Phenotype

Cardiac involvement occurs in 20% of patients [214, 215] and affects the myocar-
dium, endocardium, and valves. The release of toxic mediators by interstitial eosin-
ophils is associated with heart failure. Endocardial infiltration causes mural thrombi
with increased embolic risk. Late phases are characterized by endocardial fibrosis
manifesting with restrictive physiology. Valve regurgitation occurs when mural
endocardial thrombosis and fibrosis involve mitral or tricuspid valve leaflets [214,
215]. Cardiac involvement is a major cause of morbidity and mortality in HES
[216-219]. The disease course is divided into three stages: (1) an acute necrotic
stage, (2) a thrombotic stage, and (3) a fibrotic stage. The early, acute necrotic stage
is characterized by eosinophilic and lymphocytic infiltration; eosinophils undergo
degranulation in the myocardial interstitium, releasing biologically active factors
that cause myocyte injury (Fig. 4.5). In the thrombotic stage, mural thrombi stratify
on the endocardium. Endocardial thrombophilia is likely promoted by the release of
antifibrinolytic mediators such as PAI-2 and thrombomodulin-eosinophilic proteins
that impair the anticoagulant property of the endocardial cells [209]. Thrombi most
commonly involve the ventricular apex and further extend to subvalvular regions

Fig. 4.5 Acute
eosinophilic myocarditis in
a patient with HE without
known triggers/toxic
substances. The FIP1L1-
PDGFRA rearrangements
tested negative. Full
clinical recovery occurred
in 4 weeks after steroid
treatment
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and, occasionally, to atria. In the scarring (fibrotic) stage, both ventricles and sub-
valvular structures of the atrio-ventricular valves are involved. The functional phe-
notype is typically restrictive, as in endomyocardial fibrosis [217, 218].

4.4.3.4 EGPA (formerly Churg-Strauss Syndrome): Familial
Clustering and Genetics

EGPA is a systemic necrotizing vasculitis that affects small-to-medium-sized ves-
sels [202]. EGPA belongs to the group of antineutrophil cytoplasm antibody
(ANCA)-associated vasculitis (AAV) and is characterized by blood and tissue
eosinophilia and asthma, thus distinct from granulomatosis with polyangiitis
(Wegener’s) and microscopic polyangiitis. ANCA positivity ranges from 30 to 70%
in EGPA patients butis usually less frequently observed than in other AAV. Diagnostic
and management algorithms for EGPA are reported in the corresponding chapter of
this book. Although repeatedly mentioned in review articles, the contribution of
germline mutations to EGPA remains elusive. A few reports describe familial clus-
tering of EGPA: a sib pair, brother and sister [220], two sisters [221], and father and
son [222]. The precise cause is unknown and genetic determinants or contributors
remain unexplored. However, exceptional cases of organ transplantation in identical
twins and different reactions to the same medication seem to exclude a genetic basis
or predisposition to EGPA. One is a pair of twins in which one affected by EGPA
received the identical twin graft with rejection-free excellent clinical results [223].
The second example is a pair of twins, both affected by asthma and treated with the
same drug (leukotriene receptor antagonists, by instance, suspected to cause EGPA):
one twin developed EGPA and the other did not [224]. Nevertheless, the search for
risk factors or susceptibility continues to be an object of interest. Genetic studies
that investigate the group of AAV [granulomatosis with polyangiitis (Wegener’s)
(GPA), microscopic polyangiitis (MPA), and Churg—Strauss syndrome (CSS)]
showed that the genetic variants may vary in the three groups of AAV. As an exam-
ple, the PTPN22 620 W allele confers susceptibility to the development of GPA but
not to MPA or CSS [225]. The Lys656Asn SNP in the LEPR gene is positively
associated with Wegener granulomatosis but not with CSS [226]. SNPs in the
CCL26 gene (MIM=604697) that encode the chemokine Eotaxin-3 were initially
described as associated with disease susceptibility and were later found not to pre-
dict the risk of disease, irrespective of the fact that serum eotaxin-3 is a sensitive and
specific marker for the diagnosis of active CSS suitable for routine clinical practice
[227]. Therefore, current evidence does not support a role for genetic variants in
susceptibility to EGPA.

4.5 Inherited Primary Immunodeficiency Diseases (PID):
Myocarditis and VARIABLE Cardiovascular Involvement

In PIDs, infections and inflammation are the complication and not the cause. The
number of correctly diagnosed PID patients is progressively growing, with
increased identification of previously unknown disease genes and availability of
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specific genetic tests. PIDs encompass a broad spectrum of inheritable disorders
that are associated with increased susceptibility to infections, immune dysregula-
tion, and malignancies [228]. PIDs are complex diseases with wide overlap (infec-
tion and/or malignancy) and immune dysregulation (auto-inflammation,
auto-immunity, and/or allergy). The last classification guides the genetic and
molecular diagnosis of patients with these rare diseases [228, 229]. However, the
classification is complex (Table 4.9) and the extent and impact of these diseases on
the cardiovascular system is far from being elucidated. Nonetheless, cardiologists
are involved in the management of these patients, especially when myocarditis
complicates the course of the disease. An example of PID with divergent cardiac

Table 4.9 Primary immunodeficiency syndromes (PID)

PID type Inheritance and disease genes

Cellular and e X-linked: IL2RG

humoral immunity ¢ Autosomal recessive JAK3, IL7RA, PTPRC, CD3D, CD3E, CD3Z,
COROIA, RAGI, RAG2, ARTEMIS, PRKDC, VDj, LIG4, AK2, ADA,
DOCK2, CD40LG, CD40, ICOS, CD3G, CD8A, ZAP70, TAP1, TAP2,
TAPBP, B2M, CIITA, RFXANK, RFX5, RFXAP, ITK, MAGT1,
DOCKS, RHOH, STK4, TRAC, B2M, IL21, MAP3K, CTPSI, LCK,
MALTI, CARDI11, BCLI0, IL21, IL21R, OX40, IKBKB, LRBA, CD27,
NIK, CTPS1, Omenn syndrome (hypomorphic mutations in RAG1,
RAG2, Artemis, IL7RA, RMRP, ADA, DNA Ligase 1V, IL2RG, AK2) or
associated with DiGeorge syndrome

Combined o X-linked: Wiskott—Aldrich syndrome (WAS); WAS gene
immunodeficiencies | ¢ Autosomal recessive: WIPF1, ATM, NBS1, BLM, DNMT3B, ZBTB24,
with associated or PMS2, RNF168, MCM4,

syndromic features | Contiguous gene deletion in chromosome 22q11.2 or mutation of a gene
within this deletion region, TBX1 (DiGeorge Syndrome); CHARGE
Syndrome (CHD7, SEMA3E, FOXN1, RMRP, SMARCALI, STAT3,
SPINKS, PGM3, DKC1, NOLA2, NOLA3, RTELI, TERC, TERT, TINF2,
TPPI1, DCLREIB, PARN, TCN2, SLC46A1, MTHFD, NEMO /IKBKG,
IKBA (NFKIAB), ORAII, STIM1, SP110, POLEI, TTC7A, EPGS5, PNP,
HOILI/RBCKI, HOIPI (/RNF31), CCBEI, STA5B

Predominantly 1. | of serum immunoglobulin isotypes with decreased or absent B cells
antibody e X-linked: BKT,
deficiencies e Autosomal recessive: IGHM, IGLLI, CD79A, CD79B, BLNK,

PIK3RI, TCF3,
2. | of at least two serum immunoglobulin isotypes with normal or low
number of B cell
¢ Autosomal recessive: CD19, CD81, CD20, TNFRSF13B,
TNFRSF13C, TWEAK (TNFSF12), NFKB2, TRNTI1, TTC37,
3. | of serum IgG and IgA with normal/elevated IgM and normal
numbers of B cells
¢ Autosomal recessive: AICDA, UNG, MSH6,
4. Isotype or light chain deficiencies with generally normal numbers of
B cells
¢ Autosomal dominant: PIK3CD, PIK3R1, CARDI1
* Autosomal recessive: deletion at 14q32, Kappa constant gene, CARD11
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Table 4.9 (continued)

PID type Inheritance and disease genes
Diseases of immune | 1. Familial hemophagocytic lymphohistiocytosis (FHL) syndromes
dysregulation 1.1 FHL syndromes without hypopigmentation

e X-linked: SH2DIA, XIAP
¢ Autosomal recessive: PRF1, UNCI13D, STX11, STXBP2.
1.2 FHL syndromes with hypopigmentation
¢ Autosomal recessive: LYST, RAB27A, AP3BI1, PLDN,
2. T-regulatory cells genetic defects
e X-linked: FOXP3,
e Autosomal recessive: IL2RA
¢ Autosomal dominant: CTLA4

Congenital defects
of phagocyte
number, function,
or both

1. Congenital neutropenias
¢ Autosomal dominant: ELANE, GFl1,
¢ Autosomal recessive: HAX1, G6PC3, VPS45, G6PTI1, ROBLD3/
LAMTOR?2, TAZ, CPHI, C160RF57 (USBI), JAGNI, CLPB, CSF3R,
e X-linked: WAS,
2. Defects of motility
¢ Autosomal recessive: IRGB2, KINDLIN3, FPR1, CTSC, C/EBPE, SBDS,
¢ Autosomal dominant: RAC2, ACTB
3. Defects of respiratory burst
e X-linked: CYBB
e Autosomal recessive: CYBA, NCF1, NCF2, NCF4,
4. Other defects:
¢ Autosomal dominant: GATA4, CSF2RA

Defects in intrinsic
and innate
immunity

1. Mendelian susceptibility to mycobacterial disease (MSMD)
e X-linked: CYBB
e Autosomal recessive: ILI2RBI, IL12B, IFNGRI (also AD),
IFNGR2, STATI, TYK2, ISG15, RORC, TMC6, TMCS8, CXCR4,
¢ Autosomal dominant: /RF8
2. Epidermodysplasia verruciformis
¢ Autosomal recessive: TMC6, TMCS, CXCR4,
3. Predisposition to severe viral infection
¢ Autosomal recessive: STAT1, STAT2, IRF7, CD16,
4. Herpes simplex encephalitis (HSE)
¢ Autosomal dominant and autosomal recessive: TLR3, TRIF,
¢ Autosomal dominant: TRAF3, TBK1,
¢ Autosomal recessive: UNC93B1
5. Predisposition to invasive fungal diseases
e Autosomal recessive: CARD9
6. Chronic mucocutaneous candidiasis (CMC)
e Autosomal dominant: ILI7F, STATI,
¢ Autosomal recessive: ILI7RA, ILI7RC, ACTI (TRAF3IP2),
7. TLR signaling pathway deficiency
* Autosomal dominant: RPSA, APOL-I (trypanosomiasis)
¢ Autosomal recessive: IARK4, MYDSS,

Auto-inflammatory
disorders

1. Defects effecting the inflammasome
¢ Autosomal dominant and autosomal recessive: MEFV,
¢ Autosomal dominant: NLRP3, NLRP12, NLRP3, NLRC4, PLCG?2,
PLCG2, TNFRSFIA, PSTPIP1 (C2BP1), NOD2 (CARDI5),
CARDI14, SH3BP2, COPA,
¢ Autosomal recessive: MVK, ADAM17, LPIN2, ILIRN, IL36RN,
SLC29A3, PSMBS,

(continued)
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Table 4.9 (continued)

PID type Inheritance and disease genes
Complement 1. Integral complement cascade component deficiencies
deficiencies * Autosomal dominant: C3

e Autosomal recessive: CIQA, C10B, C1QC, CIR, C1S, C4A, C4B,
C2, C3, C5, C6, C7, C8A, C8G, C9, MASP2, FCN3,
2. Complement regulatory defects
e X-linked: CF
¢ Autosomal dominant and autosomal recessive: CFH, CFHRI-5,
¢ Autosomal dominant: SERPINGI, CFB, THBD, CD46,
e Autosomal recessive: CFD, CFI, ITGAM, CD59
Phenocopies of PID | Associated with somatic mutations
e TNFRSF6, KRAS, NRAS, NLRP3,
Associated with autoantibodies
e AIRE

phenotypes (HCM and myocarditis) seems appropriate to give the perception of
the complexity of the clinical manifestations.

4.5.1 The Omenn Syndrome (OMIM# 603554)

Children with Omenn Syndrome may have erythroderma, lymphadenopathy, eosin-
ophilia, and profound immunodeficiency hepatosplenomegaly, failure to thrive,
diarrhea, and alopecia; common laboratory abnormalities are eosinophilia and
increased IgE, lymphocytosis, anemia, hypogammaglobulinemia, hypoproteinemia,
and reduced lymphoproliferative responses to mitogens. Characteristic pathology
includes thymic dysplasia, loss of B-cell-containing regions within the reticuloen-
dothelial system, and extensive infiltrates of eosinophils and interdigitating reticular
cells. The spectrum of cardiac involvement ranges from myocarditis to hypertrophic
cardiomyopathy (HCM). In children with Omenn syndrome, cytomegalovirus
(CMV) infections, which often run asymptomatic, can cause fatal CMV myocardi-
tis [230]. Pathology may show pancarditis with eosinophil-rich inflammatory infil-
trate in the myocardium [231]. Endomyocardial biopsy may show a mild T
lymphocyte and histiocyte infiltrate and lack of myocyte hypertrophy [232]. Other
manifestations include biventricular hypertrophy, impaired left ventricular systolic
function, and severe sinus bradycardia, possibly secondary to endomyocardial dis-
ease caused by eosinophilia [233]. Successful bone marrow transplantation (BMT)
has been reported in a patient with hypertrophic nonobstructive cardiomyopathy
who developed BCG infection following neonatal vaccination [234].

4.5.2 Myocarditis in Inmunocompromised Patients: Humoral
Immunity

4.5.2.1 Agammaglobulinemia
Patients with X-linked agammaglobulinemia (XLA), a primary immunodeficiency
caused by mutations in the gene that codes for Bruton tyrosine kinase (BTK),
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demonstrate deficient development of B lymphocytes and hypogammaglobu-
linemia. Infections are the most common clinical presentation (85%), followed by a
positive family history (41%) and neutropenia (11%). Myocardial involvement is
rare. Patients commonly manifest otitis (70%), pneumonia (62%), sinusitis (60%),
chronic/recurrent diarrhea (23%), conjunctivitis (21%), pyoderma and/or cellulitis
(18%), meningitis/encephalitis (11%), sepsis (10%), septic arthritis (8%), hepatitis
(6%), and osteomyelitis (3%) [235]. BTK inhibitors are used for treatment of leuke-
mia; these patients are exposed to high risk of pneumonia; the risk of myocarditis is
unknown. However, polymorphisms in genes coding IL-6 and IL-10 and Fcg Rlla
receptors (B lymphocyte growth and differentiation factors) increase susceptibility
to pneumonia. In case of humoral immunodeficiency, antibody replacement therapy
may be indicated [236].

4.5.2.2 Hypogammaglobulinemia

Patients with hypogammaglobulinemia, both inherited and acquired, are exposed
to high risk of infections, in particular to those controlled through humoral immu-
nity, such as picornaviridae infections. Bi-allelic mutations in LRBA (from
Lipopolysaccharide-responsive and beige-like anchor protein) cause primary
immunodeficiency with clinical features ranging from hypogammaglobulinemia
and lymphoproliferative syndrome to inflammatory bowel disease and heteroge-
neous autoimmune manifestations [237]. A recent report describes the case of a
16-year-old female affected by systemic lupus erythematosus that was diagnosed
6 years before. She was admitted to hospital with chest pain and dyspnea. Her
hypogammaglobulinemia was iatrogenic and secondary to rituximab treatment.
The key clinical diagnosis was myocarditis caused by human parechovirus (HPeV)
(Picornaviridae family of RNA viruses). The diagnosis of myocarditis was clini-
cally suspected and confirmed with endomyocardial biopsy. IVIG therapy did not
prevent encephalitis [238]. Patients, especially children, affected by hematologic-
oncologic disorders and solid organ malignancies and appropriately treated for
their disease, may develop neutropenia and decrease of their serum immunoglobu-
lin levels. In these patients, the risk of myocarditis (bacterial and viral) is high; as
such, when presenting with signs of heart failure, myocarditis should be consid-
ered and a precise diagnosis (presence of myocarditis and cause) should be
obtained because of the associated mortality, even in patients with disease remis-
sion [239].

4.5.3 Congenital Neutropenia

The term “congenital neutropenia” encompasses a large group of permanent and
intermittent neutropenic diseases defined by severely (<0-5 x 10°/L) or mildly (0-5
and 1-5 x 10°/L) reduced neutrophil count. The diseases are characterized by clini-
cal and genetic heterogeneity and may affect the pancreas, central nervous system,
heart, bone, muscle, and skin. The prevention and/or control of infections, the man-
agement of associated organ dysfunction, and the prevention of leukemic transfor-
mation constitute the main treatment targets [240]. Information on cardiac
involvement in the numerous and complex types of congenital neutropenia is in its
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infancy and many of these diseases have recently been characterized on the genetic-
molecular level. In addition, they are very rare, clinically heterogeneous, and often
burdened by early extracardiac complications that may limit their complete pheno-
typic expression. However, future scientific developments can broaden horizons for
expanding the knowledge of the pathogenic mechanisms of cardiac infections. The
heart is involved in many of these diseases. For some of them, cardiac manifesta-
tions are being characterized and classified, with two possible major phenotypes:
congenital heart disease (CHD) and myocarditis/cardiomyopathy. Two examples
can underscore the importance of ongoing clinical research in this area.

4.5.3.1 Severe Congenital Neutropenia Type IV (SCN IV or SCN4) or
G6PC3 Deficiency

SCN4 is an autosomal recessive disease characterized by severe congenital neutro-
penia, intermittent thrombocytopenia, prominent superficial venous circulation,
congenital heart defects [atrial septal defect (ASD) being the most common], and
urogenital malformations [241]. Although most cases are syndromic, non-syndromic
forms are also reported [242]. The description of the spectrum of the phenotype is
expanding and definitive SCN4 phenotype/genotype has not been established thus
far. The recurrent p.Gly260Arg mutation has been identified in nine different
patients with ASD type 2 [241, 243-245]. Treatment with granulocyte colony-
stimulating factor restores the absolute neutrophil count and neutrophil functional
competence. Myocarditis has not been described. However, this new field of knowl-
edge, given the cardiovascular relevance and the possibility that SCN4 manifests
with non-syndromic phenotype, must at least be known by cardiologists and
reported to hematologists when these patients present with neutropenia and/or
thrombocytopenia and/or associated CHD.

4.5.3.2 Shwachman-Diamond Syndrome (SDS)

SDS is an autosomal recessive disorder characterized by bone marrow failure and
exocrine pancreatic dysfunction [246]. Two kinds of cardiac involvement have been
described: “cardiomyopathies with heart failure (myocardial fibrosis and histopath-
ological necrosis)” and CHD [247-249]. Recently, a case of dilated cardiomyopa-
thy with refractory heart failure was reported in a 15-year-old girl with SDS [250].
Of 102 patients with genetically proven SDS, 12 had cardiac abnormalities: six had
cardiomyopathy and six had CHD [251]. The pathologic substrates of systolic dys-
function are still unexplored, with few sporadic cases describing DCM with myo-
cardial fibrosis. However, cardiac evaluation is also a major clinical need before and
during cardiotoxic chemotherapy in case of hematopoietic stem cell transplantation
(HSCT) [252]. The cardiac marker potentially predicting the progression to heart
failure is circumferential strain e(cc) that is abnormal in 33% of cases prior to HSCT
and 33% of those who had undergone HSCT in those with normal left ventricular
ejection fraction [253].
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4.6 Auto-Inflammatory Syndromes (AlS) and Myocarditis
4.6.1 Introduction

Auto-inflammatory syndromes (AIS) encompass a large group of diseases clinically
characterized by recurring inflammatory manifestation with variable organ involve-
ment and febrile episodes [254]. The classification is complex and the number of
diseases and related genetic causes is continuously expanding [255, 256]. The term
auto-inflammation links the phenotypes with the defects of innate immune-mediated
inflammation and distinguishes the related diseases from those caused by the dys-
function of adaptive immune function, i.e., those associated with autoimmune dis-
orders. The number of myocarditis described in auto-inflammatory disease is low.
The reasons may be that myocarditis is indeed very rare, or that, in the syndromic
setting in which myocarditis may occur, the involvement of other organs and sys-
tems determines the phenotype and the course of the disease, or that our limited
knowledge prevents precise phenotype description of AIS with myocardial involve-
ment. Nevertheless, myocarditis deserves to be mentioned in the context of the AIS
because it can occur and because its presence and evolution can seriously alter the
clinical course of these patients.

4.6.2 Major Groups of AlS

IL-1-mediated auto-inflammatory syndromes include familial Mediterranean fever
(FMF) that is the first systemic auto-inflammatory disorder to be genetically char-
acterized. FMF is a rare autosomal recessive disease caused by homozygous or
double heterozygous mutations in the MEFV gene encoding pyrin [257]. Another
systemic auto-inflammatory disorder, the autosomal dominant receptor-associated
periodic fever syndrome (TRAPS), was identified after the discovery of the TNFRI
gene, which encodes the extracellular domains of the 55 kDa TNF receptor [258,
259]. Both FMF and TRAPS manifest with unexplained fevers, skin rashes, serosi-
tis, and arthralgias, in variable combinations. Myocarditis is uncommonly reported
in both disorders and other IL-1-mediated auto-inflammatory syndromes [260],
with pericarditis being much more common and potentially limiting the distinction
of myocarditis from pericarditis.

In the IL-18-mediated auto-inflammation and susceptibility to macrophage-
activation syndrome (MAS), myocarditis can be a complication of the underlying
phenotype [261]. The disease gene is NLRC4 and the diagnostic marker is the high
level of IL18 that results from spontaneous and induced macrophage activation and
pyroptosis. However, the levels of IL18 are not routinely measured in patients with
suspected myocarditis; therefore, a diagnostic marker for a very rare disease is
missing in clinical practice.
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The A20 haplo-insufficiency-related syndromes are gaining attention for the new
association with adult-onset Still’s Disease (AOSD), a condition in which myocar-
ditis is not uncommon. AOSD is a rare disease clinically characterized by fevers,
arthritis, and skin rash. The etiology is unknown, but recent advances in the identi-
fication of the causes and characterization of the phenotypes of AIS are lending way
to identifying the specific cause(s). As anticipated, A20 haplo-insufficiency (HA20)
is one of the causes of AIS [262]. The A20 protein, which is encoded by the TNFAIP3
gene, is a critical inhibitor of pro-inflammatory signaling pathways and is involved
in negative regulation of auto-inflammation and autoimmunity [263]. The clinical
phenotypes associated with HA20 are heterogeneous, including autoimmune dis-
eases (Behget’s disease, hereditary fever-like condition, juvenile idiopathic arthritis,
systemic lupus erythematosus, and rheumatoid arthritis) and, recently, AOSD: a
splice site mutation on the TNFAIP3 gene has been identified in a patient previously
diagnosed with adult-onset Stills” disease (AOSD) [264]; once correctly diagnosed,
the patient was successfully treated with anti-IL6 receptor biologic tocilizumab
[265]. Myocarditis has been repeatedly reported in AOSD, presenting as myocarditis-
pericarditis [265-274], with pericarditis occurring in more than 50% of cases [265].
Coronary arteritis has also been described [272]. In most cases, the diagnosis of
myocarditis was formulated on the basis of clinical, biochemical, and imaging cri-
teria. An appropriate endomyocardial biopsy study, however, should be performed
to distinguish pericarditis from myocarditis, mostly because the chronic conse-
quences can be different, irrespective of the cause.

The interferon-mediated auto-inflammatory diseases (or type I interferonopa-
thies or IFN-mediated auto-inflammatory diseases (IMADs)) are defined by the
chronic excessive type I interferon (IFN) production [275] and include the group of
Aicardi-Goutiéres Syndromes (AGS), in which the “cardiomyopathy” phenotype
is part of the spectrum of clinical manifestations of these diseases (Table 4.10).

Table 4.10 Aicardi-Goutieres syndromes

Phenotype Gene/
MIM MIM
Phenotype number Inheritance | Chromosome | Gene/Locus | number
Aicardi-Goutieres 225750 AD, AR 3p21.31 TREX] 606609
syndrome 1
Aicardi-Goutieres 610181 AR 13q14.3 RNASEH2B | 610326
syndrome 2
Aicardi-Goutieres 610329 AR 11q13.1 RNASEH2C | 610330
syndrome 3
Aicardi-Goutieres 610333 AR 19p13.13 RNASEH2A | 606034
syndrome 4
Aicardi-Goutieres 612952 AR 20q11.23 SAMHD1 606754
syndrome 5
Aicardi-Goutieres 615010 AR 1921.3 ADAR 146920
syndrome 6
Aicardi-Goutieres 615846 AD 2q24.2 IFIH] 606951
syndrome 7
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AGS are characterized by hypothyroidism, chilblains, glaucoma, cardiomyopathy,
intracerebral vasculitis, peripheral neuropathy, bowel inflammation, and systemic
lupus erythematosus [276]. AGSs (types 1-7) are auto-inflammatory diseases
caused by mutations of genes involved in nucleic acid metabolism/signaling
(TREXI1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1, ADAR, or IFIHI) and
can manifest with in utero disease onset or with postnatal presentation, usually
within the first year of life, with subacute encephalopathy (Table 4.10) [277]. The
pathology of affected hearts is still largely unexplored. Cardiac involvement has
been described as infantile-onset hypertrophic cardiomyopathy with hypothyroid-
ism and demyelinating peripheral neuropathy. Whether the pathologic substrate of
the cardiomyopathy has inflammatory origin is still unknown [278]. The absence
of Trex1 (TREX]1 is one of the known disease genes causing AGS) in mice causes
myocarditis [278]. The enzyme degrades endogenous retro-elements, thus linking
them to autoimmune disease. In the Trex1-null mouse, an FDA-approved drug that
inhibits reverse transcriptase can improve the myocarditis, indicating that retro-
elements (RE) play a role in this hereditary form of autoimmunity and that admin-
istration of RE inhibitors might ameliorate AGS [279]. The possible association of
mutations in other genes associated with AGS and myocarditis is still unexplored.
However, mutations in /FI/H1 cause Singleton-Merten syndrome 1 (SMS1), which
is allelic at the same locus of AGS7 and may manifest with cardiomegaly, heart
failure, and conduction disease. The syndrome (aortic calcification, dental anoma-
lies, osteopenia and acro-osteolysis, glaucoma, psoriasis, muscle weakness, joint
laxity and abnormal facies traits with broad forehead, high anterior hairline, smooth
philtrum, and thin upper vermilion border) is unlikely to escape clinical detection
[280]. In addition, very recent experimental studies explored the involvement of
adenosine deaminases acting on RNA 1 (ADARI) (AGS6) in inflammatory dis-
eases, cancer, and host defenses against viral infections. ADARs are enzymes that
regulate RNA metabolism through post-transcriptional mechanisms. In particular,
the complex ADAR1p150/DICER promotes the expression of miRNA-222 that is
highly expressed in cardiac myocytes in viral myocarditis. In cultured cells, miR-
222 suppresses PTEN expression. These preliminary experimental studies suggest
that ADAR1p150 could play a role in gene expression in viral myocarditis [281].
The cardiovascular impact of type I interferonopathies such as AGS (TREX1 and
IFIH1 in particular) could go beyond possible myocardial inflammation and expand
to primary pulmonary hypertension [282] as well as to the risk of coronary artery
disease [283].

4.7 Conclusions

Based on the current state of knowledge on myocarditis, we can say that infectious
myocarditis is not in fact a genetic disease, as in the absence of an infectious patho-
gen, there is no myocarditis. However, a rigorous attempt is being made to establish
who and why, with equal exposure to the same pathogen, develops myocarditis.
Individual gene variants are candidates to play a role in both disease susceptibility/



76 E. Arbustini et al.

predisposition and contribute to the severity of phenotypes and outcomes observed
in different patients with myocardial infections caused by the same pathogens.

Non-infectious myocarditis, excluding exogenous toxic exposures, may have a
hereditary basis or be strongly influenced by genetic factors. It is clinically difficult
to distinguish acquired and inherited forms, further because the hereditary forms are
often passed as recessive traits. Finally, inherited diseases in immunodeficiency
syndromes and auto-inflammatory diseases can have overlapping causes and pheno-
types in which myocarditis may occur. These are often syndromic disorders. Many
of them have been identified only recently, and the number of reported and proven
cases is limited to a few case reports or small clinical series. This clinical area is also
continuously expanding, and in the short term, we expect radical changes in our
knowledge and understanding of the mechanisms and causes of myocarditis. A criti-
cal point remains unsolved: true myocarditis is that diagnosed on tissue biopsy, at
least until molecular imaging techniques are readily and routinely available, to dem-
onstrate not the myocardial edema, but the inflammatory interstitial cells. Until
then, we can accept a scientific literature that is based on non-biopsy diagnoses, but
we retain the belief that, in the absence of pathological evidence, not all diagnoses
are correct. The cardiologist should lead the diagnostic work-up of these diseases as
well as the clinical management of these patients.
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Viral Myocarditis: From Experimental 5
Models to Diagnosis in Patients

Sabine Pankuweit and Karin Klingel

5.1 Introduction

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

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

Susceptible ABY/SnJ mice Resistant C57BL/6 mice

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

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

5.2  Murine Models of Coxsackievirus Myocarditis

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

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

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

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

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

5.3  Murine Models of Encephalomyocarditis Virus
Myocarditis

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

5.4  Murine Models of Reovirus Myocarditis

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

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

5.5 Animal Models of Parvovirus Myocarditis

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

5.6  Murine Models of Herpesvirus Myocarditis

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

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

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

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

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

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

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

Table 5.1 Cardiotropic viruses infect different cell types in the heart

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

Parvovirus B19 Endothelial cells

Epstein-Barr virus B cells, T cells, macrophages

Human herpesvirus-6 T cells

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

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

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

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

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

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



5 Viral Myocarditis: From Experimental Models to Diagnosis in Patients 101

myocarditis in situ hybridization studies of the autopsy heart revealed the presence
of B19V genomes exclusively in endothelial cells of the smaller intramyocardial ves-
sels. Immunohistochemical stainings exhibited marked expression of E-selectin on
endothelial cells, a finding indicative of endothelial dysfunction. These processes are
likely to lead to disturbances in the coronary microcirculation and may explain the
observation that many patients with B19V-associated myocarditis present with the
clinical signs that are typical of ischemic heart disease.

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

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

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

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

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

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

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

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

5.12 Prevalence of Double or Multiple Infections

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

5.13 Diagnostic Implications

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

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

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

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

NK Natural killer

pi Post infection

sc Subcutaneously

sST2 Soluble ST2

TGF Transforming growth factor
Th T helper

Tim3 T cell immunoglobulin mucin
TLR Toll-like receptor

TNF Tumor necrosis factor

Treg Regulatory T cells
TSPO Translocator protein 18 kDa

6.1 Introduction

Autoimmune models of myocarditis were developed in the late 1980s to 1990s by
several laboratories [ 1-4]. Two main approaches were used to induce disease: either
complete Freund’s adjuvant (CFA) supplemented with Mycobacterium tuberculosis
or a mildly infectious virus injected with cardiac myosin or other self-peptides [5,
6]. Characterization of the models revealed that both experimental autoimmune
myocarditis (EAM) and the viral + self-peptide models involve two phases: acute
myocarditis around day 7-14 after inoculation or infection and a second, much less
severe phase of myocarditis associated with fibrosis and dilated cardiomyopathy
(DCM) starting around day 35-42 (Fig. 6.1) [4, 7]. Originally, murine cytomegalo-
virus (MCMYV) infection and coxsackievirus B3 (CVB3) infection were thought to
be viral models of myocarditis that induced autoimmune myocarditis (i.e., the DCM
phase) as a secondary feature of the pathogenesis of disease [4, 7-9]. Later it was
realized that the viral infection acts like an “adjuvant” to activate the innate immune
response and promote autoimmune disease in the presence of self-peptides, similar
to the role of CFA in EAM [10-13]. The viral autoimmune myocarditis models
produce a disease remarkably similar to EAM and to human disease. Autoantibodies
against cardiac myosin are detected early after injection of self-peptide in all three
models and persist throughout the time-course of disease [3, 4, 14]. Microarray
analysis of hearts with myocarditis compared to undiseased controls revealed that
the genes/proteins that lead to remodeling and fibrosis are upregulated during the
first phase of disease during acute myocarditis, and that it takes around 3 weeks
before fibrosis appears in the heart resulting in dilatation that can be detected using
echocardiography (Fig. 6.1) [15-19].

The virus + self-peptide models of myocarditis differ from virus-only (without
self-peptide) models in a number of important ways that are reviewed in [10-12].
Briefly, CVB3, for example, replicates in the heart in virus-only models at a much
higher level than in the virus + self-peptide models (10° vs. 10* plaque forming
units/PFU, respectively) causing widespread apoptosis and cardiomyocyte necrosis.
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Fig. 6.1 Induction of biphasic myocarditis and DCM in susceptible strains of mice using viruses
or CFA as the adjuvant (Adj). Viruses, including murine cytomegalovirus (MCMV) or coxsackie-
virus B3 (CVB3), are injected intraperitoneally at day 0 (d0) and acute myocarditis develops
7-10 days later followed by chronic myocarditis and DCM around 3 weeks after acute myocarditis
in susceptible strains of mice. Similarly, experimental autoimmune myocarditis (EAM) is induced
using self-peptide (i.e., purified cardiac myosin (CM)) subcutaneously on day 0 and 7 (d7). Acute
myocarditis in the EAM model occurs around day 14-21 and about 3 weeks later disease pro-
gresses to DCM. The predominant immune infiltrate during acute myocarditis includes macro-
phages (Mac), while the chronic myocarditis stage is characterized by fibrosis and dilated
cardiomyopathy (DCM). Cartoons licensed for use by https:/creativecommons.org/licenses/
by/3.0 from the following site https://smart.server.com. The liscencsee does not endorse the
authors or their use of the cartoons. Photographs by D. Fairweather

In contrast, no apparent necrosis is observed histologically in the virus + self-
peptide models. Another important difference in the two viral models is that acute
myocardial inflammation occurs at a very low level (i.e., 5-10% of heart section) in
virus-only models in wild type mice but at a high level in virus + self-peptide mod-
els (i.e., 30-60% of the heart section). Additionally, most of the mice (60-80%) die
during acute myocarditis (day 7-14 after infection) in the virus-only models com-
pared to no mortality in the virus + self-peptide models using wild type mice. As a
consequence of the high mortality during acute myocarditis, few mice survive to
allow researchers to study the second, chronic myocarditis/DCM stage of disease in
the virus-only models.

Several other animal models of autoimmune myocarditis exist like porcine car-
diac myosin-induced EAM in mice [20, 21], EAM in the Lewis rat [22, 23], and
troponin-induced autoimmune myocarditis [24, 25]. However, this chapter does not
present the findings of these models. Additionally, because sex differences in auto-
immune myocarditis have predominantly been studied in the CVB3 model but not
in other models, the chapter does not summarize findings according to sex for all of
the models. The purpose of this chapter is to summarize and compare the key immu-
nological characteristics of the EAM, MCMYV, and CVB3 autoimmune myocarditis
mouse models in order to assess their usefulness for the clinical setting.


https://creativecommons.org/licenses/by/3.0
https://creativecommons.org/licenses/by/3.0
https://smart.server.com

114 V.Polietal.

6.2  Experimental Autoimmune Myocarditis

Noel Rose provides one of the earliest descriptions of the EAM model in mice
where white background A/J mice were found to be susceptible, while C57BL
(BL)/10 mice were resistant to disease [3]. To elicit myocarditis and autoimmunity,
mice are immunized subcutaneously (sc) on day 0 and 7 with cardiac myosin or an
a-cardiac myosin heavy chain peptide emulsified in CFA that has been supple-
mented with Mycobacterium tuberculosis as described in references [5, 6].
Susceptibility to EAM is strain-specific and at least partially related to major histo-
compatibility complex (MHC) haplotypes, with the main susceptible strains belong-
ing to the A/J and BALB/c background. Moreover, self-peptide presentation is
mainly IA-T cell antigen restricted, and the optimal self-peptides are strain- and
haplotype-specific [26].

EAM development occurs via a first phase of robust activation of innate immu-
nity, with strong leukocyte infiltration in the myocardium, required for the ensuing
adaptive myocardium-specific immune response mainly driven by antigen-specific
T cells and producing significant self-reactive antibody production and immuno-
globulin (Ig) deposition on cardiac cells [26]. Interleukin (IL)-1p/IL-1 receptor (IL-
IR)/MyD88 signaling are necessary in the EAM model for the development of
acute myocarditis as well as remodeling and fibrosis leading to chronic myocarditis
and DCM [27, 28]. Additionally, IL-1R signaling on dendritic cells (DCs) leads to
the generation of autoreactive CD4* T cells during EAM [29]. Lipopolysaccharide
(LPS) activates TLR4 signaling on antigen presenting cells like mast cells, macro-
phages, and DCs leading to IL-1p production. Importantly, EAM was found to
require innate activation by Toll-like receptor (TLR)3 via dsRNA/poly (I:C), TLR4
via LPS and/or TLR9 via CpG to prime DCs to generate a CD4" T cell adaptive
autoimmune response [30].

In keeping with the knowledge that infection with M. tuberculosis induces a
protective T helper (Th)17-type immune response in animal models and humans
[31, 32], CFA supplemented with M. tuberculosis is known to work at least par-
tially by increasing IL-6 levels during EAM [13]. In turn, IL-6 together with
IL-1p and IL-23 are known drivers of Th17-type immune responses that play an
important role in promoting the progression from myocarditis to DCM during
EAM [28, 33, 34]. Indeed, a Th17-type immune response is a key feature of the
adaptive immune response in EAM. The biphasic disease course produced by
this inoculation regimen results in acute myocarditis (i.e., peak inflammation)
developing about 2 weeks after the second injection (i.e., day 7 CFA) from day
14 to 21, followed 3 weeks later by the second phase of chronic inflammation
appearing around day 42 associated with fibrosis and the development of DCM
(Fig. 6.1). IgG autoantibodies against cardiac myosin are produced in both strains
of mice although only white background mice like BALB/c and A/J develop
myocarditis/DCM using the EAM model [3]. However, while the central func-
tion of autoreactive CD4" T lymphocytes are well established in the pathogenesis
of EAM, the role of autoreactive antibodies against the heart in promoting
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disease has not been clearly demonstrated even though the production of autoan-
tibodies against cardiac myosin are present during EAM [35-37].

The key role of IL-6 was clearly demonstrated by experiments with IL-6 null
mice, which were protected from EAM development correlating with impaired
induction of complement C3 expression and heart deposition [38]. Indeed C3 has
been shown to be important in promoting EAM by activating mast cells and macro-
phages that in turn activate autoreactive T and B cells. Depletion of C3 using cobra
venom factor reduced EAM by globally decreasing tumor necrosis factor (TNF)a
and IL-1p as well as Thl- and Th2-type immune responses and autoantibodies
against cardiac myosin [4, 39], and a similar effect was achieved by inhibiting
CR1/2 by either blocking monoclonal antibodies or gene deletion [4, 39]. Moreover,
IL-6 was shown to increase the number of CD4* T cells that were autoreactive to
cardiac myosin [26]. Inhibition of the transcription factor STAT3, the main mediator
of IL-6 signaling and Th17 differentiation, was also found to impair EAM develop-
ment when administered at the peak of heart inflammation and at the onset of DCM,
improving heart function as shown by echocardiography [28, 40]. Moreover, the
expression of constitutively active STAT3 was sufficient to elicit the spontaneous
development of an immune-mediated form of myocarditis very similar to EAM,
increasing Th17 cell responses and IL-6 signaling partially rescued by depletion of
CD4+ T cells, recombinant antibody-mediated IL-6 neutralization and complement
depletion by cobra venom factor [40].

IL-23 was also shown to promote myocarditis in EAM via the induction of an
IL-17A/Th17A-type immune response, and to be particularly relevant for the devel-
opment of chronic myocarditis/DCM by increasing remodeling and fibrosis [41,
42]. Sustained IL-23 was necessary to maintain a Th17 response during EAM [42]
and IL-17A was shown to increase CD11b* myeloid immune infiltrate in the heart,
which represents the main population of heart immune cells during acute myocardi-
tis in EAM [16, 43]. However, CD11b* immune cells were also found to reduce
acute inflammation in EAM by inhibiting Th17 T cell function [43]. IL-17A was
also shown to increase IL-1f, IL-6, and TNFa levels in the heart leading to remodel-
ing, fibrosis, and DCM, but not to alter the overall level of inflammation during
acute myocarditis in the EAM model [15].

Susceptibility to EAM in A/J and BALB/c mice depends on the production of an
IL-4/Th2-type immune response, which in mice is associated with eosinophils, ele-
vated IgG1 autoantibodies against cardiac myosin, and elevated IgE [19, 37].
Inhibiting interferon (IFN)y using monoclonal antibody or gene inactivation pro-
motes a Th2-type immune response that increases acute myocarditis, pericarditis,
and DCM in the EAM model [37, 39, 40, 44]. After inactivation of [FNy and IL-17A
genes, severe Th2-associated eosinophilic myocarditis and heart failure ensued
[45]. Inhibiting Th1-driven natural killer (NK) cells also led to the development of
eosinophilic myocarditis, fibrosis, DCM, and heart failure [46]. IL-12/STAT4 was
found to promote EAM but, paradoxically, IFNy reduces EAM by preventing pro-
gression to the chronic second phase of myocarditis, DCM, and heart failure [39,
40, 44, 47-49].
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6.3  Virally-Induced Autoimmune Myocarditis
6.3.1 MCMV-Induced Autoimmune Myocarditis

The first reports of the development of MCM V-induced myocarditis came from two
different laboratories in 1986 [1, 2]. Soon thereafter came the description of the
production of autoantibodies against cardiac tissue following MCMYV infection of
mice with myocarditis [14, 50-52]. IgM and IgG autoantibodies against cardiac
myosin were detected in the sera of BALB/c and BL mice from day 7 to 100 post
infection (pi), with significantly higher autoantibody levels in BALB/c compared to
BL mice [4, 50]. The presence of a strong autoantibody response to cardiac myosin
after MCMYV infection and the presence of autoreactive T cells provide evidence
that MCM V-induced myocarditis is an autoimmune disease [4, 53].

Interestingly, purified MCMYV is not used to induce the model; but rather MCMV
is propagated through salivary glands which are the tissue with the greatest tropism
for MCMV [54], homogenized during peak viral replication in the salivary gland,
and the supernatant containing damaged salivary gland self-tissue and infectious
virus (10* PFU) injected intraperitoneally (ip) on day 0 with myocarditis peaking
around day 10 pi [4, 10]. Molecular mimicry, or cross-reactivity of a small sequence
of viral peptides with those of cardiac myosin or other autoantigens, has been pos-
tulated as a mechanism for how MCMYV could lead to autoimmune diseases like
myocarditis [12, 51, 55, 56]. However, little evidence aside from cross-reactivity
has been provided for the theory and a number of inconsistencies exist, which are
discussed in references [11, 12]. Although un-researched, it is interesting to specu-
late whether one reason for how a salivary gland homogenate of MCMV could
promote myocarditis could be due to injection of innate proinflammatory cytokines
like IL-1f, IL-6, TNFa and/or IL-33 present in the supernatant that become upregu-
lated during MCMYV infection of the salivary gland and released by homogenizing
the tissue and are able to promote activation of the innate immune response. LPS,
which leads directly to IL-1p production by activating TLR4, or TNFa injected ip
were shown to increase the severity of MCMV myocarditis and autoantibody levels
in BALB/c and BL mice [57]. LPS, TNFa, IL-1p, and IL-33 have been demon-
strated to increase CVB3-induced myocarditis [17, 58—60]. IL-33 increases CVB3
myocarditis at least in part by increasing IL-1f [60].

Autoimmune myocarditis induced by MCMYV is biphasic in BALB/c mice, with
BL mice developing only very low levels of acute myocarditis and being resistant
(i.e., not progressing) to chronic myocarditis/DCM [4, 61]. Although BL mice do
not develop the chronic phase of myocarditis/DCM, virus can be detected in the
heart by PCR indicating that viral persistence is not the driving factor leading to
chronic inflammation and dilatation in this model [61]. In contrast, IFN therapy has
been found to prevent the progression from myocarditis to DCM in MCMV myo-
carditis [62]. Treatment of mice with several subtypes of IFN« or IFNf decreased
acute and chronic MCMV-induced myocarditis/DCM and reduced autoantibody
levels in BALB/c mice [63—66]. Antiviral drugs used clinically to reduce MCMV
infections, ganciclovir and cidofovir, were found to decrease acute and chronic
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MCM V-induced myocarditis/DCM provided they were administered during the
innate immune response or during acute myocarditis, but had no effect on the
chronic stage of disease if administered after the acute myocarditis stage [67]. NK
cells and CD8* T cells are associated with type I (IFNa subtypes, IFNf) and type II
IFN (IFNy) cytokines that are effective at clearing MCMV infection. NKI1.1*
immune cells (i.e., NK cells and/or innate lymphoid cells (ILC)1) were found to
reduce MCMYV levels in the heart and decrease MCM V-induced autoimmune myo-
carditis [4, 62, 63, 66, 68]. BALB/c mice with MCMV autoimmune myocarditis
develop a dominant IL-4 cytokine response indicative of a Th2-type immune
response, while BL. mice developed a dominant IFNy response indicative of a Thl-
type immune response [65]. The cardiac inflammatory infiltrate during MCMV
myocarditis consists primarily of macrophages and T cells with lower numbers of
neutrophils, NK and B cells [61, 66, 69]. Reduction of NK cells or T cells (CD4 or
CD8) significantly reduced MCM V-induced myocarditis [4]. Studies examining the
role of macrophages in MCM V-induced myocarditis have not been reported in the
literature. Additionally, published studies of MCM V-induced autoimmune myocar-
ditis did not report the sex of the mice used in the experiments and no reports
describe whether sex differences exist in the pathogenesis of disease.

6.3.2 CVB3-Induced Autoimmune Myocarditis

The first description of the CVB3-induced autoimmune myocarditis model was a
comparison of the MCMV and the CVB3 model in a review article in 2001 [4]. The
first data paper to describe the model showed that IL-12 receptor (IL-12R)p1 and
TLR4 signaling increase myocardial inflammation and cardiac viral replication via
IL-1P and IL-18 [70]. Similar to the MCM V-induced autoimmune model, CVB3
from tissue culture is passaged through the heart of mice and supernatant from the
tissue homogenate containing self-antigenic heart proteins such as cardiac myosin
and a low titer infectious virus (10° PFU) are used to induce myocarditis [5, 6, 71].
The heart-passaged CVB3 supernatant induces biphasic myocarditis in susceptible
strains of mice like BALB/c and A/J mice with the peak of acute myocarditis around
day 10 pi and chronic myocarditis/DCM beginning at day 35 pi, which is similar to
the time-course observed for MCM V-induced myocarditis and EAM but shifted by
1 week (Fig. 6.1) [4, 9, 71]. Also similar to the MCMYV model, BL mice develop
acute myocarditis, but do not progress to chronic inflammation or DCM. IgM and
IgG autoantibodies against cardiac myosin are present, similar to the MCMV-
myocarditis autoimmune model, from day 7 until day 56 pi following CVB3 infec-
tion, and autoantibody levels are higher in BALB/c compared to BL mice [4].
Historically, autoimmune disease was thought to be induced in this model by viral
damage that occurs to the heart during acute myocarditis releasing self-antigen (i.e.,
cardiac myosin) with the second, chronic phase of myocarditis/DCM being consid-
ered to be the “autoimmune phase” [4, 8,9, 12, 71]. However, it is now clear that the
second phase of the disease is caused by remodeling genes that are “turned on”
during acute myocarditis (day 7—10 pi) and so the biphasic disease process parallels
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the biphasic autoimmune disease observed in the EAM model. Peak acute myocar-
ditis (day 21) and chronic myocarditis (day 42) are shifted 1 week in the EAM
model most likely because of the requirement for a second injection at day 7 in
order to induce EAM (Fig. 6.1) [5, 17]. Thus, autoantibodies and autoimmune T
cells are present in CVB3 autoimmune myocarditis due to the injection of heart tis-
sue at day O that contains cardiac myosin and other self-antigens providing the self-
antigen component while injection of the low replicating virus acts as the “adjuvant”
similar to CFA in the EAM model (Fig. 6.1) [12].

During the innate immune response to CVB3 infection in this autoimmune
model BALB/c mice develop higher TLR4 expression and elevated levels of TNFa,
IL-4, IL-1p, and IL-10 in the heart than BL mice [72, 73]. Similar to EAM and as
found in the MCMV autoimmune myocarditis model, susceptible mice develop a
dominant IL-4/Th2-type immune response during the acute phase of myocarditis
[60, 72, 74-76]. A Th2-type immune response is also needed for progression from
CVB3 autoimmune myocarditis to DCM [60, 72, 74-76]. A stronger IL-4, Th2-type
immune response in BALB/c mice is likely due to the presence of high numbers of
mast cells in the spleen of BALB/c mice that are not present in BL. mice following
CVB3 infection [72]. The innate immune response to CVB3 in the spleen is also
characterized by increased expression of genes associated with cholesterol metabo-
lism and steroidogenesis in male BALB/c mice [77]. The androgen receptor and
translocator protein 18kDa (TSPO), the rate limiting step with STAR for steroid
synthesis, were decreased in CVB3 infected BALB/c male mice compared to
females consistent with activation of the receptors. These data suggest that choles-
terol metabolism in the spleen may drive the testosterone-mediated increase in
inflammation observed following CVB3 infection in male BALB/c mice.

One of the early observations in the CVB3 autoimmune myocarditis model was
that myocardial inflammation was far more severe in male BALB/c mice than
females [73]. Males had increased expression of TLR4 on mast cells and macro-
phages and higher levels of CD11b, which is also known as complement receptor
(CR)3 or Itgam and is expressed on activated neutrophils, macrophages, granulo-
cytes, mast cells, and some subsets of dendritic cells [73, 78]. During the innate
immune response in the spleen 12 h pi and in the heart during acute myocarditis at
day 10 pi, mast cells and macrophages from male mice displayed greater expression
of TLR4 and reduced expression of the inhibitory receptor T cell immunoglobulin
mucin (Tim)3 compared to females [73, 78]. Antibody-mediated inhibition of
Tim3 in male mice led to increased myocarditis by enhancing the number of CR3*/
CD11b* immune cells in the heart, increased TLR4 expression on mast cells and
macrophages, upregulating the activating receptor CD28 on T cells and globally
elevating cardiac cytokines such as TNFa, IL-1p, IL-4, IFNy, and IL-10 [78]. In
contrast, male mice deficient in TLR4 signaling displayed decreased myocarditis,
decreased numbers of heart-infiltrating CR3*/CD11b* macrophages, and enhanced
expression of Tim3 on cardiac mast cells and macrophages during acute myocardi-
tis [70, 73]. Complement component C3b binds CR3/CD11b activating mast cells
and macrophages [79]. CR1 inhibits C3b levels resulting in reduced mast cell and
macrophage activation [80]. Male A/J mice deficient in CR1 developed more severe
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myocarditis, increased numbers of macrophages in the heart, increased cardiac
IL-1p levels, increased fibrosis, DCM, and increased levels of autoantibodies that
bind C3 to form immune complexes followed by deposition on the pericardium,
leading to severe pericarditis, DCM, and heart failure [81].

The primary infiltrate in the heart of male BALB/c mice with CVB3 myocarditis
are cells that express CD11b including macrophages, neutrophils, MCs, and CD11c¢*
dendritic cells [73]. In contrast, female BALB/c mice have higher levels of T cells,
B cells, and regulatory T cells (Treg) than males. Increased cardiac inflammation in
males is not due to increased viral replication in the heart, which does not differ
between the sexes and is cleared at the same rate in males and females [73, 82]. The
dominant cytokine response in the heart of BALB/c males with acute CVB3 myo-
carditis is elevated IL-1p, IL-18, IL-33, and IFNy, while females have increased
IL-4 [17, 73, 82]. IL-12-induced STAT4 was found to increase TNFa and IFNy
levels in the heart of male BALB/c mice during acute myocarditis and reduce viral
replication, but not to alter the overall level of inflammation in the heart [83]. IFNy
was found to contribute to the sex difference in myocarditis—increasing cardiac
inflammation in males compared to females; however, not via IL-12/STAT4 sug-
gesting that increased inflammation associated with IFNy in males could be medi-
ated by TLR4-induced IL-18, which strongly induces IFNy [9, 82]. TLR4-induced
IL-1B, released from mast cells and macrophages, and serpin A3n or
al-antichymotrypsin, which is released from MCs, were also found to be increased
by testosterone during acute myocarditis in BALB/c males and to promote remodel-
ing and fibrosis in the heart [17]. Gonadectomy of male BALB/c mice decreased
circulating testosterone levels, CVB3 myocarditis, and CD11b* cells while shifting
the immune response to an IL-4, Th2-type immune response with elevated Treg and
T cells that express Tim3 and CTLA4 [84]. Macrophages in gonadectomized males
expressed more GR1 and Tim3 and less IL-1p than sham operated controls indicat-
ing a shift to a more inhibitory or Th2-associated macrophage phenotype [84].
Importantly, all of the genes that promote remodeling in the heart such as IL-1,
IL-33, serpin A3n, matrix metalloproteinases, and collagens, for example, were
upregulated during acute myocarditis in male but not female mice [17], indicating
that the proinflammatory and profibrotic factors that are elevated in the heart of
males during acute myocarditis lead to the remodeling that results in chronic myo-
carditis and DCM several weeks later.

Male BALB/c mice progress from acute CVB3 myocarditis to chronic myocar-
ditis and DCM (for example, ten out of ten male BALB/c mice develop DCM by
echocardiography that is normally distributed) while most females do not (for
example, two out of ten female BALB/c mice develop mild DCM) [17]. Development
of DCM requires a Th2-type immune response which is why white background
mice develop DCM while BL do not. If the Th response is skewed to a Th2 response
in IFNy deficient mice, then myocarditis is worse and DCM and pericarditis develop
[74]. As stated previously, DCM only occurs in BALB/c mice while BL background
mouse strains do not develop DCM regardless of sex. Resistance to DCM can be
overcome, however, if BL background mice are forced from a dominant Th1-type to
a Th2-type immune response by removal of a key Th1-inducing pathway like TLR3
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or TRIF by gene deletion [75, 76]. Male BL mice that are deficient in TLR3 or TRIF
(TRIF is a transcription factor downstream of TLR3 and TLR4 signaling) develop
significantly more acute CVB3 myocarditis, have increased viral replication in the
heart, worse cardiac function, and rapidly progress to DCM [75, 76]. TLR3 defi-
ciency in BL males causes a shift from a dominant IFNy/Th1-type immune response
to an IL-4, IL-13, transforming growth factor (TGF)B1/Th2-type immune response
and skewing of macrophages to a more alternatively activated phenotype with
higher expression of arginase-1, Yml, IL-4R, and Tim3 [76]. IL-4 was found to
promote the progression to DCM following CVB3 myocarditis in males [76].
BALB/c males deficient in IFNy also develop more severe acute CVB3 myocarditis
and DCM characterized by a shift from an IFNy/Thl-type immune response to an
IL-4/Th2-type immune response with increased IL-4, IL-1p, TGFB1 and histamine
levels in the heart and cardiac MC activation associated with increased remodeling
and fibrosis [74]. In contrast, IFNp rather than IFNy was reduced in BL mice defi-
cient in TRIF with an increase in the Th2-associated cytokine IL-33 rather than IL-4
and macrophages expressed more Mrcl [75]. DCM, remodeling/fibrosis, and heart
failure were far more severe in male BL mice deficient in TRIF that expressed more
IL-33 in the heart and in BL males given recombinant IL-33 compared to BL males
deficient in TLR3 [75]. Thus, IL-33 promotes progression to DCM following CVB3
myocarditis in BL mice. IL-33 similarly increases progression to DCM in male
BALB/c mice with CVB3 myocarditis by increasing IL-4, IL-1f, and IL-6 levels in
the heart and soluble ST2 (sST2) levels in the sera [60]. ST2 is the receptor for
IL-33 which can be cleaved to become sST2 or it can be secreted from cells [85].
DCM only occurs in BALB/c mice with CVB3 autoimmune myocarditis from day
35pi onwards, but in mice treated with recombinant IL-33 disease progresses more
rapidly so that mice develop heart failure during acute myocarditis [60]. This form
of disease is characterized by elevated eosinophils that resemble eosinophilic or
giant cell myocarditis. Recently, male BALB/c mice were found to produce higher
levels of sST2 in the sera that correlate to elevated cardiac IL-1f levels and inflam-
mation as well as worse cardiac function [86]. Administration of recombinant IL-1f
to male BALB/c mice was found to increase CVB3 myocarditis and sST?2 levels in
the sera [86]. Testosterone increased IL-1f levels in the heart and sST2 levels in the
sera [17, 86].

6.4 Translation to Clinical Disease

The test of an experimental animal model is how similar its representation is to
human disease. Experimental autoimmune models of myocarditis closely match
their human counterparts. For example, autoantibodies against cardiac myosin are
associated with myocarditis in autoimmune animal models [3, 4, 50] and in patients
with myocarditis and DCM [87-89]. TLRs are important in driving the autoimmune
response in T and B cells in animal models and patients [29, 30, 90]. Myocarditis is
more severe in male than female mice and clinically more men develop myocarditis
than women (sex ratio of 3.5:1 men to women) [82, 86]. Myocarditis occurs
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primarily in young adults and we recently reported that sera sST2 levels associate
with New York Heart Association class III-IV heart failure in men that are 50 years
or younger and not in women and in mice with CVB3 autoimmune myocarditis
[86]. In mice, sera sST2 levels correlate to cardiac inflammation and cardiac IL-1
levels in male mice with CVB3 myocarditis [86]. Remodeling and fibrosis occur
more often in men with myocarditis than women and lead to DCM and heart failure,
which has been found also in mouse models [17, 75, 91]. More men develop DCM
and heart failure than women requiring a heart transplant, and more male mice prog-
ress to DCM than female mice [17, 92]. The presence and severity of cardiac inflam-
mation predicts progression to DCM in patients with myocarditis and in autoimmune
animal models of myocarditis [83, 86, 93]. TLR4 was found to be expressed more
often in patients with myocarditis and DCM than controls and to correlate to expres-
sion of CVB3 capsid protein VP1 in the heart [94, 95]. These clinical studies did not
report whether sex differences in TLR4 were present. Similarly, in the CVB3 auto-
immune myocarditis model TLR4 increases myocarditis and CVB3 replication in
the heart of male BALB/c mice [70]. TLR2 has been found to bind cardiac myosin
leading to elevated circulating IL-1p, IL-6, IL-23, and IL-17A levels in men with
myocarditis and DCM, but not women [90]. Similarly, IL-1p, IL-6, IL-23, and
IL-17A have been demonstrated to promote cardiac remodeling and fibrosis in
EAM that leads to DCM [13, 15, 38, 42, 74]. Additionally, IL-17A has been found
to promote progression from myocarditis to DCM in patients with myocarditis [90].
Treating mice or patients with type I IFNs have been found to reduce viral load in
the heart, reduce acute and chronic myocarditis/DCM and prevent heart failure [62—
66, 96]. Likewise, the three complement pathways were found to be expressed at
higher levels in the sera of patients with myocarditis that progressed to DCM com-
pared to controls [97]. And elevated complement C3 or reduced CR1/2 was found
to promote myocarditis and DCM in EAM and CVB3 autoimmune myocarditis
models [35, 38, 81].

Although the study of myocarditis and DCM using animal models has revealed
many important aspects of the innate and autoimmune adaptive immune response to
self-peptide, many gaps in our understanding still remain. A few of those gaps
include the need for a better understanding of sex differences in the pathogenesis of
disease, identification of biomarkers to better identify patients at greatest risk of
heart failure, and immunological tools that could improve diagnosis of disease
which is often missed resulting in unnecessary deaths. Continued research using
animal models of autoimmune myocarditis/DCM should be able to provide clini-
cally relevant answers for all of these gaps and many others.

6.5 Summary

Two primary animal models have been developed to study the pathogenesis of
autoimmune myocarditis and DCM. The most commonly used model, EAM,
involves sc injection of purified cardiac myosin emulsified in CFA on day 0 and 7.
Disease progresses from acute myocarditis to chronic myocarditis. The second
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phase of disease is associated with remodeling, fibrosis, DCM, and heart failure. A
similar biphasic disease is induced using mild viral infections plus damaged self-
peptide from the salivary gland or heart with either MCMV or CVB3 infection,
respectively. The cytokine and immune cell response to either of these models of
autoimmune myocarditis are remarkably similar. 1L-4/IL-33/Th2-type immune
responses have been demonstrated to promote progression from myocarditis to
DCM in susceptible white background mice. In contrast, a black background either
does not develop disease at all (in EAM) or develops only acute myocarditis but
not DCM (viral + self-peptide models). An IL-12/STAT4/IFNy/Th1-type immune
response increases acute myocarditis but prevents progression to DCM in both
mouse strains. In contrast, an IL-23/IL-17A/Th17-type immune response has been
demonstrated to not alter acute myocarditis but to promote the remodeling and
fibrosis that is needed to develop DCM and heart failure. Complement, TLR4/
IL-1p and IL-6/STAT3 increase acute myocarditis promote the development of
chronic myocarditis/DCM. Future studies are needed to define sex differences in
the immune response during myocarditis and DCM for all three autoimmune mod-
els of myocarditis and DCM. A better understanding of the pathogenesis of auto-
immune disease using animal models is needed in order to develop better diagnostic
tools and therapies for a disease with few disease-specific therapeutic options.
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Claudio Rapezzi, Alberto Foa, and Raffaello Ditaranto

7.1 Introduction

Standard ECG is one of the essential diagnostic tools when approaching a patient
with suspected myocarditis. Most of the knowledge on ECG correlates was mainly
collected in the 1970s when myocarditis was diagnosed on the basis of endomyo-
cardial biopsy (EMB) findings.

Over the last two decades, the introduction and the widespread use of cardiac
magnetic resonance (CMR) has broadened the number of myocarditis diagnoses,
especially among patients with mild forms who might have not received an EMB
according to current indications.

Myocarditis is no longer considered a single entity, but rather a spectrum of clini-
cal conditions, so that diagnostic work-up, risk stratification, and therapeutic man-
agement are nowadays challenging. Namely, the 2013 ESC myocarditis Task Force
position statement [1] identified four main clinical scenarios of myocarditis presen-
tation: acute coronary syndrome (ACS) like, new onset or worsening heart failure,
chronic heart failure, life threatening condition (i.e. life threatening arrhythmias/
aborted sudden death, cardiogenic shock, and severely impaired left ventricle [LV]
function).

This chapter summarizes the available data on ECG characteristics of acute, sub-
acute, and chronic myocarditis according to clinical presentation as well as the
underlying etiology, trying to identify the most relevant findings that may be useful
for differential diagnosis and prognostic stratification.
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7.2  The Spectrum of ECG Findings in Different Clinical
Presentations of Myocarditis: Prevalence, Electrogenesis,
Diagnostic Implications, and Differential Diagnosis

A wide spectrum of ECG findings can be found in acute myocarditis [2] including ST
elevation and depression, atrioventricular blocks of different degrees, PR segment
depression/elevation, QRS enlargement and bundle branch blocks, abnormal Q waves,
reduced QRS voltage, T wave inversion, and QT interval prolongation. Furthermore,
atrial and ventricular arrhythmias frequently coexist. Nevertheless, it should be noted
that patients affected by acute myocarditis might have a normal ECG [3] at first medi-
cal contact and develop only mild abnormalities throughout the disease.

The correct ECG interpretation cannot be detached from clinical background. In
this regard the current myocarditis classification [1], differentiated according to
clinical presentation, meets this requirement.

7.2.1 Acute Coronary Syndrome (ACS)

Acute myocarditis can mimic an ACS, with chest pain (frequently starting within
1-4 weeks from a respiratory or gastrointestinal infection), ST/T wave changes,
increased serum troponin levels (more commonly with prolonged and sustained
release over several weeks or months). Global or regional LV or right ventricular
(RV) dysfunction can be observed at imaging. Viral lymphocytic myocarditis is pre-
sumed to be the most frequent cause, although other infectious/inflammatory causes
might be responsible of the scenario. These ECG findings are thought to be the
result of a combination of inflammation, necrosis and, in some circumstances, coro-
nary vasospasm as shown in parvovirus B19 (PVB19) endothelial cells infection
[4], causing vascular dysfunction.

The presence of ST elevation (STE) in patients with acute myocarditis might lead to
a wrong ST-segment elevation myocardial infarction (STEMI) diagnosis. Typically, in
these cases, myocarditis causes isolated saddle-shaped (concave) STE without specular
repolarization changes, or a widespread STE with diffuse distribution (except for aVR).
However, STE topography may be localized and associated with specular ST depres-
sion, perfectly mimicking a coronary pattern, and ST may have a convex aspect
(Fig. 7.1). A long-lasting STE (paralleling troponin kinetics) with a slow regression of
ECG abnormalities is in favor of acute myocarditis. On the other hand, in anterior
STEMI due to distal or mid-level left descendent anterior coronary occlusion (after the
first diagonal branch), reciprocal ST depression in the inferior leads is absent and ST
segment can even be elevated in both anterior and inferior leads [5, 6] (Fig. 7.2). The
electrocardiographic ambiguity of myocarditis and ACS contributes to a relevant risk
of diagnostic mistakes, even in specialized and ultra-specialized settings [7—12]. This
is clearly evident in data coming from different PCI networks [7-13], showing a high
frequency (up to 39%) of inappropriate cardiac catheterization laboratories’ activation
for primary PCI. Within these false positives, a relevant percentage of patients received
a diagnosis of acute myocarditis at the end of work-up. Awareness of this phenomenon
and of the possible role of acute myocarditis is fundamental to avoid the simplistic
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Fig. 7.1 Two cases of acute myocarditis presenting with ST segment elevation in the lateral leads
and marked ST depression in the inferior leads. In both cases precordial leads show an “inconsis-
tent” isolated ST elevation in V2

label of ACS with normal coronary arteries or myocardial infarction with nonobstruc-
tive coronary arteries (MINOCA) and to address patients towards a tailored diagnostic
evaluation and appropriate management.

While in STEMI the value of ECG in localizing the affected regions is unques-
tionable, ECG is an unreliable tool to localize involved heart muscle sites in acute
myocarditis. Different studies [3, 14, 15] tried to assess the ability of ECG to pre-
dict inflammatory process localization, using cardiac magnetic resonance as refer-
ence for in vivo tissue characterization. All available data showed poor correlation.
Particularly, Meléndez-Ramirez et al. [ 14] found only a moderate agreement for the
inferolateral localization of late gadolinium enhancement (LGE) and STE, but not
in the other regions. Nucifora et al. [15] reported a topographic agreement between
LGE and STE site in 59% of patients presenting with anterolateral STE, in 46% of
those with inferolateral STE, with an overall agreement between the LGE and STE
site reaching 68%. These data might reflect a limited resolution of CMR, unable to
detect small areas of myocardial damage that are, however, large enough to modify
the ECG. Conversely, the magnitude of STE and a late ST normalization were found
to be significantly and independently related to the extent of LGE, identifying the
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Fig. 7.2 Two examples of anterolateral ST segment elevation without reciprocal changes (a) and
(c). In both cases ST elevation involves both anterior and inferior leads. (b) shows the underlying
acute myocarditis with lymphocytic infiltrates while in (d) a mid-level occlusion of the left anterior
descending artery is evident resulting in the same electrocardiographic pattern. Courtesy of Dr.
Ornella Leone and Dr. Nevio Taglieri

ECG as an easy bedside tool for predicting the extent of myocardial damage, irre-
spective of its localization.

Another ECG feature that may be helpful in differential diagnosis is the Q wave.
More specifically, although Q waves can be present in the acute phase of myocarditis,
they may be overlooked due to their brief appearance. In myocardial infarction Q waves
persist indefinitely, due to irreversible myocardial injury, whereas Q waves in myocar-
ditis might disappear along with the inflammatory process resolution. Supposedly, Q
waves in myocarditis reflect the transiently decreased electrical and mechanical activity
in the inflamed regions, not necessarily implying cellular death. This view is in keep-
ing with the clinical observation that LV function improvement usually occurs when
Q waves disappear. Myocarditis patients with Q waves generally have more thickened
myocardium, more depressed LV function (with an inverse correlation between the num-
ber of leads showing Q waves and reduced LV ejection fraction) and a higher incidence
of severe complications, e.g. hemodynamic instability and conduction disturbances.

The ECG in acute myocarditis can also simulate acute myocardial infarction
without ST segment elevation (NSTEMI). Inverted symmetric T waves, typically
short lasting, may be documented, resembling those seen in coronary artery disease.
These findings can be isolated or associated with ST depression (or sometimes fol-
lowing ST elevation), localized at two or more contiguous leads or present in all
standard leads except for aVR, the so-called diffuse inversion (Fig. 7.3). The
reported prevalence of T-waves inversion (TWI) varies from 9% to 48% and likely
reflects the underlying myocardial edema and dyshomogeneity of cardiomyocyte
repolarization between spared endocardial and diseased epicardial layers. Similarly
to STE, concordance between TWI location at ECG leads and affected LV segments
at cardiac imaging is poor. Considering any pattern of myocardial edema, De
Lazzari et al. [16] reported an overall topographic agreement not exceeding 57%.
However, focusing only on areas affected by transmural myocardial edema, the
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Fig. 7.3 Diffuse (giant) T wave inversion in a young adult with lymphocytic myocarditis present-
ing with chest pain

overall agreement raised to 88%, supporting the hypothesis that the occurrence of
TWI mostly depends on the extent of transmural myocardial edema. Furthermore,
the development of TWI was significantly and independently associated with the
extent of myocardial LGE. This study underlines the ability of the ECG, once again,
to estimate the amount rather than the topography of myocardial damage.

A peculiar form of acute myocarditis often characterized by a pseudo-ACS pre-
sentation is represented by myocarditis associated with pericarditis, a still widely
debated clinical entity. The term indicates a condition in which a typical acute peri-
carditis is accompanied by echocardiographic or CMR evidence of new onset
global/regional wall motion abnormalities or by an abnormal troponin release.

Notably, since the pericardium is electrically silent, the classical ECG changes
detected in pericarditis are actually generated in response to myocardial inflamma-
tion of subepicardial layers. In this context, the diffuse STE without reciprocal ST
segment depression, the PR segment depression and the evolution towards tran-
sient negative T waves, reflect an existing “epicarditis.” Accordingly, the magni-
tude of ST-T abnormalities usually correlates with the extent of myocardial
inflammation.

Although various and often non-specific ECG patterns may accompany myocar-
ditis associated with pericarditis, ECG may provide useful clues to identify myocar-
dial involvement among patients with pericarditis. Imazio et al. in a series of 234
cases of isolated acute pericarditis compared with 40 cases of myocarditis associated
with pericarditis described in the latter a higher prevalence of ST segment elevation
(90 vs 70%) and an “atypical” ECG evolution, not necessarily following the classic
4 stages of pericarditis [17]. In fact, among patients with myocarditis associated with
pericarditis, negative T waves may be detected before ST segment normalization.
Furthermore, patients with myocarditis associated with pericarditis show a much
greater arrhythmogenic burden, mainly characterized by ventricular arrhythmias
[17]. Lastly, a prolonged QT interval may be detected as an expression of acute myo-
cardial damage.



134 C.Rapezzi et al.

7.2.2 New Onset or Worsening Heart Failure

The clinical scenario of acute heart failure associated with imaging evidence of a
dilated/hypokinetic cardiomyopathy phenotype underlies two possible conditions:
sudden onset symptoms in the context of a pre-existing cardiomyopathy or, alterna-
tively, a new onset ventricular dysfunction. In this setting, ECG findings integrated
with clinical characteristics, echocardiography, and eventually CMR imaging may
address a differential diagnosis.

Acute Phase Indicators The most typical ECG findings in this setting are ST eleva-
tion or depression, low QRS voltages, impaired atrioventricular conduction, pro-
longed QT interval, and transient Q waves. Notably, reduced QRS voltages, frequently
associated with sinus tachycardia, suggest extensive myocardial edema (Fig. 7.4) or
pericardial effusion. Differently from what observed in an ischemic setting or in
chronic cardiomyopathies, this ECG presentation in the acute phase is not necessarily
associated with irreversible muscle loss: in fact, as myocardial inflammation resolves,
QRS voltages increase paralleling the improvement in ventricular ejection fraction.

Chronic Phase Indicators Conversely, the absence of relevant repolarization abnormal-
ities, an abnormal QRS duration, left bundle brunch block, left ventricular hypertrophy,
left atrial enlargement, and atrial fibrillation/flutter suggest a pre-existing condition.

7.2.3 Chronic Heart Failure

ECG findings in patients with inflammatory cardiomyopathy showing a dilated/
hypokinetic phenotype are usually indistinguishable from those seen in non-
inflammatory dilated cardiomyopathies. In fact, baseline ECG shows signs of
chambers’ remodeling due to hemodynamic overload, secondary to diastolic and
systolic ventricular dysfunction as well as chronic wall inflammation. Specifically,
variable degrees of intraventricular delay, left ventricular hypertrophy, left atrial
enlargement, and atrial flutter or fibrillation are often detected. Cardiac sarcoidosis
and Chagas disease represent two exceptions and are further described in detail.

7.2.4 Life Threatening Conditions

Sudden cardiac death (SCD) occurs in patients with myocarditis and can be the first
disease presentation. Ventricular arrhythmias (VA, Fig. 7.5) and bradyarrhythmia
(namely, high-degree/complete atrioventricular blocks, Fig. 7.6) can be documented
both in acute and chronic myocarditis, with a wide spectrum of clinical presenta-
tions, ranging from palpitations to acute heart failure or cardiac arrest. Although they
might be present in virtually all forms of myocarditis, the arrhythmogenic burden is
generally greater in cases of giant cell myocarditis (GCM) and cardiac sarcoidosis.
The risk of VA is associated with the degree of tissue damage and inflammation.
On the other hand, bradyarrhythmias are infrequently encountered, except for some



7 Electrocardiography 135

I aVR V1 v V4 [
| . _ : R |aseee BB |
v = " g A ~.1_x i | . | - —— ',‘
i V1 V2 it —vsit ! i
I i |
| } | |
¥ NN i’ o . - At 'If | 74, | Y ] !
i WVF i ¥ \ Y lvs

Fig. 7.4 Low QRS voltages in a patient with acute myocarditis admitted for acute heart failure.
Echocardiogram showed a thickened and sparkling myocardium. At histology diffuse lymphocytic
infiltrates are evident with extensive intramyocardial edema. Courtesy of Dr. Ornella Leone

peculiar forms (GCM, Lyme disease, Chagas heart disease, cardiac sarcoidosis).
Various pathophysiologic mechanisms have been proposed to explain electrogenesis
of VA in the acute setting [18]: electrical instability due to myocyte membrane lysis
as a consequence of viral infection or other causes, ischemia from coronary macro/
microvascular disease, abnormal calcium handling and ion channel function, and gap
junction dysfunction related to abnormal myocardial expression of connexins. In the
chronic stage, two kinds of mechanisms can trigger VA: reentry and enhanced
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Fig. 7.5 Sustained ventricular tachycardia in a case of acute lymphocytic myocarditis admitted
for heart failure

automaticity. Reentry scar-related ventricular tachyarrhythmias, after inflammation
resolution, are due to re-entrant circuits secondary to myocardial fibrosis. Indeed, the
presence of LGE has been described as a predictor of VA in viral myocarditis.
Baseline ECG, in patients with reentry VA, may show signs of the underlying dilated
cardiomyopathy, including reduced R wave amplitude, left bundle branch block or
intraventricular conduction delay, abnormal Q waves, low voltages and repolariza-
tion abnormalities. However, reentry VA can also develop in the setting of normal
ECG and/or echocardiogram, especially among young people. Secondly, VA in the
chronic setting [18] can be the expression of infection and/or (auto) inflammatory
persistence or reactivation: new onset electrical abnormalities may indicate underly-
ing disease activity. Arrhythmic instability with iterative VA, associated with new
onset monster ST-T abnormalities, is highly suggestive of acute myocarditis.

7.3  Specific Etiologies

Within the wide spectrum of abnormalities some electrocardiographic patterns may
suggest specific etiologies of myocarditis.

Conduction system abnormalities may complicate all forms of myocarditis, as a
reflection of inflammatory changes (edema/fibrosis) of the conduction fibers. Lyme
carditis represents a typical example of intermittent and variable AV block, usually
followed by a favorable outcome. A recent review analyzing 45 cases of Lyme
carditis showed that 80% of patients presented complete AV block at admission.
Atrioventricular blocks may vary in degree and most cases tend to show a benign
course with complete regression after adequate antibiotic therapy [19, 20].
However, autoptic cases of sudden cardiac death have been described [21, 22] as
well as the possible development of ventricular arrhythmias [23]. Additionally,



7 Electrocardiography 137

_jl {11\_

W

i
."'.
i

i

Fig.7.6 Advanced atrioventricular block in two patients with acute myocarditis. On top a case of
2:1 atrioventricular block; on bottom a case of atrial fibrillation, complete heart block, and escape
junctional rhythm

supraventricular arrhythmias may occur; sporadic cases of atrial fibrillation have
been described [24, 25].

Although western world countries have established a routine vaccination regimen
against diphtheria, this condition is still common in developing countries. Myocardial
involvement may be present, often manifesting with conduction disturbances. In fact,
a small Indian series of 6 patients with diphtheritic myocarditis revealed the presence
of complete heart block, persistent or intermittent, in all cases [26].

ECG is often abnormal in patients with cardiac sarcoidosis. In fact, epithelioid
granulomas together with the surrounding myocardial fibrosis represent the ideal
histopathologic substrate for conduction disturbances. Moreover, the preferential
involvement of the basal region of the interventricular septum, spreading to the
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atrioventricular junction and His-Purkinje system, often results in varying degrees
of AV block as well as bundle brunch blocks. Notably, several series have shown
that complete heart block is the most common ECG presentation among symptom-
atic patients, accounting for up to 30% of cases. An interesting observational study
on young and middle-aged adults with unexplained II- and III-degree AV block
found that in almost 20% the underlying disease was isolated cardiac sarcoidosis
and in 4 cases giant cell myocarditis [27]. Moreover, these patients showed a worse
outcome (a composite end-point of cardiac death, heart transplantation, ventricular
fibrillation, and treated ventricular tachycardia) as compared to idiopathic AV
blocks [27]. The typical inflammatory process of sarcoidosis may also trigger
tachyarrhythmias. As a result of scar-mediated reentry, ventricular tachycardia,
monomorphic rather than polymorphic, is quite common in this scenario. The
arrhythmic burden may vary depending on disease activity: an insightful study on
15 patients with cardiac sarcoidosis showed that complete heart block occurred
more often during the active phases of the disease, while sustained VT prevailed in
the quiescent phase, mostly in patients with a lower ejection fraction [28].

Clinical presentation of giant cell myocarditis is mainly characterized by acute
heart failure, which may require mechanical circulatory support. In addition, these
patients often show electrical instability with a high frequency of ventricular tachy-
cardia both at presentation and during follow-up (Fig. 7.7), with a reported inci-
dence of life-threatening VA reaching 55% at 5 years from symptom onset [29].
Clinical manifestations may also include bradyarrhythmia as shown in a series of 32
patients where high-degree AV block exceeded 30% of cases at presentation [30].

Chagas disease [31], caused by the protozoan parasite Trypanosoma cruzi and
endemic in Southern America, is characterized by frequent cardiac involvement,
with a predilection for the conduction system and the myocardium. The description
of ECG and arrhythmias in Chagas cardiomyopathy by Rosenbaum and his school
represents a milestone of history of electrocardiography. The most common initial
ECG signs are left anterior fascicular block, left posterior fascicular block, and right
bundle branch block. Sinus tachycardia is often present and the heart rate is usually
higher than attributable to fever alone. Later findings include sinus node dysfunc-
tion, leading to severe bradycardia, high-degree atrioventricular blocks,

Fig. 7.7 Nonsustained monomorphic ventricular tachycardia in a 33-year-old man with giant cell
myocarditis. Courtesy of Dr. Ornella Leone
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nonsustained or sustained ventricular tachycardia, and low QRS voltages associated
with the progression towards a dilated cardiomyopathy with congestive heart failure
and apical aneurysms. Rassi et al. [32] developed a score system to predict mortality
in Chagas’ heart disease and identified, among different ECG variables, nonsus-
tained VT on 24-H Holter monitoring and low QRS voltages as reliable risk factors
for long-term mortality.

7.4  Prognostic Implications
Clinical and instrumental presentation of myocarditis is typically extremely hetero-
geneous. In this setting, the identification of prognostic factors may provide a sub-
stantial contribution towards an adequate therapeutic management. The availability
and inexpensiveness of ECG have stimulated investigators to look for potential
prognostic ECG indicators (Table 7.1).

Ischemic like ST-T abnormalities are common in patients with acute myocardi-
tis, often mimicking acute coronary syndromes. The prognostic role of such ECG
findings has been investigated with reassuring results; in fact subjects with this ECG
pattern seem to fully recover [33].

Some studies have focused on the clinical and prognostic significance of
Q waves. This finding has been detected in more advanced forms of myocarditis
with a tendency towards hemodynamic instability and conduction systems

Table 7.1 ECG findings associated with poor outcome

Study Sample | Follow-up End point Identified risk factor
Ukena, Eur 186 |55 +105.1 months | Cardiac death or heart QRS > 120 ms
Heart J transplantation QTc > 440 ms (only
(2011) at univariate analysis)
Morgera, Am 42 | 44 + 26 months Mortality Abnormal QRS
Heart J complex and LBBB
(1992)
Lee, IntJ 35 | In-hospital Fulminant course Prolonged QRS
Cardiol duration
(2006)
Chen, J Card 193 | 5.7 years Death or heart failure QRS-T angle >100°
Fail (2018)
Ogunbayo, 31,760 | In-hospital In-hospital mortality High-degree AV
Heart Lung and morbidity block (Mobitz 11
Circ (2019) (cardiogenic shock, second-degree AV
cardiac arrest, block and complete
respiratory and renal heart block)
failure)
Hung, Acta 40 | In-hospital Fulminant course Prolonged QRS
Cardiol Sin duration
(2016) Prolonged QTc
interval

LBBB left bundle branch block, AV atrioventricular
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abnormalities; authors have reported a non-significantly higher in-hospital mortal-
ity among these patients, with a favorable long-term follow-up [34].

Several series have investigated the prognostic relevance of QRS duration and of
QT interval in patients admitted for acute myocarditis. Some studies have shown
that both prolonged QRS duration and corrected QT interval are markers of a fulmi-
nant course [36, 37]. Ukena and colleagues [35] have partially reinforced this evi-
dence. In a series of 186 cases they identified a prolonged QRS duration (>120 ms)
as a risk factor for cardiac death or heart transplantation. Additionally, regression
analysis revealed that QTc > 440 ms was associated with a poor outcome but the
result was not confirmed at multivariate analysis.

Abnormal QRS complexes, with a particular focus on LBBB, tended to be asso-
ciated with progression to dilated cardiomyopathy and were shown to be predictors
of mortality and sudden cardiac death; in fact, histopathological findings underlying
an abnormal QRS complex include left ventricular hypertrophy and myocardial
fibrosis, both ideal arrhythmia substrates [38].

Chen et al. proposed the angle between ventricular depolarization and repolar-
ization vectors as a possible outcome indicator [39]. A QRS-T angle >100° was
found to be a predictor of poor prognosis both in terms of mortality and morbidity,
possibly reflecting impaired systolic function [39].

A recent review [40] has investigated the prognostic role of AV conduction dis-
turbances in over 30,000 patients with a diagnosis of myocarditis. The presence of
first degree AV block or Mobitz type I second-degree AV block did not affect inpa-
tient outcome. Conversely, patients with high-degree AV block—Mobitz type II or
complete heart block—showed a worse outcome with a higher incidence of in-
hospital mortality, cardiogenic shock, cardiac arrest, and acute renal failure. After
adjustment for patients’ baseline characteristics and comorbidities, high-degree AV
was found to be independently associated with mortality.
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8.1 Introduction

The diagnosis of myocarditis is challenging, mainly due to its heterogeneous clinical
presentation, and usually requires a high level of suspicion. Clinical scenarios range
from mild and atypical cardiac complaints to infarct like chest pain, unexplained heart
failure, or signs and symptoms of arrhytmia. Myocarditis’ onset can be abrupt and life
threatening with cardiogenic shock, or even sudden cardiac death (SCD) or chronic and
insidious leading to non-ischemic dilated cardiomyopathy (DCM). It affects patients of
all ages, but predominantly young individuals, representing a main cause of SCD in the
young and a well-known DCM precursor [1]. Due to the insidious nature of myocardi-
tis, the use of appropriate diagnostic tools at presentation is mandatory, aiming at
achieving a correct and early diagnosis and possibly identifying the cause.

The standard clinical approach, including clinical history, patient’s examination,
ECG, blood test is often non-specific. Therefore, an appropriate use of basic and
advanced cardiac imaging modalities becomes fundamental in the diagnostic pro-
cess. The European Working Group on Myocardial and Pericardial Diseases recom-
mends that all patients with clinically suspected myocarditis should undergo a
standard transthoracic echocardiography (TTE) at presentation [1]. TTE should be
repeated during hospitalization if there is any worsening of hemodynamics and dur-
ing follow-up [1].
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8.2  Trans-Thoracic Echocardiography (TTE)

Due to its accessibility, reliability, cost-effectiveness, and unique ability to provide
real-time images of the beating heart, TTE represents the first-line imaging tech-
nique. It is invaluable in the diagnostic workup, in monitoring the efficacy of treat-
ment, in prognostic stratification, and follow-up.

TTE delivers an excellent assessment of regional wall motion abnormalities,
chamber size, wall thickness, left and right ventricular systolic function, diastolic
function, valvular function, intracardiac and pulmonary artery pressure estimations,
stroke volume, and cardiac output.

It also provides an important contribution to the differential diagnosis as well as
to the exclusion of some specific non-inflammatory etiologies such as:

e Ischemic cardiomyopathy,

* Restrictive or hypertrophic cardiomyopathy,
e Valvular heart disease,

e Amyloidosis,

e Congenital heart disease.

TTE findings may range from a completely normal heart (Fig. 8.1a) to severe
biventricular dysfunction (Fig. 8.1b). In a patient with clinically suspected myocar-
ditis, it is recommended to investigate the following features:

1. Size and geometry (spherical vs. elliptical) of the ventricles
2. Pattern of contractility (regional or global); left ventricular (LV)/right ventricular
(RV) function
. Associated valvular regurgitation
4. Cardiac output and loading conditions (assessment of filling pressures and pul-
monary hypertension)

(O8]

Fig. 8.1 Left ventricular shape in myocarditis. (a) magnified four chamber (4ch) view of a nor-
mally shaped left ventricle in a patient with active lymphocytic myocarditis and pseudo-infarct
presentation. (b) magnified 4ch view of a spherically shaped LV in a patient with active lympho-
cytic myocarditis and heart failure presentation
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5. LV wall thickness and changes in image texture
6. Pericardial effusion
7. Presence of intracavity thrombus

8.2.1 Size and Geometry (Spherical Vs. Elliptical)
of the Ventricles

Increased sphericity has been described by Mendes et al. [2]. In patients with active
myocarditis, they observed that chamber dilatation occurred primarily along the
mid-cavity diameter (Fig. 8.1b). Increased left ventricular volume was associated
with a more spherical chamber and left ventricular ejection fraction was lower com-
pared to controls. The spherically shaped ventricle may remodel to a more elliptical
shape over few months [2].

8.2.2 Pattern of Contractility (Regional or Global); LV/RV
Function

In the acute setting, the presence of regional wall motion abnormalities (mainly
with a non-coronary distribution) might suggest an inflammatory background.
However, wall motion abnormalities may also be indistinguishable from those
observed during an acute coronary syndrome [1, 3]. In biopsy-proven myocarditis,
it is not uncommon to find LV dilatation and systolic dysfunction (Fig. 8.1b). These
features are predictors of poor prognosis as demonstrated by Caforio et al. [3]. The
authors showed in a prospective cohort of 174 patients with biopsy-proven myocar-
ditis that biventricular dysfunction at diagnosis was the main predictor of death/
transplantation [3].

Right ventricular dysfunction, if present, is in fact a powerful independent pre-
dictor of death or cardiac transplantation in myocarditis [3, 4]. It may be related to
the inflammatory myocardial disease per se or to pulmonary hypertension due to
hemodynamic impairment and LV dysfunction (Figs. 8.2 and 8.3).

8.2.3 Associated Valvular Regurgitation

The most common mechanism of atrio-ventricular valve regurgitation is the lack of
leaflets’ coaptation mainly due to tethering from dilated ventricles, annular dilata-
tion, and consequent displacement of the papillary muscles (Fig. 8.2). This usually
results in a central or posteriorly directed jet (Fig. 8.2 middle panel). The structure
and function of both valves should be carefully assessed, in order to identify the
mechanism of regurgitation and rule out ventricular dysfunction related to signifi-
cant valvular disease. It is always useful to record a continuous wave (CW) Doppler
of the regurgitant jet, even in the presence of minimal/mild mitral regurgitation
(MR), as it provides information about LV systolic function. DP/dT and jet peak
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Fig. 8.2 Echo findings in
a patient with severe
biventricular dysfunction,
active lymphocytic
myocarditis with heart
failure presentation and
atrio-ventricular valve
regurgitation. Top panel:
Right side: 3D rendering of
the tricuspid (on the left)
and mitral (on the right)
valves, seen from the LV
apex. Left side: two
perpendicular planes
cutting across the tricuspid
valve annulus at its
maximum and minimum
diameters, pointing the
level (dotted line) and the
direction (yellow arrow) of
the 3D cropping. Mid
panel: Secondary mitral
regurgitation (MR), due to
lack of leaflets’ coaptation
by tethering from a dilated
left ventricle, dilated mitral
valve annulus, and
displacement of the
papillary muscles. The MR
is visualized in two
perpendicular planes by
the muliplane 3D
reconstruction. Bottom
panel: 2D color Doppler of
torrential secondary
tricuspid regurgitation

velocity, as well as indexes of LV contractility are particularly useful in this setting,
since the increased preload can lead to an overestimation of LV systolic function.
Color flow imaging is used to evaluate direction and area of the regurgitant jet. In
order to fully assess the severity of valvular disease, it is important to include in the
evaluation CW Doppler spectral intensity, pulmonary vein systolic flow reversal or
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Fig. 8.3 Diastolic dysfunction grade III in same patient from Fig. 8.2 with active lymphocytic
myocarditis and heart failure presentation. Left panel: Mitral valve inflow spectral Doppler shows
an E/A > 2. Mid panel: left ventricular septal tissue Doppler shows reduction in relaxation (septal
e’ <7 cm/s) and increase in left ventricular end-diastolic pressure (E/e’ = 17). Right panel: Reduced
(<1) S/D ratio in pulmonary venous flow is shown (indirect sign of elevated left ventricular filling
pressure)

blunting (in the case of MR), presence and size of vena contracta and proximal
isovelocity surface area (PISA) for quantifying the regurgitant volume and the
effective regurgitant orifice area. MR is an important determinant of progressive
ventricular remodelling, symptoms, and outcome [5].

8.2.4 Cardiac Output and Loading Conditions

TTE is a unique tool to assess loading conditions, pulmonary and LV filling pres-
sures. Diastolic dysfunction (frequently related to LV dysfunction) and pulmonary
hypertension suggest hemodynamic impairment and increased severity of the dis-
ease. Diastolic dysfunction should be assessed with pulsed-wave (PW) Doppler of
the mitral valve and tissue Doppler imaging (TDI). If in doubt between a normal or
pseudonormal pattern, it is also useful to perform a Valsalva maneuver as the pres-
ence of a pseudonormal or restrictive filling pattern has functional and prognostic
implications [6] (Fig. 8.3).

Spectral Doppler echocardiography, CW and PW Doppler provide an accurate,
non-invasive assessment of cardiovascular hemodynamics. This is obtained by
translating changes in wavelengths from red blood cells into velocities displayed
against time.

TDI detects lower-velocity, higher-amplitude signals arising from myocardial
motion. PW TDI assesses peak myocardial velocities, reflecting the shortening of
myocardial fibers in the longitudinal plane and providing a relatively load-
independent value. Peak systolic myocardial velocity (positive waveform) is
used to measure LV systolic function. The negative waveforms include mitral
annular early diastolic velocity (e’), corresponding to early filling, and atrial con-
traction (a’) measuring the diastolic function. In the most recent guidelines [7]
diastolic dysfunction is identified by four variables (with abnormal cut-off val-
ues): annular e’ velocity (septal e’ < 7 cm/s, lateral e’ < 10 cm/s), average E/e’
ratio > 14, LA maximum volume index >34 mL/m?, and peak TR velocity
>2.8 m/s (Fig. 8.3).
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In a few cases of biopsy-proven myocarditis in which no abnormalities were
shown using two-dimensional echocardiography, TDI showed a reduction of myo-
cardial velocities [8, 9] and myocardial velocity gradient in systole and diastole.
One of the main TDI limitations is that it reflects only a single point of interest on
the myocardium, thus, for example, an akinetic segment of the myocardium may
have a near-normal tissue velocity if dragged by a normally contracting segment.
This issue is overcome by strain imaging.

8.2.5 LV WallThickness and Changes in Image Texture

The presence of thickened and bright myocardial walls in an inflammatory setting
should immediately suggest myocardial edema (Fig. 8.4a, b). Myocardial intersti-
tial edema from increased inflammatory cell infiltration and vascular permeability
can cause transient LV hypertrophy, increasing hydrostatic pressure within the
interstitial space as well as causing ischemic necrosis due to capillary compression.
The presence of edema contributes to systolic and diastolic dysfunction, reducing

Fig. 8.4 Echo findings in a patient with fulminant lymphocytic myocarditis. (a) Parasternal long
axis (PLAX), the inferolateral wall is bright and thickened due to edema. There is a moderate
pericardial effusion. (b) Short axis (SAX) shows thickened inferior and inferolateral walls and
mild—moderate pericardial effusion. (¢) Trabeculated apex, suspicious for an apical thrombus is
shown. (d) After contrast injection (Sonovue Bracco) no thrombus is confirmed in the left ventricu-
lar apex
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ventricular compliance and increasing wall stiffness, and, if persistent, can lead to
interstitial fibrosis. Moreover, it has an impact on electrical stability and intramyo-
cardial conduction, triggering arrhythmias [10]. Edema and inflammatory changes
in the myocardium modify myocardial texture and influence myocardial density and
backscatter properties.

Lieback et al. [11] analyzed myocardial texture in 106 patients with biopsy-
proven myocarditis and highlighted that the average brightness was appreciably
higher in cases of myocarditis than in controls. Some case reports also suggest that
increase in brightness, heterogeneity, and contrast may be useful to suspect acute
myocarditis [12, 13]. In patients with biopsy-proven myocarditis, it was shown that
interventricular septal and left ventricular wall thickness significantly decreased
from the acute phase to follow-up and that edema was present in most patients in the
acute phase and only in a minority of patients in the convalescent phase [13].

8.2.6 Pericardial Effusion

The extension of myocardial inflammation to the pericardium can lead to pericar-
dial effusion (Fig. 8.4a, b) due to pericarditis. Pericardial effusion, if present, should
be described in its location and maximum thickness and quantified as mild
(<10 mm), moderate (between 10 and 20 mm), or severe (>20 mm), as recom-
mended for isolated pericarditis. In addition, echocardiographic and Doppler find-
ings suggestive of cardiac tamponade, such as abnormal collapse of the right atrium
and ventricle at end-diastole, increased respiratory variation of the Doppler inflow
across the atrio-ventricular valves, should be carefully evaluated if pericardial effu-
sion is present. However, most patients with myocarditis have none or minimal
pericardial effusion.

8.2.7 Presence of Intracavitary Thrombus

In acute myocarditis, there is an increased risk of thrombus formation because of
inflammation, associated hypercoagulable states, and stasis due to LV systolic dys-
function [14]. Viral infections trigger hyperactivity of the immune system increas-
ing tissue factor expression with a procoagulant and thrombogenic action [15].
Characteristic trabeculations may be found if inflammation is substantial. Contrast
echocardiography is useful in this setting to confirm or exclude the suspicion of api-
cal or intracavitary thrombus (Fig. 8.4c, d). Contrast agents are composed of micro-
bubbles, containing a high molecular weight gas, which enhances the scattering of
the incident ultrasound waves and increase the intensity of the returning signal.
Contrast alleviates near-field artifacts and significantly improves the assessment of
LV apical anatomy. It is also used to enhance and better delineate LV endocardial
borders for an accurate assessment of systolic function in the presence of subopti-
mal images (when >2 consecutive segments cannot be clearly visualized) [16] and
to assess LV structural abnormalities.
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Advanced applications of echo contrast include the assessment of myocardial
perfusion in real time. This has been used in clinically suspected myocarditis
revealing, in the affected myocardial segments, attenuated perfusion with delayed
contrast replenishment (in comparison with non-affected segments). These find-
ings were attributed to compromised myocardial blood flow and compromised
microvascular integrity of the capillary bed in areas of necrosis and inflammation
which may result in myocardial perfusion defects, as previously demonstrated by
nuclear perfusion imaging [17].

8.3  Specific Settings

Echocardiography may provide additional findings suggestive of specific clinical
settings, in particular in fulminant myocarditis, and in endomyocardial fibrosis or
eosinophilic myocarditis.

8.3.1 Fulminant Myocarditis

Fulminant myocarditis (FM) is an acute illness, defined by profound and sudden
hemodynamic compromise, usually in young previously healthy subjects, charac-
terized by the need of inotropes, vasopressor, and/or mechanical circulatory support
(MCS) to maintain the circle. Echocardiography in this acute setting is the first-line,
bedside tool for a prompt diagnosis.

The initial presentation could be misleading and difficult to distinguish from
ischemic or infiltrative cardiomyopathy. The main echo findings of FM include
regional wall motion abnormalities, significant wall thickening with normal LV vol-
ume, systolic dysfunction, or severe diastolic dysfunction (restrictive pattern)
(Fig. 8.4). Less frequently, it could be characterized by intracardiac thrombus, peri-
cardial effusion, and significant mitral regurgitation [18, 19]. RV dysfunction when
present is the strongest predictor of poor outcome [20].

A pathognomonic characteristic of FM is progressive wall thickening, due to
edema, in particular of the inferior/inferolateral walls, the septum, and occasionally
the papillary muscles, often resulting in a complete normalization at follow-up
scans. For its accurate evaluation, it was suggested to measure both end-diastolic
septal and inferolateral LV walls thickness at mid-short axis views [19]. Severe
edema may sometimes mimic concentric hypertrophy.

Patients with FM often need intra-aortic balloon pump, extracorporeal mem-
brane oxygenator (ECMO), or a ventricular-assist device. Echocardiography has a
paramount role in the evaluation of adequacy of circulatory support. It also provides
aid with cannula placement, assessment of ventricular filling, and detection of intra-
cardiac thrombus.

Peripheral ECMO is the first-choice device in patients with low cardiac output
(CO), non-dilated LV, and absence of MR or pulmonary stasis [21]. During ECMO
placement transesophageal echocardiography (TEE) is used to confirm the correct
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position of the cannulas and should be repeated daily to exclude their displacement,
or other complications such as cardiac tamponade or LV distention.

Impella is usually utilized when adequate ventricular unloading is necessary,
because of severe LV dilatation, MR, or tricuspid regurgitation (TR). Impella is an
axial pump placed across the aortic valve, aspirating blood from the LV to the
ascending aorta. Left ventricular ejection fraction (LVEF) >20% and CO >1.5 L/
min are required before inserting the device, as it supplies only submaximal flow. In
a dilated LV (e.g., end-diastolic volume >120 mL) Impella can work at its highest
performance without a risk of malfunction due to wall contact. If the walls are too
thickened due to edema, this can interfere with the cannula and lead to arrhythmia,
with difficult management and poor device performance. In the post insertion
period, TTE helps in optimizing ventricular preload, excluding device displace-
ment, malfunction, or cardiac tamponade.

The use of paracorporeal devices is mandatory in the presence of a very poor CO,
LVEF <10%, severe MR, and pulmonary edema, or if biventricular support is needed.

Before apical cannulation, echocardiography is necessary to exclude LV throm-
bus, atrial septal defects/patent foramen ovale, as they can create a right-to-left
shunt, systemic desaturation or paradoxic embolus, as well as aortic regurgitation,
as it worsens left ventricular emptying.

In the perioperative assessment, TTE identifies patients who need LV support
alone or patients at risk of RV failure. After left ventricular-assist device (LVAD)
insertion, an increased flow in the systemic circulation will increase the venous
return to the RV which must be capable of increasing its output. RV failure can be
unmasked early after LVAD implantation and it may be associated with unfavorable
clinical course. In this event the use of a right ventricular-assist device (RVAD)
decreases right-sided pressures, reduces liver congestion, and increases LVAD flow.
Echocardiographic predictors of RV failure after LVAD implant include: RV wall
akinesia, severe RV dilatation, RV fractional area change (FAC) <25%, tricuspid
annular plane systolic excursion (TAPSE) <10 mm, RV outflow tract fractional
shortening (FS) <20%, and RV-RA pressure drop <30 mmHg [21].

TTE/TEE is also required in the post-operative setting to monitor the device’s
performance. This is considered effective in the presence of:

— Adequate LV filling and RV function (neutral septum position while a rightward
septal shift indicates poor LV offloading)

— Correct orientation of inflow cannula

— Mild or absent MR

— Closed aortic valve

— Detection of unidirectional flow through inflow and outflow cannulae (with color
Doppler and PW Doppler)

— No evidence of spontaneous contrast echo into the left atrium (LA) and the LV

In the weaning phase from mechanical devices the role of echocardiography is
paramount in assessing LVEF, recommended to be >35%, with RV FAC >40% and
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wall thickness reduction to <1.0 cm [19]. Right and left ventricular distention, car-
diac tamponade, or intracavity thrombus should also be ruled out.

Felker et al. [20] demonstrated that FM can be distinguished from acute myocar-
ditis (AM) by echo criteria. Typical of AM is a marked left ventricular dilation,
normal septal thickness, and reduced ventricular function. Surprisingly in the FM
group, there was a high likelihood of ventricular recovery at 6 months compared
with those with AM. This was considered related to the fact that in patients with
established inflammatory cardiomyopathy and evidence of diffuse fibrosis, even if
the presentation is less severe, the degree of recovery may be minor. However, a
recent larger series [22] demonstrated that patients with FM have a worse outcome
compared with those with non-fulminant presentation (NFM). LVEF in patients
with FM was significantly impaired, most of them survived the acute phase with
mechanical support; LVEF, despite improvements during hospitalization, remained
lower at long-term follow-up. This was supposed to be due to extensive myocardial
damage, precluding a complete recovery. In the whole population (n = 187), the rate
of in-hospital death or heart transplantation was 25.5% versus 0% in FM versus
NFM, respectively (P < 0.0001). However, in this study only a minority of patients
with FM (39 of 55) and of NFM (11/132) had biopsy-proven myocarditis and none
had confirmation of infectious etiology by polymerase chain reaction (PCR) on
endomyocardial biopsy [22]; this study limitation may account for the discrepancy
on outcome in FM compared to the results by Felker et al. [20].

8.3.2 Eosinophilic Myocarditis

Eosinophilic myocarditis (EM) is a rare disease characterized by eosinophilic infil-
tration of the myocardium caused by several etiologies. These include parasitic
infection, chronic eosinophilia as a component of the hypereosinophilic syndrome
or of Eosinophilic granulomatosis with polyangiitis (EGPA), formerly Churg—
Strauss syndrome, hypersensitivity to drugs and allergens [1]. Loeffler, in 1936,
during a postmortem examination first described EM which is also known as
Loeffler endocarditis.

The knowledge of typical echocardiographic characteristics of EM is of para-
mount importance as, if not promptly diagnosed, it often has unfavorable clinical
course [23].

EM is characterized by three pathologic stages. In the first early acute necrotic
stage, usually clinically asymptomatic, the damage occurs on endomyocardial tis-
sue, and the echocardiogram is generally normal.

In a subsequent thrombotic stage, intramural thrombi develop on the damaged
endocardial tissue, typically obliterating apically one or both ventricles (Fig. 8.5a,
b). Accessory findings include regional wall motion abnormalities, hyperdynamic
contraction of the spared ventricular walls, pericardial effusion, and increased myo-
cardial wall thickening due to edema. The fibrotic stage is characterized by signifi-
cant intramural fibrosis (Fig. 8.5¢). Fibrosis leads to impaired cardiac function and
output, progressive scarring of the valvular and subvalvular apparatus, resulting in
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Fig.8.5 Echo findings in eosinophilic myocarditis. (a) Four-chamber view showing apical throm-
botic obliteration of the left ventricle. (b) Magnified view of the large apical left ventricular throm-
bus in the same patient. (¢) Different case of eosinophilic myocarditis in the fibrotic stage.
Four-chamber view showing scarring and obliteration of the right ventricular apex

valve damage and regurgitation. Ultimately, these patients may develop restrictive
cardiomyopathy characterized by bilateral atrial enlargement with small ventricles
and a restrictive pattern on echo-Doppler.

Echocardiography is an invaluable diagnostic tool to assess cardiac damage
during the thrombotic and fibrotic stages [24]. In the differential diagnostic pro-
cess, it is important to differentiate the apical deposition of thrombus from an api-
cal hypertrophic cardiomyopathy, where the apical cavity is obliterated by
hypertrophied myocardium. In this setting, the use of echo contrast can help in the
diagnosis. After infusion, the contrast fills the LV cavity and it is possible to easily
differentiate an intracardiac thrombus (dark filling defect) from a hypertrophied
apex.

8.4  Advanced Techniques
8.4.1 3D Echocardiography

Three-dimensional echocardiography (3DE) has dramatically increased the clinical
impact of echocardiography in diagnosis, management, and follow-up of heart dis-
ease. 3DE allows real-time acquisition of structures that can be seen from any
spatial point of view and can be cut across infinite planes in space.

In myocarditis, 3DE has the greatest impact in accurately and reproducibly
assessing cardiac chambers’ volume and function. It is free from geometrical
assumptions, prevents apical foreshortening and errors in imaging positioning.
After the acquisition of a 3D full volume, a semi-automated border tracking soft-
ware is used to create a mathematical cast of the LV throughout the cardiac cycle
from which volumes and ejection fraction are extracted, discarding the need for
geometric assumptions (Fig. 8.6). These measurements are easy to perform and
have been proven to be more accurate than 2D or M-mode calculations when com-
pared to cardiac magnetic resonance imaging (CMR), the current gold standard for
mass and volumes. Correlation has been very good despite a tendency for 3DE to
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Fig. 8.6 3D echocardiography (3DE) in myocarditis. 3DE tomographic representation of a
dilated, remodelled, and trabeculated LV in a patient with active lymphocytic myocarditis, tropo-
nin release, and heart failure presentation. The different slices are obtained cutting the left ventricle
across multiple parallel short axis planes from apex to base. This specific view is particularly use-
ful to assess regional wall motion abnormalities

slightly underestimate volumes, mainly due to the difference in endocardial border
visualization [25].

Due to a better inter-observer, intra-observer, and test—retest variability [26] com-
pared to 2D, 3DE is paramount in the decision-making and follow-up of patients
undergoing sequential LVEF and volumes quantification as it provides an accurate and
reproducible quantification with the lowest variability [27]. It is also very valuable in
risk stratification and in guiding patients’ selection for implantable defibrillators or
biventricular pacemakers, which requires an accurate and reproducible LVEF [28, 29].

Three-dimensional echocardiography also provides an accurate estimation of RV
volumes and RVEF. Three-dimensional echocardiography assessment of RV vol-
umes has less variability than 2D estimation [30, 31]: in 2DE the complicated geo-
metrical structure and asymmetry of the RV significantly limits an accurate
quantification of RV size and function. Moreover, this chamber is often not explored
enough with the standard RV projections and is subject to misinterpretation with the
modified ones. Three-dimensional echocardiography analysis has been shown to be
more accurate, compared to CMR, as it does not rely on geometrical assumptions
that may be improperly applied to the right ventricle [32, 33]. Normal ranges of RV
volumes and RVEF have been established [34] and new and more user-friendly
software packages are available to perform quantitative analysis of 3DE data sets of
the RV.
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Three-dimensional echocardiography has also demonstrated an improved accu-
racy and reliability compared with 2D techniques in assessment of the left atrium
(LA), with excellent correlation with CMR imaging [35, 36]. LA volumes by 3DE
have shown an incremental prognostic value for detection of major adverse cardio-
vascular events and arrhythmias [37, 38].

Three-dimensional echocardiography is also extremely useful for an accurate
assessment of mitral and tricuspid structure and function (Fig. 8.2 top and mid pan-
els). The mitral and tricuspid valve and their subvalvular apparatus are optimally
imaged by 3DE with an “en face” view of the valves from both LV and LA perspec-
tives. In addition, 3DE provides the most accurate evaluation of the extent of annu-
lar dilation and leaflet tenting.

8.4.2 Speckle Tracking

The sensitivity of echocardiography to detect subtle regional wall motion abnor-
malities and areas of impaired contraction has been expanded by the advent of 2D
speckle tracking (ST). This is particularly useful in myocarditis where, often, myo-
cardial dysfunction derived from edema remains undiagnosed with standard
TTE. Two-dimensional ST provides a non-invasive, objective, load-independent
measurement of cardiac deformation and regional contractility and quantitatively
measures myocardial mechanics (strain and strain rate). Strain and strain rate may
be calculated by color TDI from Doppler velocity data; however, more recently,
these data are obtained by ST strain analysis, directly measuring myocardial strain
from tracking natural acoustic markers within the myocardium.

ST analysis is based on the physical principle that ultrasound interaction with the
heart muscle generates acoustic markers equally distributed within the myocardium
(speckles) that can be tracked in their displacement during the cardiac cycle using
dedicated software. The regional deformation of the myocardium can be estimated
with the geometric shift of the speckles in all directions within the image plane.
Myocardial strain and strain rate can be estimated in longitudinal, radial, and cir-
cumferential directions [39] (Fig. 8.7).

LV myocardial fibers are oriented in different directions in space: circumferen-
tial fibers in the mid-wall; longitudinal fibers, responsible for most of the longitudi-
nal deformation, forming a right-handed helix in the subendocardium; the
subepicardium is instead characterized by a left-handed helix. During systole, the
LV walls thicken (radial direction) and the LV shortens in its longitudinal and cir-
cumferential dimensions. Myocardial layers are not independent and myocardial
fibers work in a complex way. Understanding the complex anatomic distribution of
myocardial fibers is key to recognize the potential of ST analysis in imaging
mechanical deformation accurately.

Systolic strain describes the regional relative change (deformation) in thickness
or length of a myocardial segment in its longitudinal, circumferential, and radial
components, in relation to its original dimension. A negative strain refers to a
decrease in length, a positive strain to an increase in length, and it is measured in
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Fig. 8.7 Measurement of global longitudinal strain (GLS) in myocarditis. Longitudinal strain
curves from the four chamber, two chamber, and two chamber views generating a bull’s eye map
of all the analyzed segments. Top panel: nearly normal GLS in a patient with infarct like myocar-
ditis. Bottom panel: severely reduced GLS in the patient with myocarditis and heart failure
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percentage. Strain rate is a measure of the velocity (rate) at which the deformation
occurs, and it is measured in seconds. Using the 17-segment model of the American
Heart Association, systolic segmental strain captures the 3D nature of cardiac con-
traction and relaxation, providing valuable information on global and segmental
myocardial mechanics (Fig. 8.7). Strain imaging is considered a sensitive and repro-
ducible tool to measure alterations in myocardial mechanics and adds value, accu-
racy, and prognostic information to standard TTE [40-42]. In different clinical
settings (cardiomyopathy, coronary artery disease), a decreased systolic strain has
been shown to detect subclinical LV dysfunction before changes in LVEF [43].

During myocarditis, the inflammatory infiltration is mainly located in the epicardial
layer and often does not result in significant impairment of regional wall motion or
LVEE This happens because the whole myocardial thickening is mainly driven by the
endocardium. However, a patchy edema distribution can be detected by global longitudi-
nal strain (GLS) which has the capability to point out subtle changes or mild myocardial
damage. There is a growing body of evidence that strain and strain rate measurements
in patients with myocarditis are helpful in diagnosis. GLS (obtained with echocardiog-
raphy) is reduced in areas of edema or fibrosis detected by CMR and decreased strain
and strain rate might have prognostic implications, in particular as predictors of LV heart
failure development [44—47].

Hsiao et al. [44] showed in clinically suspected myocarditis patients with decreased
or normal LVEF that GLS, circumferential strain and strain rate predict major clinical
events. Patients with clinically suspected acute myocarditis had decreased longitudi-
nal and circumferential strain and strain rate values compared with healthy controls.
The possibility of deterioration or event-free survival was consistently related to strain
measures. Escher et al. [45] demonstrated, in a cohort of biopsy-proven myocarditis,
that affected patients had a reduction in GLS and strain rate. At follow-up, these
parameters were significantly lower in patients with inflammation than in patients
without and correlated with the severity of lymphocytic infiltrates, predictors of poor
outcome. The study suggests that strain echocardiography may be useful to identify
longitudinal myocardial dysfunction derived from infiltration. Di Bella et al. [46] ana-
lyzed a group of patients with clinically suspected myocarditis who underwent echo-
cardiography and CMR. They observed a significant GLS reduction in the myocarditis
group, compared to controls, whereas no difference was found concerning circumfer-
ential and radial strain. Moreover, segments with late gadolinium enhancement (LGE)
on CMR showed a significantly lower GLS in comparison with segments without
LGE. In patients with acute myocarditis and preserved LVEF, there was a diffuse
impairment of LV longitudinal strain whereas circumferential strain (CS) was only
impaired in areas of subepicardial damage. They suggested that impaired GLS and
CS, in the absence of wall motion abnormalities, may represent a useful diagnostic
finding to support the diagnosis of acute myocarditis. Lggstrup et al. [47] evaluated
the usefulness of 2D ST echocardiography (STE) in the diagnostic process of acute
myocarditis. A significant correlation was found between GLS and presence of edema
on CMR, suggesting that GLS could detect myocardial injury better than standard
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2DE, especially in patients with preserved LVEF. They demonstrated that edema was
mainly located in the infero-posterolateral segments of the left ventricle (on CMR)
and this was also visualized by the predominance of an infero-posterolateral segmen-
tal strain decrease by 2D STE. They also observed alterations in GLS reflecting the
patchy distribution of myocardial edema and LGE on CMR.

Three-dimensional speckle tracking (3DST) has the capability to further improve
these promising results. Due to LV fibers’ complex orientation and simultaneous
contraction in different directions, the LV mechanics is a 3D phenomenon; there-
fore, its accurate assessment requires a 3D method. This new tool has been imple-
mented for measuring 3D strain, overcoming the limitations of 2DSTE including its
time-consuming acquisition and post-processing. The speckles can be followed in
the three dimensions and the entire LV data set can be acquired in full-volume mode
from only one apical window with a reduction of processing time. However, at pres-
ent 3D ST is still a research tool, not yet validated for clinical use: normal values are
not standardized and it is not interchangeable with 2D ST [48]. As 2D ST, 3D ST is
dependent on good echo windows for accurate measurements.

In conclusion, TTE is an invaluable tool in diagnosis, follow-up, and prognostic
assessment in patients with myocarditis. Advanced echocardiography enhances its
capabilities and represents a promising research field.
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Cardiac Magnetic Resonance Imaging 9
in Myocarditis

Martina Perazzolo Marra and Alberto Cipriani

9.1 Introduction

Cardiac magnetic resonance (CMR) has emerged as a reliable and accurate diagnos-
tic tool for the evaluation of patients with cardiac disease in several clinical settings
and with proven additional diagnostic and prognostic value compared with other
imaging modalities [1].

Non-invasive diagnosis of myocarditis and all spectrum of inflammatory cardio-
myopathies can be very difficult in clinical practice due to the high heterogeneity of
the clinical presentations in the absence of specific ECG and echocardiographic
signs. In this setting CMR is a valuable diagnostic tool to non-invasively support the
clinical diagnosis of myocarditis, representing an in vivo tissue characterization
imaging modality. CMR represents not only the gold-standard for volume quantifi-
cation and contractility assessment, but also provides myocardial tissue character-
ization, combining different sequences able to focus on all physiopathological
aspects involved in myocardium inflammation, ranging from edema, to myocardial
necrosis and subsequent scar.

The first CMR studies in myocarditis date back to the early 1990s [2]. More
recently, multicenter studies and consensus documents [3] aimed at a global stan-
dardization of CMR acquisition protocols in inflammatory cardiomyopathies, as
documented by both the American Heart Association (AHA) [4] and European
Society of Cardiology (ESC) position statements. Data from different registries sug-
gest that the early use of CMR may reduce hospitalization time and costs, mostly in
patients with clinically suspected myocarditis presenting with troponin release and
unobstructed coronary arteries [5].
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CMR indications in the setting of myocarditis include the whole spectrum of
presentations, ranging from “infarct-like” with normal coronary arteries, to unex-
plained heart failure and arrhythmias. The systematic application of novel paramet-
ric CMR techniques has been recommended to increase the diagnostic accuracy of
CMR in cases with concealed disease. Outcome data on prognosis are available,
suggesting a role of late gadolinium enhancement (LGE) as predictor of poor prog-
nosis in this heterogeneous group of diseases.

9.2 Technical Issues

CMR imaging sequences are sensitive to the tissue changes that occur during myo-
cardial inflammation, regardless of its etiology. These pathophysiological changes
include: hyperemia due to dilatation of the myocardial vascular bed; increased cap-
illary leak; edema (both intracellular and interstitial); myocyte injury with loss of
cell membrane integrity; myocyte necrosis; increase of the extracellular space due
to infiltration of inflammatory cells or macrophages; and, ultimately, collagen depo-
sition, interstitial fibrosis, and scar formation. The magnitude and spatial extent of
these changes depend on the severity of inflammation, leading to varying ability of
CMR visualization and detection, due to spatial resolution and different physical
properties of the inflamed heart muscle.

The standard acquisition protocol includes cine images for volume quantification
and evaluation of wall motion abnormalities. Biventricular volumes and functional
parameters can be obtained by the acquisition of a set of ventricular short-axis
views from the atrio-ventricular plane to the apex (with 6-8 mm slice thickness,
possibly no gap between the slices, although the use of a 1-3 mm gap between
slices is accepted). A balanced steady-state free precession (bSSFP) cine images
with a temporal resolution of 45 ms or less and in-plane spatial resolution of less
than 2 mm has to be used. Those bSSFP sequences are the method of choice for cine
imaging because they provide high signal-to-noise ratio (SNR) and excellent con-
trast between myocardium and blood pool. In the setting of myocarditis, the ven-
tricular dysfunction is neither a very sensitive nor a specific finding, since the
inflammatory process may be focal, and the surrounding myocardium may compen-
sate with an increase in contractility. Moreover, there is a predominant sub-epicardial
involvement in myocarditis, and a relative sparing of the endocardium that provides
up to 75% of the contractile force.

Besides providing anatomic and morphological information, the CMR provides
tissue characterization by measuring T1 and T2 relaxation times and spin
densities.

Active myocarditis is typically associated with myocyte injury, edema, and cel-
lular swelling; assessment of relaxation times provides a sensitive measure for
edema detection. Different CMR approaches can be used. Myocardial edema can be
identified as an hyperintense area on images obtained with a T2-weighted short tau
inversion recovery (STIR) FSE pulse sequence, generally acquired with a triple-
inversion recovery protocol (double-inversion recovery and the third-inversion
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recovery pulse, with inversion time of 150 ms for a 1.5 T system); this type of
sequence has the advantage to abolish signal from fat tissue, allowing edema detec-
tion [6]. In T2-weighted (T2W) images, that are no-contrast sequences, edema
appears as regionally or globally increased signal hyperintensity. T2 mapping
allows for the direct measurement of the water-induced prolongation of myocardial
T2 relaxation time [7]. Edema also leads to an increase of myocardial T1 relaxation
time [8], although the increase of T1 is less specific for active inflammation because
it can also be seen in fibrotic areas where free water may accumulate [9].

Inflammatory changes include hyperemia, due to increased vascular permeabil-
ity, and a net expansion of the extracellular space. The CMR techniques to target
these changes include T1-weighted spin-echo images, acquired pre-administration
and early post-administration of an extracellular gadolinium-based contrast agent
[6]. Because gadolinium in its ligated form is an extracellular contrast agent, it is
believed that the increased volume of distribution available for the gadolinium
agent leads to greater contrast enhancement inflamed compared to not inflamed
myocardium, although it ultimately remains unclear whether these methods can
specifically reflect hyperemia or are just markers of an expansion of the extracel-
lular space.

Following inflammatory-induced myocyte injury, the post-inflammatory repair
phenomenon leads to replacement-type fibrosis and scarring. These changes sub-
stantially increase the volume of distribution available for gadolinium, as the con-
trast agent gains access to the intracellular space of myocytes that are injured or no
longer viable. The no longer-viable scarred myocardium is notable as bright signal,
i.e., late gadolinium enhancement (LGE) on post-contrast sequences. LGE images
are obtained using two-dimensional or three-dimensional segmented inversion
recovery GRE or SSFP pulse sequence. The acquisition of an inversion-time scout
sequence is recommended before the acquisition of an LGE image to establish the
appropriate inversion time.

The typical regional LGE patterns of post-inflammatory non-coronary related
injury in the myocardium include a patchy, focal distribution, a sub-epicardial stria
(in contrast to ischemic lesions that involve the sub-endocardium), and a midwall
stria (Fig. 9.1). These patterns do not identify a specific myocarditis etiology (e.g.,
viral vs. autoimmune) and may also be found in non-inflammatory cardiomyopa-
thies, i.e., the presence of LGE in the infero-lateral left ventricular wall in Fabry’s
or Becker’s disease. Finally, myocardial inflammation secondary to hypereosino-
philia syndromes typically shows a circumferential subendocardial LGE pattern
that does not localize to any specific coronary territory.

More advanced tissue characterization can be obtained with parametric tech-
niques, based on quantification of T1, T2 relaxation time, including the evaluation
of extracellular volume (ECV) mapping.

T1 mapping is a newer technique for tissue characterization, based on the quan-
tification of T1 value in each voxel or in the myocardial region of interest. T1 is the
longitudinal relaxation time of a tissue; T1 values can be estimated acquiring mul-
tiple T1-weighted images and fitting the resulting signals to an appropriate expo-
nential recovery curve: each tissue type exhibits a specific range of normal T1
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Fig. 9.1 Different CMR patterns in ischemic heart disease and myocarditis. A typical case of
subendocardial post-infarction scar (late gadolinium enhancement, LGE) is shown in (a) (post-
contrast short-axis view) and (b) (post-contrast long axis view) at the left ventricular anterior and
antero-septal walls (white arrow). On the contrary in myocarditis LGE is detectable with a patchy,
non-coronary related pattern, in this case at the infero-lateral wall (white arrow on ¢, post-contrast
long axis view); acute inflammation is confirmed by the presence of edema on T2-weighted
sequences at the same areas of LGE detection (white arrow on d)

values, deviation from which indicates a pathologic condition. After acquisition, T
maps can be displayed using color scale to aid visual interpretation. T2 represents
the transverse relaxation time, similar to T1 values; T2 values represent global sig-
nals from both intracellular and extracellular compartments. Myocardial T2 corre-
lates with myocardial water content and edema.

The T1 signal can be measured 15 min after contrast and used to calculate the
extracellular volume (ECV). ECV is increased in most cardiac diseases, due to
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expansion of the extracellular space as a result of interstitial non-cellular edema,
infiltration, fibrosis, expansion of the intravascular compartment because of coro-
nary vasodilation and ischemia.

The final CMR diagnosis is reached combining the results obtained with differ-
ent tissue characterization techniques and parametric mapping.

9.3  The History of CMR in Myocarditis Detection

T2-weighted sequences were first applied for CMR diagnosis of myocarditis, since
edema was considered the hallmark feature of myocardial inflammation. In the
1991, Gagliardi et al. [2] studied a pediatric population and described a significant
difference in signal intensity between children with and without acute myocarditis
on T2-weighted spin-echo sequences. Over the following years, additional steps
were made towards a better understanding of the mechanisms and causes of inflam-
matory myocardial damage and its CMR depiction. In 2005, Abdel-Aty et al. [10]
assessed the diagnostic accuracy of the available proposed CMR diagnostic
approaches. They suggested that a combined application of T2-weighted and post-
contrast imaging with early and LGE allowed to obtain a high diagnostic accuracy
in suspected acute myocarditis. The following year, a cornerstone paper published
by Mahrholdt et al. [11] elegantly observed and described the association of differ-
ent clinical presentations and patterns of myocardial damage by analyzing 128
patients with a clinical suspicion of acute myocarditis. Forty-nine patients presented
as a causative agent a PVB19 infection and 16 patients an HHV6 infection. Clinical
presentation was different between groups, since PVB19 infections predominantly
presented with severe acute chest pain mimicking myocardial infarction, whereas
most patients infected by HHV6 showed symptoms of subacute new-onset heart
failure, arrhythmias, and bundle branch block. LGE in these two subgroups also
differed, since the PVB19 group had LGE in the infero-lateral segments, whereas
the HHV6 group in the interventricular septum. This paper remains fundamental for
CMR application since the correlation of biopsy findings with LGE is proof of con-
cept for the use of this contrast agent in acute myocarditis. However, the reported
association of specific LGE sites with specific viral infections was subsequently
disproven; similarly it is nowadays established that LGE does not distinguish viral
from other non-infectious causes of myocarditis.

In 2009, after the publication of many articles reporting different scan protocols,
an expert consensus document was published; the study aim was to increase CMR
diagnostic accuracy in suspected myocarditis by the identification of homogeneous
diagnostic criteria and protocols. The document identified the so-called Lake Louise
criteria (LLC) [3]: in keeping with LLC when myocardial edema, hyperemia, and
LGE are studied, the presence of at least 2 out of these 3 tissue markers leads to a
diagnostic accuracy of 78%. Therefore, in order to formulate a plausible myocardi-
tis diagnosis by LLC at least 2 out of these 3 features are needed. These authors
suggested that the detection of edema, hyperemia, and LGE over time could also
have been useful to monitor the course of myocardial inflammation, providing
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information on possible reversible and irreversible cardiac damage, as well as dif-
ferential CMR features of acute and healed myocarditis. The LLC provided a uni-
form diagnostic protocol, but the accuracy of CMR remained limited (i.e., accuracy
estimated at 78%, with a sensitivity of 67% and a specificity of 91%) since it was
calculated on a small number of patients in whom CMR was compared to
histology.

Technical advances, specifically the development of pixel-wise mapping of T1
and T2 relaxation times, have led to multiple studies, suggesting that these newer
techniques may have clinical potential in the diagnosis of suspected myocardial
inflammation. To increase diagnostic accuracy recently the LLC have been revised
[1], including new mapping techniques. The old LLC criteria were based on “any 2
out of 3” criteria (T2-weighted sequences, early enhancement, LGE). The new
revised criteria suggest a different approach, defined “2 out of 2,” i.e., with one posi-
tive T2-based criterion and one T1-based criterion to increase the specificity in the
detection of acute myocardial inflammation. The tissue characterization target
remains the same (edema, hyperemia, fibrosis) and the proposed main criteria
include: T2-based imaging (regional high T2 signal intensity or global T2 signal
intensity ratio > 2.0 in T2W or regional or global increase of myocardial T2 relax-
ation time images) and T1-based imaging (regional or global increase of native
myocardial T1 relaxation time or ECV or areas with high signal intensity in a non-
ischemic distribution pattern in LGE images). Supportive criteria include: pericar-
dial effusion in cine CMR images, high signal intensity of the pericardium in LGE
images, T1-mapping or T2-mapping, T1 mapping or T2 mapping, systolic LV wall
motion abnormality in cine images.

9.4 Indication and Differential Diagnosis

The indication to perform CMR in patients with troponin release, no coronary
lesions, and suspected myocarditis has been extensively recommended in different
consensus documents, since the first application of CMR. In particular, in this set-
ting, CMR is indicated first of all to refine the clinical suspicion, to support invasive
procedures (i.e., endomyocardial biopsy), to guide the site of endomyocardial
biopsy, to suggest additional tests, such as positron emission tomography (PET) in
suspected sarcoidosis. In the setting of myocarditis with “infarct-like” presentation,
CMR findings are typically impressive, with widespread edema and patchy, often
infero-lateral, necrosis in LGE images (Fig. 9.2). Conversely, in the same clinical
context, a subendocardial LGE pattern may be useful to review the coronary angi-
ography or perform a computed tomography (CT) to detect small vessel disease,
non-atherosclerotic myocardial infarction caused by embolization, or distal dissec-
tion of a coronary vessel. Thus, in this context CMR has important impact on medi-
cal management.

Another clinical scenario that requires CMR is unexplained systolic and/or dia-
stolic heart failure with clinically suspected myocarditis: in these patients more
extensive myocardial involvement would be expected [12]. Last but not least,
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Fig. 9.2 Typical CMR feature of myocarditis. A typical case of acute myocarditis is shown on (a)
(T2-weighted sequence, long axis view): the bright signal intensity with epicardial-midmural pat-
tern on left ventricular wall (white arrows) represents areas of myocardial edema due to inflamma-
tion. On post-contrast sequence (b, long axis view) area of late gadolinium enhancement (white
arrows on b), spatially corresponding to patchy edema on (a), represents area with more pro-
nounced myocardial damage including necrosis

unexplained arrhythmias may also be an indication for CMR to detect the site and
pattern of LGE, to relate it to the type of arrhythmia, and to strengthen the clinical
suspicion of myocarditis [12].

Although CMR is appropriate in several clinical scenarios, and particularly to
differentiate coronary-ischemic from inflammatory myocardial damage, no infor-
mation regarding the etiology of myocarditis can be obtained from CMR images,
both LGE and mapping. Some peculiar LGE findings may be found in specific
myocarditis forms. In giant cell myocarditis large areas of high signal intensity at
various, sometimes atypically subendocardial sites of the myocardium are detect-
able. Diffuse subendocardial areas of high signal intensity in LGE images, some-
times associated with small mural thrombosis may be found in eosinophilic
myocarditis; such images look quite different from the more sub-epicardial or
patchy intramyocardial LGE distribution patterns of viral myocarditis. Finally, sar-
coidosis may be suspected when LGE involves the epicardial layer of the left ven-
tricular inferior wall and the right side of the interventricular septum, associated
with right ventricular involvement.

9.5 Prognostic Role

At CMR follow-up, edema disappears in the majority of patients, thus T2-based
imaging becomes negative. At T1-based imaging LGE intensity of extent will also
be reduced, persisting in a limited number of subjects; such persistent LGE is
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thought to represent, if T2-based imaging is negative, the final post-inflammatory
scar. It should be considered to perform a CMR at follow-up to visualize the extent
of persisting myocardial damage after the first episode. Definite consensus on the
time interval to perform a follow-up CMR is lacking; it should be decided taking
into consideration the clinical condition, the persistence of systolic dysfunction and/
or arrhythmias, and the availability of the exam. If the clinical condition is stable, it
seems reasonable to perform a second CMR at least within the first year.

The prognostic role of LGE persistence in myocarditis, independently from sys-
tolic dysfunction, remains to be proven, although initial observations suggested a
worse prognosis (mainly in terms of arrhythmias) in patients with LGE persistence
[13, 14].

9.6 Conclusion

The CMR is a non-invasive imaging tool to confirm the clinical suspicion of myo-
carditis, but does not provide information on myocarditis etiology. Recently the
LLC diagnostic criteria have been updated to increase CMR accuracy, including
T2-based and T1-based imaging. The application of CMR in the setting of myocar-
dial inflammation is indicated first of all to confirm the clinical suspicion, to support
subsequent more invasive procedures (i.e., endomyocardial biopsy), to guide the
site of endomyocardial biopsy, and to suggest additional exams. The definite prog-
nostic role of traditional LGE and of the novel techniques including T2 mapping,
native T1, and ECV is under investigation.
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10.1 Introduction

Autoimmune disease results from the loss of tolerance to self-antigens, which is
preserved in physiological conditions. An autoimmune disease must fulfill at least
two major criteria proposed by Witebsky and later modified by Rose [1]. There are
also minor criteria, some of which common to all autoimmune conditions, others
found in a few of them [1]. Organ-specific autoimmune diseases develop as a result
of both genetic predisposition and environmental factors. The genetic predisposi-
tion is responsible for both the fact that different autoimmune conditions may be
associated in patients or in their family members, as well as for the well-known
feature that single autoimmune diseases often occur in families. The inheritance of
susceptibility is usually polygenic. Organ-specific autoimmune diseases are
commonly associated with specific Human Leucocyte Antigens (HLA) class II
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antigens, although the mechanisms by which multiple HLA and non-HLA genes,
often involved in immune regulatory pathways [2—5] may determine disease predis-
position are still undefined [1, 6].

Autoimmune disease is characterized by the presence of circulating autoantibod-
ies, which are not always pathogenic but represent markers of on-going tissue dam-
age. In non-organ specific autoimmune disease the autoantibodies are against
ubiquitous autoantigens (e.g., nuclear antigens in systemic lupus erythematosus)
and tissue damage is generalized. In organ-specific autoimmune disease, immuno-
pathology is restricted to one organ or apparatus, and the autoimmune process, anti-
body and/or cell-mediated, is directed against autoantigens which are unique to the
affected organ (e.g., thyroid peroxidase in Hashimoto’s thyroiditis). The majority of
organ-specific autoimmune diseases are chronic and apparently “idiopathic.” The
histological hallmark of organ-specific autoimmunity is an early mononuclear cell
infiltrate in the affected organ, e.g., insulitis in Type 1 insulin-dependent diabetes
mellitus (IDDM), with inappropriate expression of HLA Class II and of adhesion
molecules. At a later stage inflammatory cells tend to disappear and the tissue
undergoes fibrotic changes with end-stage atrophy and organ dysfunction (hypothy-
roidism in Hashimoto’s thyroiditis). In other instances organ-specific autoimmunity
may lead to enhanced target organ function (e.g., Basedow’s disease).

Organ- and disease-specific antibodies are found in the affected patients. These
antibodies are also detected in family members even years before the development
of disease, and thus identify asymptomatic relatives at risk [1]. Involvement of
organ-specific autoimmunity has been suspected in the postpericardiotomy and
post-myocardial infarction (Dressler) syndromes, rheumatic carditis, Chagas’ dis-
ease, idiopathic inflammatory cardiomyopathy, and brady or tachyarrhythmia [7].
The Rose--Witebski criteria for organ-specific autoimmunity are entirely fulfilled in
infection-negative biopsy-proven myocarditis and in inflammatory cardiomyopathy
(defined as myocarditis with myocardial dysfunction) that are covered in this chap-
ter (Table 10.1).

10.2 The Clinical Continuum: Autoimmune Myocarditis
and Inflammatory Cardiomyopathy/Dilated
Cardiomyopathy (DCM)

The World Health Organization (WHO) classification of cardiomyopathies defines
myocarditis as an inflammatory disease of the myocardium, which is diagnosed by
endomyocardial biopsy (EMB) using established histological, immunological, and
immunohistochemical criteria; in addition, myocarditis may be idiopathic, infec-
tious, or autoimmune and may heal or evolve in dilated cardiomyopathy (DCM)
[8-11]. The term “idiopathic” is nowadays only used in the absence of complete
microbiological workup on endomyocardial biopsy (EMB).

DCM features include dilatation and impaired contraction of the left or both
ventricles in the absence of known, specific causes of heart failure, including
coronary artery disease; idiopathic, familial/genetic, viral, and/or immune DCM
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Table 10.1 Fulfilled Rose—Witebsky autoimmune criteria in myocarditis/DCM: 2019 update

Major

+ Mononuclear cell infiltration and abnormal HLA expression in the myocardium in the
absence of infectious agents or other known causes: yes

Circulating autoantibodies in patients and in unaffected family members: yes

Autoantibody and/or autoreactive lymphocytes in situ within the myocardium: yes

Identification and isolation of organ-specific autoantigen(s) involved: yes

¥ | ¥ | ¥ | *

Disease induced in animals by immunization with relevant autoantigen, and/or passive
transfer of serum, purified autoantibody and/or lymphocytes: yes

+ Efficacy of immunosuppression in proven autoimmune myocarditis: yes
Minor

a) all autoimmune disorders

+ Middle-aged women most frequently affected: no

+ Familial aggregation: yes

s HLA association: yes

# Clinical course with hot phases and remissions: yes

* Autoimmune diseases associated in the same patient or in family members: yes

b) Organ-specific autoimmune disorders

* Autoantibodies against organ-specific autoantigens: yes

+ Immunopathology mediated by type II, IV, V, VI reactions: yes

# Induction of antibodies induces an organ-specific disease/phenotype: yes

# Transfer of autoantibodies also transfers the disease/phenotype: yes

forms -are recognized [8, 9]. Histological EMB findings in DCM include myocyte
loss, compensatory hypertrophy, fibrosis, and acute or chronic myocarditis in
30-40% of cases. Therefore, in a patient subset, myocarditis and DCM represent
two sides of the same coin, e.g., an inflammatory disease of the myocardium,
which can be infectious, post-infectious immune, or primarily organ-specific
autoimmune [8-13].

10.3 Aetiopathogenesis of Myocarditis

Viral infections are presumed to be the most common cause in the Western world;
frequency of viral genomes detected on EMB in patients with myocarditis and DCM
by molecular techniques, mainly reverse transcriptase-(RT)-polymerase chain reac-
tion (PCR), is variable [14-38]. Koch’s postulates are used to establish whether an
infectious agent causes disease. While many viruses are detected in the myocardium
by PCR, fulfillment of Koch’s postulates is limited to myocarditis caused by entero-
virus and cytomegalovirus [14-38]. More studies are therefore needed to clarify
whether a growing list of viruses really cause myocarditis or are detected coinci-
dentally as remnants of past benign infections or as experimental contamination and
artifact. At the state of current knowledge, myocarditis is defined as autoimmune if
no infectious agents are identified on EMB and other known causes are excluded [6,
36]. Autoimmune myocarditis may develop with exclusive (organ-specific) cardiac
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involvement or in the context of autoimmune disorders with predominant extra-
cardiac organ involvement [6, 19, 36]. Here we focus on organ-specific myocarditis/
inflammatory cardiomyopathy.

10.4 Fulfilled Rose-Witebski Criteria for Organ-Specific
Autoimmunity in Myocarditis/DCM

In several susceptible mouse strains viral genomic material and inflammation per-
sist in the heart for weeks, triggering myocardial post-infectious autoimmune phe-
nomena [6, 36-38]. However, the same genetically predisposed mouse strains,
harboring specific major histocompatibility complex (MHC) and non-MHC genes,
also develop autoimmune lymphocytic or giant cell myocarditis (and later on DCM)
in the absence of a viral challenge, after immunization with specific cardiac autoan-
tigens, e.g., cardiac myosin, or spontaneously [36, 37, 39-48]. Some MHC genes
predisposing to organ-specific autoimmune myocarditis are also associated with
Type 1 diabetes and other autoimmune diseases [37, 46, 48-50]. Both myocarditis
and inflammatory DCM may be familial [51-56] and have been associated with
HLA [57, 58]. A recent landmark large multicenter European genome-wide associa-
tion study reported that, without a pre-specified hypothesis, HLA is a risk locus for
DCM, in keeping with the autoimmune paradigm [58]. Biopsy-proven myocarditis
has also been described in other cardiomyopathies, besides DCM [59, 60], and in
some channelopathies [61]. It remains to be clarified whether this reflects involve-
ment of autoimmunity as final common pathway of chronic cardiac damage in other
genetically determined cardiomyopathies or an association of distinct diseases.
More work should be focused on the identification of HLA and non-HLA immuno-
genetic basis of human myocarditis/DCM.

Fulfilled Rose—Witebski postulates in human myocarditis/DCM (Table 10.1)
include myocardial mononuclear cell infiltrates, abnormal expression of HLA class
II, and/or adhesion molecules on cardiac endothelium in the absence of viral
genomes (as assessed by PCR on EMB) in index patients and family members
[62—-64]; increased serum levels of cytokines and cardiac autoantibodies (aabs) in
patients and relatives [19, 36, 51-57, 65-136]; experimentally induced models of
myocarditis/DCM after immunization with recognized autoantigen(s) [37, 39-50];
and response to immunosuppression or immunomodulation in patients with giant
cell myocarditis and with autoimmune DCM [25, 35, 36, 67, 103, 104]. Many dis-
tinct cardiac aabs have been found in human myocarditis/DCM (Table 10.2). In
keeping with the suggestion of a direct pathogenic role for some of these aabs,
functional effects of cardiac aabs isolated from index patients have been shown
in vitro [76, 99, 141]. In addition, the cardiac abnormalities seen in human post-
myocarditic DCM have been reproduced in experimental animals following immu-
nization with defined autoantigens, e.g., betal-adrenergic or M2 muscarinic
receptors, cardiac myosin, and cardiac troponin (cTNI) [41-43, 80-82, 86, 94, 95].
Myocardial pathology has also been produced by transfer of immune components
from one experimental animal to another [82, 83, 86—89, 96]. Last but not least,
improved cardiac morphology and function has been obtained by removal of betal-
adrenoceptor aabs (betal-aabs) using immunoabsorption (IA) in rabbits, or by
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Table 10.2 Circulating cardiac autoantibodies(Aab): frequency in myocarditis/DCM and in con-
trol groups (reprinted from reference 51 with permission)

% Antibody
% Aabs positive positive
Cardiac autoantibody (Ab) Myoc DCM OCD | Normal | References
Muscle-specific ASA, 28-59* | 9-41* NT 0-25 [108-111]
(AFA,IFA,AMLA)
Cardiac-specific AHA 41-56° | 26-30%* |14 3 [101] [19%P, 52b 53,
AIDA 17+ 16%° 2-4 0 68+°, 69+, 137+°]
Anti-Betal-AR 33 40-51° 13-55 0-13 [73,75, 76, 89, 99,
NT 350 16 7 100, 105, 112-120,
73-96*° | 29-95+> |8 0 138]
NT 27-28 10 0
Anti-Beta2-AR NT 30-38° 33 15 [74, 89, 121°, 122]
NT 13-14 37 18
NT 30-75°
Anti-muscarinic acetylcholine |11 30-77¢ 2361 | 8-13 [93, 105, 115, 116,
receptor-2 NT 83d 118, 120, 123-127]
Cardiodepressant NT 64 - - [104, 105, 128, 129,
(Fy-gamma-receptor 2a) NT 14 8 4 139, 140]
Anti-Ky channel-interacting
protein 2,
KChIP2.6—ELISA)
Anti-alpha-MHC 17-37* | 20-46** | 4-16 |0-2.5 |[66,69-72*°, 106,
(cardiac-specific) 130%°]
Anti-Beta-MHC (muscle-
cross reactive)
Anti-MLC 1v NT 17°-35 25 0-15 [70°, 132]
Anti-tropomyosin NT 550 21 NT [132]
Anti-non-myofibrillar NT 46~ 17 0 [70%°]
Anti-MHC NT 67° 42 NT [132]
Anti-actin NT 71° 21 NT [132]
Anti-troponin I,T NT 1.7°-20° | 0>~18 |04 [105-107]
Anti-laminin 73 78 25-35 |6 [133]
Anti-HSP60,70 NT 10-85° 1-42 |3 [132, 134]
Anti-s.Na/K-ATPase 26° NT 2 [90]
Anti- ANT 91ab 570 0 0 [84, 135, 136*"]
Anti-M7 132 318 10 0 [91]
Anti-BCKD-E2 100 60 4 0 [92]

2P < 0.05 vs normals
°%» < 0.05 vs OCD
“77% (in Chagas-DCM)

IIn selected ELISA-positive heart failure patients

°In atrial fibrillation patients

*bCardiac and disease-specific for myocarditis/DCM

AFA anti-fibrillary Ab, AHA organ-specific and partially organ-specific anti-heart aabs, AIDA anti-
Intercalated disks-aabs, ANT adenine nucleotide translocator, AMLA anti-myolemmal aabs, AR
adrenergic receptor, ASA anti-sarcolemmal aabs, /FA anti-interfibrillary aabs, BCKD branched
chain alpha-ketoacid dehydrogenase dihydrolipoyl transacylase, HSP heat shock protein, N7 not
tested, OCD other cardiac disease, MHC myosin heavy chain, MLCIv myosin light chain 1 ven-

tricular, Myoc myocarditis
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specific scavenging of betal-aabs by epitope-mimicking cyclic peptides in rats with
autoimmune DCM [95, 96] . It has been reported that aabs-induced endoplasmic
reticulum stress induces cardiomyocyte apoptosis [98]. It is worth noting that anti-
cardiac myosin aabs, induced by immunization of rats against cardiac myosin,
cross-react with cardiac membrane betal-adrenergic receptors, and increase cAMP-
dependent protein kinase A activity in myocytes [43]. Passive transfer of purified
aabs from cardiac myosin-immunized rats leads to myocardial IgG deposits and
increased myocyte apoptosis, leading to cardiomyopathy in recipients [43].

10.5 Serum Cardiac Autoantibodies (Aabs): Diagnostic
and Clinical Relevance in Myocarditis/DCM

In patients with myocarditis/DCM and of their symptom-free relatives serum heart-
reactive aabs recognize multiple antigens (Table 10.2), some of which are only
expressed in the myocardium (e.g., organ-specific), others in heart and skeletal
muscle (e.g., muscle-specific). Each of these aabs has different frequency in disease
and normal control cohorts; the organ-specific and cross-reactive-1 types of anti-
heart aabs (AHA) detected by standard indirect immunofluorescence (s-I IFL)
shown in Fig. 10.1 are disease-specific for myocarditis/DCM (Table 10.2). Aabs of
IgG class, if demonstrated to be cardiac and disease-specific for autoimme myocar-
ditis/DCM, can be used as autoimmune markers for identifying patients in whom
immunosuppression and/or immunomodulation therapy may be beneficial and their
relatives at risk [19, 35, 51-53, 68, 69]. Some aabs may have a functional role and/
or, being associated with hot phases of the disease, represent negative prognostic
markers [71, 76, 78, 86, 87, 89-97, 100, 101, 104, 138, 141]. The ESC Task Force
recommended to assess sera with clinically suspected or definite myocarditis for
cardiac aabs, using one (or more) of the published tests, according to specific center
expertise, preferably disease-specific aabs [36].

10.6 Specific Aabs Tests as Organ-Specific Autoimmune
Markers in Myocarditis/DCM

10.6.1 Anti-Heart Aabs (AHA) and Anti-Intercalated Disk Aabs
(AIDA) by Standard Indirect Inmunofluorescence (s-I IFL)

Using indirect s-I IFL on 4 pm-thick unfixed fresh frozen cryostat sections of blood
group O normal human heart and skeletal muscle, and absorption with human heart
and skeletal muscle and rat liver, organ-specific IgG AHA giving a diffuse cytoplas-
mic staining pattern of myocytes and a negative pattern on skeletal muscle (Fig. 10.1,
panels a, b) were found in about 30-56% of myocarditis/DCM patients and their
symptom-free family members, in 1-4% of patients with other cardiac disease, in
3% of normal subjects, and in 17% of patients without cardiac disease, but with
autoimmune polyendocrinopathy (Table 10.2) [53, 68, 69, 79]. AHA of the
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Fig. 10.1 Anti-heart aabs (AHA) patterns by indirect immunofluorescence test (reprint with permis-
sion from reference 51). Organ-specific AHA and AIDA pattern: panel (a) on human heart tissue: cyto-
plasmic diffuse staining of cardiac myocytes (organ-specific AHA pattern) and linear staining of the
intercalated disks (AIDA pattern) (x400); panel (b) (x400) on human skeletal muscle tissue: negative.
Partially organ-specific (or cross-reactive 1) AHA pattern: panel (¢) on human heart tissue: strongly
positive fine striational pattern (x400), and panel (d) on human skeletal muscle: weak positive fine stria-
tional pattern (x400). Entirely cross-reactive (or cross-reactive 2) AHA pattern: panel (e) on human
heart tissue: strong positive broad striational (myasthenic) pattern (x400), and panel (f) on human skel-
etal muscle: broad striational (myasthenic) pattern (x400). Negative AHA control serum pattern: panel
(g) on human heart tissue: negative (x400), and panel (h) on human skeletal muscle: negative (x400)
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cross-reactive 1 type, partially cardiac-specific by absorption, gave a fine striational
staining pattern on myocytes, but were negative or weakly stained skeletal muscle
(Fig. 10.1, panels c, d), and were also more frequently detected in DCM/myocardi-
tis than in controls. On the other hand, AHA of the cross-reactive 2 type, entirely
skeletal muscle cross-reactive by absorption, gave a broad striational “myasthenic”
pattern on heart and skeletal muscle (Fig. 10.1, panels e, f), and were found in simi-
lar proportions among groups [53, 68, 69, 79]. Anti-intercalated disk aabs (AIDA),
giving a linear staining on cardiomyocytes (Fig. 10.1, panel a), are associated with
myocarditis/DCM and with idiopathic recurrent acute pericarditis [137].

Clinical and Diagnostic Role of AHA in Symptom-Free DCM Relatives In auto-
immune disorders, circulating aabs identify symptom-free subjects at risk years
before clinical presentation. So far, the clinical and prognostic significance of car-
diac aabs has been prospectively assessed only for AHA in symptom-free relatives
of DCM index patients, not for the other published aabs shown in Table 10.2. In
particular, healthy relatives of patients with DCM who have echocardiographic
changes, including left ventricular enlargement (LVE) or depressed fractional short-
ening (dFS) at baseline, have increased medium-term risk for DCM development
[142]. Approximately one-third of relatives from both familial and nonfamilial ped-
igrees have serum AHA at baseline [52]. AHA are independent predictors of DCM
development in symptom-free relatives at 5 year follow-up [53] . In this study, base-
line evaluation, including electrocardiography, echocardiography, and AHA, was
performed in 592 asymptomatic relatives of 169 consecutive DCM patients (291
males, aged 36 + 16 years) [53]. Relatives were classified in accordance with pub-
lished echocardiographic criteria; those who did not have DCM were followed up
(median of 58 months). DCM among relatives was diagnosed by echocardiography
at follow-up. Of the 592 individuals evaluated, 77% were assessed as normal, 4.4%
as having DCM, and 19% as possibly affected on the basis of dFS without ventricu-
lar dilatation in 17 and LVE without systolic dysfunction in 94. Five-year follow-up
of 311 relatives revealed that 26 had progressed (13 to DCM, 11 to LVE, and 2 to
dFS). Relatives who developed DCM were more frequently AHA-positive than
those who did not (69% versus 37%, P = 0.02). Five-year probability of progression
to DCM, among normal or possibly affected relatives, was higher in AHA-positive
cases (P = 0.03). By Cox regression, positive AHA at baseline were independent
predictors of progression (RR 2.26, CI 1 to 5.1, P = 0.03). Thus, it was suggested
that LVE and dFS represent early, preclinical DCM or asymptomatic left ventricular
dysfunction in symptom-free relatives, similar to the first-phase insulin response
(FPIR) to intravenous glucose in prediabetes [53] AHA, similar to islet cell aabs in
preclinical diabetes, preceded other diagnostic abnormalities of heart dysfunction.
Positive AHA status alone had higher sensitivity (61%) than its combination with
abnormal echocardiogram (sensitivity 27%) as a predictor of progression to DCM,
LVE, or dFS. In other words, positive AHAs with a normal echocardiogram identi-
fied a proportion of relatives at risk of progression to DCM, or of progression from
normal to preclinical DCM (e.g., LVE or dFS), that would not have been identified
by echocardiography alone. Both techniques are necessary in DCM family screen-
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Stages of autoimmune DCM development

A

Preclinical disease
(Symptom-free relative of index DCM patient)

Clinical disease

No preclinical DCM
* Negative AHA

¢ Normal 2D-echo
* No arrhythmia

Early preclinical
* Positive AHA

* Normal 2D-echo
* No arrhythmia

Advanced
preclinical DCM:
* Positive AHA
* Positive for 1 or

more of the aabs
shown in Table 2

* Normal 2D-echo
¢ No arrhythmia

Late preclinical DCM:

* Positive or negative AHA
and/or
at least 1 of the the aabs
shown in Table 2

e LVE ordFS
¢ No arrhythmia

DCM

e Positive or negative AHA
and/or
at least 1 of the the aabs
shown in Table 2

e LVE and dFS
* Heart failure
e Arrhythmia

Progressive expression of the phenotype

* anti-heart autoantibody (AHA): left ventricular enlargement (LVE): depressed fractional shortening (dFS)

Fig. 10.2 Stages of autoimmune DCM development

ing and counseling. In fact, the positive predictive value (PPV) for progression to
DCM was higher (18%) for both abnormal echocardiogram and positive AHA than
for AHA alone (7%) or echocardiogram alone (10%). Similarly, the PPV for any
progression (e.g., DCM, LVE, or dFS) was higher (18%) or both an abnormal echo-
cardiogram and positive AHA than for AHA alone (13%) or echocardiogram alone
(10%). The combination of abnormal echocardiography and positive AHA seemed
to identify relatives at a more advanced stage of preclinical DCM, who need closer
follow-up and could potentially benefit from therapeutic intervention to attenuate or
prevent disease development. Negative AHAs alone or in combination with a nor-
mal echocardiogram had a good negative predictive value (98%) and allowed the
identification of the majority of subjects at low risk of progression at least up to
5 years [53]. An important issue that needs further study is the long-term outcome
of these AHA-negative relatives with normal echocardiograms. In type 1 diabetes
mellitus, a staging of preclinical disease has been proposed for siblings of affected
children based on a combination of the initial number of antibodies and FPIR to
intravenous glucose, by analogy, if the same applies to DCM, the staging could be
as shown in Fig. 10.2: no pre-DCM (negative AHASs, normal echocardiogram), early
(positive AHAs, normal echocardiogram), advanced (AHA-positive and positivity
for 1 or more of the other antibodies described in DCM), and late pre-DCM (at least
1 antibody marker and LVE or dFS). Although 98% of relatives with negative AHAS
and normal echocardiograms did not progress up to 5 years, a long latency period
and slow progression are features of organ-specific autoimmune disease, and there-
fore, a proportion of them may develop AHA in the future, thus becoming at risk
[53]. Longer follow-up is needed to completely reassure these subjects, and it may
be appropriate to provide echocardiographic and immunologic testing, although
less frequently than for those with AHAs and/or abnormal echocardiography [53].
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These recommendations have been incorporated in a recent expert consensus paper
on DCM of the ESC working group on myocardial and pericardial diseases [12].

Autoantigens Recognized by AHA Although Aabs to o and § myosin heavy chain
(MHC) have been detected by several groups and various techniques (Table 10.2),
including enzyme-linked immunosorbent assay (ELISA) and immunoblotting, it
has been shown that o and p MHC isoforms are two of the autoantigens recognized
by the AHA detected by s-I IFL in DCM and in myocarditis [66, 69—72, 130]. The
a isoform is exclusively expressed within the atrial myocardium, thus aabs to this
molecule are organ-specific. In some studies the antimyosin aabs were associated
with deterioration of cardiac function [72] or with negative inotropic effect in vitro
[66]. Myosin is an intracellular protein. Major hypotheses to explain interruption of
tolerance to myosin include molecular mimicry, since cross-reactive epitopes
between cardiac myosin and infectious agents have been found, myocyte necrosis
due to viral infection or other noxae [6], and cross-reactive mimicry between cardiac
myosin and the p;-adrenergic receptor, resulting in apoptosis of cardiac myocytes
[43]. In some murine strains, e.g., Balb/c mice, Coxackie B3 virus-induced, or myo-
sin-induced myocarditis is T cell-mediated [42], whereas in other strains, e.g.,
DBA/2 mice, it is an antibody-mediated [97] . These data have led to the hypothesis
that the antimyosin aabs may be directly pathogenic in some, but not all patients
with myocarditis/DCM according to different immunogenetic backgrounds, isotype
[97], and/or subclass specificity of these aabs [72].

10.6.2 Aabs to }-Adrenergic and M,: Muscarinic Receptors

Fu et al. showed anti-M2 aabs in 39% of DCM sera and 7% of the normal subjects
by ELISA, using as antigen a synthetic peptide analogous to the 169—193 sequence
of the second extra cellular loop of human M2 muscarinic receptors [93]. A signifi-
cant inhibitory activity, attributed to anti-f;-adrenoceptor IgG antibodies, was
reported in 30-75% of DCM sera, 37% of disease controls, and 18% of sera from
normal subjects by other groups, using a binding inhibition assay on rat cardiac
membranes [73, 74]. Magnusson et al., using as antigens synthetic peptides analo-
gous to the sequences of the second extra cellular loop of ;- and P,-adrenergic
receptors by ELISA, found aabs in 31% of DCM patients, 12% of normal subjects
and in none of the disease controls [75].

Antibody positive DCM sera [73] or the affinity purified B,-receptor aabs [75]
increased the beating frequency of isolated neonatal rat myocytes in vitro. ;-
blocking drugs inhibited the effect of the aabs. Stimulating anti p;-receptor aabs
were described in 96% of myocarditis, 26-95% of DCM sera, 8—10% of controls
with ischemic heart disease, and 0-19% of normal individuals (Table 10.2).
Functional fluorescence resonance energy transfer (FRET) assay using novel
cAMP-sensors, a recent, sensitive screening technique for the detection of func-
tional p;-adrenoceptor aabs, is employed in the on-going prospective ETiCS-study
in patients with biopsy-proven myocarditis [99, 101, 139, 143].
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10.6.3 Cardiodepressant Aabs

Functional cardiodepressant aabs have been described in DCM sera using an in vitro
bioassay system and isolated rat cardiomyocytes as antibody targets [78, 104]. The
negative inotropic effect of these aabs, which may predict hemodynamic benefits
from immunoadsorption (IA) therapy in DCM [139], could be mediated by binding
of their FC fragments to cardiac FCgamma Ila receptors [140].

10.6.4 Aabs to Other Sarcolemmal Autoantigens and Heat Shock
Proteins (HSP)

AAbs to heat shock proteins (HSP)-60 and HSP-70 [132, 134] and to troponin I
and T have also been detected in DCM (Table 10.2) [105-107] . Cardiac troponin
would be an organ-specific cardiac autoantigen, but the disease-specificity for
myocarditis/DCM as compared to ischemic heart disease is not entirely clear
[144]. Anti-Na-K-ATPase aabs were found by ELISA in 26% of DCM and in 2%
of normal subjects, using porcine cerebral cortex sarcolemmal Na-K-ATPase as
antigen, and were independently associated with cardiac sudden death [90]. On
the basis of this association the authors hypothesized that the aabs might lead to
electrical instability, because of abnormal Ca?* handling by reduced Na-K-
ATPase activity. Sarcolemmal Na-K-ATPase is not an organ-specific cardiac
autoantigen [40].

10.6.5 Aabs to Mitochondrial Antigens

Aabs to several mitochondrial antigens were described, including the M7 [91], the
adenine nucleotide translocator (ANT) [84, 135, 136] and the branched chain
a-ketoacid dehydrogenase dihydrolipoyl transacylase (BCKD-E2) [92]. The M7
antibodies of IgG class, assessed by ELISA using beef heart mitochondria as anti-
genic substrate, were found in 31% of DCM patients, 13% of those with myocardi-
tis, 33% of controls with hypertrophic cardiomyopathy, and were absent in controls
with other cardiac disease, immune-mediated disorders, or in normal subjects [91].
ANT, a protein of the internal mitochondrial membrane, was purified from beef
heart, liver, and kidney and used as antigen in a indirect micro solid-phase radioim-
munoassay (SPRIA); anti-ANT antibodies were found in 57-91% of myocarditis/
DCM sera, and in ischemic heart disease, or in normal subjects [91, 135, 136].
Although mitochondrial antigens have generally been classified as non-organ spe-
cific, the heart-specificity of the M7 aabs was shown by absorption studies.
Experimentally induced affinity-purified anti-ANT antibodies cross-reacted with
calcium channel complex proteins of rat cardiac myocytes, induced enhancement of
transmembrane calcium current, and produced calcium-dependent cell lysis in the
absence of complement [136]. Antibody-dependent cell lysis has not been reported
using the aabs from patients’ sera.



184 A.L.P.Caforio et al.

10.7 Immunosuppression to Treat Autoimmune
Myocarditis/DCM

A major feature of autoimmune disease is its response to immunosuppressive ther-
apy (Table 10.1). Current evidence shows benefit of immunosuppression in chronic
virus-negative myocarditis/DCM [35, 103], in giant cell myocarditis [ 67], and in
active autoimmune myocarditis (e.g., virus-negative and positive for cardiac aabs)
[20], using a combination of azathioprine, steroids, and/or cyclosporine
A. Conversely, immunosuppression had a neutral effect in the Myocarditis Treatment
Trial, in myocarditis of unspecified etiology [34]. Immunosuppression is recom-
mended by 2013 ESC Task Force experts [33] in proven autoimmune myocarditis
forms, such as giant cell myocarditis [67], cardiac sarcoidosis [145], and virus-
negative myocarditis associated with systemic immune-mediated disease [146]
(Fig. 10.3). Steroids are indicated in cardiac sarcoidosis and in virus-negative eosin-
ophilic or toxic myocarditis, with heart failure and arrhythmia [36, 147].
Immunosuppression may also be considered in virus-negative myocarditis refrac-
tory to standard therapy with no contraindications to immunosuppression [36, 103]
(Fig. 10.3).

10.8 The Quest for New Treatments Targeting
Functional Aabs

Potential new treatments targeting functional aabs in myocarditis/DCM [78, 139],
as for other autoimmune disorders [148—152], include design of specific epitope-
derived peptides to be used as antibody-scavengers, direct targeting/suppression of
aab-producing B cells, and/or plasma-cells and immunoadsorption (IA) [77, 78,
97-100, 104, 139, 153—158]. IA is aimed at the removal of pathogenic aabs through
the extracorporeal removal of patient immunoglobulin following plasmapheresis.
IA is followed by supplemental administration of intravenous immunoglobulin to
prevent infection or antibody production rebound [155-157]. A proportion of
patients do not respond to IA which has limited its potential use; in addition, the
therapy is expensive and requires an invasive procedure. It was reported that a sub-
set of DCM patients with serum cardiodepressant aabs were responders to IA [104,
128]. The baseline presence of cardiodepressant antibodies in combination with
myocardial gene expression profiles was found to improve prediction of treatment
outcome [158].

10.9 Future Research Directions: Cell-Mediated Immunity
and Cytokine Networks

Regulatory T cells (FOXP3, CD25, CD4+ cells) and Th17 cells are emerging as
key players in development and fate of experimentally induced myocarditis [159].
Passive transfer of Treg induced disease remission in a mice with virus-induced
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myocarditis [160]. Knockout models of Th17 cell-induced myocarditis hold
promise for testing anti-IL17 monoclonal antibodies as therapeutic agents in
experimental autoimmune myocarditis [161]. The role of these lymphocytic sub-
types has not not yet explored in human biopsy-proven myocarditis. A role for T
cells in humans is suggested by case reports of biopsy-proven or clinically sus-
pected autoimmune myocarditis occurring in oncology patients treated with bio-
logic agents, including anti-PD1, anti-CTLA-4, and anti-CD20 agents [162, 163].
A case of biopsy-proven rituximab-induced myocarditis has also been published
[164]. However, in the this case, tissue PCR was positive for enteroviral genome,
so it is possible that myocarditis was triggered by the immunosuppressive action
of the anti-CD20 monoclonal antibody (MoAb) rather than by autoimmunity. Our
group has reported a case of autoimmune giant cell myocarditis recurrence in a
transplanted patient, refractory to standard immunosuppression, that was success-
fully treated with rituximab [165]. Therefore it seems mandatory that new treat-
ments are tested in clinical trials recruiting patients with biopsy-proven
autoimmune myocarditis.

In theory, immune-modulatory agents might influence systemic and organ-
specific cytokine/lymphokine networks leading to cardiac dysfunction even in
the absence of myocardial inflammatory infiltrates [166]. Future studies in
patients should better clarify the cytokine and cellular networks fostering chronic
myocarditis, as well as the final effector mechanisms of myocyte necrosis and/or
dysfunction. Reversible severe ventricular dysfunction may be induced by cardio
depressant factors in the absence or with minimal myocyte necrosis, in septic
shock [167], Cushing’s syndrome [168], pheocromocytoma, or Takotsubo car-
diomyopathy [169, 170]. In addition, several groups have shown a pathogenic
role for circulating cardiac Aabs in chronic DCM, in the absence of florid myo-
cardial inflammation on EMB [43, 47, 65, 66, 71, 73-78, 81, 85, 86, 89, 94, 95,
100, 104, 105, 119, 128, 131, 136, 139-141, 156-158]. We may speculate that an
“immune-mediated myocardial stunning/hibernation phenomenon” occurs in
acute and/or chronic myocarditis/DCM, which, if reversed by tailored immune
therapies before the occurrence of irreversible myocardial damage, could be clin-
ically beneficial.

In conclusion, due to the complexity of the immune network in autoimmune
myocarditis, future immunomodulatory trials will probably be designed for distinct
patient subsets according to their specific cytokine and/or cellular immune bio-
marker profiles, e.g., personalized immune intervention.
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11.1 Introduction

Systemic immune-mediated diseases (SIDs) are a miscellaneous group of clinical con-
ditions that share an immunological pathogenesis and include autoimmune, granulo-
matous, vasculitic, and autoinflammatory diseases [1, 2]. Cardiac involvement in SIDs,
though frequently underestimated or unrecognized, is rather common and can produce
severe clinical pictures with adverse prognosis [3—5]. Myocarditis is a feature of SIDs,
though also coronary vessels, cardiac valves, and pericardium can be involved [1].
Both systemic and organ-specific autoimmune diseases are characterized by
aberrant cellular and/or humoral immune responses to self-antigens in geneti-
cally predisposed individuals. Autoantibodies (AAbs) can trigger systemic tissue
inflammation and organ damage via immune complex formation, as in systemic
lupus erythematosus (SLE), or may affect a target organ or tissue, resulting,
in autoimmune myocarditis, in major arrhythmia and/or heart failure [6-15].
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Besides antibody-mediated autoimmunity, an aberrant cellular immune response
can also exert a determinant role in the pathogenesis of some SIDs, such as in
sarcoidosis, where cardiac involvement, frequently silent or unrecognized for a
long time, can suddenly manifest with a life-threatening arrhythmia [1-3]. In
addition, the heart can be a target in some aggressive cell-mediated systemic
vasculitis, such as eosinophilic granulomatosis with polyangiitis (EGPA) and
other Anti-Neutrophilic Cytoplasmic Autoantibody (ANCA)-associated vasculi-
tis (AAV) [1, 2].

Autoinflammatory syndromes (AS) are a mixed group of genetically determined
inflammatory syndromes caused by aberrant activation of innate immunity, which
does not involves AAbs nor autoreactive T cells. In AS, acute inflammatory response
can be triggered by both pathogen (PAMP) or disease associated (DAMP) pattern
of recognition receptors, which promote the release of interleukin-1 (IL-1) even-
tually leading to inflammasome formation [1, 2]. Mediterranean fever (MF) may
seldom cause pericarditis; recently, also idiopathic recurrent pericarditis, a common
complication of acute pericarditis, which responds to the IL1 inhibitor anakinra,
has been interpreted as a possible AS [1, 2]. Conversely, myocardial involvement is
uncommon in AS, though the possible role of IL1-induced inflammasome activation
in fulminant myocarditis is debated [16]. Finally, a clear-cut distinction between AS
and autoimmune diseases is not always possible since they are both part of a unique
immunopathogenic spectrum [1, 2].

This chapter will focus on myocardial inflammation in SIDs that, if not promptly
recognized and adequately treated, eventually evolves to dilated cardiomyopathy
(DCM) or non-dilated hypokinetic cardiomyopathy [17-20]. Furthermore, since
diagnosis and management of myocarditis in SIDs are still poorly debated in medi-
cal literature, leading to late diagnosis and/or under-treatment, proper multidisci-
plinary teamwork, and cardiological approach to these patients will be also briefly
addressed [15, 21-25].

11.2 General Approach to Diagnosis

Clinical presentation and frequency of myocardial involvement may vary greatly
among SIDs, requiring distinct considerations according to the specific disease.
Consequently, cardiological work-up should be clinically oriented and individually
tailored [1].

Myocarditis in SIDs, as in its isolated form, can have a variable clinical presenta-
tion, ranging from unexplained dyspnea, to palpitations, chest pain (with or without
serum troponin elevation), syncope, arrhythmia, acute or chronic congestive heart
failure, cardiogenic shock, and aborted sudden cardiac death [20]. Furthermore,
SIDs, due to chronic inflammation and prolonged corticosteroid therapy, are usu-
ally characterized by accelerated coronary artery disease (CAD) as well as diffuse
microvascular dysfunction [26]. Consequently, in SIDs an underlying coronary
ischemic disorder should always be suspected and ruled out by appropriate non-
invasive or invasive diagnostic procedures [20, 26, 27].
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Regardless to its etiology, increased serum troponin may be indicative of myo-
cardial involvement, though it is well known that myocarditis can occur also in
the absence of troponin release [20]. Other serum biomarkers, such as natriuretic
peptides (NT-pro BNP or BNP), should be assessed, in keeping with current inter-
national heart failure guidelines, when cardiac involvement is suspected [20, 28].

Myocarditis can be associated with new unexplained abnormal findings on stan-
dard 12-lead electrocardiogram (ECG) or 24 h-ECG Holter monitoring, thus they
should always be part of the diagnostic work up in SIDs [1, 20] (Table 11.1).

Standard trans-thoracic echocardiography (TTE) with Doppler analysis is also
essential in the detection of cardiac structure and function abnormalities, including
pericardial and valve involvement; it should be readily performed in SIDs when cardiac
involvement is suspected, though its findings may turn out to be non-specific [1, 20,
29-31]. Subclinical myocardial involvement can be detected by advanced ultrasound
methods, such as deformation imaging, and valve involvement by trans-esophageal
echocardiography (TEE) and 3D imaging [32-39]. Doppler assessment of tricuspid
and pulmonary regurgitation gradients is key for non-invasive diagnosis of pulmonary
hypertension (PH), a frequent and ominous complication of several SIDs [39, 40].

Cardiac magnetic resonance (CMR) should be carried out when myocarditis
is suspected and to differentiate it from non-inflammatory myocardial infiltration
[20]. In addition, CMR with tissue characterization sequences (T1 and T2 weighted
imaging) and late gadolinium enhancement (LGE), together with multi-paramet-
ric mapping, may contribute to define non-ischemic inflammatory myocardial
involvement and to monitor response to treatment. The typical subepicardial-mid-
myocardial LGE pattern seen in some SIDs usually allows differential diagnosis
from CAD. LGE and T1 mapping can also identify early changes in systemic scle-
rosis (SSc) [41-43] and rheumatoid arthritis (RA) [44-46], where LGE pattern has
also been shown to correlate with disease activity.

Computed tomography (CT) can be particularly useful to show coronary and aor-
tic calcification, as in severe RA [46], coronary CT may be used to screen patients
with at low/intermediate risk of coronary artery disease, and can integrate TTE in
PH work-up [40].

Table 11.1 Myocarditis in SIDs: cardiovascular “red flags” in the absence of known non-
inflammatory causes

« Effort or rest dyspnea
* Bilateral ankle edema

Palpitations

 Chest pain (with or without serum troponin elevation)
* Syncope and major arrhythmias
* Recent onset acute heart failure or unexpected appearance of chronic congestive heart failure

» Cardiogenic shock and aborted sudden cardiac death

* Elevation of serum troponin
* Elevation of natriuretic peptides (NT-pro BNP or BNP)

* New abnormal findings on standard 12-lead electrocardiogram (ECG), 24 h-ECG Holter
monitoring, or standard echocardiography
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Positron emission tomography with 2-deoxy-2-fluoro-D-glucose (FDG-PET)
is particularly useful to detect inflammation in specific organs, such as in cardiac
sarcoidosis [3, 47], and may offer non-invasive quantification of myocardial blood
flow, revealing microvascular dysfunction and impaired coronary flow reserve, and
predicting adverse outcome [48]. Whenever possible, sophisticated and expensive
second-step cardiac tests, such as CMR and FDG-PET, should be performed in
institutional centers experienced in rare cardiac disease assessment.

Endomyocardial biopsy (EMB) is the gold standard and the sine qua non for
the diagnosis of myocarditis. Primarily, EMB provides differentiation between
infectious and non-infectious myocarditis by means of histological, immunohis-
tochemical, and molecular tools [20, 49-54]; secondly, besides identifying inflam-
mation, EMB may reveal a non-inflammatory myocardial diseases such as cardiac
amyloidosis [49-54]. In SIDs, EMB may be particularly useful when both inva-
sive and non-invasive findings suggest non-ischemic myocardial involvement, or
when there is an unexplained and/or sudden change in cardiac status and clinical
decision-making requires histological confirmation. EMB may also foster critical
treatment decisions based on histopathological results, particularly in eosinophilic
myocarditis, sarcoidosis, and in giant cell myocarditis (GCM). In experienced
hands, EMB has a low rate of complication (0-0.8% of serious events) and sam-
pling errors [55-58]. Histological and immunohistochemical investigation requires
at least three myocardial tissue samples from the right or left ventricle; they should
be immediately fixed in 4% buffered formaldehyde for all histological and immu-
nohistochemical staining and for special stains of storage diseases. Furthermore,
at least two additional myocardial samples (fixed in RNA later or snap-frozen in
liquid nitrogen and stored at —80 °C) should be obtained for molecular analyses,
including cardiotropic viruses and bacteria, by reverse transcription (RT-) poly-
merase chain reaction (PCR) detection [20, 49]. Finally, EMB has a significant
clinical value only if myocardial samples are taken, processed, and evaluated by
specifically trained pathologists from certified institutional laboratories [1].

11.3 General Principles of Management

Due to heterogeneity in clinical presentations and variable frequency of cardiac
and myocardial involvement in different SIDs it is impossible to outline a common
management flow chart (Table 11.2). However, despite lack of robust evidence-base
for management of affected patients, some general principles can be addressed.

Aggressive and prolonged immunosuppressive therapy (IT), frequently includ-
ing corticosteroids, may be needed as background in SIDs, particularly at disease
onset or in flares [15, 23]. IT has to be personalized, according to clinical presenta-
tion, disease activity, involvement of vital organs, and the presence of comorbidi-
ties, since clinical response is variable and disease evolution may be unpredictable.
IT is finely tuned to achieve the lowest level of disease activity along with minimal
drug toxicity, i.e., treat-to-target strategy [59]. Myocarditis in SIDs may lead to irre-
versible organ damage and is associated with poor survival, thus it is an indication
to a more intensive IT [1, 3, 47, 60-71].
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Table 11.2 Diversity of cardiac involvement in SIDs

Cardiac involvement

Presentation/clinical frequency

Systemic lupus
erythematosus

Pericarditis 30%, myocarditis 1%, valvular involvement 10%,
endocarditis <1%

Systemic sclerosis

Reduced left ventricular ejection fraction (LVEF) 5%, diastolic
dysfunction 30%, reduced right ventricular ejection fraction
(RVEF) 5-10%, pericarditis 10-20%, reports on myocarditis

Rheumatoid arthritis

Main complication: accelerated atherosclerosis; cardiomyopathy
or myocarditis 3-30%, all cardiac structures may be affected

Sjogren syndrome

Reports on valvulopathies, pericardial effusion, arrhythmias

Inflammatory myopathies

Myocarditis in up to 30% of autopsies

Mixed connective tissue
disease

Ischemic heart disease and myocarditis (case reports)

Sarcoidosis Clinical (arrhythmias) 5-7%; granulomas in autopsy 20-30%
Eosinophilic Endomyocarditis, endomyocardial fibrosis up to 60%,
granulomatosis with cardiomyopathy 20%

polyangiitis

Granulomatosis with
polyangiitis

Pericarditis 35%, coronary arteritis 12%, cardiomyopathy 30%,
arrhythmias 6%, valvular lesions 6%

Takayashu arteritis

Myocarditis is uncommon, can cause heart failure even in the
absence of systemic hypertension or valvulopathy

Kawasaki disease

Ischemic heart disease; myocarditis is evident in 50-70% of
patients during the acute phase of the disease

Spondyloarthritis

Cardiovascular disease as leading cause of death 36% in psoriatic
arthritis, valvular disease 1-34%, anecdotally myocardits

Myasthenia gravis

Reports on cardiomyopathy, giant cell myocarditis

Autoinflammatory
diseases

Pericarditis, fulminant myocarditis? (anecdotal, case reports)

Main IT complications include organ toxicity (e.g., liver, kidney, bone marrow,

etc.) and a higher incidence of acquired infections and/or reactivation of latent or
opportunistic infections. In addition, the prolonged use of corticosteroids is associ-
ated with adverse cardiovascular and metabolic side effects [72]. Therefore, steroid-
sparing strategies are preferred, especially if prolonged IT is required. Finally,
teratogenic and oncogenic effects of some immunosuppressants, e.g., methotrexate
or mycophenolate mofetil, should be minimized and active screening programs are
advisable in this high-risk population.

11.4 Myocarditis in Specific SIDs
11.4.1 Systemic Lupus Erythematosus (SLE)

SLE is a multisystemic autoimmune disease characterized by polymorphic clinical
features and protean symptoms, which can be misleading and delay the diagnosis
(Table 11.3) [73]. SLE pathogenesis is predominantly mediated by the deposition
of immune complexes and complement proteins in virtually every organ and tis-
sue producing inflammation. Joints, serous membranes, skin, and kidneys are more
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Table 11.3 Updated American College of Rheumatology Classification diagnostic Criteria for

SLE [77]

Criterion®

Definition

1. Malar rash

Fixed, flat, or raised erythema over the malar eminences, tending to
spare the nasolabial folds

2. Discoid rash

Erythematous raised patches with adherent keratotic scaling and
follicular plugging (older lesions may demonstrate atrophic scarring)

3. Photosensitivity

Skin rash as a result of unusual reaction to sunlight, by patient history or
physician observation

4. Oral ulcers

Oral or nasopharyngeal ulceration, usually painless, observed by a
physician

5. Arthritis

Nonerosive arthritis involving at least 2 peripheral joints, characterized
by tenderness, swelling, or effusion

6. Serositis

(A) Pleuritis: Convincing history of pleuritic pain or rub heard by a
physician or evidence of pleural effusion

or

(B) Pericarditis: Documented by ECG or rub or evidence of pericardial
effusion

7. Renal disorder

(A) Persistent proteinuria >0.5 g/day or > 3+ if quantitation not
performed

or

(B) Cellular casts: May be red blood cell, hemoglobin, granular, tubular,
or mixed

8. Neurologic
disorder

(A) Seizures: In the absence of offending drugs or known metabolic
derangements (e.g., uremia, ketoacidosis, electrolyte imbalance)

or

(B) Psychosis: In the absence of offending drugs or known metabolic
derangements (e.g., uremia, ketoacidosis, electrolyte imbalance)

9. Hematologic
disorder

(A) Hemolytic anemia: With reticulocytosis

(ol;) Leukopenia: < 4000/mm? total on =2 occasions

(O(rf) Lymphopenia: < 1500/mm?* on =2 occasions

?]g) Thrombocytopenia: < 100,000/mm? in the absence of offending
drugs

10. Immunologic
disorder

(A) Anti-DNA: Antibody to native DNA in abnormal titer

or

(B) Anti-Sm: Presence of antibody to Smith (Sm) nuclear antigen

or

(C) Positive finding of antiphospholipid antibodies based on (1) an
abnormal serum level of IgG or IgM anticardiolipin antibodies, (2) a
positive test result for lupus anticoagulant using a standard method, or
(3) a false-positive serologic test for syphilis known to be positive for
=6 months and confirmed by Treponema pallidum immobilization or
fluorescent treponemal antibody absorption tests

11. Antinuclear
antibody (ANA)

An abnormal titer of antinuclear antibody by immunofluorescence or an
equivalent assay at any point in time and in the absence of drugs known
to be associated with drug-induced lupus syndrome

ECG electrocardiogram, Ig immunoglobulin, SLE systemic lupus erythematosus
3SLE can be diagnosed if any 4 or more of the following 11 criteria are present, serially or simul-
taneously, during any interval of observation
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frequently involved. Over 50% of SLE patients show some degree of heart involve-
ment, ranging from pericarditis, which is the most common, even if frequently
asymptomatic, cardiac complication in SLE, to the pathognomonic Libman—Sacks
endocarditis, coronary artery involvement, and myocarditis [74, 75]. In SLE-related
myocarditis, granular complement and immunoglobulin tissue deposits are evident
at autopsy and EMB. Compared to postmortem studies of the sixties, reporting
myocarditis in up to 57% of SLE patients, nowadays, SLE myocarditis appears to
be far less frequent at autopsy (up to 8%) possibly in relation to better immunosup-
pressive regimens [15, 72]. Yet, myocarditis has been recently reported as the first
clinical manifestation in 58.6% of a cohort of 29 SLE patients [76].

Clinical presentation of SLE myocarditis is non-specific and can be difficult to
recognize, particularly when SLE diagnosis is not yet clearly established [77, 78].
It should be suspected when an unexplained increase in troponin I and/or NT-pro
BNP [79], global or segmental hypo-kinesis on TTE are noticed in SLE patients.
CMR imaging may detect abnormalities even at pre-clinical SLE stages, showing
a non-ischemic pattern of myocardial LGE and/or edema [79]. Since accelerated
atherosclerosis is well known to occur in SLE, CAD must be ruled out [26, 27].

EMB, applying PCR for the detection of infectious agents, may be useful for
differential diagnosis of SLE myocarditis, since SLE patients are at high risk of
infection due equally to a primary SLE-associated immunodeficiency [80] and/or
to IT [20, 80]. Furthermore, EMB can differentiate SLE myocarditis from the rare
chloroquine/hydroxychloroquine-induced cardiomyopathy [78, 81].

SLE myocarditis requires a prompt treatment with high-dose corticosteroids,
usually in combination with a steroid-sparing immunosuppressive agent, such as
azathioprine, mycophenolate mofetil, and/or high-dose intravenous immunoglobu-
lin (HDIV-Ig) [60].

11.4.2 Systemic Sclerosis (SSc)

SSC is a rare immune-mediated disease with a progressive and irreversible chronic
evolution, which is characterized by the generalized thickening of the skin and other
soft tissues due to increased collagen deposition (Table 11.4) [82]. Microcirculatory
vasculopathy is another typical histological feature. SSc is almost invariably a seri-
ous disease, which severely impairs patient quality of life and has a relentless pro-
gression with a fatal outcome [82]. SSc represents a major challenge for involved
physicians. A definitive and comprehensive therapy for SSc is still lacking, although
some clinical manifestations (i.e., digital ulceration, and gastro-esophageal reflux,
pulmonary hypertension, renal crisis) are nowadays, at least in part, treatable [82].
In SSc, early myocardial involvement is frequent and often clinically occult/
indolent, but when it becomes symptomatic, the prognosis is poor [1]. However,
since cardiopulmonary symptoms can be also related to other, non-primary car-
diac causes, such as lung interstitial fibrosis, concomitant pulmonary hypertension
and/or coronary artery disease, and renal insufficiency, an early referral to a car-
diologist for a complete diagnostic work-up should always be encouraged even in
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Table 11.4 Systemic sclerosis (SSc) 2013 ACR/EULAR classification [83]

Weight/
Item? Sub-item(s) score
Skin thickening of the fingers of both - 9
hands extending proximal to the
metacarpophalangeal joints (sufficient
criterion)
Skin thickening of the fingers (only Pufty fingers 2
count the higher score) Sclerodactyly of the fingers (distal to 4
the metacarpophalangeal joints but
proximal to the proximal
interphalangeal joints)
Fingertip lesions (only count the higher | Digital tip ulcers 2
score) Fingertip pitting scars 3
Telangiectasia - 2
Abnormal nailfold capillaries - 2
Pulmonary arterial hypertension and/or Pulmonary arterial hypertension 2
interstitial lung disease (maximum score | Interstitial lung disease 2
is 2)
Raynaud‘s phenomenon - 3
SSc-related autoantibodies Anticentromere 3
(anticentromere, anti-topoisomerase I Anti-topoisomerase [
[anti-Scl-70], anti-RNA polymerase III) | Anti-RNA polymerase 111
(maximum score is 3)

“These criteria are applicable to any patient to include in an SSc study. The criteria are not appli-
cable to patients with skin thickening sparing the fingers or having a scleroderma-like disorder that
better explains their manifestations (e.g., nephrogenic sclerosing fibrosis, generalized morphea,
eosinophilic fasciitis, scleredema diabeticorum, scleromyxedema, erythromyalgia, porphyria,
lichen sclerosis, graft-versus-host disease, diabetic cheiroarthropathy). The total score is deter-
mined by adding the maximum weight (score) in each category. Patients with a total score of >9
are classified as having definite SSc

asymptomatic and newly diagnosed patients [20, 61-64, 83-90, 91]. Actually, pul-
monary hypertension (PH) should always be carefully searched in SSc [40].

Primary myocardial involvement in SSc is mainly linked to dysfunction and/or
structural damage of the cardiac microvascular bed, leading to repeated focal isch-
emic injury and progressive myocardial fibrosis [84], but it can also be secondary to
a SSc-related generalized myositis involving the myocardium [85].

Standard 12 lead ECG is abnormal in 50% of patients, the most common abnor-
mality being left bundle branch block (16%), followed by first-degree (8%), or
advanced atrioventricular (A-V) blocks (<2%) [89].

As for SLE, myocarditis should be suspected in SSc patients with unexplained
increased (more than threefold) CPK or troponin [91], left ventricular systolic
dysfunction (LSVD) and/or diastolic dysfunction (LVDD) [86—88], non-ischemic
abnormal CMR tissue patterns [64]. In these patients EMB should be considered, to
rule out myocardial infections possibly associated with IT [20, 61, 64, 85].

LSVD is the hallmark of primary SSc myocardial involvement [86], and can be
easily detected by routine TTE, while advanced echocardiography techniques (i.e.,
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tissue-Doppler and speckle-tracking strain analysis) can be useful in detection of
heart failure with preserved ejection fraction (HFpEF) [87, 88] and LVDD [87, 88].

Twenty-four hour-ECG Holter monitoring may detect supraventricular and/or
ventricular arrhythmias; QTc prolongation may be associated with life-threatening
tachyarrhythmias [90]. SSc is perceived as having a high arrhythmic burden, with a
5% sudden death rate in patients with both skeletal and cardiac muscle disease [92].

SSc myocarditis usually requires prompt and aggressive IT [20, 60-63], while
heart failure, arrhythmia, and conduction disturbances should be treated according
to current international guidelines [28, 93].

11.4.3 Rheumatoid Arthritis (RA)

RA is a chronic autoimmune inflammatory disease with a worldwide diffusion,
mainly affecting small joints, but frequently presenting also with extra-articular and
systemic clinical manifestations.

RA is linked to a high risk of cardiovascular disease (CVD) and heart failure,
resulting in premature morbidity and mortality, and reduced life expectancy com-
pared to subjects without RA [94]. Positive AAbs status, joint pain severity, and
conventional risk factors are strongly associated with increased CVD risk [94].

At present, accelerated atherosclerosis is considered a main complication,
resulting from the cumulative effect of chronic systemic inflammation, oxidative
stress, prolonged anti-inflammatory therapy, and classical CVD risk factors [95].
All cardiac structures can be affected in RA resulting in pericarditis (common, but
symptomatic in less than 1%), myocarditis, myocardial fibrosis, arrhythmia, CAD
including coronaritis, valvular disease (usually a single valve, resulting mainly in
regurgitation and rarely in stenosis), PH, and cardiomyopathy [96-98]. A focal
lymphocytic, diffuse necrotizing, or granulomatous myocarditis can be found in
3-30% of RA patients [96-98] with a predilection for the left ventricle. Myocardial
granulomas are morphologically identical to subcutaneous RA nodules [96]. Recent
CMR-based studies suggest that RA myocarditis may be more prevalent than previ-
ously suspected, even in asymptomatic patients, but more correlative data with EMB
are needed [45]. Since RA patients have a high burden of CVD, mainly because of
disease chronicity and accelerated atherosclerosis [94, 95], a multidisciplinary man-
agement including a cardiologist is always indicated.

11.4.4 Inflammatory Myopathies (IMs)

IMs are a heterogeneous group of diseases primarily affecting skeletal muscle,
including dermatomyositis, polymyositis, necrotizing autoimmune myositis,
inclusion-body myositis, and overlap myositis [98].

Besides “idiopathic” forms, IMs can be triggered by a viral infection or may
be linked to a hidden malignancy. IMs are chronic diseases that can affect both
adult and children, producing the progressive weakening of skeletal muscles, with



204 A. L. P. Caforio et al.

a possible impairment of respiration and swallowing [99]. Diagnostic work-up of
IMs includes skeletal muscle biopsy, to detect distinguishing histological features in
every specific form, electromyography, muscle MR, determination of serum level of
muscle enzymes (creatine kinase, aldolase, LDH), and specific AAbs (anti-tRNA-
synthetase) [100].

Cardiac involvement in IMs is often clinically occult in most patients, but it may
be suspected by non-invasive cardiovascular methods [63, 100, 101] and is usually
related to bad outcome [101, 102]. Myocarditis occurs in up to 30% of autopsied
patients, with or without concomitant coronary or vessel vasculitis [100].

Both biopsy-proven lymphocytic and GCM may be found in IM patients, with or
without myositis-specific (anti- tRNA-synthetase) AAbs [67, 103—105], with nega-
tive prognostic implications [68, 104, 105]. Myocardial ischemia (due to coronary
vasculitis), pericardial, or valve disease may also occur [101]. Cardiovascular mor-
tality ranges from 5 to 17%, most frequently caused by myocardial infarction, heart
failure, and myocarditis [101].

Cardiological diagnostic work-up is identical to that of clinically suspected myo-
carditis in other SIDs [67, 100, 101, 105]. Standard treatment of IMs includes corti-
costeroids in combination with methotrexate, azathioprine, mycophenolate mofetil,
cyclosporine A, cyclophosphamide, and HDIV-Ig. The concomitant occurrence of
myocarditis is an indication to the intensification of standard IT [68, 101, 103-105].

11.4.5 Primary Sjogren Syndrome (PSS)

PSS is a chronic autoimmune disease, most frequently affecting middle-aged
women, which causes the development of a typical exocrinopathy, producing xero-
stomia and xerophthalmia, and dryness of mucous membranes [106]. In more than
one-third of cases, PSS also involves extra glandular sites, such as lungs, kidneys,
and joints, and fatigue is one of the most common symptoms [106].

The diagnosis of PSS requires either the histological evidence of focal lympho-
cytic infiltrates in minor salivary glands or the presence of serum anti-SSA/SSB
AADs (50 to 90% of patients), thought they are not specific for primary SS since
they are found also in SLE and other connectivitis [106].

Only few isolated cases of clinically suspected myocarditis have been described
in primary SS, one of which associated with a cryoglobulinemic vasculitis [107,
108]. An echocardiographic study in 107 consecutive primary SS patients without
cardiac symptoms and 112 healthy controls, matched for age and gender, has shown
a higher prevalence of valvulopathies, pericardial effusion, higher systolic pulmo-
nary pressure, LVDD [109].

Congenital heart block (CHB) is seldom associated (2% of cases) with maternal
AAbs against SSA (Ro) or SSB (La) proteins (neonatal lupus syndrome) [110].
Some infants with CHB, usually young (less than 2 year-old), or older (greater than
10 year-old), may develop endomyocardial fibroelastosis leading sometimes to heart
failure despite early pacemaker implantation [111, 112]. This encourages a long
follow-up of CHB children of mothers with anti-SSA/SSB AAbs. Long follow-up
of CHB children of mothers with anti-SSA/SSB AAbs is recommended [111, 112].
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11.4.6 Mixed Connective Tissue Disease (MCTD)

This uncommon SIDs are characterized by overlapping clinical features of SLE, SSc,
and IMs. In the absence of pulmonary involvement, MCTD usually has a relatively
benign evolution. However, as for other SIDs, recent evidence suggests that cardiac
involvement in MCTD is associated with poor prognosis [113]. Besides ischemic
heart disease, leading mortality causes in MCTD also include myocarditis, which
is probably an expression of the myositis-like background frequently associated to
MCTD [114]. As for SLE, MTCD related myocarditis requires IT with prednisone
usually in combination with a steroid-sparing immunosuppressive agent [115].

11.4.7 Sarcoidosis

Sarcoidosis is a multiorgan immune-mediated granulomatous disease of unknown
origin, frequently pauci/asymptomatic, which may affect both sexes and people of
from different ethnic groups (with a more severe evolution in blacks), mainly in the
first three decades of life, and which can mimic other diseases (i.e., tuberculosis,
lymphoma, etc.) [3]. Multiple environmental and occupational factors may trigger
the disease and host factors seem equally to play a crucial role [116]. The diagnosis
of sarcoidosis is based upon the histological evidence of typical CD4 rich, non-
caseating, or necrotizing granulomas in involved tissues, and is reinforced by other
clinical and non-invasive diagnostic findings [3, 47].

It commonly presents with hilar lymphadenopathy, pulmonary infiltration, dry
cough, fever, fatigue, and weight loss. Kidney (nephrolithiasis), arthritis, enlarged
superficial lymph nodes, and skin (e.g., erythema nodosum, lupus pernio, Lofgren
syndrome), salivary, meningeal, neurological, and ocular (Heerfordt syndrome)
involvement can be also observed [117, 118]. In patients with active sarcoidosis,
serum angiotensin converting enzyme can be increased, along with calcium and
phosphate blood levels and urinary excretion.

Heart involvement can be found in up to 7% of patients [ 47], but it is often
underestimated or unrecognized: autopsy studies reported myocardial granulo-
mas in 20-30% of patients. Sarcoid granulomas may involve any site of the heart,
although left ventricular free wall, posterior interventricular septum, papillary mus-
cles, right ventricle, and the atria are most frequently affected (figure AM thinned
IVS, PLAX). The extension of myocardial granulomatosis is directly related to bad
prognosis [3]. In Japanese patients heart involvement accounts for 50-85% of the
deaths compared to 13—20% in Caucasians, confirming that racial factors may play
arole in disease expression [3].

Cardiac sarcoidosis may occur at any time and does not always correlate with other
extra cardiac locations. It should be suspected when a patient with known sarcoidosis
develops conduction blocks, tachyarrhythmia, congestive cardiac failure, pericarditis,
or DCM. However, sudden death can be the starting and only clinical expression of
cardiac sarcoidosis, particularly in patients aged over 40 years while “idiopathic” A-V
block of various degrees and ventricular tachycardia in apparently healthy subjects are
other possible starting manifestations of the disease [47, 117, 118].
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Other possible clinical manifestations of cardiac sarcoidosis include unexplained
brady-tachyarrhythmia, heart failure signs and symptoms, LVDD and/or LVSD on
echocardiography or CMR, and/or abnormal tissue patterns on CMR or FDG-PET
uptake [3, 47, 117, 118], and unexplained steroid-responsive cardiomyopathy [3,
47, 117, 118]. Arrhythmogenic right ventricular cardiomyopathy should be consid-
ered in differential diagnosis [47, 117, 118].

Non-invasive imaging is indicated in all patients with suspected cardiac sarcoidosis
and the definitive diagnosis of cardiac involvement requires a combined approach,
often including CMR and PET. EMB may be of clinical value, but, since in sarcoid-
osis the myocardium is involved in a patchy fashion, its sensitivity may be decreased
by sampling error. Yet, when positive, EMB provides histological and etiological dif-
ferential diagnosis from idiopathic GCM and other infectious granulomatous forms
(e.g., mycobacteria, Bartonella henselae, Toxoplasma gondii, and Yersinia) [3].

Corticosteroids are the treatment gold standard also for cardiac sarcoidosis [3,
47], and they can be effectively combined with other immunosuppressive drugs
(Table 11.5). However, response to medical therapy is variable and cardiac trans-
plantation sometimes becomes the only option.

Even if corticosteroids may improve A-V node recovery or reverse it transiently,
pacemaker therapy is often needed [3, 93, 119]. Internal cardioverter defibrillator
(ICD) implantation may be considered earlier in patients with cardiac sarcoidosis who
had hemodynamically compromising sustained ventricular arrhythmia or aborted
cardiac arrest, if survival >1 year with good functional status can be expected. The
most effective antiarrhythmic drugs are p-blockers and amiodarone. Catheter abla-
tion of ventricular arrhythmia is usually considered after an ICD implantation or
failure of antiarrhythmic drug therapy. Primary and secondary sudden cardiac death
prevention should be in keeping with current international guidelines [93, 119].

Table 11.5 Pharmacological management of cardiac sarcoidosis [3, 47, 119]

Notes

* Gold standard therapy

¢ Optimal dose and
duration to be
personalized

Drug schedules

Corticosteroids * Pulse of iv methylprednisolone
(500 mg daily)

¢ Oral prednisone (initial dose ~

1 mg/kg/day)

Prednisone is gradually tapered

to a maintenance therapy

(5-10 mg/die) for 6-9 months

IT alone or in

Disease-modifying-anti-
rheumatic drugs
(DMARDs) and standard
IT

Hydroxychloroquine (400 mg/ .

daily)

Methotrexate (10-20 mg weekly)
Azathioprine (100-150 mg daily)
Mycophenolate mofetil (1.0-2.0
gr daily)

Pulse of iv cyclophosphamide
(500-1000 mg every 3—4 weeks)

combination with steroids
indicated in aggressive
cardiac sarcoidosis

Biological agents

Infliximab
Adalimumab
Rituximab

Off-label may be
considered in refractory
subjects
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11.4.8 Eosinophilic Granulomatosis with Polyangiitis (EGPA,
Formerly Churg-Strauss Syndrome)

EGPA is a rare eosinophilic-rich, necrotizing granulomatous vasculitis often involv-
ing the respiratory tract and predominantly affecting small to medium vessels
(Table 11.6) [4, 120, 121]. The clinical presentation of the disease is characterized
by a classical triad including asthma, allergic rhinitis, and marked peripheral blood
eosinophilia [121, 122].

EGPA belongs to the spectrum of AAV, although ANCA positivity (30—40% of
cases) is lower than in other AAV [5, 65, 122]. Indeed, two major clinical subsets
have been identified, an ANCA-positive EGPA, with features of small-vessel vas-
culitis, and an ANCA-negative one, in which organ damage is mainly mediated by
tissue eosinophilic infiltration [4, 122].

Multiple immunocompetent cells take part in the pathogenesis of EGPA, includ-
ing Thl, Th2, Th17 cells, and activated B cells producing ANCA [4]. EGPA can be
triggered by the exposure to allergens or drugs, but a genetic background has been
also recognized [4, 122].

Table 11.6 Eosinophilic granulomatosis with polyangiits (EGPA): classification criteria by the
2012 Chapel Hill Consensus conference and the 1990 American College of Rheumatology (ACR)
[120, 121]

1990 ACR EGPA (Churg—Strauss syndrome): at least four of these six criteria
classification criteria are positive*
[120] Asthma

Eosinophilia >10%

Neuropathy (mono or poly)

Pulmonary infiltrates, non-fixed

Paranasal sinus abnormality

Extravascular eosinophils

2012 CHCC statements | Eosinophil-rich and necrotizing granulomatous inflammation often
for the definition of involving the respiratory tract and necrotizing vasculitis

EGPA [121] predominantly affecting small to medium vessels and associated with
asthma and eosinophilia

Nasal polyps are common

ANCA is more frequent when glomerulonephritis is present. 100%
with documented necrotizing glomerulonephritis have ANCA

Limited expressions of EGPA confined to the upper or lower
respiratory tract may occur

Granulomatous and nongranulomatous extravascular inflammation,
such as nongranulomatous eosinophil-rich inflammation of lungs,
myocardium, and gastrointestinal tract, is common

“Three overlapping EGPA phases of EGPA:
» Phase 1, nonallergic eosinophilic asthma and other allergy symptoms, such as rhinosinusitis
and/or nasal polyposis, are the defining feature
» Phase 2, tissue and blood eosinophilia
* Phase 3, eosinophilic tissue infiltration, small-vessel eosinophilic vasculitis, eosinophilic
granulomas
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Myocardial involvement in EGPA can take the features of either endomyocar-
ditis/endomyocardial fibrosis (up to 60% of cases, with endocavitary thrombosis
in about 10%), and inflammatory cardiomyopathy (up to 20%), which is typically
associated with high eosinophilic cell count and the absence of ANCA [5, 66].

In EGPA associated myocarditis long-term prognosis is poor [4], leading to a
restrictive cardiomyopathy or DCM [4, 66], which is an independent risk factor for
death [5].

Cardiac screening should include laboratory assessment (CK-MB and troponin)
and ECG, echocardiography, and CMR. Echocardiography and/or CMR can detect
regional wall-motion abnormalities, pericardial effusion (20% of cases), and intra-
cavitary thrombi [5, 66]. Tissue characterization by CMR may show features sug-
gestive for myocarditis and myocardial fibrosis. Coronary abnormalities should be
ruled out by coronary angiography. EMB may provide diagnosis of EGPA myocar-
ditis, particularly in ANCA-negative patients with early and/or predominant cardiac
involvement [66]. Diagnostic work-up should be aimed to the identification of other
causes of hypereosinophilic syndromes with possible heart involvement (toxic,
infectious/parasitic, clonal, hypersensitivity) [123, 124].

The standard therapeutic approach to EGPA is based on high-dose corticoste-
roids plus immunosuppressive agents, including cyclophosphamide [65, 66]. Recent
studies seem to suggest also the efficacy of rituximab, an anti CD20 monoclonal
antibody, and of mepolizumab, an anti-IL-5 monoclonal antibody.

11.4.9 Granulomatosis with Polyangiitis (GPA, Formerly
Wegener’s Granulomatosis)

GPA is a rare necrotizing granulomatous AAV, predominantly affecting small to
medium vessels, which usually involves the upper and lower respiratory tract,
but any other organ, including kidneys and central nervous system (CNS), can be
affected (Table 11.7) [120, 121].

Cardiac manifestations, such as pericarditis (35% of cases), coronary arteri-
tis (12%), cardiomyopathy (30%), arrhythmias (6%), and valvular lesions (6%),
have been reported [125]. However, the extent and type of cardiac involvement are
still poorly defined. Between 1957 and 2005, the French Vasculitis Study Group
included 1108 patients with systemic necrotizing vasculitides, among them 311
patients with GPA [126]. Cardiac involvement was diagnosed in 13% of GPA sub-
jects; a multivariate analysis identified age, renal, and cardiac failure as independent
negative prognostic factors [126]. Conversely, in the Vasculitis Clinical Research
Consortium longitudinal multicenter cohort study including 517 GPA patients, car-
diac involvement was found in only 3.3% of GPA subjects and was not associated
with a higher rate of relapse or premature death [125]. In a meta-analysis of long-
term follow-up data from 4 European clinical trials including 535 newly diagnosed
AAV patients, of whom 53% GPA cases, cardiovascular involvement, found in a
minority (5.7%) of patients, was independently associated with a higher risk of
relapse [127].
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Table 11.7 Granulomatosis with polyangiitis (GPA): classification criteria by the 2012 Chapel
Hill Consensus conference and the 1990 American College of Rheumatology (ACR) [120, 121]

1990 ACR criteria for GPA GPA is defined by the presence of at least two of the
(Wegener’s granulomatosis) following four criteria
classification [120] Abnormal urinary sediment (red cell casts or greater

than five red blood cells per high power field)
Abnormal chest-X ray (nodules, cavities, or fixed
infiltrates)

Oral ulcers or nasal discharge

Granulomas at tissue biopsy

2012 CHCC statements for GPA Necrotizing granulomatous inflammation and
definition [121] necrotizing vasculitis associated with antineutrophil
cytoplasmic antibody (ANCA)

Predominantly small to medium vessels (e.g.,
capillaries, venules, arterioles, arteries, and veins) are
affected

The upper and lower respiratory tract is usually
involved

Necrotizing glomerulonephritis is common

Ocular vasculitis and pulmonary capillaritis with
hemorrhage are frequent

In the absence of immunosuppressive treatment, the outcome of GPA is nearly
always fatal [127]. In recent years, the combination of classical immunosuppres-
sive drugs, such as cyclophosphamide, with biologic agents such as rituximab, has
remarkably improved GPA prognosis [128]. Since cardiovascular GPA involvement
may predict poor prognosis and/or higher risk of relapse [126, 127], an upgraded
immunosuppressive regimen may be considered [128].

11.4.10 Other Primary Vasculitides

Myocarditis can occur also in patients with Takayasu arteritis (TA), an uncommon
vasculitis of great/medium size arteries, usually affecting young women [129].
In TA patients, the occurrence of myocarditis can cause heart failure even in the
absence of systemic hypertension or valvulopathy. Myocarditis in TA arteritis
seems to respond to IT [130].

Finally, in Kawasaki disease or mucocutaneous lymph-node syndrome, a vascu-
litis of medium size arteries affecting children in the first 2 years of life, myocarditis
is evident in 50-70% of patients during the acute phase of the disease [131].

11.4.11 Myasthenia Gravis (MG)

MG is both an AAbs and a helper T-cell mediated autoimmune disease, often asso-
ciated with thymic hyperplasia or thymoma and, less frequently (up to 8%), with
autoimmune thyroid diseases, RA and SLE. MG affects patients of either sex, at any
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age [69]. Diagnosis is established by patient history, characterized by fluctuating
muscular weakness involving ocular and bulbar muscles, producing seeing, speech,
chewing, deglutition, and breathing impairment, respectively. Less frequently, also
nuchal or limb muscles are involved, with difficulty in maintaining head posture and
increasing arm and leg weakness.

Electromyography and detection of AAbs interfering with the acetylcholine
receptor (AChR) are key elements for diagnosis [69]. Patients without anti-AChR
AAbs often have AAbs against the muscle-specific receptor tyrosine kinase and
other postsynaptic neuromuscular junction components. In addition, AAbs against
striated muscular antigens, such as anti-titin, anti-ryanodine, and anti-Kv 1.4 AAbs,
can be detected almost exclusively in thymoma patients [132]. In Japanese patients,
anti-Kv 1.4 AAbs specifically correlate with severe MG, myasthenia crisis, myocar-
ditis, and ECG abnormalities [133].

Cardiac involvement in MG may include Takotsubo or stress induced cardiomyopa-
thy, myocarditis, abnormal ECG findings, such as QT-prolongation, anticholinesterase
induced A-V block, and sudden cardiac death [133]. Heart rate variability is disturbed,
due to autonomic dysfunction [134]. Since coronary arteries dilate in response to ace-
tylcholine, cases of diffuse coronary spasm associated with anticholinesterase ther-
apy have been reported [135]. Nevertheless, there is no association between MG and
CAD. Takotsubo is typically observed during myasthenia crisis episodes, older patients
being at a higher risk [136]. Myocarditis typically affects thymoma-related elderly
MG patients and is associated with skeletal muscle cross-reactive striational anti-heart
AAbs [133]; diagnosis is often delayed because heart failure symptoms may be misin-
terpreted. Biopsy-proven GCM may be associated with MG and carries a worse prog-
nosis, compared to other forms of myocarditis [70, 71]. The threshold for suspecting
GCM should be low in MG, particularly in elderly patients and in those with skeletal
muscle cross-reactive striational anti-heart AAbs. When GCM is suspected, particu-
larly if life-threatening heart failure and/or arrhythmias are present, EMB should be
promptly carried out [20, 50, 119] in order to start as soon as possible an adequate IT,
according to the patient’s age and the clinical condition [20, 70, 71].

11.4.12 Spondyloarthritis (SA)

SA is a heterogeneous family of rheumatic, chronic inflammatory conditions pri-
marily affecting joints, ligaments, tendon insertions (enthesitis), and axial skeleton
causing functional impairment and deformities.

SA is associated with increased cardiovascular morbidity and mortality, though
the contributory role of CVD risk factors and of anti-inflammatory treatment needs
to be further defined [137]. In psoriatic arthritis, CVD is the leading cause of death
(36.2%) and the death risk is 1.3 times greater than in the general population.

Cardiovascular symptoms are present in 10% of SA patients and clinical presen-
tations may include CAD, valvular disease, mainly aortitis and aortic insufficiency
(1-34%), conduction defects and, anecdotally, myocarditis [137—-139]. An associa-
tion between disease activity and CVD risk has been suggested in SA, but statin
therapy is still under scrutiny [140].
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11.4.13 Autoinflammatory Syndromes (AS)

This is still an incompletely outlined group of systemic inflammatory diseases,
characterized by recurrent fever, elevation of acute phase reactants such as CRP,
but usually lacking high AAbs titer or antigen-specific T cells (Table 11.8)
[141]. Monogenic AS, including MF, tumor necrosis factor receptor-associated
periodic fever syndrome (TRAPS) and other less frequent syndromes (e.g.,
cryopyrin-associated periodic syndrome—CAPS-, and Hyper-IgD syndrome—
HIDS -), have a typical genetic hereditary profile and usually start early in
life. They commonly involve the skin, serous membranes, joints, gastrointesti-
nal tract, eyes and, less frequently, the nervous system; complications include
severe inflammatory anemia and AA amyloidosis, which usually does not affect
the heart [141]. Occasionally, MF and TRAPS may cause recurrent pericarditis,
while clinically suspected myocarditis has been only anecdotally reported in
TRAPS [142].

Multifactorial AS, including adult-onset Still’s disease (AOSD) or systemic-
onset juvenile idiopathic arthritis (sJIA), apparently lack a typical genetic profile
and usually start later in life. Macrophage activation syndrome can occur in patients
with AOSD/sJIA. Other well-known immune-mediated disorders, such as Bechet’s
disease and inflammatory bowel disease, are nowadays interpreted as overlapping
conditions between AS and autoimmune diseases [141, 143]. A neutrophilic myo-
carditis can be an uncommon complication of AOSD, Behcet and Crohn’s disease,
while GCM has been reported in association with both Crohn and Bechet’s diseases
[142, 144-146].

Table 11.8 Autoinflammatory syndromes (AS)

Monogenic syndromes

¢ Familial Mediterranean fever (FMF)
Tumor necrosis factor receptor-associated periodic syndrome (TRAPS)
Hyper-IgD syndrome (HIDS)
Cryopyrin-associated periodic syndromes (CAPS): Familial cold autoinflammatory
syndrome, Muckle—Wells syndrome, Neonatal onset multisystem inflammatory disease/
chronic infantile neurologic cutaneous arthropathy syndrome (NOMID/CINCA)
Juvenile systemic granulomatosis (Blau syndrome, early onset sarcoidosis)

Syndrome of pyogenic arthritis, pyoderma gangrenosum, and acne (PAPA syndrome,
PAPAS, PAPGA syndrome)
Majeed syndrome

Deficiency of interleukin-1 receptor antagonist (DIRA)

Mevalonic aciduria

Nonhereditary or polygenic disorders
* Adult-onset Still’s disease (AOSD) and systemic-onset juvenile idiopathic arthritis (sJIA)
* Syndrome of periodic fever, aphthous stomatitis, pharyngitis, and adenitis (PAPAS,
PFAPA syndrome)
e Schnitzler syndrome

* Other proposed autoinflammatory diseases: Behget’s disease, psoriatic arthritis, Crohn’s
disease, Sweet’s syndrome, relapsing polychondritis, urticarial vasculitis, etc.
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Due to positive response to anakinra, an anti-IL1 receptor antagonist, recurrent
idiopathic pericarditis has been recently interpreted as a disease belonging to the
spectrum of AS. Similarly, the encouraging clinical response to anakinra, reported
in a case of fulminant myocarditis seems to suggest a putative role of inflammasome
in the pathogenesis at least in these cases [16].

11.5 Conclusions

Myocardial tissue is frequently involved in clinical and pathological evolution of
SIDs, adding a significant negative burden to their prognosis. Actually, in SIDs,
myocarditis can either be an early clinical manifestation or have a silent and long-
time unrecognized evolution. For these reasons, standard clinical management of
SIDs patients should always include an initial cardiological screening at diagnosis
and a regular follow-up once cardiac involvement is recognized.
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Giant Cell and Hypersensitivity 1 2
Myocarditis

Yahaira Ortiz Gonzalez and Leslie T. Cooper

12.1 Historical Background

Giant cell myocarditis (GCM) is an uncommon inflammatory disease of the
myocardium that is usually rapidly progressive and carries a high mortality [1].
Hypersensitivity myocarditis (HSM) shares some histological features and a gen-
erally poor prognosis with GCM. Because of their rarity and rapidly progressive
clinical course, both disorders are frequently undiagnosed until autopsy or heart
transplantation. This chapter will first review our current understanding of the typi-
cal and rare clinical and histological features of these disorders. The second part of
this chapter will link pathogenesis and the gaps in the knowledge of HSM and GCM
mechanisms with proposals for translational studies to pioneer better management
strategies.

GCM was first described by Sergius Saltykow, a pathologist in Basel, Switzerland,
in a fatal case of myocarditis in a man with abdominal infection [2]. The first case
demonstrated representative features of the disorder including rapid clinical deterio-
ration and typical histology of diffuse myocardial inflammation with multinucleated
giant cells and myocyte necrosis [2]. Until the 1970s, GCM and idiopathic granu-
lomatous myocarditis (or cardiac sarcoidosis, CS) were terms used interchangeably
to describe a group of myocarditis with giant cells [3]. In 1975 a landmark paper
argued that the histology of GCM was histologically distinct from CS (idiopathic
granulomatous myocarditis) and should be distinguished by the greater number of
eosinophils, prominent necrosis, and the absence of granuloma [4]. The terms GCM
and CS attempt to define uniform histological categories, but the diseases actually
overlap in a minority of cases. Recently a multicenter team characterized this inter-
mediate form of myocarditis with histological features of both CS and GCM and
an intermediate risk of death or heart transplantation [5]. The prevalence of GCM
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is known from referral center autopsy and heart biopsy registries and has been esti-
mated to be around 0.007% of deaths [6-8] or 0.4% of native heart biopsies [9, 10].

HSM was classically described in the context of an adverse drug reaction to
sulfonamides. French and Weller reported autopsy findings from 126 cases of fatal
interstitial myocarditis in patients exposed to sulfonamides. Histologic evaluation
showed a distinct pattern of mononuclear cell, especially eosinophils, infiltration
predominantly located in the perivascular region, and lack of significant myocar-
dial necrosis (Fig. 12.1) [11, 12]. Eosinophilic infiltration was also observed in
other organs such as lungs, liver, and kidneys [12]. They developed an experimen-
tal model to recapitulate the disease by intraperitoneal delivery of sulfa-containing
medications and could cause similar interstitial myocarditis. Other medications and
the smallpox vaccine have been linked to hypersensitivity myocarditis including
those listed on Table 12.1 [11, 13-15].

Despite a lack of necrosis, HSM has a poor prognosis with a 46.3% rate of
death, ventricular assist device use, or transplantation at 120 days compared
to other forms of eosinophilic myocarditis (Fig. 12.2) [16]. The distinction
between GCM and HSM is challenging because occasionally some of the same

Fig. 12.1 Photomicrography of the myocardium. (a) A “roadmap” pattern of perivascular mixed
inflammation with eosinophils (arrow) (H&E, 100x); (b) Higher power view of perivascular
inflammation showing small round lymphocytes, histiocytes, and eosinophils with bilobed nuclei
(arrow) (H&E, 400x). Courtesy of Dr. Natraj Katta. Katta et al. [11]

Table 12.1 List of some of Medications associated with hypersensitivity myocarditis
the medications that can Sulfonamides Phenytoin
cause hyP (?rsensitivity Clozapine Carbamazepine
myocarditis Dobutamine Cephalosporin
Methyldopa Digoxin
Penicillin Isoniazid
Spironolactone Hydrochlorothiazide
Chlorthalidone Sulfadiazine
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Fig. 12.2 Kaplan-Meier survival free from death, heart transplantation, total artificial heart, and
long-term left ventricular assist device of different forms of eosinophilic myocarditis. HES
Hypereosinophilic syndrome, EGPA Eosinophilic granulomatous polyangiitis

medications that cause HSM can cause GCM with features of systemic hyper-
sensitivity [17]. This observation has led to the hypothesis that some cases of
HSM might be an early form of GCM before giant cells have time to form in
the lesions. In experimental GCM, giant cells appear after about 2 weeks. Both
disorders are characterized by high rates of heart failure, ventricular arrhythmias,
and hemodynamic instability [17, 18]. Based on these observations, we propose
a paradigm to describe the current relationships between GCM, HSM, and CS
(Fig. 12.3).
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Fig. 12.3 Relationship between GCM, HSM, and CS

12.2 Comparison of the Pathology of GCM and HSM

The gross cardiac pathology of GCM often reveals increased heart weight associ-
ated with biventricular dilatation; however, recent onset and clinically fulminant
cases may have left ventricular wall thickening and normal sized chambers due to
extensive inflammation and edema [6]. Small pericardial effusions are common,
but rarely associated with tamponade physiology. Rare findings include epicardial
inflammatory polyps filled with giant cells, shown in Fig. 12.4, and occasionally
cardiac free wall rupture [6]. Recently a more benign form of GCM was described
in an isolated atrial form. The atria can be severely dilated and thickened with
preserved ventricular function as shown in the cardiac MRI in Fig. 12.5 [19, 20].
The gross pathology of HSM also features a dilated heart, but accompanied by
eosinophil rich infiltrates in other organs such as the liver. Intracavitary thrombi are
relatively common in HSM due to the pro-thrombotic major basic protein that is
released from degranulated eosinophils [13, 21].

Histologically, idiopathic GCM is characterized by the presence of multinucle-
ated giant cells, diffuse infiltration of lymphocytic inflammatory cells, and myo-
cardial necrosis. Fibrosis is usually absent or mild and granulomas are absent. The
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Fig. 12.4 Gross anatomy
of giant cell myocarditis.
(a) Biventricular dilatation
with multifocal
nontransmural glistening
gray-white foci of fibrosis
in the posterior wall. (b)
The arrow shows exudates
on the posterior surface of
the right ventricle.
Obtained from Vaideeswar
and Cooper [6]

giant cells are frequently found near the edges of active inflammatory lesions [22].
Autopsies of cases with idiopathic GCM have shown areas of necrosis with giant
cells at the margins that seem to be contiguous with myocardial cell fibers, suggest-
ing the possibility of the giant cells being derived from myocytes [4]. When giant
cells are present in the center of noncaseating granulomas, granulomatous diseases
such as sarcoidosis, tuberculosis, and fungal myocarditis should be considered.
Aschoff bodies in rheumatic carditis, granulomatosis with polyangiitis, Whipple’s
disease, and foreign body reactions around ventricular assist devices or pacemaker
leads may have giant cells embedded in interstitial granulomas [23-25]. In CS there
is more fibrosis, while in GCM there is a greater number of eosinophils and diffuse
pattern of inflammatory cells as shown in Fig. 12.6 [3]. After immunosuppression,
histological improvement occurs gradually first with disappearance of eosinophils,
giant cells, and lastly the lymphocytic infiltration [26]. In contrast, the classic his-
tology of HSM is a perivascular, eosinophil rich, lesions with little necrosis. Other
eosinophil rich lesions such as the endocardial process typical of idiopathic hype-
reosinophilic syndrome should be considered [22].
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Fig. 12.5 Cardiac MRI findings in atrial giant cell myocarditis. T2 weighted imaging with end
diastolic four-chamber view (a) and 3-chamber (b) with marked bi-atrial thickening and enlarge-
ment. T2 weighted spectral adiabatic inversion recovery sequence imaging with end diastolic four-
chamber (c¢) and 3-chamber (d) showing marked edema of atria (tissue enhancement labeled by
yellow arrow) without ventricular involvement. (Obtained from Larsen et al. [19])

12.3 Clinical Presentation

HSM and GCM are both associated with heart failure and ventricular arrhythmias.
Most patients with GCM present with progressive heart failure symptoms over sev-
eral weeks. GCM usually affects younger individuals with a mean age of about
42 years old without gender difference [10]. The older age of subjects in one report,
the GCM Treatment Trial, was due to a more fulminant course in younger screened
subjects who either received a VAD/transplant or died before enrollment [27]. These
data suggest that the clinical course can be slightly less aggressive in older patients.
The time from symptom onset to diagnosis was 1.2 + 4.4 months for GCM [3].
The most common presenting symptoms observed in the Multicenter GCM study
group were heart failure symptoms with shortness of breath, decrease in exercise
tolerance, and peripheral edema in 75% of the patients; syncope, palpitations, and
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Fig. 12.6 (a) Cardiac sarcoidosis characterized by granulomas (H&E x60). (b) High-power mag-
nification showing well-formed non-necrotizing granulomas composed of epithelioid histiocytes
and giant cells embedded in the collagenous stroma. Mononuclear cells and fibroblast surround the
granulomas (H&E x400). (c¢) Idiopathic GCM showing widespread necrosis of myocytes by a
dense cellular infiltrate (H&E x100) (d) High-power magnification of idiopathic GCM displaying
giant cells, lymphocytes, histiocytes, eosinophils, and damaged myocytes (H&E x400). Obtained
from Okura et al. [3]

sudden cardiac death in 14% of the patients; chest pain or electrocardiographic
changes suggestive of acute coronary syndrome in 6% of the patients; and complete
heart block in 5% [1]. A common cause of death in patients with GCM and HSM is
refractory ventricular tachycardia [21, 28]. Extracorporeal membrane oxygenation
(ECMO) with LV venting has been used as a short-term support strategy for patients
who develop a non-perfusing rhythm [29].

Several extracardiac features and exceptions to the typical cardiac presentation
of GCM are worth noting. Twenty percent of cases are associated with features
of autoimmunity in other organs, most commonly inflammatory bowel disease. At
the time of diagnosis, inflammation can be found in other organs including skel-
etal muscles and liver in about 10% of cases in our experience. In children with
GCM (younger than 19 years) only females had extracardiac inflammation [30].
Myasthenia gravis may be present sometimes associated with thymoma, the one
tumor associated with GCM. There have been no families described with multiple
affected family members and no genes associated with disease risk. There are no
clusters of cases to suggest a particular pathogen or toxic exposure. In the cases of
isolated atrial GCM, findings include mitral and tricuspid regurgitation, atrial mural
thrombus, and atrial fibrillation [19].
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Similar to GCM, patients with HSM present with shortness of breath (47.5%),
chest pain (35.5%), and fever (54.2%) [16]. In contrast to GCM, HSM seems to
affect a slightly younger population with median age of 35 years. There is usually
a history of recent new drug exposure or a vaccine, particularly smallpox vaccines.
Peripheral eosinophilia is common, present in 63.5% of cases, whereas it is rare
in GCM [21]. Sometimes a skin rash or elevated transaminases from hepatitis will
suggest hypersensitivity and a target for biopsy to confirm the diagnosis [13, 21].
Thus the classic HSM presentation would be dyspnea or chest pain with tachycardia
and nonspecific electrocardiogram changes [11, 13, 28]. The history of recent new
drug or vaccine, presence of a rash, eosinophilia, and other features of hypersensi-
tivity would lead towards advanced imaging and biopsy. A careful investigation for
intracardiac thrombus is indicated as venous and arterial thrombi appear to be more
common in the presence of degranulating eosinophils.

12.4 Diagnosis

EMB for diagnosis of suspected GCM and HSM should be considered in patients
with rapidly progressive heart failure despite guideline directed medical therapy [31,
32]. Endomyocardial biopsy (EMB) for GCM has over 80% sensitivity compared
to CS or routine lymphocytic myocarditis that is only 20-30%, due to the diffuse
inflammation of the myocardium compared to heterogeneous distribution in the lat-
ter disease [33]. In the case of GCM, repeated endomyocardial biopsies and left
ventricular tissues biopsies increase the sensitivity from 68% to 93% [34, 35]. There
are no studies to date reporting the sensitivity of EMB for HSM. Thus the recom-
mendation for biopsy for suspected HSM is based on expert opinion (Level C) [36].

Biopsy technique is important to get an acceptable sensitivity. In 2007 the
American Heart Association, American College of Cardiology, and European
Society of Cardiology (AHA/ACCF/ESC) published a scientific statement recom-
mending to obtain 5-10 samples from more than one region of the right ventric-
ular septum and to place the samples in 10% neutral formalin solution [36, 37].
With special stains and gene chip analysis, infiltrative diseases, viral genomes, and
inflammatory diseases can be quantitated. EMB is indicated as a class I recom-
mendation (level of evidence B) for the unexplained new onset heart failure of less
than 2 weeks duration associated with hemodynamic compromise or in the setting
of ventricular arrhythmias or AV block that does not respond to medical therapy
[36]. In the setting of unexplained heart failure symptoms associated with dilated
cardiomyopathy and a suspected allergic reaction with eosinophilia, EMB is a class
IIa indication [36].

EMB risk varies with user experience and technique. In an analysis of the United
States Nationwide Inpatient Sample database the rate of cardiac tamponade requir-
ing pericardiocentesis was higher in patients without heart transplant at a rate of
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0.7% versus 0.19% in post-heart transplant patients [38]. In addition, the rate of
perforation seemed to be higher in females (0.94%) compared to males (0.53%)
[38]. In experienced centers using flexible, softer bioptomes, the risks are lower.
Single center studies have reported risk of tamponade requiring surgical interven-
tion in about 0.58-0.64% of cases and no reported deaths [39, 40]. Large series from
Germany and Italy reported a 0.01% risk of death and 0.04—0.4% risk of perforation
when performed by an experienced operator [41].

When biopsy is non-diagnostic or infeasible, cardiac magnetic resonance (CMR)
can be used as a noninvasive diagnostic tool to suggest the diagnosis of myocar-
ditis [42]. CMR may aid in the identification of myocarditis but tissue is needed
to confirm diagnosis especially in the case of GCM. Although CMR seems like a
practical first approach studies are often limited by the hemodynamic instability of
the patients.

In 2018, the Consensus Criteria for CMR in myocardial inflammation, known as
the Lake Louise Criteria, was updated to reflect the use of novel mapping modalities
that allows for higher sensitivity and diagnostic accuracy compared to the original
criteria (proposed in 2009). The updated Lake Louise Criteria provides strong evi-
dence for acute myocarditis when there is presence of at least of one criterion of
each of the following two categories:

e myocardial edema demonstrated by either T2 mapping or T2 weighted images
with increased signal intensity;

e or non-ischemic myocardial injury by abnormal T1, extracellular volume frac-
tion (ECV), or late gadolinium enhancement.

Other supportive criteria for the diagnosis of acute myocarditis include presence
of effusion in cine images or abnormal LGE, or regional or global systolic left ven-
tricular dysfunction [42].

In the recent years, studies have demonstrated greater diagnostic accuracy for
acute myocarditis (<14 days of symptoms) with the use of newer CMR modalities
such as native T1 mapping, T2 mapping, and ECV [42, 43]. In the MyoRacer trial, in
which CMR techniques were compared to EMB as the diagnostic standard, T1 map-
ping had the highest diagnostic accuracy (81%) as shown in Fig. 12.7 [43]. Similar
results have been observed across different studies as shown in a meta-analysis of
22 CMR studies [44]. The hierarchical receiver-operator curves and areas under the
curve (AUC) comparing their diagnostic performance are as follows: T1 mapping
(AUC: 0.95; 95% CI: 0.93-0.97), T2 mapping (AUC: 0.88; 95% CI: 0.85-0.91),
ECV (AUC: 0.81; 95% CI: 0.78-0.85), T2 weighted imaging (AUC: 0.80; 95% CI:
0.76-0.83), early gadolinium enhancement (AUC: 0.78; 95% CI: 0.74-0.81), late
gadolinium enhancement (AUC: 0.89; 95% CI: 0.86-0.92), and the Lake Louise
Criteria 2009 (AUC: 0.81; 95% CI: 0.77-0.84) [44].
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Fig. 12.7 (a) Per the receiver-operator curves (ROCs) on 1.5-T imaging, in patients with acute
symptoms (left), the AUCs were significantly higher for native T, (p = 0.002), ECV (p = 0.04), and
T, (p = 0.001) as compared with LLC, with no significant differences between mapping tech-
niques. In patients with chronic symptoms (right), the AUC for T, mapping was superior to LLC
(p =0.002) and native T, (p = 0.04). (b) The comparison of receiver-operator analyses on 1.5- ver-
sus 3-T imaging showed no significant differences between field strength. AUC area under the
curve, CMR cardiac magnetic resonance, ECV extracellular volume fraction, LLC Lake Louise
criteria. (Obtained from Lurz et al. [43])

12.5 Therapies

The survival of patients with GCM is about 3 months from symptom onset to death
or transplant without immunosuppression. The median time from admission to
death, long-term mechanical circulatory support, or total artificial heart was about
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3 days (IQR: 1-9 days) for HSM [21]. Survival for GCM and HSM likely increases
with early use of immunosuppressive therapy. In a study by Kandolin et al., in the
era of immunosuppression, among 32 patients with GCM, five patients died and ten
underwent transplantation for a median survival of 11 months from symptom onset
(1-66 months) [34]. GCM patients who undergo heart transplantation have a similar
survival as those who have transplant for dilated cardiomyopathy [45].

12.6 Immunosuppressive Treatment

Randomized treatment trials for GCM and HSM are infeasible due to the rarity of the
disease and rapid clinical course. However, case series and one prospective trial for
GCM suggest that combination immunosuppressive therapy that includes cyclospo-
rine may improve transplant-free survival in GCM. The prospective GCM treatment
trial attempted to randomize patients with GCM and less than 3 months from symp-
tom onset to either an active treatment arm (muromonab-CD3, cyclosporine, and
steroids) or a usual care arm (prednisone, azathioprine, or no immunosuppression
at investigator’s discretion). Although 60 patients with suspected and proven GCM
were referred to the investigators during the 5 year enrollment window, 36 received
VAD, transplant or died (with histologic confirmation of GCM) before they could
be enrolled. Of the remaining 24 diagnosed by biopsy and eligible, 12 signed con-
sent and 11 completed the trial or a prospective registry for the subjects who refused
randomization. After 2 years of enrollment only eight patients were registered and
all subjects chose the registry with defined treatment, muromonab-CD3 5 mg/day
for 10 days and cyclosporine titrated to target levels of 150-300 ng/ml for 1 year.
For the first 3 days of treatment muromonab-CD3 was preceded by IV solumedrol
10 mg/kg followed by a prednisone taper for 1 year [27]. The average trough CSA
level was 169 ng/ml at 1 month and 126 ng/ml at 6 months. One patient died within
the year from respiratory complications (autopsy demonstrated no inflammation in
the heart) and two underwent heart transplantation. Compared to matched historical
controls diagnosed by biopsy and treated with prednisone or no immunosuppres-
sion, survival free of transplantation was improved at 1 year with immunosuppres-
sive therapy. One subject died of biopsy-proven recurrent GCM after stopping all
immunosuppressive after 1 year. On follow-up biopsy after 4 weeks of treatment
there was marked reduction in inflammatory cells and an increase in fibrosis. The
serious adverse effects reported from therapy included transient renal insufficiency
due to treatment with cyclosporine that improved with substitution to sirolimus [26,
27]. Sirolimus has also been shown to be beneficial as an adjunctive therapy in post-
heart transplant recurrence of GCM [46]. Figure 12.8 shows the histologic improve-
ment in GCM after 30 days of immunosuppression therapy [47].

Kandolin et al. reported a retrospective study of GCM patients treated with com-
bination immunosuppressive therapy that included corticosteroids, azathioprine,
and cyclosporine or mycophenolate mofetil + gamma globulin and muromonab.
Survival was 85% at 14 months of follow up. The most common adverse therapeutic
effects reported in this study included renal insufficiency, lymphocytopenia, pancre-
atitis, muscular weakness, weight gain, and insomnia [34].
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Fig. 12.8 Histological
findings of giant cell
myocarditis (a) with
diffuse myocardial
inflammation and presence
of giant cells that (b)
improve after 30 days of
immunosuppressive
therapy with some
replacement fibrosis.
Obtained from Cooper
etal. [27]

A retrospective study of 46 patients with GCM treated with triple immunosup-
pressive therapy (most patients treated with prednisone, azathioprine, and cyclo-
sporine) showed an improved 1 year transplant-free survival of 80% and 5 year
transplant-free survival of 58% which is slightly higher than that reported by the
multicenter GCM study group [8]. The excellent transplant-free survival in this
population may in part be related to the relatively preserved left ventricular ejec-
tion fraction of 41% and low New York Heart Association (NYHA) classification,
primarily I and II.

In contrast to GCM, treatment of hypersensitivity myocarditis consists of with-
drawing the offending agent if known and support with guideline directed therapies.
Immunosuppressive therapy with corticosteroids, sometimes with cyclosporine,
alemtuzumab, mepolizumab, and interferon gamma has been used with anecdotal
success [14, 48]. In some instances when eosinophilia is due to dobutamine, myo-
carditis may improve with substation of milrinone or mechanical circulatory sup-
port (MCS) [49].
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12.7 Maechanical Circulatory Support

All patients with recent onset cardiomyopathy should receive treatment according
to current heart failure guidelines [50-52]. Unfortunately due to the acute onset
of disease and common deterioration to hemodynamic instability, GCM and HSM
patients may not tolerate optimization of medical treatment and instead may require
single or multiple inotropes or MCS. In this clinical scenario, we advocate for early
EMB and referral to a medical center with expertise at transplantation. Case series
and case reports of patients with GCM support surgical MCS with either left ven-
tricular assist device (LVAD), biventricular support, or percutaneous temporary
MCS (Impella, ECMO) as a bridge to transplantation or recovery [29, 53-58]. In an
older series, patients who had LVAD for GCM prior to transplantation had a lower
survival 57% at 30 days and 29% at 1 year compared to the 93% survival in patients
who underwent transplantation without LVAD support [53]. The poor prognosis
of the GCM treated mostly without immunosuppression is also demonstrated in a
French registry study of 13 patients with GCM, 11 received ECMO, one received
biventricular support, and one received LVAD. All of the patients either died (4)
or received transplantation (9) [59]. Few of these patients had EMB diagnosis or
immunosuppression prior to transplant.

Mechanical unloading of the left ventricle in the setting of GCM or HSM may
decrease inflammation and increase the chance of successful bridge to transplanta-
tion or recovery [60]. This effect could be less with peripheral VA ECMO since the
increased afterload from retrograde perfusion without venting can cause LV dilata-
tion from increased wall stress [57, 61]. Strategies to lessen this impact include use
of an Impella or an intra-aortic balloon pump for offloading of the ventricle. One
case report of a patient with GCM with a left ventricular Impella 5.0 was placed for
39 days along with standard heart failure therapy and immunosuppression with ste-
roids and azathioprine. Decreased inflammation was noted on biopsies at 2 weeks
and 4 weeks. The offloading effects were eradicated after explantation of Impella
despite continuation of immunosuppression therapy [57]. The balance of risks and
benefits from immunosuppressive therapy for GCM or HSM after MCS needs to be
individualized [29].

12.8 Transplantation

Transplantation should be considered for GCM patients who fail to respond to
guideline directed care and immunosuppression. The estimated survival of GCM
patients in the early 1990s—2000s before transplantation was 69% at 1 year, 58%
at 2 years, and 52% at 5 years [34]. The cumulative survival post-heart transplant
for GCM patients was 94%, 82%, and 68%, at 1, 5, and 10 years, respectively [45].
An analysis performed on the United Network for Organ Sharing Registry (UNOS)
demonstrated no difference in death or allograft loss among GCM patients who
had undergone heart transplantation compared to other forms of cardiomyopathy
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or dilated cardiomyopathy, but these patients did have a higher risk of acute rejec-
tion [45]. Recurrence of GCM in the allograft has been reported in up to 25% of
patients’ post-heart transplant [34]. The range of time to recurrence of GCM fol-
lowing transplant is from 3 weeks to 9 years. Anecdotally, the earlier and more
aggressive recurrences occurred in patients under age 20 [62]. Most recurrences
are detected on routine surveillance biopsy and respond to a bolus and taper of
corticosteroids. Recurrence associated with allograft dysfunction is more serious
and rarely can lead to loss of the allograft. Management is not certain, but case
reports and our experience in native heart GCM suggest that one dose of Campath
can be highly effective at improving LV function. Utilization of individual institu-
tion’s protocol may be used as a guide for the frequency of EMB along with echo-
cardiography, electrocardiogram, and history and physical. In the case of HSM and
eosinophilic myocarditis there may be an increased risk of acute cellular rejection
in patients with HSM prior to transplantation compared to those patients without
HSM, but no difference in survival [63, 64].

12.9 Pathogenesis and Proposal for Future Investigations

The discussion of pathogenesis usually precedes the clinical aspects of disease in
this type of review. We chose to move this section to the end because so little is
known and the gaps in our mechanistic knowledge are what can best direct trans-
lational studies to impact the burden of these clinically important and immune-
mediated diseases.

GCM is usually an autoimmune disorder [1, 23, 24]. In the Multicenter Giant
Cell Myocarditis Study Group the autoimmune disorder mostly associated with
GCM was ulcerative colitis in 8% of the patients. Other autoimmune disorders asso-
ciated with GCM in less than 2% of the cases included optic neuritis, fibromyalgia,
hyperthyroidism, hypothyroidism, and cryofibrinogenemia [1]. Single case reports
have shown an association of GCM with coxsackie B2 [65], parvovirus B19 [66],
and human herpesvirus [67].

The experimental model of GCM in Lewis rats develops after immunization with
human cardiac myosin in complete Freud’s adjuvant. The experimental disease is
mediated by T lymphocytes and improves with calcineurin inhibitors or anti-T
cell monoclonal antibodies. Corticosteroids alone do not improve outcome in this
model. The histology is identical to human disease [68]. In one clinical study, GCM
was associated with autoantibodies against cardiac myosin that bind to the beta-
adrenergic receptors and induce cAMP protein kinase activity [69, 70].

The mechanism of ventricular tachycardia in GCM is associated with altered
trafficking of desmosomal proteins, similar to the changes observed in arrhyth-
mogenic right ventricular cardiomyopathy (ARVC). Plakophillin and plako-
globin can translocate to the cytosol as shown in Fig. 12.9 [71]. The loss of
desmosomal proteins at the cell junctions may provide a substrate for ventricu-
lar arrhythmias.
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Fig. 12.9 (a) Microscopic appearance of the myocardium from a patient with GCM, showing
severe destruction of cardiac myocytes (hematoxylin—eosin, magnification x20). (b) Normal-
appearing myocardium from the same patient, showing no apparent inflammatory or degenerative
changes (hematoxylin—eosin, magnification x20). (¢) Representative confocal immunofluores-
cence images of control myocardium and myocardium from two patients with GCM. Specific
immunoreactive signal for plakoglobin was significantly depressed in both cases compared with
controls, as was signal for the major gap junction protein Cx43. Expression of other desmosomal
proteins, including desmoplakin and plakophilin-2, varied, but signal for the nondesmosomal
adhesion protein N-cadherin was present in all GCM cases analyzed and indistinguishable from
controls. GCM indicates giant cell myocarditis; Cx43, connexin43 [71]

Eosinophilic myocarditis begins with infiltration of eosinophils into the myo-
cardium and the release of myotoxic proteins including major basic protein from
the eosinophilic granules. The eosinophilic infiltration occurs mainly in the peri-
vascular areas. The major basic proteins and eosinophilic cationic proteins acti-
vate mast cells and subsequently cause myocyte necrosis and late fibrosis [14, 72].
Activated mast cells release histamine, cytokines, leukotrienes, and prostaglandins
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resulting in increased vascular permeability and vasodilation [73]. Tissue factor is
also released from eosinophilic granules and can promote thrombosis and systemic
embolization. Risk factors for HSM have not been identified.

The substantial gaps in our mechanistic knowledge suggest several prime areas
for near-term translational research. The first for both GCM and HSM is to define
factors associated with disease susceptibility. There is not one unique trigger or
environmental exposure that links the known clinical cases. However, the develop-
ment of relatively large and diverse cardiomyopathy databases allows for newer
artificial intelligence algorithms to be applied to define subtle factors and collec-
tions of factors that could yield at novel risk profiles. A similar kind of technique
has recently been applied to a large electrocardiogram database to identify patients
with undiagnosed cardiomyopathy [74].

The genetic contributions to GCM and HSM disease risk are also ripe for inves-
tigation with newer whole genome sequencing linked to transcriptomic profiles.
Such multi-platform integrated data has been used to define risk of dementia [75].
Finally, more pathway specific treatments based on immunophenotype may lower
the rates of side effects associated with corticosteroids and lower long-term risk of
cardiomyopathy [76].
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13.1 Definition

According to WHO/ISFC criteria [1], myocarditis is “An inflammatory disease of
the myocardium diagnosed by established histological, immunological and immu-
nohistochemical criteria”.

Established histological Dallas [2] criteria define myocarditis as follows:
“Histological evidence of inflammatory infiltrates within the myocardium associ-
ated with myocyte degeneration and necrosis of non-ischaemic origin”. The histo-
logical diagnosis of myocarditis includes different forms, classified according to the
type of inflammatory cell infiltrate: lymphocytic, eosinophilic, giant cell myocardi-
tis, and cardiac sarcoidosis.

Although most cases are asymptomatic or pauci-symptomatic, myocarditis
remains a challenging and potentially life-threatening disease. It represents an
important cause of morbidity and mortality in children, due to disease complica-
tions (i.e., life-threatening arrhythmias and cardiogenic shock in the acute phase;
cardiac dysfunction and dilated cardiomyopathy, chronic evolution of the disease).
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13.2 Epidemiology

The incidence of paediatric myocarditis is estimated to be 1.95 of 100,000 patients/
year. Nevertheless, the true incidence is difficult to determine. Indeed, on the one
hand, disease presentation is often with no symptoms (subclinical myocarditis).
On the other hand, imaging and laboratory tests are not so specific, and endomyo-
cardial biopsy (EMB) is not performed in most cases. Moreover, symptoms are
frequently not specific, sometimes masquerading as respiratory and gastrointesti-
nal infections [3-6].

In children, all ages can be affected by the disease, but two incidence peaks have
been shown to occur: in infants aged <1 year and in teenagers [7]. No particular race
predilection has been reported. Boys aged 6—15 years seem to have a higher risk
than girls, and the risk difference increases with age [8].

Myocarditis is a frequent cause of sudden death, dilated cardiomyopathy and
heart failure in children. Sudden death in the paediatric population is commonly
associated with myocarditis; in an autopsy study performed at a single paediat-
ric centre, sudden death occurred in 57% of autopsied patients with a diagnosis
of myocarditis [9]. Similarly, myocarditis accounts for 30-35% of children with
dilated cardiomyopathy phenotypes in the Australian [10] and North American [11]
Paediatric Cardiomyopathy Registries.

13.3 Aetiology

Myocarditis may result from infectious or non-infectious causes. From an etiologic
perspective, myocarditis cases usually fall into 1 of the following 3 main categories
(Table 13.1):

* Infectious myocarditis;
e Immune-mediated myocarditis;
» Toxic myocarditis.

13.3.1 Infectious Myocarditis

Infectious myocarditis presumably accounts for most myocarditis cases and can be
caused by viruses, bacteria, fungi, protozoa and helminths, with some differences
based on geographic location. In the western world the main causes of paediatric
myocarditis are viral, while, in developing nations, infectious myocarditis is most
often associated with rheumatic fever, Chagas’ disease or AIDS.

13.3.1.1 Virus

More than 50% of paediatric acute myocarditis in North America and Europe are
caused by cardiotropic viruses and the main agents identified are enterovirus, ade-
novirus, influenza viruses, human herpesvirus-6 (HHV-6), Epstein—Barr virus, cyto-
megalovirus, hepatitis C virus, and parvovirus B19.
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Table 13.1 Aectiology of myocarditis in children

Infectious myocarditis
Virus

RNA viruses: Coxsackieviruses A and B, echoviruses, polioviruses, influenza A and B viruses,
respiratory syncytial virus, mumps virus, measles virus, rubella virus, hepatitis C virus, dengue
virus, yellow fever virus, Chikungunya virus, Junin virus, Lassa fever virus, rabies virus,
human immunodeficiency virus-1; DNA viruses: Adenoviruses, parvovirus B19,
cytomegalovirus, human herpesvirus-6, Epstein—Barr virus, varicella-zoster virus, herpes
simplex virus, variola virus, vaccinia virus

Bacteria

Staphylococcus, Streptococcus, Pneumococcus, Meningococcus, Gonococcus, Salmonella,
Corynebacterium diphtheriae, Haemophilus influenzae, Mycobacterium (tuberculosis),
Mycoplasma pneumoniae, Brucella

Spirochateal
Borrelia (Lyme disease), Leptospira (Weil disease)
Protozoal

Trypanosoma cruzi, Toxoplasma gondii, Entamoeba, Leishmania

Parasitic

Trichinella spiralis, Echinococcus granulosus, Taenia solium

Rickettsial

Coxiella burnetii (Q fever), R. rickettsii (Rocky Mountain spotted fever), R. tsutsugamuschi

Fungal

Aspergillus, Actinomyces, Blastomyces, Candida, Coccidioides, Cryptococcus, Histoplasma,
Mucormycoses, Nocardia, Sporothrix

Immune-mediated myocarditis

Allergens

Drugs: Penicillin, cefaclor, colchicine, furosemide, isoniazid, lidocaine, tetracycline,
sulfonamides, phenytoin, phenylbutazone, methyldopa, thiazide diuretics, amitriptyline.
Tetanus toxoid, vaccines, serum sickness

Alloantigens

Heart transplant rejection

Autoantigens

Infection-negative lymphocytic, infection-negative giant cell associated with autoimmune or
immune-oriented disorders: Systemic lupus erythematosus, rheumatoid arthritis, Churg-Strauss
syndrome, Kawasaki’s disease, inflammatory bowel disease, scleroderma, polymyositis,
myasthenia gravis, insulin-dependent diabetes mellitus, thyrotoxicosis, sarcoidosis, Wegener’s
granulomatosis, rheumatic heart disease (rheumatic fever)

Toxic myocarditis

Drugs

Amphetamines, anthracyclines, cocaine, cyclophosphamide, ethanol, fluorouracil, lithium,
catecholamines, hemetine, interleukin-2, trastuzumab, clozapine

Heavy metals

Copper, iron, lead

Miscellaneous

Scorpion sting, snake, and spider bites, bee and wasp stings, carbon monoxide, inhalants,
phosphorus, arsenic, sodium azide

Hormones

Phaeochromocytoma, vitamins: Beriberi

Physical agents

Radiation, electric shock
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Enteroviruses (most commonly coxsackie B viruses) are responsible for up to
25% of viral myocarditis [12]. Enteroviruses gain access to human hosts via the
gastrointestinal or respiratory tracts; the heart is a secondary target. Coxsackie
B viruses and some adenoviruses exhibit tropism for cardiomyocytes via a com-
mon transmembrane receptor, the coxsackievirus and adenovirus receptor (CAR)
[13-15].

Human immunodeficiency virus (HIV) is also associated with myocarditis, in
particular in developing nations. The infection is often asymptomatic, but HIV
myocarditis may cause systolic and diastolic dysfunction in paediatric patients.
Moreover, some drugs used in active antiretroviral therapy (HAART) regimens, like
Zidovudine, are cardiotoxic themselves [16].

13.3.1.2 Bacteria
Bacterial myocarditis can be caused by many kinds of bacteria such as Staphylococcus
aureus, streptococcus, pneumococcus, and Neisseria meningitidis. Even Borrelia
burgdorferi, the spirochete responsible of Lyme disease, can result in both acute
and chronic myocarditis and it is an important cause in childhood. A recent study
of 207 children with early disseminated Lyme disease found that 16% had mild to
fulminant myocarditis, 42% had advanced atrioventricular block [17].

Although full recovery is the norm, Lyme carditis sometimes persists and may
lead to chronic heart failure.

13.3.1.3 Acute Rheumatic Fever

Acute rheumatic fever results from an autoimmune response to infection with the
group A streptococcus. The illness is characterized by varying degrees of inflam-
mation of the joints and the heart, typically manifesting as polyarthritis and valvu-
lar regurgitation. Cardiac involvement during acute rheumatic fever can result in
rheumatic heart disease, which can cause heart failure and premature mortality. The
highest incidence is observed in children aged 5—15 years. It is a rare cause of heart
disease in the USA and in Europe, but it is still a frequent cause of heart disease in
developing countries, since antibiotics are not routinely administered for pharyngi-
tis and compliance is low.

13.3.1.4 Protozoa
Chagas’ disease is the most important cause of acquired cardiomyopathy in Latin
America and is caused by Trypanosoma cruzi [18].

The clinical course of Chagas’ disease is usually divided into an acute and a
chronic phase. Symptoms during the acute phase include fever, inflammation at
the inoculation site, unilateral palpebral oedema, enlarged lymph nodes and sple-
nomegaly. Severe acute disease occurs in less than 1% of patients and includes
manifestations such as acute myocarditis, pericardial effusion and meningoenceph-
alitis. This phase usually resolves spontaneously in 2—4 months, after which the
patients remain chronically infected if untreated. Up to 70% of patients will never
have symptoms, the remainder develop chronic cardiac disease with progressive
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cardiomegaly, arrhythmia, thromboembolic events and heart failure [19, 20]. This
chronic phase is thought to be associated with persistent inflammation [21], and
development of cardiac fibrosis [22, 23].

13.3.2 Immune-Mediated Myocarditis

The main subtypes of immune-mediated myocarditis are autoimmune myocarditis
and myocarditis related to drug hypersensitivity.

Autoimmune myocarditis may occur as an isolated entity, in which the primary,

and usually only, target organ is the heart. Also, several systemic autoimmune dis-
eases may affect heart tissues, generating myocarditis in the context of a broader
autoimmune phenomenon. Myocarditis is most frequently associated with systemic
lupus erythematosus, but it may also occur in association with Sjogren’s syndrome,
vasculitides and polymyositis [24-26].
Drugs hypersensitivity reactions can affect the heart and cause myocarditis. They
usually occur within 8 weeks from the introduction of the drug, but may develop at
any time. The most commonly responsible agents are antiepileptics, antimicrobials,
allopurinol and sulfonamides. This syndrome usually resolves with administration
of corticosteroids and the interruption of the drug; however, some patients may have
a prolonged course.

13.3.3 Toxic Myocarditis

In addition to infectious agents and immune-mediate causes, a wide variety of sub-
stances can cause myocardial injury. In some cases, the tissue damage is acute, transient
and associated with the presence of an inflammatory infiltrate with myocyte necrosis. In
other cases, the damaging agents can cause chronic changes with histological evidence
of fibrosis and the development of dilated or restrictive cardiomyopathy [27]. Many
chemical and pharmacological substances can cause myocardial damage and cardiac
dysfunction, such as amphetamines, anthracyclines, cocaine and clozapine. Moreover,
different physical agents (e.g., radiation) can cause direct myocardial damage.

13.4 Pathogenesis
13.4.1 Viral Myocarditis

Our understanding of the pathophysiology of viral myocarditis mostly stems from
studies of rodent models in which susceptible strains of mice are infected with a car-
diotropic virus such as coxsackievirus B. The virus is resumed in the cell by endo-
thelial receptors, in particular the coxsackie-adenovirus receptor (CAR) [28, 29].
In addition to CAR, coxsackievirus serotypes B1, B3 and BS use the decay accel-
eration factor, while adenoviruses use av integrins109 [30, 31] as coreceptors for
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viral entry. This knowledge makes us able to define a first difference, since the
binding to the decay acceleration factor increases viral virulence in coxsackievirus
B infections.

Coxsackie-adenovirus receptor is highly expressed in the brain and heart, with
a peak in the perinatal period with a subsequent and gradual decrease in relation
to age [32]. In fact, in the prenatal heart, CAR is detected on the whole surface of
cardiac myocytes, while in the adult heart CAR is predominantly at the intercalated
disks [33]. The expression level and CAR position in infants and children may help
to explain the high susceptibility of this population to coxsackievirus B3-mediated
myocarditis (CVB3). Understanding these mechanisms completely subverted the
idea of a myocarditis as a typically autoimmune pathology in which the presence
of autoantibodies directed against the heart proteins of myocytes was the correct
pathogenetic mechanism [34]. However, the lack of myocardial damage observed
in CAR knockout mice has suggested a primary mechanism in viral myocarditis in
the course of the studies and at least in the acute phase of a strictly inflammatory
and not autoimmune type [35].

Therefore, the duration and degree of the innate immune response to viral infec-
tion play a crucial role in the development of myocarditis. A variety of inflamma-
tion mediators, including cytokines such as tumour necrosis factor (TNF), nitric
oxide, toll-like receptors and complement are increased. These mediators do not
seem to play a unique role. In fact, a mouse model has shown an increase in
TNF levels, not only with a decrease in viral load but also with an exaggerated
immune response and a late mortality. Nitric oxide not only inhibits viral repli-
cation but also contributes to the development of cardiomyopathy by worsening
myocardial injury [36, 37]. Toll-like receptors and myeloid-88 differentiation fac-
tor (MyD88), an adaptive molecule for toll-like receptors, minimize viral replica-
tion in the heart [38], but MyD88 appears to significantly influence the severity
of myocardial inflammation [39, 40]. The complement cascade amplifies both the
innate and the adaptive immune response, increasing the susceptibility to auto-
immune myocarditis and the progression to chronic DCM. In other words, the
massive activation of the immune system appears as a negative predictive factor
in long-term prognosis.

However, the innate immune system cannot always build up an effective immune
response by itself. Viruses that escape the innate immune system replicate, produc-
ing viral proteins that cause direct damage to the myocardium [41]. Coxsackievirus
B3 infection in mice with severe combined immunodeficiency induces myocardial
damage [42]. The picornavirus 2A protease has been shown to inhibit protein syn-
thesis of host cells, and the 2A protease CVB3 cleaves host protein dystrophin,
which may induce cardiomyopathy.

In addition to their proteolytic activity in the myocytes, the CVB3 2A and 3C
proteases may induce apoptosis, resulting in further cardiomyocytic injury [43, 44].

Inhibition of these viral proteases could be a new target in the treatment of viral-
induced myocarditis. We can therefore conclude that a pathogenetic mechanism of
direct damage is added, or substituted, to the acute activation damage of the immune
system (Fig. 13.1).
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Autoimmune myocarditis, exemplified by giant cell myocarditis, usually occurs
without an identified trigger such as a viral infection, although viral infection can
amplify naturally occurring autoantibodies and autoreactive T cells [45].

In the pathogenesis of this form of myocarditis a central role is played by mono-
nuclear cells, in particular monocytes, macrophages and T lymphocytes that rep-
resent more than 60% of the inflammatory infiltrate observed in the myocardium.
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In keeping with this, the inhibition of the monocyte chemoattractant 1 protein
and of inflammatory protein of 1o macrophages reduces the severity and prevalence
of myocarditis [46, 47]. The types of T helper cells 1 and 2 (Th1l and Th2) secrete
cytokines such as TNF and interleukins, which are associated with the development
of autoimmune myocarditis within 6—12 h of viral infection in sensitive mice. The
T helper cell of type 17 (TH17) produces interleukin-17, which drives the devel-
opment of severe autoimmune myocarditis in mice with y-interferon deficiency
[48]. Inhibition of T-cell proliferation and activation in mice attenuate the immune
response and decrease the severity of myocarditis. In addition, CD4 + T lymphocytes
play a critical role in the induction of autoimmune myocarditis, not only for the pro-
duction of key cytokines but also for the production of antibodies and autoantibodies.
In autoimmune myocarditis after CVB3 infection, they develop antibodies against
multiple cardiac antigens, including epitopes of cardiac myosin. Autoantibodies can
actually precede the development of the disease. In particular, antibodies to -1 car-
diac adrenergic receptors [49, 50] were found in the serum of patients with myocar-
ditis and DCM, and the removal of -1 circulating antibody adrenergic antibody in
patients with DCM by immunoadsorption improved cardiac function [51]. The pos-
sibility of exploiting the serum autoantibody demonstration to identify therapeutic
targets before the occurrence of irreversible cardiac lesions remains open.

13.5 Clinical Presentation

The clinical presentation of acute myocarditis in children varies according to age
[52]. Typically, infants have non-specific symptoms (malaise, fever, poor appetite,
poor weight gain or irritability) and signs (tachypnea, respiratory distress and tachy-
cardia). Symptoms in children older than 2 years of age, in whom “ischemic-like
presentation” is common, include chest and/or abdominal pain; dyspnoea, fatigue,
cough and oedema are also common [3].

Children, particularly infants, often have a more fulminant presentation than
adults and may require advanced circulatory and respiratory support in early stages
of their disease [53].

Despite the “critical” presentation, many patients with fulminant myocarditis,
when promptly treated, will recover entirely with a good prognosis.

13.6 Diagnostic Approach

Because of the highly variable clinical presentation, ranging from mild and non-
specific symptoms to cardiogenic shock, and the limited availability of diagnostic
tools, the evaluation of children with suspected myocarditis represents a difficult
challenge in clinical cardiology.

According to the recent ESC position statement diagnosis of definite myocarditis
is obtained only with endomyocardial biopsy (Table 13.2). However, a diagnosis of
clinically suspected myocarditis may be obtained with the first line and second line
tests.
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Table 13.2 Diagnostic criteria of clinically suspected myocarditis

Clinical presentation

Acute chest pain, pericarditic, or pseudo-ischaemic
New-onset (days up to 3 months) or worsening of dyspnoea at rest or exercise, and/or
fatigue, with or without left and/or right heart failure signs
Subacute/chronic (>3 months) or worsening of dyspnoea at rest or exercise, and/or fatigue,
with or without left and/or right heart failure signs
Palpitation, and/or unexplained arrhythmia symptoms and/or syncope, and/or aborted
sudden cardiac death
Unexplained cardiogenic shock

Laboratory
Elevated TnT/Tnl

Rest or dynamic electrocardiogram
Newly abnormal 12 lead ECG and/or Holter and/or stress testing, any of the following: I to
III-degree atrioventricular block, or bundle branch block, ST/T wave change (ST elevation
or non-ST elevation, T wave inversion), sinus arrest, ventricular tachycardia or fibrillation
and asystole, atrial fibrillation, reduced R wave height, intraventricular conduction delay
(widened QRS complex), abnormal Q waves, low voltage, frequent premature beats,
supraventricular tachycardia

Functional and structural abnormalities on cardiac imaging
New, otherwise unexplained left ventricular function abnormality (including incidental finding
in apparently asymptomatic subjects): Regional, wall motion or global systolic or diastolic
function abnormality, with or without ventricular dilatation, with or without increased wall
thickness, with or without pericardial effusion, with or without endocavitary thrombi

Tissue characterization by cardiac magnetic resonance
Oedema and/or LGE of classical myocarditic pattern

Modified from [54]. Clinically suspected myocarditis if 21 clinical presentation and >1 diagnostic
criteria from different categories, in the absence of: (1) angiographically detectable coronary artery
disease (coronary stenosis > 50%); (2) known pre-existing cardiovascular disease or extra-cardiac
causes that could explain the syndrome (e.g. valve disease, congenital heart disease, hyperthyroid-
ism, etc.). Suspicion is higher with higher number of fulfilled criteria. If the patient is asymptom-
atic >2 diagnostic criteria should be met.

13.7 FirstLine Test
13.7.1 Laboratory

Laboratory findings of myocarditis can include leucocytosis, elevated erythrocyte sedi-
mentation rate and C reactive protein [55]. Cardiac biomarkers, such as creatine kinase,
troponin T and troponin I, may be elevated (indicating myocardial damage), with
reported sensitivity and specificity of troponin I, respectively, of 34% and 89% [56].

In fulminant myocarditis laboratory features of multi-organ failure (elevated
serum urea nitrogen, creatinine, and liver enzymes) may be present [57].

Viral serology is of limited utility in the diagnosis of viral myocarditis because
the prevalence of circulatory IgG antibodies for cardiotropic viruses in the general
population is high in the absence of viral heart disease [58, 59].

On the other hand, serum cardiac autoantibodies (i.e., antibodies of IgG class,
which are shown to be cardiac and disease-specific for myocarditis) can be used as
biomarkers for identifying patients in whom (in the absence of active infection of the
myocardium) immunosuppression and immunomodulation may be useful [60, 61].
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13.7.2 Electrocardiogram

Electrocardiogram (ECG) is usually abnormal in myocarditis though ECG signs are
neither specific or sensitive. ECG can vary from non-specific T wave and ST-segment
changes to ST-segment elevation like in acute myocardial infarction [62].

Atrioventricular block may be present due to mild left dilatation or more frequently
related to Lyme disease, cardiac sarcoidosis or giant cell myocarditis [63]. QRS dura-
tion higher than 120 msec was found to be an independent predictor of death and car-
diac transplantation, while Q waves and repolarization abnormalities were unrelated
to the outcome or immunohistological features of inflammation on EMB [64].

13.7.3 Echocardiography

The echocardiogram is the most useful, widely available and low-cost test for
patients with acute myocarditis. Echocardiography provides immediate data on car-
diac morphology and structure, chamber volumes/diameters, wall thickness, ven-
tricular systolic/diastolic function and pulmonary pressure.

Typically, patients with acute myocarditis often show poorly functioning left
ventricle with minimal dilation, with or without regional wall motion abnormalities
[65]. There may be ventricular thickening secondary to myocardial oedema (partic-
ularly in giant cell myocarditis), and left atrial enlargement may not be prominent,
even when mitral regurgitation is present.

Newer imaging techniques such as tissue Doppler imaging or speckle track-
ing echocardiography may detect “pre-clinical” left ventricular dysfunction [66]
(Fig. 13.2); however, their routine use in clinical practice remains to be determined.

13.8 Second Level Investigations
13.8.1 Cardiovascular Magnetic Resonance

Cardiac magnetic resonance (CMR) represents an essential tool for the investigation
of myocarditis in children.

CMR represents the gold standard for evaluation of left ventricular diameters/
volumes, systolic function and wall motion abnormalities. In addition, CMR has the
unique potential to characterize cardiac tissue and therefore detect the intracellular
and interstitial oedema, hyperemia and, in more severe cases, cellular necrosis and
fibrosis [67].

CMR findings in myocarditis may vary depending on the time elapsed from
onset of symptoms to CMR assessment.

In the acute phase, the T2-weighted sequences can detect the extent and severity
of cardiac inflammation and can distinguish acute or chronic myocarditis [68].

In the subacute/chronic phase, late gadolinium enhancement (LGE) can detect
myocardial fibrosis, and in children two common patterns of myocardial damage
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Fig. 13.2 2D STE measurement of longitudinal strain in apical 4-chamber view in a patient with
myocarditis

have been described: an intramural, rim-like pattern in the septal wall and a subepi-
cardial (patchy) distribution in the left ventricle lateral wall [69].

13.8.2 Endomyocardial Biopsy

Endomyocardial biopsy (EMB) represents the gold standard for the diagnosis of
definite myocarditis according to Dallas criteria [70] and for differential diagnosis
between myocarditis and dilated cardiomyopathies.

According to Dallas criteria myocarditis is defined as the presence of a cellu-
lar inflammatory infiltration in direct association with myocyte necrosis without
typical features of ischemic necrosis while inflammation is defined by immuno-
histochemical detection of focal or diffuse mononuclear infiltrates (T lymphocytes
and macrophages) with 14 cells/mm?, in addition to enhanced expression of human
leucocyte antigen class I molecules.

Despite more evidence indicates that clinical utility of Dallas criteria is limited
by many factors (i.e., sampling error, variation in expert interpretation, variance
with other markers of viral infection and immune activation in the heart and vari-
ance with treatment outcomes) they are still useful for detecting a subset of patients
with cellular myocarditis [71].

However, it is necessary to underscore that biopsy samples of the right ventricle
must be analysed not only by routine haematoxylin-eosin staining (to detect cellular
infiltration and myocyte necrosis) but a fresh frozen sample should also be obtained
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for PCR analysis (for detecting common viral causes of myocarditis). According
to the scientific statement of American Heart Association/American College of
Cardiology/European Society of Cardiology accepted indication to EBM are clini-
cal scenarios according to fulminant myocarditis, and in acute heart failure unre-
sponsive to usual care within 1-2 weeks [72].

13.9 Therapeutic Approach
13.9.1 Conventional Therapy

13.9.1.1 Haemodynamically Unstable Patients

Patient in shock requires aggressive therapy to increase oxygen delivery while mini-
mizing consumption. Intubation with mechanical ventilation is necessary to reduce
the oxygen consumption of the respiratory muscles, also favouring alveolar recruit-
ment as a result of positive pressure ventilation [73].

In patients with systemic congestion, diuretic therapy should be initiated prefer-
ring continuous infusions when intermittent administration has not led to adequate
diuresis [74]. Inotropes (Table 13.3) are used to increase stroke volume and cardiac
output [75]. Although increased inotropism results in improved cardiac output and
blood pressure, the final result is increased myocardial oxygen consumption and
demand [76]. The failing myocardium has a limited contractile reserve, and haemo-
dynamic collapse can occur with high-dose inotropic support in this setting. When
acute heart failure does not respond to aggressive medical management, mechanical
circulatory support must be considered.

In general, ventricular assist devices are used as a bridge to transplantation, since
prolonged support periods may be needed. However, recovery from acute, including
fulminant, myocarditis is often rapid, then ECMO or short-term use of ventricular
assist device is more appropriate [77]. Arrhythmia prevention is a crucial compo-
nent in the management of all patients with acute heart failure. For this purpose,
first-line measures are the maintenance of normal serum electrolyte concentration
of and use of the lowest effective doses of inotropes.

For treatment of ventricular tachycardia, as well as refractory atrial tachycardias
amiodarone is commonly used [78].

Table 13.3 Common inotro- Type of

pes used in acute heart failure Inotropes administration Dose
in children

Dobutamine Continuous infusion | 2.5-10 pg/kg/min

Epinephrine Continuous infusion | 0.01-0.1 pg/kg/
min
Epinephrine Intermittent bolus 0.01 pg/kg

Milrinone Continuous infusion | 0.5-1 pg/kg/min

Levosimendan | Continuous infusion | 0.05-0.2 pg/kg/
min




13 Myocarditis in Children 255

The gradual weaning of intravenous therapies is indicated following the improve-
ment of end-organ perfusion. In this phase, inotropes are stopped, and intravenous
diuretics are changed into oral forms. Finally, therapy with “disease-modifying
drugs” (i.e., beta blockers and ACE inhibitors) is started with a gradual dose up-
titration during follow-up.

13.9.1.2 Haemodynamically Stable Patients
Asymptomatic patients without left ventricular systolic dysfunction do not require
pharmacologic therapy but only a careful follow-up.

Asymptomatic patients with left ventricular dysfunction may require disease-
modifying drugs until complete recovery of systolic function is achieved.

13.9.2 Specific Therapy

Besides the conventional heart failure regimen, specific treatment strategies have
been proposed targeting the presence of viral infection or inflammation.

13.9.2.1 Antiviral Therapy

Interferon-beta treatment has been proposed as a potential therapy to elimi-
nate enteroviral and adenoviral genomes in patients with left ventricular systolic
dysfunction.

In an open-label pilot study including 22 adult patients with chronic heart failure
and enterovirus or adenovirus persistence, treatment with interferon-beta has been
shown to eliminate viral genome and to improve left ventricular systolic function
[79]. More recently a prospective, placebo-controlled randomized multicentre study
has demonstrated that interferon-beta treatment is associated with viral elimination
or substantial decrease of viral load, resulting in improved functional performance
(i.e., NYHA class, quality of life) of the patients [80]. Despite these encouraging
results, more data in support of a specific risk/benefit ratio are needed for routinely
use of interferon-beta particularly in children with viral myocarditis.

13.9.2.2 Immunomodulation/Immunosuppression
Myocardial inflammatory processes due to autoimmunity may persist even after
complete elimination of the virus from the myocardium and require immunosup-
pressive treatment to prevent the onset of inflammatory cardiomyopathy (ICM).
High dose intravenous immunoglobulins (IVIG) have been proposed as a comple-
mentary therapy to improve left ventricular systolic function in patients with virus-
negative myocarditis/ICM [81]; however, more recent trials have revealed that
treatment with intravenous immunoglobulin in children was not effective [82]. A
recent Cochrane systematic review concludes that IVIG therapy may be beneficial
in a select group of children beyond the neonatal period who have viral encephalitis
with myocarditis [83].

Immunoadsorption is a therapeutic concept currently under discussion; the ratio-
nale is to lower cardiotoxic antibodies in the patient’s plasma, and extract antibodies
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and immune complexes from the heart as well [84]. Despite some positive results,
the clinical utility of immunoadsorption is still under debate [85].

Immunosuppressive therapy has been proposed as valuable resource in the man-
agement of chronic virus-negative myocarditis/inflammatory cardiomyopathy [86].

However, its role in children with myocarditis remains controversial [87]. While
some recent studies have shown improvement in left ventricular systolic function
and NYHA class symptoms among children treated with corticosteroids and other
immunosuppressive agents, like cyclosporine, others found no differences in out-
come [88, 89]. However, it is commonly accepted that immunosuppression with
corticosteroids, cyclosporine or muromonab-CD3 is useful in giant cell and active
virus-negative lymphocytic myocarditis [90].

13.9.2.3 Physical Activity Limitation

Due to arrhythmic risk, physical activity is contraindicated for at least 6 months in
all patients with myocarditis. In patients with reduced systolic function, physical
activity may be resumed after complete left ventricular recovery and the demonstra-
tion of no arrhythmias at 24-h ECG Holter monitoring and stress testing.
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Immunosuppressive Therapy 1 4
in Myocarditis: Lessons from Clinical
Trials and Future Perspectives

Andrea Frustaci and Cristina Chimenti

14.1 Introduction

Myocarditis is an inflammatory disease of the heart caused by viral, bacterial and
fungal infection, systemic diseases, autoimmune dysregulation, drugs, and toxins.
From the clinical point of view it ranges from subclinical poorly symptomatic forms
to life threatening arrhythmias, cardiogenic shock, and sudden death.

Although in about 40% of cases acute myocarditis may resolve spontaneously
[1], in the remaining patients it evolves to a chronic phase as a consequence of
an abnormal immune response, with ventricular dilation, reduced contractility, and
clinical progression to heart failure [2].

Despite the advancement of diagnostic techniques in defining the etiology of
myocarditis a specific standardized treatment is not yet available. This is mainly
related to the still unknown mechanisms regulating the normal or abnormal host
immune response, leading either to virus elimination and spontaneous resolution
of the inflammatory process or to an immune mediated damage persisting with or
without viral clearance. In addition, the type of infectious agent and its prevalent
mechanism of cell damage (i.e., directly cytopathic or immune-mediated) may also
affect the evolution of myocardial inflammation.

In particular, the use of immunosuppressive treatment for lymphocytic myo-
carditis is still controversial, both in children [3, 4] and in adults [5, 6] present-
ing with either cardiac arrhythmias [7] or heart failure [8]. Indeed, in the absence
of specific markers of eligibility for this treatment, a large trial by Mason et al.
[6] in the past produced misleading results, showing no survival improvement in
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myocarditis patients treated with immunosuppressive drugs versus placebo. For
this reason the use of immunosuppressive therapy is still confined to the treatment
of eosinophilic [9], granulomatous [10], giant-cell [11], and drug hypersensitivity
myocarditis, i.e., due to clozapine [12], beta-blockers [13], clomipramine [14], as
well as lymphocytic myocarditis associated with connective tissue diseases [15]
or with the rejection of a transplanted heart. Wojnicz et al. [16] in a randomized
placebo-controlled study suggested that an up-regulation of HLA antigens in the
myocardial tissue of patients with lymphocytic myocarditis may identify a homo-
geneous subgroup of inflammatory dilated cardiomyopathy sustained by autoim-
mune mechanisms of damage, and may represent a marker of susceptibility to the
treatment. However, in this study, the presence of viral genome in the myocardium
was not investigated.

Our group in retrospective and prospective studies identified the characteristics
of patients who are responders to immunosuppressive therapy and the cellular and
molecular mechanisms of cardiac recovery after immunosuppression.

14.2 Retrospective Study

In a retrospective study, the virologic and immunologic profiles of patients with
active lymphocytic myocarditis and chronic heart failure, responders and non-
responders to immunosuppressive therapy, were analyzed [17]. Forty-one patients
with a histological diagnosis of active myocarditis and characterized by a pro-
gressive heart failure with an ejection fraction (EF) of less than 40%, lasting over
6 months in spite of conventional supportive therapy were studied. All patients were
similar in terms of duration and severity of cardiac disease, histological findings, and
poor responsiveness to full supportive therapy. They received immunosuppressive
therapy including 1 mg/kg/day prednisone for 4 weeks followed by 0.33 mg/kg/day
for 5 months and 2 mg/kg/day azathioprine for 6 months. Patients were classified as
responders if they had a decrease of at least one NYHA class and an improvement in
EF >10% compared to baseline measures and as non-responders if NYHA class and
EF failed to improve or deteriorated or in the presence of major events, including
cardiogenic shock, heart transplantation, or cardiac death. Among the 41 patients,
21 responded with a prompt improvement of EF and showed evidence of healed
myocarditis at control biopsy. Conversely, 20 patients failed to respond, and 12 of
them remained stable, 3 underwent a cardiac transplantation, and 5 died, showing
an histologic evolution toward a dilated cardiomyopathy. Retrospective PCR on fro-
zen endomyocardial samples and evaluation of circulating cardiac autoantibodies
on patients sera showed that non-responders had a high prevalence of viral genomes
in the myocardium (85%) and no detectable autoantibodies in the serum, whereas
90% of responders were positive for autoantibodies, with only 3 (15%) presenting
viral genomes on PCR analysis. Among the non-responders the myocardial per-
sistence of enterovirus and adenovirus or their combination was associated with
the worst clinical outcome. These data indicate that the absence of cardiac viral
genomes is a prerequisite for the clinical use of immunosuppression, and suggest
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a potential impact of antiviral agents for patients with virus-positive inflammatory
cardiomyopathy. Interestingly, serology for cardiotropic viruses failed to predict the
presence of viral genome in the myocardium. This result, also confirmed in a recent
study [18], suggests that this tool cannot be used as an alternative to endomyocar-
dial tissue PCR to diagnose viral myocarditis.

14.3 Prospective Study

To confirm the retrospective results in a prospective manner, we performed a ran-
domized, double-blind, placebo-controlled single center trial enrolling patients with
myocarditis and chronic heart failure and submitting all patients with no evidence at
PCR of a myocardial viral infection to immunosuppressive treatment [19]. Eighty-
five patients were treated with prednisone 1 mg/kg/day for 4 weeks followed by
0.33 mg/kg/day for 5 months and azathioprine 2 mg/kg/day for 6 months (43 patients,
Group 1) or placebo (42 patients, Group 2) in addition to conventional therapy for
heart failure. Primary outcome was 6-month improvement in left ventricular func-
tion. Group 1 showed a significant improvement of left ventricular ejection fraction
(LVEF) and a significant decrease in left ventricular dimensions and volumes com-
pared to baseline. Specifically, 38 out of 43 patients on immunosuppressive therapy
(88%) showed an improvement of cardiac function and dimensions. The remaining
five patients maintained a stable clinical picture and cardiac function parameters.
Remarkably, even patients with severe advanced disease (LVEDD up to 90 mm
and LVEF up to 20%) significantly improved, being able to resume their previous
work. The duration of heart failure did not correlate with the extent of recovery. At
6 month follow-up none of Group 2 patients showed improvement of LVEF, that,
conversely, significantly worsened compared with baseline. In particular, 35/42
Group 2 patient (83%) showed further impairment of cardiac function while the
remaining 7 patients remained stable. No major adverse reaction was seen as a
result of immunosuppression. Histological analysis showed an active myocarditis
with diffuse inflammatory infiltrates associated with focal necrosis of the adjacent
myocytes (meeting the Dallas criteria) with interstitial and focal replacement fibro-
sis in most of left and right ventricular specimens from all patients. The infiltrates
included mainly activated T cells (CD45ROpositive, CD3positive) with moderate
amount of cytotoxic lymphocytes (CD8positive) and macrophages (CD68positive).

Morphometric analysis showed no differences in terms of extent of fibrosis and
amount of inflammatory cells between Group 1 and Group 2 patients. Control his-
tology at 1 and 6 month showed, in the 38 Group 1 patients who improved with
immunosuppression, a healed myocarditis with disappearance of inflammatory
infiltrates associated with interstitial and focal replacement fibrosis. In the five
Group 1 patients who did not improve, myocardial inflammation reduced or disap-
peared in the control biopsies but some degenerative changes of cardiomyocytes
were observed. In Group 2 patients, control biopsies were not dissimilar from base-
line, showing persistence of myocarditis as well as expansion of interstitial and
replacement fibrosis.
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The results of this trial confirmed the positive impact of immunosuppression
on recovery of LV function in a high rate (88%) of patients with virus-negative
inflammatory cardiomyopathy. Remarkably a striking improvement occurred even
in patients with extreme LV dilatation and dysfunction. In this group of patients
myocardial inflammation was most likely the result of an immune-mediated injury
towards segregated (i.e., myosin) or new antigens shared with viral components
(i.e., antigenic mimicry). In this regard responders to immunosuppressive therapy
showed an upregulation of human histocompatibility complex (HLA) expression
on myocardial tissue, presumably related to autoantigen presentation in cardio-
myocytes. Specifically, overexpression of toll-like receptor 4 in cardiomyocytes of
patients with inflammatory cardiomyopathy predicts response to immunosuppres-
sive therapy [20].

Efficacy of immunosuppressive therapy in virus-negative inflammatory cardio-
myopathy has been confirmed by further and larger studies [21] showing long-term
control of myocardial inflammation as well as persistently improved cardiac con-
tractility over time.

Lack of response in 12% of cases suggests the presence of not screened viruses
or mechanisms of damage and inflammation not susceptible to immunosuppression.
With regard to undetected viral genomes, metagenomic assessment of the myo-
cardial virome, including DNA and RNA extraction from PCR-negative endomyo-
cardial biopsies and use of GS-FLX platform, may identify new infectious agents
and provide indications for a more selective administration of immunosuppressive
therapy.

Definition of gene expression profiles in endomyocardial tissue and peripheral
lymphocytes of patients with various types of myocarditis/inflammatory cardio-
myopathy may allow in the next future a precise characterization and a specific
treatment of the disease through a careful molecular analysis of peripheral blood
samples.

14.4 Cellular Mechanisms of Cardiac Recovery

Cell mechanisms of cardiac recovery in patients with inflammatory cardiomyopathy
treated with immunosuppression were analyzed, including cell death, activation of
cell proliferation, and reconstitution of myofibrillar cell content [22] to clarify the
impact of cell repair vs cell proliferation or the possible contribute of cell death
inhibition. The responders, all showing the presence of circulating cardiac autoan-
tibodies and absence of viral genomes in the myocardium at PCR analysis, and 10
non-responders, characterized by worsening of left ventricular dysfunction, absence
of circulating cardiac autoantibodies, and presence of myocardial viral genomes
[17] were retrospectively studied in order to analyze the cellular events associ-
ated with the opposite clinical outcome. Transmission electron microscopy studies
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showed in all patients, before treatment, large cytoplasmic areas that were appar-
ently empty or filled with fine granular material, as a result of the reduced myo-
fibrillar content (myofibrillolysis). After 6 month immunosuppressive treatment,
in responders, myofibrillar mass and architecture recovered, while in myocytes
of non-responders there was a further reduction in myofibrillar content. Further
evidence of a strong activation of contractile protein synthesis comes, in respond-
ing patients, from molecular biology studies of alpha and beta isoforms of myosin
heavy chain (MHC). The increased expression of a-MHC and inhibition of -MHC
synthesis with an enhanced o/ MHC ratio after effective treatment strongly suggest
gene activation of fetal protein isoforms that typically become operative in the pro-
cess of cell repair. Apoptotic and necrotic cell death in cardiomyocytes were greater
in baseline biopsies of responders and non-responders than in controls, showing
that myocyte loss is an important mechanism of myocardial damage in myocardi-
tis with cardiac dysfunction. Importantly, after 6 months of effective immunosup-
pressive therapy, apoptosis and necrosis decreased by 85% and 62%, respectively,
while they further increased by 42% and 46%, respectively, in follow-up biopsies of
non-responders. The number of cycling myocytes in baseline myocardial tissue of
both responders and non-responders was greater than in controls and significantly
increased after immunosuppression in both groups suggesting that in chronic myo-
carditis, as in other forms of heart failure, there is an activation of myocyte regener-
ation in the attempt to compensate cell loss. Thus, our study suggests that recovery
of cardiac function in patients with myocarditis responding to immunosuppression
is associated with remarkable cellular events, including strong inhibition of cell
degeneration and death, activation of cell proliferation, and mostly newly synthe-
sized contractile elements.

14.5 Conclusion

Immunosuppressive therapy is an important resource in the management of chronic
virus-negative inflammatory cardiomyopathy. Lack of identification of new or
unconventional viral agents remains a major limit of this therapeutic approach
explaining the minor cohort of non-responders. Future objective will be the develop-
ment of molecular programs (i.e., metagenomic assessment of myocardial virome)
able to assess elusive genome sequences.

Source of Funding The study has been supported by AIFA grant “Multicenter
randomized study on the efficacy of immunosuppression in patients with virus-
negative inflammatory cardiomyopathy” (FARM12JCXN) and by European Project
ERA-CVD “Transnational Research Projects on Cardiovascular Diseases”(JTC
2016 IKDT-IGCM).
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15.1 Introduction

Dilated cardiomyopathy (DCM) is characterized by dilatation and impaired con-
tractility of the left ventricle or both ventricles which result in progressive heart
failure [1, 2] that cannot be explained by abnormal loading conditions or the extent
of ischaemic injury [3]. Heart failure is not only one of the most common causes for
high morbidity and mortality worldwide but also represents a substantial economic
burden for patients as well as the health care system. Despite recent improvements
in therapy, large clinical trials have shown that DCM still accounts for 30-40% of
all heart failure cases requiring heart transplantation [4].

DCM is a heterogeneous disease with a multifactorial aetiology [3, 5] which may
include idiopathic, familial, genetic, autoimmune, viral or toxic genesis. Moreover,
various gene mutations have been reported to be associated with DCM ranging from
genes that are related to cytoskeletal/sarcolemmal proteins, nuclear envelope, sarco-
mere and transcriptional coactivator proteins to genes related to encoding contrac-
tile sarcomeric proteins [2]. Altogether about 20-35% of DCM cases are considered
to be familial [2]. Myocarditis is another common cause of DCM. In addition to
systemic inflammatory diseases, in particular, viral infections may induce myocar-
dial inflammation. Myocardial cell infiltrates of CD4*, CD8" T- lymphocytes and
monocytes/macrophages are frequently detected in endomyocardial biopsies
(EMBs) of patients with myocarditis due to viral infections [6]. Myocardial inflam-
mation may become chronic and cause myocardial dysfunction which resembles the
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clinical phenotype of DCM and is called inflammatory dilated cardiomyopathy
(DCM) [6]. While almost every form of myocardial injury involves inflammatory
activation, the term ‘inflammatory cardiomyopathies’ refers to a diverse group of
disorders leading to myocardial dysfunction. Their manifestation ranges from
reversible forms to those involving chronic remodelling and eventually resulting in
DCM. Hence, inflammatory DCM is defined by the presence of inflammatory cells
in association with left ventricular (LV) dilatation and reduced ejection fraction [6,
7]. For a subset of affected patients, there seems to be an association between myo-
carditis, inflammatory DCM and DCM [6, 8—10]. Immunohistochemistry of EMBs
is particularly meaningful since evidence of myocardial inflammation is associated
with poor outcome in patients with suspected myocarditis [11].

Lymphocytic myocarditis is the most common cause of inflammatory DCMs in
developed countries [12]. While parvovirus B19 (PVB19) can be detected in >50%
of the German patients these viruses are rare in the USA [13], where adenoviruses
and enteroviruses are the most commonly found pathogens irrespective of the
patient’s age [14]. Nevertheless, it should also be mentioned that a broad array of
other infectious pathogens including bacteria and parasites as well as autoimmune
disorders, toxins and hypersensitivity can lead to inflammatory DCMs [6].

In addition to disturbances of the cellular immune system, abnormalities of the
humoral immunity represent another important factor in the development of myo-
carditis and DCM. Antibodies against various epitopes have been identified in
patients with myocarditis and DCM [15]. For instance, anti -1 adrenergic receptor
autoantibodies are found in up to 60% of patients with DCM, but only in 10-13%
of all cases of ischaemic cardiomyopathy [16]. In DCM patients with end-stage-
heart failure, these autoantibodies can be found in more than 80% of cases suggest-
ing their involvement in disease progression [16].

15.2 Clinical Manifestations and Diagnosis

The clinical presentation of myocarditis is described in detail in Chap. 2. Patients
with inflammatory cardiomyopathy have symptoms that are similar to other types of
cardiomyopathies or heart failure. Inflammatory DCM, which is frequently first
diagnosed as the result of chronic myocarditis, however, can manifest very differ-
ently in each individual. These manifestations can range from typical heart failure
symptoms like fatigue, peripheral oedema, precordial chest pain, syncope, palpita-
tions and decreased exercise tolerance to ventricular arrhythmias or a complete
heart block. Routine clinical diagnostics include case history, electrocardiogram
(ECG), chest X-ray, clinical laboratory testing, echocardiography, cardiac MRI,
cardiopulmonary exercise tests, cardiac catheterization including coronary angiog-
raphy, laevocardiography and EMB which represents the gold standard for diagno-
sis of myocardial inflammation [6]. According to the position paper of the European
Society of Cardiology (ESC) myocardial inflammation is characterized by >14 leu-
cocytes/mm?* including up to 4 monocytes/mm? in the presence of CD3*
T-lymphocytes >7 cells/mm? whereby inflammatory DCM is defined as
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myocarditis in association with cardiac dysfunction [6]. Other clinical diagnostics
like CT scan and genetic testing/screening can be applied if indicated.

15.3 Pathogenesis of Inflammatory Dilated Cardiomyopathy

As stated above, both experimental and clinical data indicate that both viral infec-
tion and inflammatory processes may be involved in the pathogenesis of myocardi-
tis and DCM [6, 8—10, 17-23]. Viral persistence or chronic myocarditis is associated
with progression of ventricular cardiac dysfunction [24] known as inflammatory
DCM which is a frequent non-genetic cause of DCM [4, 6, 25]. Virus-induced myo-
cardial damage and host immune responses aiming to resist and fight against the
virus explain the pathology of inflammatory DCM [26]. Depending on genetic sus-
ceptibility of the patient, microbial agents can trigger autoimmunity [6, 27] leading
to chronic autoantigen-driven myocardial inflammation and eventually end-stage
heart failure [22]. In other words, progression from myocarditis to inflammatory
DCM and DCM may occur in patients with immunohistologically confirmed persis-
tence of myocardial inflammation where the infective microbial agents could not be
eliminated successfully or in patients with persisting myocardial inflammation
despite successful elimination of the microbial agents presenting as autoreactive
myocarditis as shown in Fig. 15.1 [6].

Several mechanisms that are involved in the autoimmune response and in myo-
cardial injury are being discussed as causal factors for myocardial inflammation.

Genetic background

Pathogen . R re— Non-infectious
(vi?ugesa ba;ir?a fungi, etc.) (drugs, toxins, venoms, SLE,
’ ’ gl, - sarcoidosis, unknown antigens)

Phase | . . h . N 5
Direct microbial damage Direct/indirect toxic damage
Exposure of normally hidden antigens
Myocyte death, release of to the immune system or antigen mimicry
themokines/cytokines activation of the immune system
= = = Activation of cross-or autoreactive
Acute myocarditis T cells, induction of autoantibodies
Phase Il Autoreactive myocarditis |
* Microbial agents eliminated * Microbial agents present * No microbial agents or drugs
* Resolution of inflammation * Ongoing inflammation 'S Ongoing inflammation
Healed myocarditis |-q. .{ Chronic myocarditis |
+ Microbial agents present |+ Microbial agents present |+ No Microbial agents | Microbial agents present or not
Phase lIl  No i . ies present i present|+ ies present or not
+ Ongoing i - Ongoing i Ongoing ion |+ No florid
- Ongoing i - Ongoing i Ongoing ion/ [+ Ongoing
Chronic Chronic Chronic Dilated
microbial microbial and autoreactive cardio-
myocarditis immune myocarditis myopathy
+ myocarditis

Fig. 15.1 Pathogenetic mechanisms involved in myocarditis and progression to dilated cardiomy-
opathy (reproduced from Oxford University Press) [6]
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Both exogenous as well as endogenous factors including viral infection and damage
associated molecular patterns (DAMPs) cause primary myocardial injury with
exposure of cardiac autoantigens and consecutive autoimmune response. This
induction of cardiac autoimmunity leads to secondary myocardial damage causing
severe deterioration of cardiac function [15].

Direct virus-induced myocardial injury and the following pathological inflam-
matory response are mainly documented by animal experiments. In such experi-
mental models it has been shown that the virus enters the myocardium using receptor
complexes, such as the common receptor for coxsackie and adenoviruses [28]. The
fact that activated autoreactive T-lymphocytes may mediate myocardial damage has
already been disclosed in an experimental model of autoimmune myocarditis
induced by myosin [29] through TLRs [30]. The innate immune system gets acti-
vated via toll-like receptors (TLRs), especially TLR-3 and TLR-4. Type-1 inter-
feron is then released as an attempt to clear the virus after an activation of natural
killer cells and macrophages [30]. Such activation of the innate immune system
subsequently leads to proliferation of B- and T-cells of the cellular and humoral
immune system thus attacking viral as well as myocardial proteins such as myosin
in an autoimmune fashion [30]. Likewise, dendritic cells, loaded with a heart-
specific self-peptide, induce CD4* T-cell-mediated myocarditis in mice; this finding
demonstrates that exposure of cardiac proteins as antigens to the immune system
induces cardiac injury mediated by autoimmune mechanisms [27]. In summary,
inflammatory cells activated by intracellular cardiac proteins which are released
during virus-induced injury may lead to autoimmune myocarditis [31]. Details
regarding the involvement of the cellular and humoral immune system in the pro-
gression and development of myocarditis can be found in previous chapters.

The humoral immune system with its production of cardiac antibodies is involved
in the disease process as well [6, 15]. Although the functional role of these cardiac
autoantibodies is still under debate, they most probably reflect an inflammatory
response to myocyte necrosis. Negative inotropic antibodies that are detectable in
the plasma of patients with DCM were shown to decrease the calcium transients of
isolated cardiomyocytes [32]. Detection of cardiac-specific antibodies in asymp-
tomatic relatives of both familial and non-familial DCM patients is an independent
predictor for DCM development within the next 5 years [6, 33]. Numerous cardiac-
specific autoantibodies such as antibodies against the -1 adrenoreceptor, the mus-
carinic acetylcholine receptor-2 and troponin I (¢TNI) have been identified in DCM
patients and animal models of DCM [6, 34-36]. A clinical study has demonstrated
that the prevalence of antibodies against cardiac myosin is associated with the dete-
rioration of cardiac function in patients with chronic myocarditis and cardiomyopa-
thy [37]. In myocarditis and dilated cardiomyopathy autoantibodies against the
ADP/ATP carrier have been detected that interact with the calcium channel and
possess cardiotoxic properties as well [38]. Rats immunized against the second
extracellular loop of the p-1 receptor [34], developed stimulatory anti-p1 adreno-
ceptor antibodies, which resulted in progressive dilatation and dysfunction of the
LV resembling the clinical phenotype of DCM. Importantly, isogenic transfer of
stimulatory anti-B1 adrenoceptor antibodies from cardiomyopathic into healthy rats
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reproduced the DCM phenotype. These data provide evidence that anti-B1 adreno-
ceptor antibodies might be causative for DCM. In addition, antibodies against cTNI
were shown to be responsible for the development of DCM in programmed cell
death-1 (PD-1) immunoinhibitory co-receptor deficient mice [35]. Furthermore,
immunization of mice against cTNI causes a severe autoimmune myocarditis even-
tually leading to cardiac fibrosis and heart failure [36]. The pathophysiological role
of cardiac autoantibodies in the development of cardiac dysfunction of DCM
patients has been investigated by clinical intervention studies [32, 39].

15.4 Immunomodulation and Immunoadsorption
as Treatment Options

Until now, there is no specific evidence-based therapy available for the treatment of
DCM. According to the guidelines, drug treatment of DCM is identical to that of
other causes of heart failure. Angiotensin converting enzyme (ACE) blockers or
angiotensin-receptor-neprilysin inhibitors (ARNI), beta blockers, mineralocorticoid
receptor antagonists and diuretics are still the standard drugs that are used in
DCM. If pharmacotherapy or interventions like resynchronisation devices remain
ineffective, left ventricular assist device (LAVD) [40] or heart transplantation cur-
rently remains the only therapeutic option [41]. There are, however, a few novel
treatment options which may be a promising therapeutic alternative or supportive
measure for patients with DCM. Depending on the aetiology of inflammation and
cardiac dysfunction, different specific therapeutic procedures may be applicable.
Apart from cases with fulminant myocarditis, abrupt onset and profound hemody-
namic instability where intensive care treatment with intravenous inotropes, vaso-
pressors and even mechanical circulatory support is required [42], the therapy of
inflammatory DCM may be generally divided into immunomodulating and immu-
noadsorption (IA) therapy regardless of their specific inflammatory aetiology based
on the current state of knowledge.

15.4.1 Immunomodulation

Immunomodulation refers to the alteration of an immune response caused by vari-
ous agents of the cellular or the humoral immune systems to a desired level. This
may include antiviral therapy, immunosuppression or the application of intravenous
immunoglobulins. The aetiology of myocarditis and its respective treatment with
antiviral and immunosuppressive therapy are the focus of other chapters and are
therefore not being discussed here in detail. In this chapter we focus on the potential
role of immunomodulation for the treatment of inflammatory DCM.

Since the production of innate interferons was shown to be associated with clini-
cal recovery it seems possible that exogenous interferons may be protective in
chronic viral diseases [43, 44]. Clearance of cardiotropic viruses as well as improve-
ment of left ventricular ejection fraction (LVEF) could be achieved by IFN-fla
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treatment in patients with persistence of viral genome and LV dysfunction, in an
uncontrolled, open-label phase II study [44]. Later the same group demonstrated
that both spontaneous IFN-f production in response to infection and IFN-f admin-
istration over 6 months were associated with effective enterovirus clearance and
improved outcome [43]. In another clinical phase II trial, Betaferon in chronic viral
cardiomyopathy (BICC) patients with enterovirus-, adenovirus- and parvovirus
B19-positive genomes were treated with either IFNB-1b or placebo. This trial con-
firmed that the immunomodulatory IFNf-1b treatment is safe and well-tolerated
[45] and improves effective virus clearance or reduction of virus load in patients
with chronic viral cardiomyopathy. Furthermore, IFNf-1b treatment leads to an
improvement of quality-of-life, New York Heart Association class (NYHA) func-
tional class as well as patient global assessment [45]. These results have to be con-
firmed by a large randomized phase III study. A randomized study should also
investigate the effects of IFNB-1b on LV function.

Immunosuppressive therapy for inflammatory DCM is another therapeutic
option. The first prospective, randomized, controlled trial investigating prednisone
for the treatment of 60 DCM patients with myocardial inflammation and 62 without
inflammation showed that this treatment option had only marginal clinical benefits
[46]. Likewise, the myocarditis treatment trial (MTT), in which the Dallas criteria
[47] and LVEF (<45%) were used as inclusion criteria showed no benefit of immu-
nosuppression (cyclosporine/prednisolone) versus placebo [48]. The primary end-
point, a change in LVEF at week 28 after immunosuppressive treatment (prednisone
and either cyclosporine or azathioprine) in addition to conventional therapy was not
reached in this trial [48]. While the use of immunosuppression as a general strategy
does not seem to be effective per se [48], there may be a subset of patients with
inflammatory DCM and immunohistologically proven myocarditis that show a
long-term benefit with improvement of LV systolic function under immunosuppres-
sive therapy [49]. The monocentric tailored immunosuppression in inflammatory
DCM (TIMIC) placebo-controlled study aimed to analyse the efficacy of immuno-
suppressive therapy with prednisone and azathioprine in 85 patients with heart fail-
ure for more than 6 months and immunohistochemical evidence of active
lymphocytic but virus-negative myocarditis [50]. Whereas the control group showed
no improvement of LV function, the intervention group exhibited not only a signifi-
cant increase of the LVEF from 27% at baseline to 46% after 6 months but also a
significant decrease of the LV end-diastolic volume. In addition, the NYHA func-
tional class improved significantly [50]. These findings should, however, be con-
firmed by a multicentre trial.

Both clinically as well as experimentally, the application of intravenous immu-
noglobulin (IVIG) has been proven to be beneficial in various inflammatory settings
[51, 52]. Treatment with IVIG relies on a broad therapeutic approach and influences
the immune system through various mechanisms. The beneficial effects of IVIG in
autoantibody-mediated diseases can be explained by neutralization, accelerated
clearance, prevention of Fcy receptor binding [51] and reduction in autoantibody
production [53]. Application of IVIG exerts both proinflammatory as well as anti-
inflammatory effects, as shown in sepsis and in viral myocardial inflammation [54,
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55]. Proinflammatory effects comprise the activation of both immune cells and the
complement system leading to opsonisation of the infective agents, i.e. one of the
most important first line events of defence [54]. Similarly, anti-inflammatory effects
of IVIG comprise release of anti-inflammatory cytokines like the interleukin recep-
tor antagonist (IL-1RA) and interleukin (IL)-8 and inhibition of the production of
proinflammatory cytokines like IL-1 and IL-6 during the process of neutralization
of bacterial and other toxins [55]. Interestingly, positive effects of high-dose IVIG
are achieved by modulation of regulatory T-cells, macrophages and myeloid den-
dritic cells in those diseases which are caused by hyperactivity of cellular immunity
[52]. In patients with congestive heart failure, IVIG induced an anti-inflammatory
net effect resulting from a change in the balance between inflammatory and anti-
inflammatory cytokines, which correlated with improvement of LVEF [56]. In con-
trast, a prospective placebo-controlled clinical trial using IVIG in recent-onset
DCM or myocarditis with a LVEF <40% and a disease history of less than 6 months
showed no additional beneficial effects on LV function and functional capacity.
Moreover, the event free survival rate was not significantly improved either [57].

Currently, any treatment beyond standard heart failure therapy should be driven
by aetiology and based on results of randomized studies. Considering all published
data, more randomized, controlled, multicentre trials are required to evaluate immu-
nosuppressive, immune-modulating or antiviral therapies for treatment of DCM and
inflammatory DCM.

15.4.2 Immunoadsorption Therapy

Effective removal of pathogenic substances, especially specific antibodies and cir-
culating immune complexes from plasma of patients can be achieved by IA therapy
which substantially differs from pharmacotherapy where pharmacologically active
substances are added to the system. IA as a distinct form of therapeutic apheresis
has been proven to be an effective method of treating autoantibody induced dis-
eases. In autoimmune diseases such as Goodpasture syndrome and lupus erythema-
tosus removal of circulating antibodies by unspecific IA has been successfully
applied [58, 59].

Several systems have been designed to selectively and efficiently remove patho-
genic substances. In previous studies different [A systems using specific anti-f1-AR
antibody binding peptide columns (Coraffin®, Affina Immuntechnik) [60], non-
specific sheep antihuman immunoglobulin G (IgG) columns (Ig-Thersaorb®,
PlasmaSelect) [61] or staphylococcal protein A-agarose columns (Immunosorba®,
Fresenius HemoCare) were applied. For IA, the anticoagulated patient’s blood is
separated into plasma and blood cells by a plasma separation device (Fig. 15.2). The
plasma continuously gained in this manner is transferred to the adsorbers that bind
antibodies and immune complexes. Two adsorbers are used in order to increase
adsorption capacity and thereby the effectiveness and time efficiency of the method.
During the treatment, the two adsorbers work alternately. While one is adsorbing,
the other one is being desorbed, and vice versa. Plasma freed from antibodies is
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Fig.15.2 Principle of IA with double adsorber (modified with permission from Fresenius Medical
Care)

re-transfused to the patient and the adsorber is washed out with eluates and buffer.
Thereafter, antibodies can be adsorbed again in the next cycle.

The potential role of cardiac autoantibodies in the development and progression
of cardiac dysfunction in DCM led to the hypothesis that their removal might result
in an improvement of haemodynamics and a reduction in myocardial inflammation
of affected patients. Although an initial uncontrolled pilot study included only nine
patients with DCM and severe heart failure (Cardiac index [CI] < 2.5 L/min/m?,
LVEF <25%; NYHA class III-IV) who received IA on 5 consecutive days, it could
be demonstrated that the removal of circulating antibodies from the plasma of these
patients by anti-IgG columns resulted in a significant improvement of functional
cardiac parameters like cardiac output and systemic vascular resistance [62].
Another open-controlled pilot study included 18 patients with DCM and severe LV
systolic dysfunction (LVEF <30%, CI < 2.5 L/min/m?) as well as severe symptoms
of heart failure (NYHA class III-IV). All patients were on stable oral medication. In
this study, IA was followed by subsequent intravenous substitution of IgG (IA/IgG)
to reduce infection risk following IgG depletion. This intervention was performed
in 4 courses at monthly intervals and induced an haemodynamic improvement
which persisted after 3 months with a significant increase in stroke volume by 30%
and a concomitant increase in LVEF as well as symptom relief in the treatment
group, whereas LV function and symptoms did not change in the control group [63].
A proof-of-principle-study showed for the first time that cardiodepressant antibod-
ies can be removed from the plasma of DCM patients by IA and that an early hae-
modynamic improvement among these patients, as shown by an increase in cardiac
index, correlated with the cardiodepressant effect of the antibodies on isolated rat
cardiomyocytes [32]. Moreover, detection of such negative inotropic antibodies in
patients’ plasma before IA was shown to be of predictive value for short- as well as
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for long-term positive outcome [64]. Another study investigated the effect of IA/IgG
on plasma nt-BNP and nt-ANP levels in 15 DCM patients with severe heart failure
(LVEF <35%). Four courses of IA/IgG therapy were performed at monthly intervals
for 3 months and the results showed not only a significant improvement of LVEF,
but also a reduction of LV dimension and of plasma nt-BNP level [65]. A novel
potential mechanism hinting towards an interaction of immunoglobulins obtained
from DCM patients with cardiomyocytes was proposed in an experimental study,
using isolated rat cardiomyocytes. This study indicated that the interaction of immu-
noglobulins obtained from DCM patients with cardiomyocytes implements the
binding of DCM-IgG-F(ab"), to their cardiac antigens—but that the Fc part may
trigger the negative inotropic effects via a newly detected Fcy receptor on cardio-
myocytes [66]. This cross-linking between the F(ab”), of DCM-IgG directed against
various cardiac antigens and the simultaneous binding of the Fc part of DCM-IgG
might explain why autoantibodies directed against various cardiac antigens are able
to induce the same functional effects [66].

Finally, the question arises whether IA/IgG also has an impact on myocardial
inflammation. This was determined in another randomized controlled study that
included 25 patients exhibiting signs of myocardial inflammation (lymphocytes
>2.4 cellssmm?) in EMBs and severe LV dysfunction (LVEF <30%).
Immunohistochemistry was obtained from EMBs at baseline and after 3 months. In
comparison to controls, four courses of IA/IgG at monthly intervals not only
improved LVEF but also significantly mitigated myocardial inflammation within
3 months as shown by a significant reduction of CD3*, CD4* and CD8" cells and a
concomitant decrease of HLA class Il expression, another maker for myocardial
inflammation [61]. In addition, a link between cellular and humoral immunity has
been demonstrated since IA/IgG therapy was associated with a decrease of activated
T-cells and an increase of regulatory T-cells [67, 68].

Whereas initial studies performed IA/IgG in four courses at monthly intervals, a
subsequent study showed that one course of IA treatment with protein A, using an
improved treatment protocol for IgG3 reduction, induces an improvement of LV
function over a period of 6 months, comparable to that achieved with the initial
protocol [69]. Usually, IA is followed by intravenous immunoglobulin (IVIG) sub-
stitution to prevent infectious complications that might arise after the depletion of
circulating IgG [63]. However, high doses of IVIG may be associated with adverse
events in subjects with autoimmune diseases [70]. Therefore it is of interest whether
IA without IgG substitution might be safe and effective as well. A prospective case-
control study that included 34 patients with DCM and NYHA class II-1V, LVEF
<29% and an evidence of elevated levels of fl-adrenerge receptor autoantibodies
was able to show that one course of IA without substitution of IgG was safe and
significantly improved LVEF and NYHA class after 1 year [71].

In the majority of heart failure patients, regardless of the underlying aetiology,
cardiac antibodies can be detected in the myocardium which might contribute to
disease progression [72]. In 71% of all patients with end-stage heart failure, immu-
noglobulin G out of which 48% belonged to subtype IgG3 was localized in the
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sarcolemma of cardiomyocytes [72]. Interestingly, the beneficial haemodynamic
effects of IA/IgG therapy in DCM patients may depend on the efficacy of the
removal of IgG-3 subclass antibodies [69, 73].

Taken together, the functional role of cardiac autoantibodies in patients with
symptomatic heart failure due to DCM has already been investigated by several
uncontrolled and open-controlled, randomized studies where the removal of serum
IgG from the plasma of DCM patients by IA/IgG resulted in an increase of LVEF
[74], cardiac index [32] and exercise capacity [74]. Besides an improvement in car-
diac functional and morphological parameters or symptoms relief several other
uncontrolled pilot and open-controlled studies confirmed the positive effects of IA
therapy including a decrease in clinical biomarkers related to heart failure [32, 62,
63, 69, 71, 73, 75-78] and an improvement in endothelial function [79]. Two clini-
cal studies were able to show a long-term effect of IA regarding improvement of
cardiac function and symptoms [71, 80], out of which one study could even show a
reduced rate of heart transplantations and requirement of ventricular assist devices
during a follow-up of up to 14.7 years [80].

Although TA represents an innovative therapeutic option for patients with
DCM as well as inflammatory cardiomyopathy, a solid mechanism for the
improvement of LV function was not discovered yet. It should also be noted that
the response of DCM patients to IA treatment shows a wide inter-individual vari-
ability regarding changes in cardiac function after intervention. Thus, about 60%
of all DCM patients treated with IA are considered as responders (improvement
of LVEF >20 relative and >5% absolute 6 months after IA/IgG) [39]. Genetic
factors such as Fcy-receptors polymorphism might partly explain this variability.
In addition, it was shown that shorter disease duration and severe impairment of
LV function were associated with better results after IA treatment including a
greater increase in LVEF [76]. While anti-B1-AR-autoantibodies have been asso-
ciated with the development and progression of DCM it has been reported that
haemodynamic improvement is independent of the presence of anti-f1-AR-
autoantibodies in DCM patients. Thus, both patients with and without the proof of
anti-p1-AR-autoantibodies showed similar results which might suggest that the
beneficial effects of IA are at least not solely associated with the elimination of
anti-p1-AR-autoantibodies [32, 81]. There are, however, also reports indicating
indirect effects of the selective elimination of anti-p1-AR-autoantibodies leading
to an improvement of cardiac performance by decreasing oxidative stress which
may be functionally relevant [82].

In search of a predictive marker to distinguish between responders and non-
responders it was found that the negative inotropic activity of patient’s antibodies in
combination with the gene expression patterns of their endomyocardial biopsies at
baseline predicted their response to IA therapy [83]. Nevertheless, a marker that
may be used in the daily routine to reliably identify patients who may profit from
this expensive and invasive treatment procedure is still not in sight. Moreover, while
the current data indicate that A is a promising new therapeutic approach for the
removal of cardiotropic antibodies of patients with DCM as well as inflammatory
DCM, this novel therapeutic intervention needs to be verified in a large randomized
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placebo controlled, and prospective multicentre clinical trial. A corresponding study
is currently underway and soon to be completed (http://clinicaltrials.gov/show/
NCTO00558584).

15.5 Summary

DCM is a very heterogeneous disease with various aetiologies. Several mechanisms
known to be involved in the autoimmune response and in myocardial injury are
being discussed as causal factors. Considering all the sparse data, in addition to
standard heart failure therapy individualized and aetiology driven therapy seems to
be the best option. More randomized, controlled, multicentre trials are required to
evaluate all novel therapeutic options for treatment of DCM and inflammatory car-
diomyopathy such as immunomodulation or IA. At present, IA is still at an experi-
mental stage and its application in the clinical routine may be recommended after
the evaluation of the ongoing double-blind, placebo-controlled large multicentre
trial investigating the effects of IA/IgG therapy.
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16.1 Cardioimmunology: A New Perspective in Cardiology

The immune response (IR) results from a complex sequence of cellular and molecu-
lar interactions taking place in virtually every organ and body tissue, thus preserv-
ing host integrity via internal environment regulation and counteraction to external
threats. Therefore, it is not surprising that, when constitutionally imbalanced or
deranged by external triggers, both the innate and adaptive arms of the IR may
contribute to the onset of systemic immune-mediated diseases (SIDs), namely
autoimmune/autoinflammatory and other general immune-mediated disorders, and
organ-specific autoimmune diseases (OSAD).

The heart interlaces with the immune system close connections and the pres-
ence of resident immune cells in the human cardiovascular system is now generally
acknowledged [1]. In myocardial tissue, functional role of the immune cells falls
well beyond simple protective purposes, contributing to homeostatic regulation.
Notably, among resident cardiac immune cells, macrophages exert their influence
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on physiological development and remodelling of myocardial tissue. They also
establish tight connections with conduction fibres, endocardial and pericardial
membranes, endothelial cells and coronary vessels. Thus, in normal conditions,
local immunity contributes to the regulation of physiological turnover of cardiac
cells and the interstitial matrix. However, cardiac immune cells become even more
important in the cardiac injury-repair phenomenon after myocardial infarction (e.g.,
cardiac fibrosis and ventricular dilatation) and following cardiac inflammatory,
infective, metabolic and/or toxic injuries.

In the circulatory system, besides vascular inflammation underlying atherogen-
esis or leading to the onset of vasculitis syndromes, altered IR plays a key role
in both initiation and progression of autoimmune myocarditis (AM) and inflam-
matory dilated cardiomyopathy (DCM) [2, 3]. Similarly, other well-known cardiac
inflammatory conditions such as rheumatic fever, which still accounts for a high
heart disease burden in underdeveloped countries, or idiopathic recurrent pericar-
ditis, a common clinical problem, result from altered IR in either its autoimmune
or autoinflammatory features [4, 5]. Actually, in addition to adaptive immunity,
immunopathogenic reactions taking place in cardiac and pericardial tissues may
involve innate immunity and activation of pathogen associated (PAMP) or disease
associated (DAMP) molecular pattern of recognition receptors, eventually leading
to interleukin-1 (IL-1) driven inflammasome formation [6, 7].

Genetic and environmental factors can equally influence expression of the
host IR. For example, infection can damage myocardial tissue producing inflam-
mation, which, in genetically susceptible individuals, becomes persistent and
shifts to chronic AM/DCM [3]. In particular, following aggression by specific
infectious agents, such as coxsackie B3 virus and adenovirus, myocardial myo-
sin and other cardiac antigenic proteins (e.g., pl-adrenergic receptors, adenine
nucleotide translocator, sarcoplasmic reticulum ATPase, etc.) may become tar-
gets of autoimmune aggression eventually leading to AM/DCM [8]. Therefore,
a complete diagnostic workup of AM/DCM should always include endomyo-
cardial biopsy (EMB) in order to provide histological and immunohistological
evidence of myocardial inflammation/necrosis and, at the same time, to assess
the presence of viral genomes in myocytes by molecular techniques, mainly
polymerase chain reaction (PCR) [9, 10]. In experimental models, both cell
and antibody-mediated IR arms may contribute to myocardial autoimmunity
development. Actually, organ-specific anti-heart autoantibodies (AHA) can be
detected in peripheral blood of AM/DCM patients and their symptom-free fam-
ily members by indirect immunofluorescence (IIFL) technique, thus providing
indirect evidence of its immunological and genetic background [11-13]. It has
also been suggested that, in a subset of patients with AM/DCM, AHA may play
a direct pathogenic role [14, 15].

Even though AM/DCM is frequently observed as isolated cardiac disease, it may
also belong to the clinical picture of some SIDs, often with bad prognostic implica-
tions. In particular, the appearance of myocarditis may unexpectedly complicate clin-
ical evolution of anti-neutrophilic antibodies-related vasculitides (i.e., eosinophilic
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granulomatosis with polyangiitis and granulomatosis with polyangiitis), sarcoidosis
and connective tissue diseases (i.e., systemic lupus erythematosus, systemic scle-
rosis, Sjogren disease, rheumatoid arthritis and autoimmune inflammatory myopa-
thies) [16]. Furthermore, lymphocytic AM can also accompany common OSAD,
like type 1 diabetes, while giant cell myocarditis (GCM) can be associated with
myasthenia gravis secondary to thymic hypertrophy/thymoma [17, 18]. Recently,
aggressive inflammatory myocarditis has been reported following selective block-
ade of cytotoxic T lymphocyte antigen (CTLA4) and programmed cell death pro-
tein-1 (PD-1) or its ligand (PD-1 L) that are part of some anticancer treatments (i.e.,
immune checkpoint inhibition). Although precise mechanisms remain uncertain,
immune checkpoint inhibition-associated myocarditis seems linked to uncontrolled
elicitation of autoreactive cardiac T cells in patients with subclinical autoimmunity
[19, 20].

The ever-growing knowledge that is rapidly gathering around cardiac immunity
clearly contributes to outline a new field of research and clinical investigation in
cardiology, namely cardioimmunology, which opens new perspectives and possibil-
ity in diagnosis and treatment of cardiovascular diseases.

16.2 Immunosuppressive Therapy: Definition and Clinical
Purposes

The immune system consists of a capillary network of lymphatic tissues, organs and
vessels, equally distributed in every body district, which are made of specialized
cell clusters with different and well-defined functions. In response to specific stimu-
lation and signals, immune cells and their mediators can also easily migrate from
a body district to another by both lymphatic and blood circulation. Consequently,
host IR flexibly adapts itself to ever-changing interactions with the external environ-
ment that, in turn, exerts its epigenetic influence on the immune system. Structural
complexity of IR per se along with host genetic predisposition and environmen-
tal triggers may occasionally give origin to dysfunctional responses that produce
immune-mediated diseases [21].

In the last decades, immunological research and transplantation medicine pro-
vided deeper insight into human IR physiology and pathology, enabling develop-
ment of innovative therapeutic approaches to transplant rejection, SIDs and OSAD
[22]. Nevertheless, classical immunosuppressive drugs, such as corticosteroids,
antimetabolites, calcineurin or mTor inhibitors, and some biological agents, such
as high-dosage i.v. immunoglobulins (HDIVIG), still represent an effective initial
therapeutic approach to SIDs and OSAD.

Immunosuppressive therapy (IT) can be defined as a balanced inhibition of the
host IR, intentionally induced by means of drugs, biological agents (e.g., HDIVIG,
polyclonal antithymocyte globulins, monoclonal antibodies) and/or physical pro-
cedures (e.g., plasma exchange, photopheresis, immunoadsorption, etc.), with the
purpose to prevent or control harmful/undesired reactions.
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Common clinical indications to IT, besides SIDs, OSAD and graft rejection, also
include graft vs host disease and generalized allergic/hypersensitivity disorders. IT
can be addressed to different biological and functional targets, such as immune cell
reproduction, recruitment, trafficking, interaction and mediator release, as well as
cytokines, their receptors and complement proteins. In addition to inactivation of
the pathogenic cell framework underlying abnormal immune reactivity, IT is also
intended to provide an anti-inflammatory action. According to circumstances and
severity of the clinical picture, IT can be more or less aggressive or specific. IT
needs to be constantly adapted and monitored in every patient with the purpose of
preserving an acceptable level of immunocompetency and minimizing drug toxicity
and/or adverse effects. Thus, IT schedules may vary considerably from patient to
patient, ranging from intensive, multiple/sequential drug administration in critical
situations, to long-term monotherapy to maintain disease remission, i.e., personal-
ized treat-to-target approach [23].

16.3 Immunosuppressive Therapy: Preparatory Patient
Workup (Safety Checklist)

IT should be started only following histological confirmation of AM/DCM diagno-
sis and after accurate exclusion of other known causes of inflammatory cardiomy-
opathy, particularly viral infection. If available, detection of serum AHA by IIFL is
recommended to provide further evidence of autoimmune involvement [11].

In our experience, a preparatory diagnostic workup, namely the Safety Checklist,
in biopsy-proven AM/DCM patients eligible to IT should include blood and instru-
mental tests that are summarized in Table 16.1. The Safety Checklist is intended to
rule out potential general and individual risks related to IT; some tests should also
be part of a regular follow-up in these patients. Patients who are candidates to IT
should be screened for common latent infections (e.g., viral hepatitis B and C, human
papilloma virus, HIV, EBV, CMV active infection, borreliosis, toxoplasmosis, try-
panosomiasis cruzi, typical and atypical mycobacterial infections, toxocara canis in
eosinophilic myocarditis, Campylobacter jejuni, etc.) or hidden malignancy (e.g.,
in situ prostatic or cervical malignancy, etc.).Thus, the Safety Checklist in female
patients should include gynaecological inspection along with cervical smear to rule
out in situ malignancy or Human Papilloma Virus (HPV) infection; screening mam-
mography and pregnancy test should be carried out if appropriate. Male patients
should be checked for serum prostatic specific antigen (PSA) levels. Patients pre-
senting serum paraprotein should undergo haematological evaluation before start-
ing IT. Additional clinical tests can be planned according to specific patients’ needs.
As a rule, before starting IT with potentially cytotoxic drugs, patients in reproduc-
tive age should be offered the possibility of semen/oocyte preservation.

Finally, immunosuppressive drugs should always be prescribed with caution in
patients with impaired liver and/or kidney function, specific drug allergy/intoler-
ance, concomitant primary immunodeficiency, major psychiatric disorders and his-
tory of alcohol or drug abuse.
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Table 16.1 Preparatory clinical workup before starting immunosuppressive therapy (Safety
Checklist)

Clinical and instrumental procedures

» Echocardiography

* Standard ECG

* 24 h Holter ECG

¢ Chest X-ray

e Complete abdominal ultrasound scan (selected patients, depending on patient’s history)
¢ Dental inspection

* Gynaecological inspection/cervical smear examination

* Screening mammography when indicated

Laboratory tests

Complete cell blood count
ESR/CRP

Renal and liver function

Fasting glycaemia
Complete urinalysis
Serum immunoglobulin level

Serological scrutiny for latent infections (see above), including tests for HBV, HCV, HIV,
CMYV, EBY, tuberculosis (Quantiferon), Borreliosis, toxoplasmosis, etc.

NT-ProBNP/BNP

Troponin

Basic serum amylase and mutations of TMPT (if azathioprine is planned)
Pregnancy test when indicated

Serum PSA (male patients)

16.4 Immunosuppressive Therapy in Autoimmune
Myocarditis

Current clinical studies support the efficacy of IT in disassembling the immuno-
logical framework that fuels cardiac inflammation and myocardial damage in AM/
DCM, enabling stable cardiac function recovery [24—26]. Furthermore, IT reduces
life-threatening arrhythmias and prevents chronic progression to DCM. Thus, in
AM/DCM patients presenting with early severe/worsening myocardial dysfunction
and/or life-threatening arrhythmia, or in those who do not respond readily to con-
ventional cardiovascular therapy, IT should not be delayed. Nevertheless, fulminant
myocarditis, besides aggressive cardiovascular therapy and mechanical circulatory
support, deserves attentive discrimination before starting IT since its evolution may
vary considerably from patient to patient and spontaneous recovery can be observed
more frequently than in chronic/subacute cases [27].

Most published clinical trials and retrospective studies on IT in AM/DCM are
based on the administration of a gradually decreasing dose of prednisone in combi-
nation with either azathioprine or cyclosporine over 6 months on average [24-26].
Overall, they suggest that in patients with biopsy-proven, non-infectious AM/DCM
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without specific contraindications, IT is an effective and safe option to control myo-
cardial inflammation, leading to lasting recovery of cardiac function, and reduction
of concurrent arrhythmia.

Corticosteroids, and in particular prednisone and methylprednisolone, are still
mainstay of IT. They affect function and trafficking of immune cells by both inhibit-
ing their migration to inflammation sites and reducing capillary permeability to pro-
inflammatory mediators [28]. Prednisone and methylprednisolone, at a dose >1 mg/
kg/day, seem particularly effective to induce a deep immunosuppressive effect and
a rapid regression of myocardial inflammation. Pulse i.v. methylprednisolone, at
a daily dose of 1 g can be administered in life-threatening AM as attack therapy
[29]. Corticosteroids are equally efficient in controlling acute myocardial necrosis
caused by eosinophilic cell infiltration in both isolated and SIDs associated primary
eosinophilic myocarditis [30].

In patients who are non-responsive or intolerant to azathioprine or cyclosporine,
and in specific myocarditis forms (e.g., primary eosinophilic myocarditis), alterna-
tive immunosuppressive agents, such as mycophenolate mofetil and methotrexate,
can be equally employed [31, 32].

In both isolated AM/DCM and SIDs associated myocarditis, monoclonal anti-
bodies (MoAbs) targeting specific cells (i.e., rituximab—anti-CD20 MoAb—for B
lymphocytes, muromonab—anti-OKT3 MoAb—for T lymphocytes) and cytokines
or their receptors (i.e., mepolizumab for IL-5 and anakinra for IL-1 receptor) have
been added to standard IT with promising results. In particular, efficacy of anakinra
has been occasionally reported in fulminant myocarditis, while rituximab has been
successfully administered to a patient with recurrent GCM after heart transplanta-
tion [33-37].

In uncontrolled studies, infusion of HDIVIG was able to improve both myocar-
dial function and survival in AM/DCM patients where standard IT was contrain-
dicated [38]. T cell depletion by the infusion of rabbit derived antithymoglobulin,
though effective, should be considered with caution in patients with aggressive,
steroid-resistant GCM, due to the risk of systemic adverse reactions and appear-
ance of severe leukopenia or thrombocytopenia [39, 40]. Selective removal of
plasma immunoglobulins in patients with AM/DCM by immunoadsorption, an
extracorporeal blood purification technique, followed by replacement with pool-
derived immunoglobulins, showed promising results. In particular, removal of IgG3
directed against anti-B1-adrenergic receptors produced long-lasting hemodynamic
improvement in patients with DCM. However, though relatively rapid and safe,
immunoadsorption in AM/DCM is still under investigation [41].

Current clinical data do not provide conclusive indication about the optimal
duration of IT in AM/DCM. According to expert consensus, whereas immunosup-
pression should be life-long in GCM, optimal IT length is yet undefined in chronic
lymphocytic AM with stable recovery of cardiac function. Actually, in lymphocytic
AM, azathioprine, an antimetabolite interfering with purine synthesis with good
steroid sparing action, is usually started at the dose of 2 mg/kg/day p.o. in combi-
nation with oral prednisone at about 1 mg/kg/day and then continued for 6 months
[24-26]. Yet, it is worth emphasizing that azathioprine takes several weeks before
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reaching its full therapeutic activity. In addition, since general experience acquired
in SIDs and other conditions suggests that long-term treatment (i.e., >6 months)
with azathioprine is particularly useful in maintaining stable remission, this can also
be hypothesized for AM/DCM [42]. Azathioprine is considered to be safe even in
pregnant women and in paediatric patients; anyway, before starting treatment, it is
advisable to test patient peripheral blood for thiopurine methyltransferase (TPMT)
mutation to prevent the appearance of secondary leukopenia/agranulocytosis [43].
Severe myelosuppression can be also observed following concomitant administra-
tion of azathioprine and allopurinol [44].

Cyclosporine A, a calcineurin inhibitor, represents a possible alternative in
patients who are intolerant to azathioprine. It is usually given as oral therapy, at
a dose ranging from 2 to 4 mg/kg/day, in combination with prednisone at about
1 mg/kg/day; in selected clinical situations, such as GCM, cyclosporine can also
be effectively associated with azathioprine [45, 46]. Yet, despite its proven efficacy
in lymphocytic AM, cyclosporine is not as easy to handle as azathioprine due to its
numerous drug interactions and adverse effects. Finally, at least at the beginning,
patients on cyclosporine require regular monitoring of its blood concentration to
adjust therapeutic dose.

Although not yet standardized in primary AM/DCM treatment, mycophenolate
mofetil, a selective and reversible inhibitor of inosine monophosphate dehydroge-
nase, seems to be promising in patients who show poor response to first line treat-
ment or who are intolerant to azathioprine [31].

Methotrexate, a folic acid analogue interfering with nucleic acid synthesis act-
ing as disease-modifying anti-theumatic agent, can be administered at low dose
(7.5-20 mg per week) either p.o. or by subcutaneous injection. Methotrexate
alters mononuclear cell function and mediator release, particularly pro-inflamma-
tory/pro-atherosclerotic cytokines such as IL-1, IL-6 and tumour necrosis factor-o
(TNF-a). Methotrexate is generally well tolerated and its adverse effects are usu-
ally mild and dose-dependent; they include leukopenia, hepatic toxicity, mucosal
toxicity (stomatitis), secondary infections and, very uncommonly, allergic reac-
tions (skin rash, pneumonitis). Concomitant weekly administration of folic acid
partially prevents methotrexate adverse effects. Methotrexate is frequently part
of therapeutic schedules in SIDs, such as systemic lupus erythematosus, rheuma-
toid arthritis, sarcoidosis, eosinophilic granulomatosis with polyangiitis, systemic
hyper-eosinophilic syndromes, etc., where myocarditis can be part of the clinical
picture [47].

16.5 The Cardioimmunology Outpatient Clinic: Myocarditis
Patient Follow-Up and Coaching

Diagnosis and treatment of AM/DCM require close inter-professional partnership
involving cardiologists, pathologists, radiologists, immunologists, rheumatologists
and other experienced healthcare personnel [48]. However, a truly effective team-
work should also include the patient and his/her caregivers.
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Following histological diagnosis and after completing the Safety Checklist, simi-
larly to transplanted patients, AM/DCM patients who start IT should enter a long-
term follow-up in a dedicated cardioimmunology outpatient clinic/day-service.
Given the peculiarity of AM/DCM and its treatment, cardiologists and physicians
involved in AM/DCM patient follow-up should receive specific training, with par-
ticular attention to IT and patient education. Actually, if not appropriately and effi-
ciently managed in collaboration with patients and/or their caregivers, both disease
itself and IT can cause serious and disabling complications or potentially lethal
harms. For patients with AM/DCM, everyday life means to cope with new limita-
tions (involving family relationships, sexual life, work, school, physical activity,
etc.), along with disease-related risks and the complexity of a self-managed mul-
tidrug treatment. Thus, physicians and professionals who treat AM/DCM patients
require good relational attitude in order to establish a solid and empathic therapeutic
relationship. Actually, patients and their carers can be proficiently helped to cope
with their condition by providing them with the basic knowledge and skills related
to self-management of disease and treatment.

Therapeutic Patient Education (TPE) is a specific educational technique aimed
at patient’s empowerment [49, 50]. According to a systematic health education
model, TPE starts with the correct identification of patient’s perspective, includ-
ing his/her knowledge and concerns about disease and treatment, and needs (edu-
cational diagnosis). This entails that healthcare professionals who take care of
AM/DCM patients have to learn how to listen and interpret correctly both verbal
and non-verbal messages of their patients. This also applies to caregivers and, in
particular, to parents of paediatric patients; adolescent patients can deserve even
more attention and dedication. When necessary, psychological consultation and
emotional support should be assured to the patient. Then, when indicated and after
having acquired patient’s consent, it will be possible to define a shared personal-
ized therapeutic-educational plan (educational/therapeutic objective agreement),
addressing specific points and indications related to the patient’s participation. In
practice, the educational/therapeutical objective agreement should clearly specify
therapeutic tasks assigned to the patient, with particular regard to the accomplish-
ment of safety issues (safety agreement) and treatment goals. TPE learning con-
tents, including drug safety, hygienic rules, prevention of infectious complications,
level and type of physical activity, nutrition, contraception and general lifestyle,
should be taught in plain non-technical language (patient/caregiver’s teaching) by
physicians and nurses with specific expertise. Subsequently, patient’s understand-
ing, knowledge and home practice should be carefully checked, and his/her ques-
tions, problems or concerns should be readily addressed to find out and amend
possible misunderstandings/mistakes (patient’s knowledge and skill assessment).
This is particularly important immediately after hospital discharge when patients
start to self-manage a multidrug treatment schedule including a number of poten-
tially dangerous medications, such as immunosuppressive drugs, antiarrythmics,
diuretics and anticoagulants.

In conclusion, doctors should learn to work with rather than for their patients.
Indeed, successful implementation of Clinical Risk Management in AM/DCM
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Table 16.2 Key points for immunosuppressive therapy (IT) in AM/DCM

. Biopsy-proven diagnosis of infection-negative AM/DCM

. Careful selection of IT candidates (safety check list)

. Personalized IT regimen

AW IN =

. Therapeutic patients’ education (TPE) to IT safety and disease self-management in

everyday life

. Close/ceaseless interdisciplinary teamwork

requires both fully aware consent and efficient participation of patients and/or their
caregivers [51]. In this perspective, skilful professional expertise in both cardioim-
munology and patients’ coaching are equally essential, non-negotiable conditions to
cope with and treat AM/DCM (Table 16.2).
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17.1 Case Study

A 56-year-old female patient is recently diagnosed with heart failure (NYHA III).
Coronary heart disease had been excluded by coronary angiography.
Echocardiography and angiography showed a mildly dilated left ventricle (left ven-
tricular end-diastolic diameter = 57 mm) with a significantly reduced systolic func-
tion (ejection fraction (EF): 29%) and absence of any valve disease. Cardiac function
slightly improved after initiation of optimal medical symptomatic standard heart
failure therapy. Cardiac MRI (cMRI) showed an acute myocarditis. Three months
later, echocardiography showed no further improvement in EF but cMRI showed
the development of cardiac fibrosis.

17.2 Introduction

Myocarditis is an inflammatory disorder of the myocardium induced by a wide variety
of toxins and drugs (e.g., cocaine, check point inhibitors), and particularly by infec-
tious agents, including bacteria, fungi, parasites, and most common cardiotropic
viruses, as well as autoimmunity. Although most patients with acute myocarditis have
a good prognosis when complete healing occurs, ongoing cardiac inflammation, e.g.,
due to cardiac viral persistence can cause severe heart failure with an impaired
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prognosis [1-3]. The pathogenesis of viral myocarditis is described to be associated,
among others, with coxsackievirus B3 (CVB3), adenovirus (AV), human herpesvirus
6 (HHV-6), hepatitis C virus (HCV), human immunodeficiency virus (HIV), and
influenza virus [3, 4]. Cardiotropic viruses typically spread from the lymphoid organs,
which act as viral reservoirs, to the cardiomyocytes, a process, which is best under-
stood for coxsackievirus-induced infection [5]. Persistent enterovirus (EV; most
prominently CVB3) detection in the myocardium was found to be associated with
worse clinical outcome in contrast to the patients who experience spontaneous clear-
ance [6, 7]. Herpes viruses are lifelong persistent viruses that might get reactivated
several years after childhood infection. The appearance of HHV-6 in the myocardial
tissue may be due to reactivation [8, 9]. Although HHV-6 is a lymphotropic virus, it
was shown to infect endothelial cells and cardiomyocytes and the chromosomally
integrated form can be inherited through germline [10, 11]. Reactivation of chromo-
somally integrated HHV-6 (ciHHV-6) is frequently associated with myocarditis
symptoms in addition to non-cardiac disorders [12]. The role of the vasculotropic
virus parvovirus B19 (B19V) under these circumstances is still under discussion [13].
B19V commonly infects children (“Fifth disease”) and is usually asymptomatic.
Lethal outcomes of B19V infection are unusual. Nevertheless, rare examples of BI9V
induced hemophagocytic syndrome and myocarditis in infants and children are
described [14-16]. So B19V infection is usually acquired in childhood, and persists
lifelong in approximately 70% of adults and may belong to a cardiac bioportfolio.
B19V DNA is found in the majority of chronic myocarditis in the absence of systemic
infection, questioning whether this finding represents the cause of the disease. In the
attempt to be able to differentiate between B19V persistence and acute infection or
reactivation, some laboratories differentiate between B19V DNA and mRNA repli-
cates. Whether the latter has a clinical significance is still under investigation [17].
However, in contrast to AV and CVB3 persistence, the finding of BI9V DNA can be
associated with endothelial dysfunction and impairment of endothelial repair [14, 15,
18, 19], but it was not associated with impaired prognosis [20, 21]. Therefore, BI9V
DNA persistence in the absence of systemic infection might be a bystander finding,
without causing dilated inflammatory cardiomyopathy (DCMi).

17.3 Diagnosis

In general, either viral replication or viral protein expression from cardiotropic
viruses can induce direct cellular dysfunction and trigger immune reactions within
the cardiac tissue that usually involve cardiomyocytes, cardiac fibroblasts, and car-
diac endothelial cells. The acute inflammatory reaction resolves spontaneously in
50-60% of patients [22, 23]. In the remainder, it results in various degrees of car-
diac tissue destruction up to DCMi [2, 24] and subsequent dilated cardiomyopathy
(DCM). The clinical presentation of viral-induced myocarditis/DCMi combines
unspecific manifestations, e.g., dyspnea, fatigue, and peripheral oedema [2]. A dif-
ferential diagnosis is unfeasible via noninvasive techniques: echocardiography and
cardiac magnetic resonance imaging (cMRI) may detect acute inflammation, not
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Table 17.1 Frequency distribution of cardiotropic viruses in the EMB specimens of suspected
myocarditis patients in the European population [1]
B19V | CVB3 AV HHV-6 EBV | HCV |BI9V +HHV6 | CVB3 +B19V
51.4% 9.4% 1.6% 21.6% 2% 0.8% 16.4% 5.5%

B19V parvovirus B19, CVB3 coxsackievirus B3, AV adenovirus, HHV-6 human herpesvirus 6, EBV
Epstein—Barr virus, HCV hepatitis C virus

viral persistence [25]. Blood tests or the detection of antiviral antibodies are also
insufficient [26]. In the chronic phase of the disease, cMRI is even not sensitive
enough to exclude a still significant but low amount of cardiac inflammation, which
can be associated with chronic cardiac viral persistence [27]. A clear-cut diagnosis
of DCMi refractory to conservative treatments can only be achieved via endomyo-
cardial biopsy (EMB; class IIa/C recommendation) [28]. Typically, > five speci-
mens should be obtained and stored for histological, immunohistochemical,
virological, and microbiological analysis. A study from Kiihl et al. [1] described in
2005 the frequencies of cardiotropic viruses that might be associated with DCMi in
the European population. Cardiotropic viral genomes were found in about 70% [29]
of EMBs of patients with clinically suspected myocarditis. The rates of the indi-
vidual viruses are shown in Table 17.1. However, it is important to mention that
these frequencies are time- and geography-dependent.

17.4 Management of Inflammatory Cardiomyopathy

Currently, there is no specific treatment for myocarditis with viral persistence [22].
DCMi patients, typically presenting with heart failure symptoms, are treated with
supportive heart failure therapies, including B-adrenergic blockers, inhibitors of the
renin—angiotensin—aldosterone system, and diuretics [30]. However, the aforemen-
tioned treatments do not interfere with the underlying virus-induced pathologic
mechanisms. The specific treatment of DCMi is ought to be personalized, depend-
ing on the EMB analysis results. Patients, in whom EMB shows persistent cardiac
inflammation with no evidence for viral genomes are expert-based recommended
for weight-based immunosuppressive regimens, i.e., prednisone/azathioprine
(Table 17.2) [26, 31, 38, 39]. Frustaci et al. [40] showed that chronic myocarditis
patients with EMB-proven viral persistence are unlikely to respond to immune sup-
pression treatment, in contrast to virus-negative patients, although multicenter data
are still needed to corroborate this finding. This large group of patients needs to
receive viral-specific therapies to prevent further deterioration of cardiac function.
So far, no single antiviral agent is explicitly indicated for viral myocarditis. The off-
label use of some medications established for other indications defines the current
armamentarium against viral myocarditis. Data from clinical studies with some
antivirals—described in the next sections—suggest that antiviral treatment should
be started early enough before irreversible myocardial damage advances. However,
the decision to use some of these drugs depends on the clinical scenario and the
expertise of the clinician. They are not approved.
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Table 17.2 Summary of endomyocardial biopsy-guided therapies®

EMB result

Treatment

Treatment regimen

Special considerations

Inflammation—
virus—

Conventional treatment
with symptomatic heart
failure therapies
including ARNI, ACE-I,
ARBs, loop diuretics, and
aldosterone antagonists

Lifelong treatment
with the maximum
tolerated doses

Genetic evaluation is
recommended in case of
cardiomyopathies and
the therapy has to be
adjusted accordingly

Inflammation+ | Combined Prednisone: 1 mg/ Immunosuppression is
virus— immunosuppressive kg/day for 1 month, | contraindicated in case
therapy tapered down to of EMB-evident CVB3
0.33 mg/kg/day for | or adenovirus infection
5 months or RNA+ B19V
Azathioprine: 2 mg/
kg/day for 6 months
[31]
CVB3+ or IFN-B-1b 4 MIU g.o.d for Dose titration using 2
adenovirus+ 6 months, via SC MIU q.o.d for the first
route week is recommended
[32]
mRNA+ BI9V | Telbivudine 600 mg q.d for DNA+/mRNA-B19V
6 months patients might benefit
from
immunosuppressive
therapy [33-37]
mRNA+ Ganciclovir and 10-day course with | To be proven in
ciHHV-6 valganciclovir 5 mgof IV large-scale studies
ganciclovir q12h
followed by 900 mg
daily of
valganciclovir p.o.
for 6 months
HCV+ A combination therapy Two combination The regimen contains a
consisting of ombitasvir, | tablets (each CYP3A inhibitor; dose
paritaprevir, ritonavir, containing 12.5 mg | adjustment of some
and dasabuvir ombitasvir, 75 mg concomitant
paritaprevir, and medications may be
50 mg ritonavir) q.d | required
plus a single 250 mg
dasabuvir tablet b.i.d
HIV+ A combination of 3 ARTs | As indicated in the Drug—drug interactions

of different classes

products SmPC

should be considered

Influenza A+ or
influenza B+

Peramivir
Oseltamivir

One time 300 mg IV
dose

75 mg p.o. twice
daily for 5 days

Immunosuppressive
therapy is
contraindicated

EMB endomyocardial biopsy, ARNI angiotensin receptor-neprilysin inhibitor, ACE-I angiotensin
converting enzyme inhibitor, ARBs angiotensin receptor blockers, /V intravenous, CVB3 coxsacki-
evirus B3, B19V parvovirus B19, IFN-$-1b interferon beta-1b, MIU million international unit, g.od
every other day, SC subcutaneous, g.d everyday, ciHHV6 chromosomally integrated human herpes
virus type 6, g/2h every 12 h, p.o. oral, HCV human hepatitis C virus, b.i.d. twice daily, HIV
human immunodeficiency virus, SmPC summary of product characteristics

“The treatment strategies presented are all experimental and should be employed only at highly
specialized cardiomyopathy centers
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17.5 Therapeutic Options for Virus-Associated Myocarditis/
Inflammatory Cardiomyopathy

Owing to the high rate of spontaneous remission and the experimental nature of the
proposed treatments, the following interventions are suggested only in severe acute/
cardiogenic shock-like cases (e.g., influenza-associated myocarditis) or in DCM
patients with symptoms persisting for 3 months or more.

17.5.1 Virus-Specific Therapies
17.5.1.1 Telbivudine

Basic Pharmacology

Telbivudine is an orally bioavailable thymidine nucleoside analogue that acts as
hepatitis B virus (HBV) reverse transcriptase inhibitor via preferential inhibition of
HBYV second strand (DNA-dependent) compared with first strand (RNA-dependent)
DNA synthesis [41], a mechanism that theoretically might interfere with the repli-
cation of the single stranded DNA genome of B19V. It can also exert anti-
inflammatory properties. Telbivudine is marketed for the treatment of adults with
chronic hepatitis B infection.

Therapeutic Rational

In cell culture, telbivudine was reported to exhibit endothelial- and cardio-protective
pleiotropic effects [33]. Clinically, an off-label single-patient use approach in tran-
scriptionally active B19V-associated myocarditis/DCMi leads to improvement of
symptoms, cardiac function, and myocardial inflammation following a 6-month
regimen with daily dose of 600 mg telbivudine on top of symptomatic heart failure
treatments [33]. The clinical efficacy and safety of telbivudine as a treatment for
transcriptionally active B19V-associated DCMi are currently under investigation in
a randomized controlled study (PreTOPIC; EudraCT-Number: 2016-004825-17)
[33]. In 2018, a study [34] that was conducted in the south-west of Germany on the
EMBs of patients with unexplained cardiomyopathy described the association of
transcriptionally active B19V with 21% of the cases and indicated telbivudine to a
subset of patients who did not benefit from standard heart failure therapies. Despite
the fact that telbivudine is prescribed off-label by various cardiology clinics to
accelerate the recovery of some DCMi patients with high EMB B19V mRNA copy
number, the role of both B19V and telbivudine in the aforementioned pathology is
still uncertain and today represents an experimental approach.

Safety Considerations

The use of telbivudine in BI9V DCMi patients follows the recommended dose for
chronic hepatitis B treatment (600 mg/day). Severe adverse reactions to telbivudine
are uncommon/rare at the 600 mg daily dose. Clinical and post-marketing studies
showed that telbivudine is well tolerated, but myopathies and neuropathies may
occur in a very small subset of patients; thus, monthly monitoring of the serum
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creatine kinase and creatinine levels is required [35, 36]. The single-patient use
study did not result in any drug-related safety concerns or unexpected cardiac
adverse events [33, 34]. Nevertheless, telbivudine should only be used under close
monitoring at specialized myocarditis centers.

17.5.1.2 Viral DNA Polymerase Inhibitors: Ganciclovir
and Valganciclovir

Basic Pharmacology

Ganciclovir is an acyclic guanosine nucleotide analogue that specifically inhibits
viral DNA polymerase after intracellular conversion to a triphosphate form, a pro-
cess that requires both viral and cellular kinases [42, 43]. Valganciclovir is an orally
active valine ester prodrug of ganciclovir [42]. Both medications are indicated for
cytomegalovirus (CMV) infections, but shown to be effective against HHV-6 [42,
44]. Moreover, ganciclovir and valganciclovir are also effective to prevent CMV,
HHV-6, and Epstein Barr virus (EBV) infections in solid-organ transplant and
immunocompromised patients [45, 46]. The clinical efficacy and the safety of both
agents were established several years ago.

Therapeutic Rational

Conventional treatment of symptomatic HHV-6 infection consists of the antivirals
ganciclovir, cidofovir, and foscarnet [47, 48]. Theoretically, the three can be used
also against reactivated ciHHV-6 associated myocarditis. Valganciclovir is fre-
quently used in HHV-6-associated conditions like limbic encephalitis and transplant
complications. Several case reports have demonstrated that ciHHV-6 patients with
encephalitis and chronic fatigue syndrome respond to ganciclovir and valganciclo-
vir [49, 50]. Kiihl et al. [12] treated six highly symptomatic heart failure patients
with transcriptionally active HHV-6 using 5 mg ganciclovir every 12 h for 10 days,
followed by a daily dose of 900 mg valganciclovir for 6 months. The antiviral ther-
apy was reported to improve symptoms and cardiac function of all the patients,
together with suppression of HHV-6 mRNA transcription. Three patients required
prolonged therapy to maintain viral suppression. However, such therapy failed to
clear HHV-6 from the myocardium.

Safety Considerations

The safety profiles of both ganciclovir and valganciclovir are similar. The most
frequent adverse drug reactions following val—/ganciclovir are neutropenia, ane-
mia, and diarrhea. Both medications were reported as safe and well tolerated in
solid organ transplant patients [51]. There is limited information about the safety of
val—/ganciclovir in HHV-6 associated myocarditis patients. The study from Kiihl
et al. [12] did not report any cardiologic or non-cardiologic adverse events. It is
worth saying that the use of viral DNA polymerase inhibitors in HHV-6 associated
myocarditis is yet to be proven in large-scale studies and should only be employed
at highly specialized myocarditis centers.
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17.5.1.3 Direct-Acting Antivirals

Basic Pharmacology

Direct-acting antivirals (DAAs) are molecules that target specific nonstructural
proteins of HCV and result in the disruption of viral replication. DAAs include
nonstructural proteins 3/4A (NS3/4A), protease inhibitors (PIs), NS5B nucleoside
polymerase inhibitors (NPIs), NS5B non-nucleoside polymerase inhibitors
(NNPIs), and NS5A inhibitors. DAAs are relatively new agents, representing a
major advance in HCV treatment, with boceprevir and telaprivir being the first
FDA approved DAAs on the market (May 2011) [52]. DAAs are far more efficient
and well tolerated than interferon alpha (IFN-a) regarding HCV elimination. In
combination, these DAA agents enabled IFN-free therapy with sustained virologic
response (SVR) above 90% among patients with chronic HCV infection [53]. A
treatment protocol that includes an oral combination of ombitasvir (NS5A inhibi-
tor)/paritaprevir (NS3/4A inhibitor)/ritonavir (CYP3A inhibitor) together with an
additional tablet of the NS5B NNPI dasabuvir achieved a SVR of 100% in HCV
genotype-1 patients [54], which is the most prevalent HCV genotype in Europe
[55]. Ritonavir boosts the plasma concentration of paritaprevir via the inhibition of
CYP3A, a hepatic enzyme responsible for the oxidative metabolism of various
molecules [56].

Therapeutic Rational

HCYV infection has been reported in the EMBs of myocarditis and cardiomyopathy
patients, where antiviral HCV therapies may have potential benefit, especially the
new DAAs [57-59]. However, clinical information about the efficacy of DAAs in
such patients is limited. Poller et al. [60] recently reported the outcomes of DAAs
treatment in one critically ill HCV-positive patient who was listed for heart trans-
plantation and did not tolerate IFN-« therapy. The patient received the ombitasvir,
paritaprevir, ritonavir, and dasabuvir combination protocol for 12 weeks under close
monitoring for possible adverse events. The treatment resulted in viral clearance,
associated with significant improvement of NYHA functional class from III-IV
before treatment to class II after viral clearance; heart transplantation became no
longer necessary, suggesting a possible causal association of HCV with heart
dysfunction.

Safety Consideration

Generally, DAAs are well tolerated by non-HF patients [61-64]. The new DAAs
agents are highly virus-specific without cardiac side effects [65], in contrast to the
classic anti-HCV IFN-a -based protocols that were not well tolerated in cardiomy-
opathy patients and had low SVR rates [60]. The ombitasvir/paritaprevir/ritonavir/
dasabuvir combination is commonly associated with insomnia, anemia, pruritus,
nausea, and vomiting. Moreover, ritonavir interferes with the metabolism of a wide
range of medicinal products, being a CYP3A inhibitor. The study by Poller et al. [60]
which employed the aforementioned combination in a critically ill HCV-associated
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heart failure patient reported that the treatment was well tolerated, except for severe
hyponatremia and progressive weakness which required massive sodium substitu-
tion. The exact pharmacologic mechanism of this side effect is unknown but can be
attributed to the interference of any of the drugs with the renal transporters. So far,
the use of DAAS as specific treatments for HCV-associated cardiomyopathy is not
proven yet and the data provided from a single study cannot conclude the safety and
efficacy of those therapies in HCV-associated cardiomyopathy/myocarditis patients.

17.5.1.4 Antiretroviral Therapies

Basic Pharmacology

Antiretroviral therapies (ARTs) are composed of six classes that block HIV replica-
tion at different parts of the life cycle: (1) nucleoside reverse transcriptase inhibitors
(NRTIs), which inhibit viral replication by competitive binding to reverse transcrip-
tase, (2) nonnucleoside reverse transcriptase inhibitors (NNRTIs) that prevent viral
replication by preventing addition of new nucleotides to the growing DNA chain,
(3) integrase strand transfer inhibitors (INSTIs), which inhibit HIV replication by
preventing integration of the viral genome into the host genome, (4) protease inhibi-
tors that work by inhibiting viral maturation through inhibition of cleavage of poly-
proteins, (5) fusion inhibitors that inhibit the fusion of the viral envelope with the
host cell membrane, and (6) CCRS5 co-receptor antagonists which inhibits the pro-
cess of HIV entry into CD4+ cells. Clinically, a combination of at least three ARTs
from different classes is used in a personalized manner to control HIV infection, as
the viral suitability to individual ARTSs varies [66—68].

Therapeutic Rational

Heart diseases are frequently reported as causes of death in HIV patients [69, 70].
The heart failure hospitalization rate in HIV patients is double as high than in non-
HIV patients [71]. Coronary heart disease, pericarditis, vascular diseases, and car-
diomyopathies are frequently diagnosed in HIV patients [72-74]. HIV has been
unambiguously linked to myocarditis and acquired cardiomyopathies [75, 76]. The
exact mechanism that links HIV to cardiomyopathy is yet unknown. However, mul-
tiple pathologic mechanisms including direct viral infection of the myocardium and
indirect cytokine, immune, ischemic and pharmacotoxic mechanisms have been
described [73, 75, 77]. ARTs being potent agents to control HI'V-infection have been
shown to reduce the HIV-related events including cardiovascular diseases, espe-
cially when early initiated [78]. The use of ARTs correlated with reduced risk of
cardiovascular damage, specifically systolic dysfunction [79] and has even been
reported to improve left ventricular systolic function in pediatrics [80, 81]. A scien-
tific statement from the American heart association stated that all HI'V-associated
cardiomyopathy patients with reduced EF are recommended to start or continue on
ARTs therapy beside guideline directed heart failure therapies [82]. Aside from
ARTs, patients with HIV were reported to have higher levels of cardiac autoanti-
bodies, known markers of autoimmune myocarditis [83].
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Safety Considerations

The increased access to ARTS is mirrored with a reduction in HIV-associated myo-
carditis and systolic dysfunction but it has also been described to shift HIV-
associated cardiomyopathy towards diastolic dysfunction [79, 84]. Epidemiological
studies advocate that diastolic dysfunction is the principal HIV-associated heart
failure phenotype in the era of ARTs [85-87]. A pharmacotoxic mechanism may be
involved. However, there are not enough data to draw a causal association between
the use of ARTs and diastolic dysfunction. Zidovudine, a NRTI, is known to cause
cardiomyopathy as a side effect via myocytes’ mitochondrial damage and the dis-
ruption of the myocardial endothelial cell junctions [88, 89]. Clinicians should be
aware of the interactions between individual ART agents and the concomitant medi-
cations, as ARTs exhibit a wide range of pharmacodynamic/—kinetic interactions
with heart failure, anti-infective, and immune suppressant medications [90-92].
Heart transplantation HIV-patients are mostly affected from those interactions,
which mandate careful drug use [93].

17.5.1.5 Neuraminidase Inhibitors

Basic Pharmacology

The neuraminidase inhibitors oseltamivir, zanamivir, and peramivir inhibit the
release of influenza virions from the infected host cells, limiting the cycles of viral
replication. These agents have activity against both influenza A and influenza B
viruses [94]. Oseltamivir and zanamivir are administered during a 5- and 10-days
course, via oral and inhalation route, respectively. Peramvivir is an intravenous sin-
gle dose agent for emergency use [95].

Therapeutic Rational

Influenza-associated myocarditis is rarely reported. The frequency of such cases is
controversial but appears to be generally low, and varies with season, place, and
diagnostic criteria [96—102]. Influenza A and less commonly influenza B are associ-
ated with myocarditis [103-107]. Influenza A viral antigens and genetic material
were detected in EMBs and autopsy samples from patients with myocarditis [99—
101, 108]. The use of antivirals, especially neuraminidase inhibitors played a cru-
cial role in halting the HIN1 influenza epidemic in 2009, and were found effective
in reducing the influenza-associated complications including myocarditis. Morioka
et al. [109] reported that oseltamivir treatment of 44 influenza infected infants aged
<3 months in Japan prevented influenza-associated myocarditis. Interestingly, the
HINI fatality rate in Japan was relatively low during the 2009 epidemic, owing to
aggressive early therapy with neuraminidase inhibitors [109]. A case report by
Geladari et al. described that early therapy with oseltamivir resulted in complete and
full recovery of influenza B associated myocarditis [110]. Another case report
described the successful treatment of influenza A associated fulminant myocarditis
via single intravenous dose of peramivir [111]. Guillaume et al. discussed a series
of four influenza B fulminant myocarditis cases and concluded that early antiviral
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therapy should be considered [112]. As a general observation, most of the reported
cases received circulatory support therapy and extracorporeal membrane oxygen-
ation (ECMO) support concomitantly to the antiviral therapy.

Safety Considerations

General side effects of neuraminidase inhibitors include nausea, vomiting, and
bronchospasm in case of inhalation route [113]. The safety of these agents in myo-
carditis patients is not well established. The use of immune suppression therapy in
influenza patients is controversial, and the data available about the use of neur-
aminidase inhibitors in influenza-associated myocarditis are very limited [114].
Further studies are necessary to warrant the use of antivirals in myocarditis-
complicated influenza, to be equipped for any future influenza epidemic.

17.5.2 Immunomodulatory/Unspecific Antiviral Therapies
17.5.2.1 Interferons

Basic Pharmacology

Type I interferons (IFNs «, , o, and k) are naturally occurring protein cytokines that
signal through a common receptor complex composed of two transmembrane chains:
IFN o/} receptor 1 and 2 [115]. Activation of IFN receptors triggers a phosphoryla-
tion cascade, concluding in the transcription of a group of genes collectively known
as IFN-stimulated genes [116]. IFN-« is secreted by human leukocytes while IFN-f8
is mainly secreted by fibroblasts. IFN-B1 is a human restricted subtype of the IFN-f,
and is known to exert antiviral and immunoregulatory activities [117, 118]. The anti-
viral activities of IFNs include inhibition of viral replication and augmentation of
MHC-I and -II antigen expression, facilitating viral antigen presentation and cellular
immunity [115]. IFN-a has been shown to activate natural killer cells and cytotoxic
T-cells [119-121]. It is important to highlight that IFNs are host targeting immune
response modulators rather than direct antiviral agents. The unglycosylated recombi-
nant form of IFN-B-1b [117] is used for the management of multiple sclerosis.

Therapeutic Rational

IFN-a was used for decades to counteract HCV infection up until the newly intro-
duced directly acting antiviral agents (DA As) took the lead in HCV treatment [53].
Moreover, the use of INF-a in HCV-associated myocarditis patients is limited by its
side effects [65]. Accordingly, IFN-a will not be further discussed in this writing.
IFN-B has been described to exhibit antiviral activity against CVB3 in vitro [122],
and has been shown to be protective against murine CVB3-associated myocarditis
[123]. Clinically, IFN-f serum levels are low in patients with persistent viral myo-
carditis, but significantly elevated in the serum of patients who spontaneously clear
CVBS3 infection [124]. In a pilot trial, Kiihl et al. [125] followed the treatment of
CVB3- and AV-associated DCMi patients with IFN-f-1b for 6 months and reported
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that the genomes of both viruses were totally cleared from the hearts of all treated
patients, an outcome that was associated with significant clinical improvement
[125, 126]. Later, the Betaferon® in chronic viral cardiomyopathy (BICC) placebo-
controlled phase-II trial [32] concluded that 6 months treatment regimen with IFN-
B-1b is of therapeutic value in EV and AV associated DCMi. The study described
that the IFN-f-1b regimen induced viral clearance, symptomatic and cardiac func-
tion improvement. Symptomatic improvement was also reported in B19V-positive
patients; however, viral clearance was not achieved [32]. It is worth mentioning that
immunosuppression is contraindicated in EV and AV positive patients [28]. Those
specific patients can be treated with IFN-p-1b. However, further trials are needed to
support these first findings.

Safety Considerations

IFN-B-1b is primarily indicated for the management of multiple sclerosis employ-
ing a dose of 8 million international units (MIU) every other day via subcutaneous
injection. The safety of IFN-f-1b has been demonstrated over the years, whereby
the European Medicine Agency (EMA) safety assessment reports indorsed the use
of IFN-B-1b in adults, with the exception of pregnant women and patients with
known allergy to the recombinant protein.

The BICC trial demonstrated the safety of 6 months IFN-f-1b treatment in DCMi
patients presenting with symptoms of heart failure and diastolic or systolic myocar-
dial dysfunction. A significant overall clinical benefit was achieved and outweighed
the potential risks [32]. The adverse events occurred at similar frequencies in both
the active and the control groups [32, 127]. IFN-B-1b was well tolerated even by
patients with severe systolic dysfunction (left ventricular ejection fraction below
35%). The study indicated that the treatment regimen did not result in any drug-
related safety concerns or unexpected severe cardiac or non-cardiac adverse events
[32]. Generally, the safety profile of IFN-B-1b in CVB3/AV associated DCMi
patients is comparable to that known for multiple sclerosis indication. Drug-related
adverse events include flu-like side effects, fatigue, and injection site reactions, usu-
ally occurring at the initial phase of the therapy. Reversible increase in transaminase
levels (maximum AST/ALT values of 500/150 UI/L) is noticeable in patients receiv-
ing IFN-f-1b, which normalize after treatment cessation [127].

17.5.2.2 Immunoglobulins

Basic Pharmacology

Immunomodulatory treatment with intravenous immunoglobulins (IVIG): IgM,
IgG, and IgA (IgGAM) interact with the immune system, regulate antiviral pro-
cesses including complement system activation, pathogens’ opsonization, and
immune cell activation [128]. On the other side of the coin, IVIG exert anti-inflam-
matory effects via mediating anti-inflammatory cytokines production, e.g., IL8,
inhibiting pro-inflammatory cytokines, e.g., IL-1 and IL-6, and reducing oxidative
stress in addition to direct neutralization of viral proteins [129, 130].
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Therapeutic Rationale

Immune-mediated mechanisms play a pivotal role in the pathogenesis of myocardi-
tis/DCMIi and are likely targets for IVIG therapy owing to its antiviral and immuno-
modulatory functions. A randomized controlled study (the IMAC study) on acute
myocarditis patients without the knowledge of viral persistence showed no benefit
from IVIG treatment [131]. However, in patients with viral persistence, the use of
IVIG could be meaningful. Limited clinical studies and data from patient registries
suggest IVIG for the treatment of AV-, B19V-, and CM V-associated DCMi. IVIG
therapy was reported to clear AV and the associated myocardial inflammation at
intermediate dose [132]. Complete elimination of B19V could not be achieved via
IVIG but the associated inflammation was cleared. Pankuweit et al. [133] described
that intravenous treatment with >2 x 20 g immunoglobulin reliably eliminated
inflammation, and eradicated or only reduced the B19V load in about 50% of cases
of B19V-associated myocarditis. In the event of severe BI9V systemic infection,
IVIG have been shown to reduce viral load and improve cardiac functions [134—
136]. CMV was shown to be completely eradicated via high dose IVIG bolus [132,
135]. To this end, IVIG therapy can offer treatment option for persistent viral myo-
carditis, yet to be proven in large-scale clinical studies. Newly, a clinical trial
(NTC00892112) investigating the efficacy of intravenous IgG to reduce B19V viral
load in chronic B19V-positive cardiomyopathy patients with a B19V viral load above
200 copies/pg DNA has been completed. However, the results are not yet available.

Safety Considerations

Generally, the safety profile of IVIG is favorable. IVIG therapy is sometimes associ-
ated with mild side effects including flushing, headache, malaise, fever, chills,
fatigue, and lethargy. Slow infusion rate and premedication with corticosteroids/
antihistamines limit the side effects [137]. In line, the IMAC study reported only
minor side effects, predominantly transient flulike symptoms or headache, which
can be attributed to the immune system activation [131]. Severe side effects, e.g.,
renal failure and blood disorders were rarely reported [137, 138].

17.6 Conclusion

Viral infections are frequently associated with myocarditis and worse heart failure
prognosis. Patients not responding to conventional heart failure therapies need to be
biopsied for diagnostic analysis. The off-label use of several antivirals represents the
current armamentarium against viral myocarditis. However, none of the proposed
therapies is sufficiently studied to be declared as safe and effective in myocarditis
patients. For that reason, all the aforementioned therapies should only be offered by
experienced centers or on the basis of controlled studies. Recent single center experi-
ence suggests that selected patients with inflammatory cardiomyopathy and B19V
persistence without signs of systemic active infection may gain a similar long lasting
and safe benefit from immunosuppressive treatment, as do virus-negative individuals
[37]. These results need further verification in a randomized controlled trial.
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17.7 Case Study Answer

The case study described represents a typical indication for EMB for the diagnosis

of

suggested viral myocarditis, since the patient did not recover over time despite

symptomatic heart failure therapy. Depending on the EMB-based diagnosis, differ-
ent (anti-viral) therapies are suggested based on expert-based recommendations.

After exclusion of viral persistence and if lymphocytic myocarditis is present,
the use of immunosuppressive therapy in case of active inflammation (>14 leu-
cocytes/mm? including up to 4 monocytes/mm? with the presence of CD3-
positive T-lymphocytes >7 cells/mm?) is permitted.

CVB3/AV persistence suggests IFN-f treatment and prohibits the use of immu-
nosuppressive agents.

B19V transcriptional activity suggests experimental treatment with telbivudine
or IV immune globulins.

Active ciHHV-6 suggests ganciclovir and valganciclovir treatment.

Defined HCV association suggests treatment with DAAs.

HIV mandates anti-retroviral combination therapy without immune
suppression.

Influenza type A or B detection suggests the use of neuraminidase inhibitors.

References

. Kuhl U, Pauschinger M, Noutsias M, Seeberg B, Bock T, Lassner D, et al. High prevalence of

viral genomes and multiple viral infections in the myocardium of adults with “idiopathic” left
ventricular dysfunction. Circulation. 2005;111(7):887-93.

. Kuhl U, Schultheiss HP. Viral myocarditis. Swiss Med Wkly. 2014;144:w14010.
. Trachtenberg BH, Hare JM. Inflammatory Cardiomyopathic syndromes. Circ Res.

2017;121(7):803-18.

. Baboonian C, Davies MJ, Booth JC, McKenna WJ. Coxsackie B viruses and human heart

disease. Curr Top Microbiol Immunol. 1997;223:31-52.

. Badorff C, Lee GH, Lamphear BJ, Martone ME, Campbell KP, Rhoads RE, et al. Enteroviral

protease 2A cleaves dystrophin: evidence of cytoskeletal disruption in an acquired cardiomy-
opathy. Nat Med. 1999;5(3):320-6.

. Kuhl U, Pauschinger M, Seeberg B, Lassner D, Noutsias M, Poller W, et al. Viral persis-

tence in the myocardium is associated with progressive cardiac dysfunction. Circulation.
2005;112(13):1965-70.

. Lassner D, Siegismund CS, Kuhl U, Rohde M, Stroux A, Escher F, et al. CCR5del32 genotype

in human enteroviral cardiomyopathy leads to spontaneous virus clearance and improved out-
come compared to wildtype CCRS. J Transl Med. 2018;16(1):249.

. Schultheiss HP, Kuhl U, Cooper LT. The management of myocarditis. Eur Heart J.

2011;32(21):2616-25.

. Escher F, Kuhl U, Gross U, Westermann D, Poller W, Tschope C, et al. Aggravation of left

ventricular dysfunction in patients with biopsy-proven cardiac human herpesvirus a and B
infection. J Clin Virol. 2015;63:1-5.

. Reddy S, Eliassen E, Krueger GR, Das BB. Human herpesvirus 6-induced inflammatory car-

diomyopathy in immunocompetent children. Ann Pediatr Cardiol. 2017;10(3):259-68.



310

A. Elsanhoury et al.

11.

12.

13.

14.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Pellett PE, Ablashi DV, Ambros PF, Agut H, Caserta MT, Descamps V, et al. Chromosomally
integrated human herpesvirus 6: questions and answers. Rev Med Virol. 2012;22(3):
144-55.

Kuhl U, Lassner D, Wallaschek N, Gross UM, Krueger GR, Seeberg B, et al. Chromosomally
integrated human herpesvirus 6 in heart failure: prevalence and treatment. Eur J Heart Fail.
2015;17(1):9-19.

Verdonschot J, Hazebroek M, Merken J, Debing Y, Dennert R, Brunner-La Rocca HP, et al.
Relevance of cardiac parvovirus B19 in myocarditis and dilated cardiomyopathy: review of the
literature. Eur J Heart Fail. 2016;18(12):1430-41.

Schmidt-Lucke C, Zobel T, Schrepfer S, Kuhl U, Wang D, Klingel K, et al. Impaired endo-
thelial regeneration through human parvovirus B19-infected circulating Angiogenic cells in
patients with cardiomyopathy. J Infect Dis. 2015;212(7):1070-81.

. Schmidt-Lucke C, Zobel T, Escher F, Tschope C, Lassner D, Kuhl U, et al. Human parvovirus

B19 (B19V) up-regulates CXCR4 surface expression of circulating Angiogenic cells: implica-
tions for cardiac ischemia in B19V cardiomyopathy. J Infect Dis. 2018;217(3):456-65.

. Hu HY, Wei SY, Huang WH, Pan CH. Fatal parvovirus B19 infections: a report of two autopsy

cases. Int J Legal Med. 2019;133(2):553-60.

Kuhl U, Lassner D, Dorner A, Rohde M, Escher F, Seeberg B, et al. A distinct subgroup of car-
diomyopathy patients characterized by transcriptionally active cardiotropic erythrovirus and
altered cardiac gene expression. Basic Res Cardiol. 2013;108(5):372.

Duechting A, Tschope C, Kaiser H, Lamkemeyer T, Tanaka N, Aberle S, et al. Human parvo-
virus B19 NS1 protein modulates inflammatory signaling by activation of STAT3/PIAS3 in
human endothelial cells. J Virol. 2008;82(16):7942-52.

Tschope C, Bock CT, Kasner M, Noutsias M, Westermann D, Schwimmbeck PL, et al. High
prevalence of cardiac parvovirus B19 infection in patients with isolated left ventricular dia-
stolic dysfunction. Circulation. 2005;111(7):879-86.

Greulich S, Kindermann I, Schumm J, Perne A, Birkmeier S, Grun S, et al. Predictors of
outcome in patients with parvovirus B19 positive endomyocardial biopsy. Clin Res Cardiol.
2016;105(1):37-52.

Hjalmarsson C, Liljeqvist JA, Lindh M, Karason K, Bollano E, Oldfors A, et al. Parvovirus
B19 in endomyocardial biopsy of patients with idiopathic dilated cardiomyopathy: foe or
bystander? J Card Fail. 2019;25(1):60-3.

Pollack A, Kontorovich AR, Fuster V, Dec GW. Viral myocarditis--diagnosis, treatment
options, and current controversies. Nat Rev Cardiol. 2015;12(11):670-80.

Dominguez F, Kuhl U, Pieske B, Garcia-Pavia P, Tschope C. Update on myocarditis and
inflammatory cardiomyopathy: reemergence of endomyocardial biopsy. Rev Esp Cardiol
(Engl Ed). 2016;69(2):178-87.

Maron BJ, Towbin JA, Thiene G, Antzelevitch C, Corrado D, Arnett D, et al. Contemporary
definitions and classification of the cardiomyopathies: an American Heart Association sci-
entific statement from the council on clinical cardiology, heart failure and transplantation
committee; quality of care and outcomes research and functional genomics and translational
biology interdisciplinary working groups; and council on epidemiology and prevention.
Circulation. 2006;113(14):1807-16.

Friedrich MG. Tissue characterization of acute myocardial infarction and myocarditis by car-
diac magnetic resonance. JACC Cardiovasc Imaging. 2008;1(5):652-62.

Caforio AL, Pankuweit S, Arbustini E, Basso C, Gimeno-Blanes J, Felix SB, et al. Current
state of knowledge on aetiology, diagnosis, management, and therapy of myocarditis: a posi-
tion statement of the European Society of Cardiology Working Group on Myocardial and
Pericardial Diseases. Eur Heart J. 2013;34(33):2636-48.

Ferreira VM, Schulz-Menger J, Holmvang G, Kramer CM, Carbone I, Sechtem U, et al.
Cardiovascular magnetic resonance in nonischemic myocardial inflammation: expert
Recommendations. J Am Coll Cardiol. 2018;72(24):3158-76.

Van Linthout S, Tschope C. Viral myocarditis: a prime example for endomyocardial biopsy-
guided diagnosis and therapy. Curr Opin Cardiol. 2018;33(3):325-33.



Antiviral Therapies: A Critical Reappraisal 3N

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Kuhl U, Pauschinger M, Bock T, Klingel K, Schwimmbeck CP, Seeberg B, et al.
Parvovirus B19 infection mimicking acute myocardial infarction. Circulation. 2003;108(8):
945-50.

Sisakian H. Cardiomyopathies: evolution of pathogenesis concepts and potential for new ther-
apies. World J Cardiol. 2014;6(6):478-94.

Frustaci A, Russo MA, Chimenti C. Randomized study on the efficacy of immunosuppressive
therapy in patients with virus-negative inflammatory cardiomyopathy: the TIMIC study. Eur
Heart J. 2009;30(16):1995-2002.

Schultheiss HP, Piper C, Sowade O, Waagstein F, Kapp JF, Wegscheider K, et al. Betaferon in
chronic viral cardiomyopathy (BICC) trial: effects of interferon-beta treatment in patients with
chronic viral cardiomyopathy. Clin Res Cardiol. 2016;105(9):763-73.

Van Linthout S, Elsanhoury A, Klein O, Sosnowski M, Miteva K, Lassner D, et al. Telbivudine
in chronic lymphocytic myocarditis and human parvovirus B19 transcriptional activity. ESC
Heart Fail. 2018;5(5):818-29.

Sotiriou E, Heiner S, Jansen T, Brandt M, Schmidt KH, Kreitner KF, et al. Therapeutic
implications of a combined diagnostic workup including endomyocardial biopsy in an all-
comer population of patients with heart failure: a retrospective analysis. ESC Heart Fail.
2018;5(4):630-41.

But DY, Yuen MF, Fung J, Lai CL. Safety evaluation of telbivudine. Expert Opin Drug Saf.
2010;9(5):821-9.

Chan HL, Chen YC, Gane EJ, Sarin SK, Suh DJ, Piratvisuth T, et al. Randomized clinical trial:
efficacy and safety of telbivudine and lamivudine in treatment-naive patients with HB V-related
decompensated cirrhosis. J Viral Hepat. 2012;19(10):732-43.

Tschope C, Elsanhoury A, Schlieker S, Van Linthout S, Kiihl U. Immunosuppression in inflam-
matory cardiomyopathy and parvovirus B19 persistence. Eur J Heart Fail. 2019;21:1468-9.
https://doi.org/10.1002/ejhf.1560.

Merken J, Hazebroek M, Van Paassen P, Verdonschot J, Van Empel V, Knackstedt C, et al.
Immunosuppressive therapy improves both short- and long-term prognosis in patients with virus-
negative nonfulminant inflammatory cardiomyopathy. Circ Heart Fail. 2018;11(2):e004228.
Escher F, Kuhl U, Lassner D, Poller W, Westermann D, Pieske B, et al. Long-term outcome of
patients with virus-negative chronic myocarditis or inflammatory cardiomyopathy after immu-
nosuppressive therapy. Clin Res Cardiol. 2016;105(12):1011-20.

Frustaci A, Chimenti C, Calabrese F, Pieroni M, Thiene G, Maseri A. Immunosuppressive
therapy for active lymphocytic myocarditis: virological and immunologic profile of responders
versus nonresponders. Circulation. 2003;107(6):857-63.

Keam SJ. Telbivudine. Drugs. 2007;67(13):1917-29.

Agut H, Bonnafous P, Gautheret-Dejean A. Laboratory and clinical aspects of human herpes-
virus 6 infections. Clin Microbiol Rev. 2015;28(2):313-35.

Matthews T, Boehme R. Antiviral activity and mechanism of action of ganciclovir. Rev Infect
Dis. 1988;10(Suppl 3):5S490-4.

Prichard MN, Whitley RJ. The development of new therapies for human herpesvirus 6. Curr
Opin Virol. 2014;9:148-53.

Venturi C, Bueno J, Gavalda J, Tortola T, Pou L, Medina A, et al. Impact of valganciclovir on
Epstein-Barr virus polymerase chain reaction in pediatric liver transplantation: preliminary
report. Transplant Proc. 2009;41(3):1038—40.

Seeley WW, Marty FM, Holmes TM, Upchurch K, Soiffer RJ, Antin JH, et al. Post-
transplant acute limbic encephalitis: clinical features and relationship to HHV6. Neurology.
2007;69(2):156-65.

Ishiyama K, Katagiri T, Ohata K, Hosokawa K, Kondo Y, Yamazaki H, et al. Safety of pre-
engraftment prophylactic foscarnet administration after allogeneic stem cell transplantation.
Transpl Infect Dis. 2012;14(1):33-9.

Ishiyama K, Katagiri T, Hoshino T, Yoshida T, Yamaguchi M, Nakao S. Preemptive therapy of
human herpesvirus-6 encephalitis with foscarnet sodium for high-risk patients after hemato-
poietic SCT. Bone Marrow Transplant. 2011;46(6):863-9.


https://doi.org/10.1002/ejhf.1560

312

A. Elsanhoury et al.

49.

50.

51

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Watt T, Oberfoell S, Balise R, Lunn MR, Kar AK, Merrihew L, et al. Response to valganciclo-
vir in chronic fatigue syndrome patients with human herpesvirus 6 and Epstein-Barr virus IgG
antibody titers. J Med Virol. 2012;84(12):1967-74.

Troy SB, Blackburn BG, Yeom K, Caulfield AK, Bhangoo MS, Montoya JG. Severe enceph-
alomyelitis in an immunocompetent adult with chromosomally integrated human herpes-
virus 6 and clinical response to treatment with foscarnet plus ganciclovir. Clin Infect Dis.
2008;47(12):e93-6.

Paya C, Humar A, Dominguez E, Washburn K, Blumberg E, Alexander B, et al. Efficacy and
safety of valganciclovir vs. oral ganciclovir for prevention of cytomegalovirus disease in solid
organ transplant recipients. Am J Transplant. 2004;4(4):611-20.

Geddawy A, Ibrahim YF, Elbahie NM, Ibrahim MA. Direct acting anti-hepatitis C virus drugs:
clinical pharmacology and future direction. J Transl Int Med. 2017;5(1):8-17.

Feld JJ, Foster GR. Second generation direct-acting antivirals—do we expect major improve-
ments? J Hepatol. 2016;65(1 Suppl):S130-S42.

Danilau D, Malich N, Litvinchuk D, Karpov I. Ombitasvir/paritaprevir/ritonavir + dasabuvir
+/— ribavirin for treatment of chronic hepatitis C 1 genotype in the Republic of Belarus. Clin
Exp Hepatol. 2017;3(3):164-8.

Petruzziello A, Marigliano S, Loquercio G, Cacciapuoti C. Hepatitis C virus (HCV) genotypes
distribution: an epidemiological up-date in Europe. Infect Agent Cancer. 2016;11:53.
Hussaini T. Paritaprevir/ritonavir-ombitasvir and dasabuvir, the 3D regimen for the treatment
of chronic hepatitis C virus infection: a concise review. Hepat Med. 2016;8:61-8.

Matsumori A. Hepatitis C virus and cardiomyopathy. Herz. 2000;25(3):249-54.

Matsumori A, Matoba Y, Sasayama S. Dilated cardiomyopathy associated with hepatitis C
virus infection. Circulation. 1995;92(9):2519-25.

Babiker A, Jeudy J, Kligerman S, Khambaty M, Shah A, Bagchi S. Risk of cardiovascular
disease due to chronic hepatitis C infection: a review. J Clin Transl Hepatol. 2017;5(4):343-62.
Poller W, Kaya Z, Muche M, Kasner M, Skurk C, Kappert K, et al. High incidence of cardiac
dysfunction and response to antiviral treatment in patients with chronic hepatitis C virus infec-
tion. Clin Res Cardiol. 2017;106(7):551-6.

Moradpour D, Grakoui A, Manns MP. Future landscape of hepatitis C research—translational
and clinical perspectives basic. J Hepatol. 2016;65(1 Suppl):S143-S55.

Dustin LB, Bartolini B, Capobianchi MR, Pistello M. Hepatitis C virus: life cycle in cells,
infection and host response, and analysis of molecular markers influencing the outcome of
infection and response to therapy. Clin Microbiol Infect. 2016;22(10):826-32.

Kohli A, Shaffer A, Sherman A, Kottilil S. Treatment of hepatitis C: a systematic review.
JAMA. 2014;312(6):631-40.

Wedemeyer H, Reimer J, Sandow P, Hueppe D, Lutz T, Gruengreiff K, et al. Long-term out-
come of chronic hepatitis C virus infection in a real-world setting: the German LOTOS study.
Liver Int. 2017;37(10):1468-75.

Poller W, Haghikia A, Kasner M, Kaya Z, Bavendiek U, Wedemeier H, et al. Cardiovascular
involvement in chronic hepatitis C virus infections—insight from novel antiviral therapies. J
Clin Transl Hepatol. 2018;6(2):161-7.

Gunthard HF, Saag MS, Benson CA, del Rio C, Eron JJ, Gallant JE, et al. Antiretroviral drugs
for treatment and prevention of HIV infection in adults: 2016 recommendations of the interna-
tional antiviral society-USA panel. JAMA. 2016;316(2):191-210.

Gunthard HF, Aberg JA, Eron JJ, Hoy JF, Telenti A, Benson CA, et al. Antiretroviral treat-
ment of adult HIV infection: 2014 recommendations of the international antiviral society-USA
panel. JAMA. 2014;312(4):410-25.

Dybul M, Fauci AS, Bartlett JG, Kaplan JE, Pau AK. Panel on clinical practices for the treat-
ment of HIV. Guidelines for using antiretroviral agents among HIV-infected adults and ado-
lescents. Recommendations of the panel on clinical practices for treatment of HIV. MMWR
Recomm Rep. 2002;51(RR-7):1-55.

Sackoff JE, Hanna DB, Pfeiffer MR, Torian LV. Causes of death among persons with
AIDS in the era of highly active antiretroviral therapy: new York City. Ann Intern Med.
2006;145(6):397-406.



Antiviral Therapies: A Critical Reappraisal 313

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Smith CJ, Ryom L, Weber R, Morlat P, Pradier C, Reiss P, et al. Trends in underlying causes
of death in people with HIV from 1999 to 2011 (D:a:D): a multicohort collaboration. Lancet.
2014;384(9939):241-8.

Lorgis L, Cottenet J, Molins G, Benzenine E, Zeller M, Aube H, et al. Outcomes after acute
myocardial infarction in HIV-infected patients: analysis of data from a French nationwide
hospital medical information database. Circulation. 2013;127(17):1767-74.

Manga P, McCutcheon K, Tsabedze N, Vachiat A, Zachariah D. HIV and nonischemic heart
disease. J Am Coll Cardiol. 2017;69(1):83-91.

Vachiat A, McCutcheon K, Tsabedze N, Zachariah D, Manga P. HIV and ischemic heart dis-
ease. J Am Coll Cardiol. 2017;69(1):73-82.

Ntusi NAB, Ntsekhe M. Human immunodeficiency virus-associated heart failure in sub-
Saharan Africa: evolution in the epidemiology, pathophysiology, and clinical manifestations in
the antiretroviral era. ESC Heart Fail. 2016;3(3):158-67.

Barbaro G, Di Lorenzo G, Grisorio B, Barbarini G. Cardiac involvement in the acquired
immunodeficiency syndrome: a multicenter clinical-pathological study. Gruppo Italiano per
lo Studio Cardiologico dei pazienti affetti da AIDS Investigators AIDS Res Hum Retroviruses.
1998;14(12):1071-7.

Cohen IS, Anderson DW, Virmani R, Reen BM, Macher AM, Sennesh J, et al. Congestive
cardiomyopathy in association with the acquired immunodeficiency syndrome. N Engl J Med.
1986;315(10):628-30.

Belkin MN, Uriel N. Heart health in the age of highly active antiretroviral therapy: a review of
HIV cardiomyopathy. Curr Opin Cardiol. 2018;33(3):317-24.

Group ISS. Lundgren JD, Babiker AG, Gordin F, Emery S, Grund B, et al. initiation of antiret-
roviral therapy in early asymptomatic HIV infection. N Engl J Med. 2015;373(9):795-807.
Pugliese A, Isnardi D, Saini A, Scarabelli T, Raddino R, Torre D. Impact of highly active antiret-
roviral therapy in HIV-positive patients with cardiac involvement. J Infect. 2000;40(3):282—-4.
Lipshultz SE, Williams PL, Wilkinson JD, Leister EC, Van Dyke RB, Shearer WT, et al.
Cardiac status of children infected with human immunodeficiency virus who are receiving
long-term combination antiretroviral therapy: results from the adolescent master protocol of
the multicenter pediatric HIV/AIDS cohort study. JAMA Pediatr. 2013;167(6):520-7.

Plebani A, Esposito S, Pinzani R, Fesslova V, Bojanin J, Salice P, et al. Effect of highly active
antiretroviral therapy on cardiovascular involvement in children with human immunodefi-
ciency virus infection. Pediatr Infect Dis J. 2004;23(6):559-63.

Bozkurt B, Colvin M, Cook J, Cooper LT, Deswal A, Fonarow GC, et al. Current diagnostic
and treatment strategies for specific dilated cardiomyopathies: a scientific statement from the
American Heart Association. Circulation. 2016;134(23):e579-646.

Currie PF, Goldman JH, Caforio AL, Jacob AJ, Baig MK, Brettle RP, et al. Cardiac autoim-
munity in HIV related heart muscle disease. Heart. 1998;79(6):599-604.

Blaylock JM, Byers DK, Gibbs BT, Nayak G, Ferguson M, Tribble DR, et al. Longitudinal
assessment of cardiac diastolic function in HIV-infected patients. Int J STD AIDS.
2012;23(2):105-10.

Cerrato E, D'Ascenzo F, Biondi-Zoccai G, Calcagno A, Frea S, Grosso Marra W, et al. Cardiac
dysfunction in pauci symptomatic human immunodeficiency virus patients: a meta-analysis in
the highly active antiretroviral therapy era. Eur Heart J. 2013;34(19):1432-6.

Onur I, Ikitimur B, Oz F, Ekmekci A, Elitok A, Cagatay AA, et al. Evaluation of human immu-
nodeficiency virus infection-related left ventricular systolic dysfunction by tissue Doppler
strain echocardiography. Echocardiography. 2014;31(10):1199-204.

Reinsch N, Kahlert P, Esser S, Sundermeyer A, Neuhaus K, Brockmeyer N, et al.
Echocardiographic findings and abnormalities in HIV-infected patients: results from a large,
prospective, multicenter HIV-heart study. Am J Cardiovasc Dis. 2011;1(2):176-84.

Lewis W, Simpson JF, Meyer RR. Cardiac mitochondrial DNA polymerase-gamma is
inhibited competitively and noncompetitively by phosphorylated zidovudine. Circ Res.
1994;74(2):344-8.

Lewis W, Grupp IL, Grupp G, Hoit B, Morris R, Samarel AM, et al. Cardiac dysfunction occurs
in the HIV-1 transgenic mouse treated with zidovudine. Lab Investig. 2000;80(2):187-97.



314

A. Elsanhoury et al.

90

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

. Jakeman B, Nasiri M, Ruth L, Morse C, Mahatme S, Patel N. Comparing the frequencies
of contraindicated drug-drug interactions between differing antiretroviral regimens in HIV-
infected patients. Ann Pharmacother. 2017;51(5):365-72.

Priyanka P, Varma DM, Immadisetti K, Rajesh R, Vidyasagar S, Guddattu V. Recognition
of possible risk factors for clinically significant drug-drug interactions among Indian people
living with HIV receiving highly active antiretroviral therapy and concomitant medications.
Int J Risk Saf Med. 2017;29(1-2):25-55.

Semvua HH, Kibiki GS, Kisanga ER, Boeree MJ, Burger DM, Aarnoutse R. Pharmacological
interactions between rifampicin and antiretroviral drugs: challenges and research priorities
for resource-limited settings. Ther Drug Monit. 2015;37(1):22-32.

Durante-Mangoni E, Maiello C, Limongelli G, Sbreglia C, Pinto D, Amarelli C, et al.
Management of immunosuppression and antiviral treatment before and after heart trans-
plant for HIV-associated dilated cardiomyopathy. Int J Immunopathol Pharmacol.
2014;27(1):113-20.

McKimm-Breschkin JL. Influenza neuraminidase inhibitors: antiviral action and mecha-
nisms of resistance. Influenza Other Respir Viruses. 2013;7(Suppl 1):25-36.

Birnkrant D, Cox E. The emergency use authorization of peramivir for treatment of 2009
HINT influenza. N Engl J Med. 2009;361(23):2204-7.

Greaves K, Oxford JS, Price CP, Clarke GH, Crake T. The prevalence of myocarditis and
skeletal muscle injury during acute viral infection in adults: measurement of cardiac tropo-
nins [ and T in 152 patients with acute influenza infection. Arch Intern Med. 2003;163(2):
165-8.

Rezkalla SH, Kloner RA. Influenza-related viral myocarditis. WMJ. 2010;109(4):209-13.
Mamas MA, Fraser D, Neyses L. Cardiovascular manifestations associated with influenza
virus infection. Int J Cardiol. 2008;130(3):304-9.

Bowles NE, Ni J, Kearney DL, Pauschinger M, Schultheiss HP, McCarthy R, et al. Detection
of viruses in myocardial tissues by polymerase chain reaction. evidence of adenovirus as a
common cause of myocarditis in children and adults J Am Coll Cardiol. 2003;42(3):466-72.
Caforio AL, Calabrese F, Angelini A, Tona F, Vinci A, Bottaro S, et al. A prospective study of
biopsy-proven myocarditis: prognostic relevance of clinical and aetiopathogenetic features at
diagnosis. Eur Heart J. 2007;28(11):1326-33.

Montcriol A, Wiramus S, Ribeiri A, Attard N, Nait-Saidi L, Kerbaul F, et al. Successful man-
agement of influenza a associated fulminant myocarditis: mobile circulatory support in inten-
sive care unit: a case report. Cases J. 2008;1(1):46.

Moore DL, Vaudry W, Scheifele DW, Halperin SA, Dery P, Ford-Jones E, et al. Surveillance
for influenza admissions among children hospitalized in Canadian immunization monitoring
program active centers, 2003-2004. Pediatrics. 2006;118(3):e610-9.

Taremi M, Amoroso A, Nace HL, Gilliam BL. Influenza B-induced refractory cardiogenic
shock: a case report. BMC Infect Dis. 2013;13:452.

Magnani JW, Dec GW. Myocarditis: current trends in diagnosis and treatment. Circulation.
2006;113(6):876-90.

Yoshimizu N, Tominaga T, Ito T, Nishida Y, Wada Y, Sohmiya K, et al. Repetitive fulmi-
nant influenza myocarditis requiring the use of circulatory assist devices. Intern Med.
2014;53(2):109-14.

Kounis NG, Zavras GM, Soufras GD, Kitrou MP. Hypersensitivity myocarditis. Ann Allergy.
1989;62(2):71-4.

Bratincsak A, El-Said HG, Bradley JS, Shayan K, Grossfeld PD, Cannavino CR. Fulminant
myocarditis associated with pandemic HIN1 influenza a virus in children. J Am Coll Cardiol.
2010;55(9):928-9.

Miura M, Asaumi Y, Wada Y, Ogata K, Sato T, Sugawara T, et al. A case of influenza sub-
type a virus-induced fulminant myocarditis: an experience of percutaneous cardio-pulmonary
support (PCPS) treatment and immunohistochemical analysis. Tohoku J Exp Med.
2001;195(1):11-9.



Antiviral Therapies: A Critical Reappraisal 315

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Morioka I, Nonoyama S, Tanaka-Taya K, Ihara T, Sugaya N, Ueta I, et al. Survey of Japanese
infants younger than 3 months who were treated with oseltamivir for influenza: safety of
oseltamivir treatment. Scand J Infect Dis. 2012;44(8):605-9.

Geladari EV, Kratimenos VN, Trigkidis K, Kokkinakis E. Myocarditis due to influenza B
virus: the importance of early antiviral therapy. Cardiol Clin Res. 2016;4(6):1079.

Baik SH, Jeong HS, Kim SJ, Yoon YK, Sohn JW, Kim MIJ. A case of influenza associated
fulminant myocarditis successfully treated with intravenous Peramivir. Infect Chemother.
2015;47(4):272-7.

Hekimian G, Jovanovic T, Brechot N, Lebreton G, Leprince P, Trouillet JL, et al. When the
heart gets the flu Fulminant influenza B myocarditis: a case-series report and review of the
literature. J Crit Care. 2018;47:61-4.

Doll MK, Winters N, Boikos C, Kraicer-Melamed H, Gore G, Quach C. Safety and effective-
ness of neuraminidase inhibitors for influenza treatment, prophylaxis, and outbreak control:
a systematic review of systematic reviews and/or meta-analyses. J Antimicrob Chemother.
2017;72(11):2990-3007.

Lobo ML, Taguchi A, Gaspar HA, Ferranti JF, de Carvalho WB, Delgado AF. Fulminant
myocarditis associated with the HIN1 influenza virus: case report and literature review. Rev
Bras Ter Intensiva. 2014;26(3):321-6.

Samuel CE. Antiviral actions of interferons. Clin Microbiol Rev. 2001;14(4):778-809.
Brierley MM, Fish EN. Review: IFN-alpha/beta receptor interactions to biologic outcomes:
understanding the circuitry. J Interf Cytokine Res. 2002;22(8):835-45.

Mark DF, Lu SD, Creasey AA, Yamamoto R, Lin LS. Site-specific mutagenesis of the human
fibroblast interferon gene. Proc Natl Acad Sci U S A. 1984;81(18):5662—-6.

Markowitz CE. Interferon-beta: mechanism of action and dosing issues. Neurology.
2007;68(24 Suppl 4):S8-11.

Keskinen P, Ronni T, Matikainen S, Lehtonen A, Julkunen I. Regulation of HLA class I and II
expression by interferons and influenza a virus in human peripheral blood mononuclear cells.
Immunology. 1997;91(3):421-9.

Swann JB, Hayakawa Y, Zerafa N, Sheehan KC, Scott B, Schreiber RD, et al. Type I
IFN contributes to NK cell homeostasis, activation, and antitumor function. J Immunol.
2007;178(12):7540-9.

Urban SL, Berg LJ, Welsh RM. Type 1 interferon licenses naive CD8 T cells to mediate anti-
viral cytotoxicity. Virology. 2016;493:52-9.

Heim A, Stille-Seigener M, Pring-Akerblom P, Grumbach I, Brehm C, Kreuzer H, et al.
Recombinant Interferons beta and gamma have a higher antiviral activity than interferon-
alpha in coxsackievirus B3-infected carrier state cultures of human myocardial fibroblasts. J
Interf Cytokine Res. 1996;16(4):283-7.

Deonarain R, Cerullo D, Fuse K, Liu PP, Fish EN. Protective role for interferon-beta in cox-
sackievirus B3 infection. Circulation. 2004;110(23):3540-3.

Kuhl U, Lassner D, von Schlippenbach J, Poller W, Schultheiss HP. Interferon-Beta improves
survival in enterovirus-associated cardiomyopathy. J Am Coll Cardiol. 2012;60(14):1295-6.
Kuhl U, Pauschinger M, Schwimmbeck PL, Seeberg B, Lober C, Noutsias M, et al.
Interferon-beta treatment eliminates cardiotropic viruses and improves left ventricular func-
tion in patients with myocardial persistence of viral genomes and left ventricular dysfunction.
Circulation. 2003;107(22):2793-8.

Pauschinger M, Chandrasekharan K, Noutsias M, Kuhl U, Schwimmbeck LP, Schultheiss
HP. Viral heart disease: molecular diagnosis, clinical prognosis, and treatment strategies.
Med Microbiol Immunol. 2004;193(2-3):65-9.

Gran F, Martinez-Villar M, Soler-Palacin P, Fernandez-Polo A, Betrian P, Albert
DC. Immunosuppressive therapy and interferon-1beta in acute myocarditis. Rev Esp Cardiol
(Engl Ed). 2016;69(11):1106-7.

Nimmerjahn F, Ravetch JV. Anti-inflammatory actions of intravenous immunoglobulin.
Annu Rev Immunol. 2008;26:513-33.



316

A. Elsanhoury et al.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

Anthony RM, Nimmerjahn F, Ashline DJ, Reinhold VN, Paulson JC, Ravetch
JV. Recapitulation of IVIG anti-inflammatory activity with a recombinant IgG fc. Science.
2008;320(5874):373-6.

Gronwall C, Silverman GJ. Natural IgM: beneficial autoantibodies for the control of inflam-
matory and autoimmune disease. J Clin Immunol. 2014;34(Suppl 1):S12-21.

McNamara DM, Holubkov R, Starling RC, Dec GW, Loh E, Torre-Amione G, et al. Controlled
trial of intravenous immune globulin in recent-onset dilated cardiomyopathy. Circulation.
2001;103(18):2254-9.

Maisch B, Hufnagel G, Kolsch S, Funck R, Richter A, Rupp H, et al. Treatment of inflamma-
tory dilated cardiomyopathy and (peri)myocarditis with immunosuppression and i.v. immu-
noglobulins. Herz. 2004;29(6):624-36.

Pankuweit S, Maisch B. The heart in viral infections. Internist (Berl). 2010;51(7):836-43.
Trimpert C, Herda LR, Eckerle LG, Pohle S, Muller C, Landsberger M, et al. Immunoadsorption
in dilated cardiomyopathy: long-term reduction of cardiodepressant antibodies. Eur J Clin
Investig. 2010;40(8):685-91.

Dennert R, Velthuis S, Schalla S, Eurlings L, van Suylen RJ, van Paassen P, et al. Intravenous
immunoglobulin therapy for patients with idiopathic cardiomyopathy and endomyocardial
biopsy-proven high PVB19 viral load. Antivir Ther. 2010;15(2):193-201.

Selbing A, Josefsson A, Dahle LO, Lindgren R. Parvovirus B19 infection during pregnancy
treated with high-dose intravenous gammaglobulin. Lancet. 1995;345(8950):660—1.

Guo'Y, Tian X, Wang X, Xiao Z. Adverse effects of immunoglobulin therapy. Front Immunol.
2018;9:1299.

Duhem C, Dicato MA, Ries F. Side-effects of intravenous immune globulins. Clin Exp
Immunol. 1994;97(Suppl 1):79-83.



Check for
updates

Conventional Cardiological Therapies 1 8

Gianfranco Sinagra, Piero Gentile, Jessica Artico,
Antonio Cannata’ Enrico Fabris, and Merlo Marco

Myocarditis is an inflammatory disease of the myocardium characterized by a great
heterogeneity of presentation and evolution. The main patterns of clinical presenta-
tion are chest pain, arrhythmias, and heart failure, and disease severity may range
from asymptomatic or mild self-limiting syndromes to severe life-threatening sce-
narios requiring intensive hemodynamic support [1-4].

A deep etiological classification should be systematically performed approaching
a clinically suspected myocarditis. In fact, although cardiotropic viruses are presumed
to be the most frequent cause of myocarditis (about 90%) encountered in clinical
practice, 10% of myocarditis can be triggered by different causes: bacteria, parasites,
autoimmune diseases, hypersensitivity, high catecholamine states, drugs, toxic sub-
stances, or physical agents [5]. All possible etiologies should be considered because
disease-specific therapy is mandatory in specific settings. Laboratory tests, apparently
poorly useful in the management of viral myocarditis, are key to exclude other spe-
cific infective forms. Bacteria, such as diphtheria and Borrelia burgdorferi (Lyme dis-
ease), or parasites, such as Trypanosoma cruzi (Chagas disease), are very important
in specific geographic regions [6, 7] and deserve specific antibiotic, such as tetracy-
clines for Lyme disease, or antiparasitic therapy, such as benznidazole or nifurtimox
for Chagas disease. Furthermore, sarcoidosis, eosinophilic myocarditis, and giant cell
myocarditis deserve prompt treatment with immunomodulatory and specific therapy.

Finally, in the setting of virus-negative myocarditis, specific therapies, like
immunosuppression or immunomodulation therapies, should be generally reserved
for patients presenting with major clinical syndromes (i.e., severe heart failure and/
or life-threatening arrhythmias) that are refractory to conventional therapies.
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Recently, a clinically oriented classification of myocarditis has been proposed
based on event-risk derived by clinical and laboratory presentation and short-term
evolution [1, 8]. This classification has essential implications in therapeutic strate-
gies and prognostic stratification of those patients:

e Low-risk myocarditis: usually presenting with chest pain and/or supraventricular
arrhythmias with preserved left ventricular function. This clinical scenario often
has a rapid (1-4 weeks) and complete resolution of the electrocardiographic and
echocardiographic abnormalities with excellent long-term prognosis.

o [Intermediate risk myocarditis: characterized by mild-to-moderate ventricular
dysfunction with persistent wall motion abnormalities, extensive late gadolinium
enhancement (LGE) in the absence of severe left ventricular dysfunction, elec-
trocardiographic changes, and non-sustained ventricular arrhythmias.

e High-risk myocarditis: usually presenting with recent-onset severe left ventricu-
lar dysfunction and refractory heart failure (HF) and/or life-threatening arrhyth-
mias. Typically, the prognosis is highly dependent on the short-term response to
therapy.

It appears that therapeutic regimens and intensity of treatment change accord-
ing to initial presentation and severity of symptoms. However, the extent of left
ventricular (LV) involvement, expressed as left ventricular ejection fraction (LVEF)
reduction or LGE extension, has emerged as the main determinant of prognosis and
helps in addressing a correct management algorithm.

Considering the great variability in clinical presentation and evolution, conven-
tional therapy of myocarditis represents the first step and should be tailored on the
basis of both pattern and severity of clinical presentation, amount of LV derange-
ment (i.e., left ventricular dysfunction or LGE extent). The short-term response to
conventional treatments should help in addressing further, specific therapeutic strat-
egies (Fig. 18.1).

18.1 Chest Pain and Preserved LV Function

Patients presenting with chest pain and preserved left ventricular function often
have a rapid (1-4 weeks) and complete clinical resolution with excellent long-term
prognosis [1]. However, hospital admission and clinical monitoring are strictly
recommended, since unstable clinical situation (e.g., life-threatening arrhythmias)
might be presenting abruptly, despite the initially preserved systolic function [9].
Therefore, patients presenting with chest pain require no medical treatment in
the absence of left ventricular dysfunction or major arrhythmias. In this subset of
patients, a reasonable approach is to clinically reassess the patient after 1-2 weeks to
ensure that troponin levels normalize and that symptoms of HF or arrhythmia do not
develop [10]. In our experience, once all ECG and echocardiographic abnormalities
have disappeared during the short-term follow-up, such patients may be considered
fully recovered. However, in the presence of persistent subepicardial LGE at cardiac
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magnetic resonance, regardless of its extent, a noninvasive follow-up prolonged up
to 2 years seems appropriate [1]. Recently, a multicenter Italian trial evaluated the
role of cardiac magnetic resonance in patients with acute clinically suspected myo-
carditis and preserved left ventricular function. Patients with anteroseptal midwall
LGE more frequently experienced arrhythmic events compared to other patterns of
localization, such as the inferolateral pattern [11]. These patients, therefore, require
individualized assessment to exclude possible specific causes such as sarcoidosis
and to tailor possible antiarrhythmic strategies.

Exercise restriction should be maintained for at least 6 months after an acute
myocarditis with normal left ventricular ejection fraction presenting with chest
pain. The follow-up is pivotal: in case of resolution of ECG and/or echocardio-
graphic abnormalities and in the absence of rest/effort significant arrhythmic burden
or significant extent of LGE at CMR, physical activity could be allowed. In the
other cases, even in the presence of apparently low-risk forms at presentation, exer-
cise restriction and follow-up should be lifelong as intense physical activity may
promote malignant arrhythmias or recurrences [1]. Patients presenting with persis-
tent mild extent (i.e., 1-2 segments) LGE at the inferolateral wall in the absence of
systolic dysfunction represent a grey scenario in this perspective. This issue should
be further investigated in the future.

In the setting of myocarditis with associated pericarditis (i.e., concomitant
minimal myocardial involvement in pericarditis, without left ventricular systolic
dysfunction), management is similar to that recommended for pericarditis [12].
Colchicine is given at a dose of 1 mg per day for 3 months to prevent recurrence
of pericarditis [13]. Non-steroidal anti-inflammatory drugs such as acetylsalicylic
acid, ibuprofen, and indomethacin should be used with caution and generally be
reserved for patients with normal ventricular function, because they worsen myo-
carditis in murine models [10].

Current medications used in heart failure (HF) such as beta-blockers, angioten-
sin converting enzyme inhibitors (ACE-I) or angiotensin receptor blockers (ARBs),
and additional treatment with mineralocorticoid receptor antagonists (MRAs) and
diuretics are not indicated in the absence of left ventricular dysfunction. However,
the ITAMY study [11] suggested the need of further early predictors of adverse
events in the very long-term follow-up of patients with persisting LGE. No data are
available on additional cardiac MRI-related parameters (i.e., T1 and T2 mapping
and feature tracking derived strain evaluation) in defining prognosis and in guiding
therapy in this specific patient subgroup [14]. Future large studies are warranted.

18.2 Arrhythmias

The management of arrhythmias changes according to the type and severity of clini-
cal presentation:

— Bradyarrhythmia or advanced atrio-ventricular (AV) conduction defects in the
absence of LV dysfunction may be suggestive of infections by Borrelia or
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Rickettsia, while in the presence of LV dysfunction may be suggestive of sarcoid-
osis or giant cell myocarditis [1]. Temporary pacing may be needed for a complete
atrio-ventricular (AV) block, particularly if syncope or hemodynamic instability is
present, while waiting for the effect of specific therapy. In patients with myocardi-
tis caused by Borrelia burgdorferi or Rickettsia, antibacterial treatment in the early
phases can prevent severe morbidity or death. Lyme disease treatment with ceftri-
axone is safe and highly effective [15], while in the case of tickborne rickettsial
disease, doxycycline is the drug of choice in children and adults. Empiric therapy
should be promptly initiated in patients with a clinical presentation suggestive of
Rickettsia or Lyme disease [16]. When bradyarrhythmia or advanced AV conduc-
tion defects are coexistent with LV dysfunction, cardiac sarcoidosis or giant cell
myocarditis should be suspected. In such cases, an endomyocardial biopsy is use-
ful in diagnosing and allowing planning of appropriate therapies [17].

— Non-sustained ventricular arrhythmias. This is considered a grey zone and a
challenging scenario. Patients presenting with non-sustained ventricular tachy-
cardia should be evaluated and treated according to the concomitant amount of
LV derangement. When non-sustained ventricular tachycardia is iterative or fre-
quent, associated with mild-to-moderate ventricular dysfunction and/or presence
of LGE (even in the absence of LV dysfunction and remodeling) at cardiac MRI,
they should be treated in line with current guidelines for heart failure manage-
ment [18]. Non-sustained ventricular tachycardia reflects extensive myocardial
derangement and increases in frequency with HF severity. Beta-blockers repre-
sent the first-line therapy. Angiotensin converting enzyme inhibitors (ACE-I) or
angiotensin receptor blockers (ARBs) should be associated and could lead to an
improvement in the arrhythmic profile, often due to LV reverse remodeling.
However, there is no definite evidence of antiarrhythmic efficacy of beta-
blockers, ACE-I/ARBs in this scenario. Moreover, there is no definite indication
to MRAs in the absence of significant LV dysfunction, despite their known anti-
fibrotic effect. Finally, there are no data on the efficacy of drugs such as amioda-
rone or sotalol in myocarditis patients without severe LV dysfunction. Thus,
every patient should be specifically evaluated and the conventional, as well as
specific treatment, should be based on the individualized assessment, LV
derangement quantification, and a deep etiological classification.

Life-threatening ventricular arrhythmias, defined as sustained ventricular tachy-
cardia or aborted sudden cardiac death (i.e., ventricular fibrillation or sustained
ventricular tachycardia with successful resuscitation or cardioversion) represent a
challenge in terms of diagnosis, clinical management, and arrhythmic risk strati-
fication. Potential aggravating/precipitating factors (e.g., low serum potassium/
magnesium) should be sought and corrected in patients with ventricular arrhyth-
mias. Amiodarone (often in combination with a beta-blocker) may be used to sup-
press symptomatic ventricular arrhythmias, but it may adversely affect prognosis,
especially in patients with more severe HF [19]. The indication for implantable
cardioverter defibrillator (ICD) therapy is unclear and should be evaluated on an
individual basis according to clinical presentation (e.g., aborted sudden cardiac
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death or syncope), the magnitude of structural-functional ventricular derangement
(e.g., ventricular remodeling, presence of akinetic segments or aneurysmal defor-
mation, and extent of LGE), the histopathologic substrate (e.g., cardiac sarcoidosis
or giant cell myocarditis), and therapeutic response to standard care [2, 3]. Future
multicenter and large studies are warranted in order to accurately identify ICD can-
didates among myocarditis patients presenting with malignant ventricular arrhyth-
mias. Currently, a wearable ICD (an external defibrillator with leads and electrode
pads attached to a wearable vest), that is able to recognize and interrupt VT/ven-
tricular fibrillation, may be considered for a limited period of time as a bridge to the
final decision to implant or to not implant an ICD. Likewise, referral for ablation
should be considered in cases of persistent ventricular arrhythmias despite optimal
medical (i.e., conventional and possibly specific) therapy and identification of a
structured substrate, after excluding persisting inflammatory triggers.

18.3 Heart Failure

18.3.1 Presentation with Heart Failure and Severe LV
Dysfunction

Patients with acute myocarditis presenting with HF, in particular when associated
with severe LV dysfunction, can be classified in the scenario of “high-risk myocar-
ditis” [1]. They have a consistent probability of major clinical events in the short-
and long-term follow-up and their prognosis largely depends on the short-term
response to conventional therapy.

Goals of treatment in this patient group are to improve their clinical status and to
achieve hemodynamic stability. In fact, in active myocarditis associated with severe
left ventricular dysfunction, major clinical decisions such as referral for heart trans-
plantation, left ventricular assist device, or prophylactic ICD should be deferred and
re-evaluated according to short-term evolution under optimal conventional medical
treatment [2].

In the setting of acute HF, diagnostic workup and appropriate pharmacologi-
cal and non-pharmacological treatments should be promptly and simultaneously
started. The patient’s vital cardiorespiratory functions including blood pressure,
pulse oximetry, respiratory rate, and ECG should be continuously monitored; it is
essential to evaluate whether oxygenation, heart rate, blood pressure, ventilation,
peripheral perfusion, and urine output are adequate.

18.3.1.1 Oxygen Therapy and/or Ventilatory Support
Oxygen therapy is recommended in patients with HF and SpO2 < 90% or
Pa02 < 60 mmHg to correct hypoxemia [18].

— Non-invasive positive pressure ventilation (CPAP, BiPAP) should be considered
in patients with respiratory distress (respiratory rate >25 breaths/min,
SpO2 < 90%) and started as soon as possible in order to decrease respiratory
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distress and reduce the rate of mechanical endotracheal intubation [20]. In
patients with cardiogenic shock with high filling pressures and high systemic
vascular resistance, positive end-expiratory pressure (PEEP) can provide benefit
if the RV is not compromised and the patient is not hypovolemic. In fact, RV
perfusion can be compromised by elevated intra-pleural pressure from high
PEEP or high airway pressure [21].

— Intubation is recommended, if respiratory failure, leading to hypoxemia
(PaO2 < 60 mmHg (8.0 kPa)), hypercapnia (PaCO2 > 50 mmHg (6.65 kPa)), and
acidosis (pH < 7.35), cannot be managed by non-invasive measures.

18.3.1.2 Pharmacological Therapy in the Acute Phase

Pharmacologic therapy in the acute phase aims to improve organ perfusion by
increasing cardiac output and blood pressure. Treatment is guided by the continu-
ous monitoring of organ perfusion and hemodynamic parameters [18].

— Intravenous loop diuretics are a cornerstone in the treatment of patients with
acute HF and signs/symptoms of fluid overload and congestion. It is recom-
mended to give diuretics either as intermittent boluses or as a continuous infu-
sion, and the dose and duration should be adjusted according to patients’
symptoms and clinical status [22].

— Intravenous vasodilators are the second most often used agents in acute HF for
symptomatic relief. They provide dual benefit by decreasing venous tone (to
optimize preload) and arterial tone (decreased afterload). Consequently, they
may also increase stroke volume. In patients with systolic blood pressure (SBP)
<90 mmHg (or with symptomatic hypotension) they should be avoided.

— Intravenous infusion of inotropes should be reserved for patients with a severe
reduction in cardiac output, resulting in reduced systolic blood pressure (i.e.,
<90 mmHg) and/or signs/symptoms of hypoperfusion. Dobutamine is the most
commonly used adrenergic inotrope. Levosimendan or PDE3 may also be used.
Inotropes, especially those with adrenergic mechanisms, can cause sinus tachy-
cardia and may induce myocardial ischemia and arrhythmias, thus ECG monitor-
ing is required.

— A vasopressor (norepinephrine preferably) may be considered in patients who
have cardiogenic shock, despite treatment with another inotrope to increase
blood pressure and vital organ perfusion [23].

— Conventional heart failure treatment should be initiated as soon as possible,
according to clinical presentation and hemodynamic stability. ACE-I/ARBs,
beta-blockers, and MRAs are the first-line therapy for patients admitted with
severe LV dysfunction. Up-titration to a maximal tolerated dosage is cautiously
recommended in all patients to avoid severe life-threatening hypotension and
side effects. Ivabradine should be considered in patients with contraindication or
intolerance to beta-blockers or in which beta-blocker treatment is still insuffi-
cient to reduce rest heart rate. Angiotensin receptor-neprilysin inhibitors (ARNI)
are recommended for still symptomatic patients after discharge; however, so far,
there is no clear evidence to initiate ARNI treatment during hospital stay [18].
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— Immunosuppressive and immunomodulation therapy appears suitable for
patients with EMB-proven virus-negative active myocarditis with major clinical
symptoms such as HF with severe ventricular dysfunction and/or life-threatening
ventricular arrhythmias in whom conventional treatments have failed in the short
term of 7—10 days [1]. The role of specific immunomodulating therapy will be
treated in other chapters.

18.3.1.3 Mechanical Assist Devices

For patients presenting with acute HF who cannot be stabilized with medical ther-
apy, mechanical assist devices systems can be used to unload the failing ventricle
and maintain sufficient end-organ perfusion [18]. Typically, the use of these devices
is restricted to a few days to weeks. However, in consideration of the potential
reversibility of the disease, a frequent re-evaluation of clinical and instrumental
parameters is crucial for the appropriate management of these patients that repre-
sent the typical scenario of mechanical assist device used as a bridge to recovery.

— To manage patients with acute HF or cardiogenic shock INTERMACS level 1),
extracorporeal membrane oxygenation (ECMO) may be used to stabilize hemody-
namics and recover end-organ function, due to its broad spectrum of use and sim-
plicity of implantation, although prognosis of these patients remains poor [24].

— Left ventricular or biventricular assist devices (VAD) are useful in this setting for
patients admitted with fulminant myocarditis or with severe acute heart failure
refractory to medical treatment. Bridge-to-recovery VAD implantation might be
considered as a bail-out strategy and is able to improve survival (up to 60%) in
patients with end-stage HF [25]. Evidence of efficacy of bridge-to-recovery
LVAD in patients with myocarditis is anecdotal; in the future, more data are
expected to be available for this interesting option.

Due to the high mortality rate of patients in cardiogenic shock requiring mechan-
ical assist devices as bail-out strategy, these options should be performed at tertiary
referral centers where the patients might be centralized.

18.3.1.4 Cardiac Transplantation

Cardiac transplantation should be deferred in the acute phase, because recovery may
occur, but can be considered for hemodynamically unstable myocarditis patients
if optimal pharmacological support and mechanical assistance cannot stabilize the
patient [9].

18.3.1.5 Reducing the Risk of Sudden Cardiac Death

ICD implantation should be deferred until the resolution of the acute phase. In fact,
an ICD is recommended to reduce the risk of sudden death and all-cause mortality
in patients with symptomatic HF (NYHA Class II-III) and LVEF <35% despite
>3 months of optimal medical therapy. Patients at high risk in the short term should
be re-evaluated after an adequate period of conventional and possible immuno-
suppressive treatments. As for the major arrhythmic presentation, a wearable ICD
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may also be considered in this scenario (e.g., those with poor LVEF after acute
myocarditis and with a high probability to recover in the short term). However, no
prospective randomized clinical trials evaluating this device in the setting of acute
myocarditis have been reported and the indication of a wearable ICD cannot extend
to all patients with an HF onset [18]. New trials are needed to better identify ICD or
wearable ICD indications.

18.3.1.6 Standard Treatment in the Chronic Phase (Dilated
Cardiomyopathy)
Dilated cardiomyopathy (DCM) can be the modality of presentation of a previ-
ous subclinical and undiagnosed myocarditis. Conversely, approximately 50% of
patients with myocarditis admitted with heart failure are likely to evolve in the so-
called post-myocarditis DCM, despite optimal medical treatment [3]. Predictors of
DCM evolution are still largely unknown. It is largely assumed that post-myocarditis
DCM is due to the persistence of autoimmune-specific process that leads to LV
dilatation and dysfunction. Furthermore, a possible interaction between environ-
mental factors and specific genotypes has been hypothesized, although there is no
solid evidence in the literature. Standard diagnostic tools, such as personal history,
biochemical, ECG, echocardiographic, cardiac MRI, and in specific cases EMB,
are the cornerstones to guide therapy. In fact, therapeutic regimens and intensity
of treatment change according to initial presentation, severity of symptoms, and
the amount of LV involvement, expressed by LVEF or LGE extension. Currently,
conventional management of inflammatory cardiomyopathy focuses on reverse ven-
tricular remodeling targeted by beta-adrenergic antagonists, ARBs/ACE-I, MRAs,
and the novel agent ARNI [9]. ICD implantation is recommended to reduce the risk
of sudden death and all-cause mortality in patients with symptomatic HF (NYHA
Class II-1II) and a left ventricular ejection fraction <35%, despite >3 months of
optimal medical therapy. In patients with concurrent left bundle branch block, car-
diac resynchronization therapy should be associated with the ICD. In patients with
biopsy-proven myocarditis under immunosuppressive treatment, deferring ICD
implantation after termination of immunosuppressive therapy should be considered.
The duration of conventional therapy in myocarditis and, mostly, post-myocarditis
DCM is an open issue. Currently, it is suggested to continue life-long therapy, even
in the presence of an apparently healing or healed process. Progression of the dis-
ease may occur in the very long term and there is a lack of specific prognostic pre-
dictors to address a possible downgrading of medical therapy [26, 27].

18.4 Acute Myocarditis in the Pediatric Population

Myocarditis can also affect children, in whom it is often characterized by a severe
hemodynamic or arrhythmic scenario. The true prevalence and incidence of acute
myocarditis in the pediatric population are not well established. Acute myocarditis
accounts for 0.05% of all pediatric hospital admissions [19]. However, the true fre-
quency is probably higher than reported, because of undiagnosed asymptomatic or
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mildly symptomatic cases. Suspected viral myocarditis in children often presents
with more severe symptoms than in adults, perhaps due to an immature immune
system, and is clinically challenging. Viral infection is considered the leading cause
of myocarditis in children; enterovirus and adenovirus are the most frequently
implicated viruses. Suspected viral myocarditis accounts for approximately 0.1% of
all pediatric chest pain admissions and for approximately 5—-10% of sudden cardiac
deaths in children and adolescents, whereas approximately one-third of children
admitted with a DCM phenotype are affected by myocarditis [28, 29].

A significant proportion of children with myocarditis undergoes spontaneous
recover, while in other cases a supportive HF treatment can bridge these patients to
recovery. Conventional treatment of pediatric myocarditis aims to achieve prompt
hemodynamic stability and to control heart failure, if present. Therefore, when myo-
carditis is suspected, the young patient must be promptly hospitalized and monitored,
mostly if HF is present. In fact, the clinical picture can be rapidly evolving towards
deterioration. Conventional HF treatment is administered according to clinical pre-
sentation, including diuretics, ACE-I/ARBs, antiarrhythmic therapy if needed, and
inotrope support in case of unstable hemodynamics. Circulatory mechanical support
should be promptly considered to compensate HF and bridge patients to recovery or
heart transplantation, when inotropic support, mechanical ventilation, and maximal
medical management fail to restore hemodynamic stability.

Finally, although the pathophysiological mechanisms of acute myocarditis
encourage the application of more specific therapies to target the immune response,
large randomized biopsy-proven controlled trials are necessary to demonstrate the
efficacy of specific immune-modulation, i.e., immunosuppression, intravenous
immunoglobulins, or antiviral therapy in children [29].
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19.1 Introduction

Myocarditis is caused by a broad variety of etiopathogenetic agents. The most com-
mon causes of infective myocarditis in North America and Europe are presumed to
be viruses, whereas bacteria, fungi, and parasites are infrequent [1]. On the other
hand, non-infective myocarditis, i.e., immune-mediated and toxic myocarditis, is
also described. Whatever the cause, either infective or not, clinical presentation
includes infarct-like symptoms, heart failure, and arrhythmias [2]. The presence of
arrhythmias has diagnostic and prognostic implications, playing a crucial role in the
decision-making of whether or not to perform an endomyocardial biopsy (EMB),
which represents the gold standard for the diagnosis of myocarditis [3].

Virtually, all types of arrhythmias have been reported in patients with myocardi-
tis, ranging from advanced heart block to ventricular fibrillation leading to sudden
cardiac death [2, 4, 5]. The arrhythmic burden and the underlying mechanisms vary
between the acute and chronic setting, depending on the relative impact of acute
inflammation versus post-inflammatory myocardial fibrosis.

19.2 Acute Myocarditis

Pathogenetic mechanisms involved in myocarditis are not fully understood, remain-
ing an open field of research. Most studies focus on viral and autoimmune myo-
carditis, postulating a three-phase process from acute injury to chronic dilated
cardiomyopathy [2]. Acute injury leads to cardiac damage, exposure of intracellular
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Table 19.1 Prevalence of arrhythmias in patients with acute myocarditis

Arrhythmia Prevalence (%) Studies

Sustained supraventricular tachycardia | 0.8 Anderson [9]*

Atrial fibrillation/atrial flutter 2.5-14 Imazio [10], Anzini [8],
Ukena [11]

Non-sustained ventricular tachycardia 28 Anzini [8]

Sustained ventricular tachycardia or 7.3-9.7 Anzini [8], Anderson [9]*

ventricular fibrillation/flutter

AV blocks (any degree) 10 Caforio [6]

4Pediatric population

antigens, and activation of the innate immune system, increasing the chance of
developing arrhythmias. As a result, it has been reported that in up to 24% of cases
the first clinical manifestation consists of arrhythmias (either tachy- or bradyar-
rhythmia), syncope, or sudden cardiac death [6—8]. Table 19.1 describes the preva-
lence of different arrhythmias in acute myocarditis (AM).

19.2.1 Supraventricular Arrhythmias

Sinus tachycardia is a common finding in AM secondary to the systemic inflam-
mation and heart failure, whereas atrial inflammation is probably involved in the
onset of atrial tachyarrhythmias [4]. In fact, the pathological process of AM often
extends to the atria and atrial myocarditis in the absence of ventricular involve-
ment has also been reported [12—15]. Since either local or systemic inflamma-
tion is associated with initiation and maintenance of atrial fibrillation (AF) in the
general population [16, 17], it is not surprising that this arrhythmia represents
a common complication in myocarditis, with a reported prevalence of 2.5-14%
[8—11]. The postulated mechanism is that the inflammatory process promotes
an increased automaticity of the atrial myocardium resulting in supraventricu-
lar ectopic beats, which may trigger AF [18]. In this regard, Basso et al. pro-
vided additional evidence, describing inflammatory cell foci in the myocardium
around the pulmonary vein orifices in patients with Wolff-Parkinson-White syn-
drome who died suddenly because of pre-excited AF that converted into ventricu-
lar fibrillation [19]. The importance of these histological findings lies in the fact
that ectopic activity arising from the pulmonary vein orifices, typically showing a
short coupling interval (P-on-T ECG pattern), is a well-recognized trigger of AF
(and target of catheter ablation) [18, 20-22]. The same increased automaticity can
cause focal supraventricular tachycardias. Moreover, in patients with dual atrio-
ventricular (AV) node pathways or accessory pathways, supraventricular ecto-
pic beats may initiate paroxysmal supraventricular tachycardia [23]. Apart from
increased automaticity, ongoing inflammation can lead to myocyte necrosis and
fibrotic changes, perpetuating adverse electrical and structural remodeling and
promoting disease chronicity [24].
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19.2.2 Atrioventricular Blocks

Atrioventricular (AV) blocks are traditionally associated with myocarditis, being
reported in 10% of biopsy-proven AM patients [6]. While first degree AV blocks are
frequently encountered, advanced AV blocks are typical of specific forms of myo-
carditis, such as giant cell myocarditis, sarcoidosis, and bacterial AM.

Giant cell myocarditis is a rare and rapidly progressive inflammatory heart dis-
ease usually characterized by an ominous prognosis without heart transplantation
[25], even if better outcomes were recently reported, thanks to earlier diagnosis
and specific treatment [26-28]. Life-threatening arrhythmias such as advanced AV
blocks and ventricular tachycardia or fibrillation represent a major challenge. In a
recent series of patients diagnosed with giant cell myocarditis, distal AV conduction
blocks were reported in 28% of them [29]. It seems reasonable to assume that the
high proportion of observed advanced AV blocks may be related to inflammatory
involvement of the cardiac conduction tissue, as documented with cardiac magnetic
resonance [30].

Another disorder usually characterized by high-degree AV blocks is cardiac
sarcoidosis (i.e., idiopathic granulomatous myocarditis). Arrhythmias such as AV
block, ventricular tachycardia, or sudden cardiac death may represent the first clini-
cal manifestation of the disease [31-33], or may precipitate the clinical condition
of patients with known sarcoidosis. Of interest, autopsy studies reported myocar-
dial granulomas in 20-30% of patients, with a patchy fashion distribution, although
some regions are preferred including the interventricular septum and the atria,
potentially justifying the conduction defects [34].

In addition to giant cell myocarditis and cardiac sarcoidosis, bacterial and proto-
zoal infection may cause myocardial inflammation, typically associated with brady-
arrhythmia. Lyme myocarditis results from the infection with Borrelia burgdorferi,
particularly common in rural areas of Central and South America. It should be sus-
pected in patients with a history of travel to endemic regions and AV conduction
abnormalities [35]. Diphtheria myocarditis is another bacterial infection which is
frequently associated with various degree of heart block [36].

On the other hand, Chagas disease, a protozoal infection caused by Trypanosoma
cruzi, can present as AM with right bundle branch block or left anterior fascicular
block [37], potentially leading to complete heart block.

19.2.3 Ventricular Arrhythmias

Ventricular arrhythmias vary from simple isolated ventricular ectopic beats to com-
plex and life-threatening tachycardias. Anzini et al. documented the presence of
non-sustained ventricular tachycardia in 28% of AM patients, whereas sustained
ventricular tachycardia or ventricular fibrillation represented the first clinical mani-
festation in 6/82 patients [8].
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Myocarditis accounts for 2-42% of sudden cardiac deaths among young people
[38-58]. As shown in Table 19.2, older studies reported a higher prevalence of myo-
carditis among sudden death victims (22-42%) [38—41], whereas in more recent
series the proportion of sudden cardiac deaths ascribed to myocarditis ranged from
2 to 20%, probably because of the improvements in differential diagnosis with other

Table 19.2 Proportion of sudden cardiac deaths due to myocarditis in young people (<40 years
old) and/or athletes, according to different studies

Authors, year of SCD due to

publication Period Population Age SD SCD | myocarditis

Topaz and 1960-1983 | Minneapolis, 7-35 50 43 |12 (28%)

Edwards [38] Minnesota

Neuspiel and 1972-1980 | Allegheny County, 1-21 207 51 |14 (27%)

Kuller [39] Pennsylvania

Phillips et al. 1965-1985 | United States, air 1728 | — 19 |8 (42%)

[40] force recruits

Drory et al. [41] | 1976-1985 | Israel 9-39 162 | 118 26(22%)

Corrado et al. 1979-1999 | Veneto Region, 12-35 1300 259 [32(12%)

[42] Italy

Eckart et al. [43] | 1977-2001 | US military training | 18-35 | 126 64 |13 (20%)
base

Puranik et al. 1995-2004 | Sydney, Australia 5-35 427 241 |28 (12%)

[44]

Corrado et al. 1979-2004 | Veneto Region, 12-35 | - 320 46 (14%)

[45] Ttaly

Maron et al. [46] | 1980-2006 | United States, <40 1866 | 690 |41 (6%)
competitive athletes

de Noronha et al. | 19962008 | United Kingdom <36 89 73 |3 (4%)

[47]

Winkel et al. 2000-2006 | Denmark 1-35 - 470 | —(7%)

[48]

Meyer et al. [49] | 1980-2009 | King County, 0-35 - 361* | 10* (3%)
Washington

Pilmer et al. [50] | 2008 Ontario, Canada 2-40 - 174 |9 (5%)

Harmon et al. 2004-2008 | United States 1724 |- 45 |3 (7%)

[51]

Harmon et al. 2007-2013 | United States 14-18 |- 50 |7 (14%)

[52]

Maron et al. [53] | 1980-2011 | United States, 19 £6° | 2406 |842 |57 (7%)
competitive athletes

Grani et al. [54] | 1999-2010 | Switzerland 10-39 | - 69 |2(3%)

Bagnall et al. 2010-2012 | Australia and New 1-35 - 490 |- (7%)

[55] Zealand

Finocchiaro [56] | 1994-2014 | United Kingdom 7-35 - 258 | —(2%)

Wisten et al. [57] |2000-2010 | Sweden 1-35 - 552 |75 (14%)

Thiene [58] 1980-2013 | Veneto Region, ¢ - 650 | —(12%)
Italy

SD sudden death, SCD sudden cardiac death
20ut of hospital cardiac arrests

"Mean age + standard deviation
°Age not specified, but population described as “young and athletes”
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diseases that may be associated with myocardial inflammation or fibrosis such as
myocarditis [42-58]. The risk of sudden cardiac death is particularly remarkable for
fulminant myocarditis that is characteristically associated with refractory malignant
ventricular tachycardia and adverse short-term prognosis [5].

Several mechanisms have been proposed to explain the onset of ventricular
arrhythmias in AM.

First, myocarditis may cause myocardial ischemia similar to coronary artery dis-
ease. Ischemic mechanisms include mural thrombi, coronary artery embolization,
and arteritis [59]. In addition, vasoactive kinins and catecholamines produced dur-
ing the acute phase of viral infection can cause coronary artery spasm [60].

Another mechanism contributing to the arrhythmic phenotype of AM is myocar-
dial edema: local inflammation, cytokine release, and cell death constitute the basis
for edema formation, resulting in some cases in increased left ventricular wall thick-
ness (i.e., pseudoinflammatory hypertrophy) [61, 62]. A recent study demonstrated
that the electrocardiographic expression of transmural edema consists in T-wave
inversion, and interestingly such ECG abnormalities normalized completely dur-
ing follow-up, underscoring its transient and acute nature [63]. The same author
speculated that myocardial edema causes myocyte repolarization inhomogeneity
and electrical instability through the dispersion of action potential duration (APD)
between epicardium and endocardium of the left ventricular free wall. There is
experimental evidence that electrical remodeling (i.e., the change in electrophysi-
ological properties of the myocardium) occurs in myocarditis. Saito et al. found
an APD prolongation in animal models of AM, owing to an imbalance between
outward and inward currents caused by ion channel dysfunction [64]. The APD pro-
longation, which electrocardiographically translated into QT interval prolongation,
predisposes to early afterdepolarization-triggered ventricular arrhythmias.

On the other hand, calcium overload secondary to increased catecholamine lev-
els can cause delayed afterdepolarization triggering ventricular arrhythmias [65,
66]. In addition, altered calcium handling per se has been found in AM, contributing
to the perturbation of normal cardiomyocyte function [67].

Animal models of coxsackievirus B3-induced myocarditis showed a downregu-
lation of connexins expression, which are important components of gap junctions
[68]. The resulting impairment of myocyte communication may further enhance
electrical instability of the myocardial tissue.

Finally, AM has been associated with clinical deterioration of pre-existing car-
diac diseases, such as hypertrophic cardiomyopathy [69]. Arrhythmogenic right
ventricular cardiomyopathy patients suffering arrhythmic storms frequently dis-
play signs of acute inflammation at cardiac magnetic resonance or endomyocardial
biopsy (so-called hot-phase), although the inflammatory mechanism (viral versus
immune-mediated) remains to be established [70-72].

19.3 Acute Myocarditis and Sudden Death in Athletes

Athletes represent a group of individuals at-risk of developing AM because there
is evidence that high-intensity exercise may depress the immune system [73].
Intensive training and competition periods have been shown to reduce salivary
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secretory immunoglobulin A [74, 75], which represents the first line of defense pre-
venting colonization and replication of viruses and bacteria on the mucosal surface.
Moreover, emerging evidence suggests an altered T-cell response in athletes, with
the balance between T1 and T2 cells tipped to favor T2 immunity, putting them at
increased risk of viral infections, particularly those affecting the upper respiratory
tract [76, 77].

Previous studies in athletes who died suddenly showed that AM is the cause of
death in 2-12% of cases [46, 56, 58, 78, 79]. Data from the Veneto region of Italy
showed that the incidence rates of SD due to acute myocarditis in athletes did not
significantly change after the introduction of systematic preparticipation screening
(from 0.3/100.000 to 0.15/100.000, p = 0.4) [45]. The failure in identifying ath-
letes with myocarditis by periodic screening is obviously caused by the acute nature
of the disease. Moreover, the typical electrocardiographic changes of AM such as
T-wave inversion are typically transient, potentially not leaving any sign of the pro-
cess at the next visit [63]. However, even athletes showing a complete recovery (i.e.,
healed myocarditis) may later present ventricular arrhythmias due to myocardial
scars (see below) [80].

For all the aforementioned considerations, athletes diagnosed with myocarditis
should be restricted from exercise programs for 3—6 months, and before resuming
competition left ventricular function must be normalized, without evidence of fre-
quent or complex tachyarrhythmias and with normal troponin levels [81].

19.4 Post-inflammatory Myocardial Scar

Three arrhythmic mechanisms may explain the occurrence of life-threatening ven-
tricular arrhythmias in patients who suffered AM: (1) recurrent myocarditis or per-
sistent myocardial inflammation; (2) residual left ventricular dysfunction, and (3)
post-inflammatory myocardial scar.

The healing process of AM can result in the formation of myocardial scars that
may be the substrate for sustained ventricular tachycardia even in subjects with
a normal left ventricular function. Post-inflammatory fibrosis typically shows a
patchy or stria pattern and involves the subepicardial/midmyocardial layers of the
infero-lateral left ventricular wall [61]. The lesions can be revealed by late enhance-
ment on post-contrast cardiac magnetic resonance sequences while they are often
undetectable by echocardiography. The reason of the low sensitivity of echocar-
diography is that the fibrosis involves a small myocardial area and is confined to the
outer wall layers without reaching the subendocardium, which is the part of the left
ventricle that contribute the most to myocardial thickening [82].

The role of myocardial fibrosis as a substrate for ventricular arrhythmias has
been demonstrated by a study on 405 patients with clinically suspected myocarditis.
During a mean follow-up of 4.4 years, ten major arrhythmic events occurred, all in
patients with late gadolinium enhancement, suggesting myocardial scar on post-
contrast cardiac magnetic resonance sequences [83].
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Myocardial scar with a subepicardial/midmyocardial (i.e., non-ischemic) distri-
bution has been increasingly reported as a myocardial substrate for life-threatening
ventricular arrhythmias and cardiac arrest mostly in young people and athletes
(Fig. 19.1) [80, 84-86]. Although the lesion is traditionally interpreted as a post-
myocarditis scar [61, 87], there have been some cases with evidence of familial
recurrence and positive genotyping for either desmosomal or non-desmosomal
gene mutations [88, 89]. In these cases, the myocardial scar may represent an addi-
tional phenotypic variant of arrhythmogenic cardiomyopathy presenting as seg-
mental and isolated involvement of the left ventricle (left-dominant arrhythmogenic
cardiomyopathy).

Fig.19.1 Representative case of an athlete who suffered sustained ventricular tachycardia second-
ary to post-inflammatory myocardial fibrosis. A 42-year-old martial art player presented with fre-
quent and coupled premature ventricular beats with right bundle branch block/superior axis
morphology during exercise testing (a). The athlete experienced sustained ventricular tachycardia
during follow-up (b). Post-contrast sequences on contrast-enhanced cardiac magnetic resonance,
4-chamber view (c¢) and short-axis view (d) revealed a subepicardial/midmyocardial “stria” of late-
gadolinium enhancement involving the antero-lateral, lateral, and infero-lateral left ventricular wall
consistent with post-inflammatory myocardial fibrosis. Reproduced with permission from [80]
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19.5 Therapy

Given the absence of specific recommendations, management of arrhythmias in
myocarditis should not differ from generally accepted clinical principles, based
on current guidelines [5, 23, 90-92]. Patients presenting with symptomatic bra-
dycardia or advanced heart block may require temporary pacemakers [93]. On the
other hand, anti-arrhythmic drugs such as amiodarone could be indicated in case of
symptomatic or sustained ventricular tachycardia. The therapy for ventricular fibril-
lation or hemodynamically unstable ventricular tachycardia is immediate electrical
defibrillation/cardioversion. In patients who suffered cardiac arrest or with severe
ventricular dysfunction resulting from myocarditis, the implantation of an ICD is
indicated [5]. However, during the acute phase of the disease, ICD implantation may
be deferred because the clinical status may significantly improve. In this context,
the so-called wearable defibrillator (LifeVest, Zoll Medical Corporation) can repre-
sent a valid option as a bridge therapy, protecting the patients from life-threatening
arrhythmias while observing the clinical course of the disease [94]. With regard to
cardiac resynchronization therapy defibrillator (CRT-D) implantation, it is recom-
mended for primary prevention in patients with reduced left ventricular function
(<35%) and left bundle branch block in NYHA functional classes II-IV [95], bear-
ing in mind the aforementioned timing considerations.

Finally, catheter ablation represents a symptomatic treatment for patients with
recurrent ventricular tachycardia because of a post-inflammatory myocardial scar,
particularly when anti-arrhythmic therapy is ineffective or not tolerated. However,
because of the subepicardial distribution of myocardial fibrosis, an epicardial
approach is often needed to achieve effective ablation of the arrhythmic substrate
[85]. This technique should be performed in selected, highly experienced centers
and since difficulties in the epicardial access have been described in patients with
prior pericarditis, a careful risk-benefit evaluation should be performed in patients
with documented pericardial involvement [96].
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CRT Cardiac resynchronization therapy
CS Cardiogenic shock
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ECLS Extracorporeal life support
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20.1 Introduction

Myocarditis is commonly identified as an inflammatory disease of the myocar-
dium. It refers to clinical and histological manifestations of a broad range of
pathological immune processes of the heart that ultimately can cause structural
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and functional cellular abnormalities, global or regional contractile impairment,
and/or conduction system disease [1-3]. The actual incidence of myocarditis is
difficult to determine as the confirmation of diagnosis depends upon histologi-
cal and immunohistochemical analyses on endomyocardial biopsies [4—6]—gold
diagnostic standard but frequently unavailable—or autoptic specimens. It is esti-
mated that myocarditis contributes to the global burden of cardiovascular disease
mainly through cardiogenic shock and heart failure, entailing sudden death (SD)
and dilated cardiomyopathy (DCM), varying by age and region from approxi-
mately 0.5% and 4.0% [7]. Definition, thus diagnosis, are challenging due to het-
erogenicity of patients’ presenting symptoms [8—10], although several attempts
of classification have been proposed [11]. Frequently, myocarditis is determined
by viral infections, but many other causes are also implicated, including toxins,
medications, and autoimmune disease [12]. Several clinical scenarios are possi-
ble, ranging from flu-like to life-threatening states, requiring intensive care and a
prompt surgical treatment. Clinical features and outcomes [13, 14] such as severity
of clinical onset, recovery of heart function, development of chronic DCM, and
mortality are certainly related to the etiological causes of myocarditis. Etiology,
pathogenesis, diagnosis, and medical treatment are not described in detail in this
chapter, as they were previously discussed. This section will focus on the surgi-
cal treatment of patients with myocarditis, describing both decision-making pro-
cess and the available strategies, including extracorporeal, implantable ventricular
mechanical supports, and heart transplant.

20.1.1 Mechanical Circulatory Support: An Overview

Mechanical circulatory supports (MCS) have dramatically changed the manage-
ment of patients suffering from acute and chronic heart failure over the last three
decades [15]. Primarily intended to support circulation during acute cardiogenic
shock, in chronic settings, MCS have become an appealing solution also for organs’
shortage-related issues and are currently accepted as effective therapeutic options
for (1) patients requiring prompt hemodynamic stability for further clinical evalua-
tion, such as those affected by acute or fulminant myocarditis, (2) patients waiting
for organ transplantation, or as (3) destination therapy. Myocarditis may cause acute
severe cardiac dysfunction, sometimes with fulminant clinical onset [16, 17]. To
have a better understanding, the role of MCS in the management of patients with
myocarditis can be classified according to the severity of symptoms and duration of
intended support.

20.1.2 Acute or Fulminant Myocarditis Determining Cardiogenic
Shock

Cardiogenic shock (CS)—due to any causes—is a dramatic clinical scenario
that requires prompt patient’s intensive care. Mechanical ventilation and
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administration of medications, such as inotropes and diuretics, are initial and
valid therapeutic options for unstable patients. If medical treatment fails to
achieve stable hemodynamic conditions, advanced strategies of cardio-pulmo-
nary resuscitation, based on extracorporeal life support (ECLS), need to be soon
established. Cardiogenic shock is not just a reduced cardiac contractile function
but moreover a multiorgan dysfunction syndrome (MODS), which can result in
peripheral hypoperfusion, systemic inflammatory response syndrome (SIRS),
and sepsis [18].

The INTERMACS Registry identifies seven profiles (Table 20.1) to define the
clinical severity of patients with heart failure [20]. This classification is univer-
sally accepted and its correlation to clinical outcomes is profusely described in
the literature [21]. Following INTERMACS profiles, patients presenting with car-
diogenic shock and requiring ECLS fall into the “crushing and burning” category
(INTERMACS I).

Once MODS has developed, it is difficult to improve prognosis and reduce
mortality by simply increasing cardiac output with a circulatory assist device.
Prevention of MODS may depend on three critical factors: (1) optimal timing (i.e.,
early initiation) of mechanical circulatory support; (2) optimal level of mechanical
circulatory support with reestablishment of adequate perfusion of critical organs,
and (3) optimal prevention and management of potential device-related complica-
tions (i.e., device malfunction, infection).

In this critical scenario, MCS devices represent a “bridge to life” as they allow
to keep the patient alive while the optimal therapeutic management is being deter-
mined (“bridge to decision”).

The ideal device [22] to implant in this setting must

— be easy and quick to implant,
— enable hemodynamic support and myocardial protection,
— have low rate of complications.

Table 20.1 INTERMACS profiles [19]

Profile 1: Critical cardiogenic shock. | Definitive intervention needed within hours
“Crash and burn”

Profile 2: Progressive decline. Definitive intervention needed within few days
“Sliding on inotropes”

Profile 3: Stable on inotropes. Definitive intervention elective over a period of weeks
“Dependent stability” to few months

Profile 4: Resting symptoms. Definitive intervention elective over period of weeks to
“Frequent flyer” few months

Profile 5: Exertion intolerant Variable urgency depends upon maintenance of

nutrition, organ function, and activity

Profile 6: Exertion limited. “Walking | Variable depends upon maintenance of nutrition, organ
wounded function, and activity level

Profile 7: Advanced NYHA III Transplantation or circulatory support may not
currently be indicated
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Therefore, devices that allow adequate support of blood circulation and that are
implantable in a percutaneous fashion (through puncture of peripheral vessels—
Seldinger technique) are preferable.

For this purpose, the devices currently available in clinic are:

1. The Intra-Aortic Balloon counterpulsation (IABP). It allows mechanical circula-
tory support by unloading the left ventricular pressure. It consists in a catheter-
based (sheath size 8Fr) approach to insert a balloon into the descending aorta
(pneumatic pump). Inflation of the balloon in diastole favors coronary perfusion
and its deflation in systole determines pressure-unloading of the left ventricle. It
is capable of supporting the circulation up to 1 L/min.

2. TandemHeart is a continuous flow centrifugal pump for short-term circulatory
support (up to 6 h). It determines volume unloading of the left ventricle through a
left atrial to femoral artery bypass. In detail, the inflow cannula (size 18-21 Fr) is
inserted into a femoral vein and driven into the left atrium through transseptal
puncture (femoral vein, inferior vena cava, right atrium, and left atrium), therefore
unloading the LV. The outflow cannula (size 15-17 Fr) is percutaneously inserted
into the femoral artery. This device can support circulation for about 4 L/min.

3. The Impella devices are micro-axial rotary pumps, meant to support circulation
also for a short period of time (<4 days for the Impella 2.5 and Impella CP, and
<6 days for the Impella 5.0 and Impella LD). The Impella is positioned across
the aortic valve to provide active support by transvalvular LV assistance, expel-
ling aspirated blood from the left ventricle into the ascending aorta. The Impella
Recover LP 2.5 and CP can provide up to 2.5 L/min and 4.3 L/min, respectively;
it can be inserted percutaneously, whereas the Impella Recover LP 5.0 can
deliver up to 5.0 L/min, but requires surgical incision of the femoral or axillary
arteries. The Impella system is actually available also for RV support (Impella
RP). From the combination of the two configurations, a Bipella support is also
available.

4. Veno Arterial ECMO/ECLS guarantees extracorporeal circulatory support. The
preferred configuration and most rapidly achievable procedural success, in an
adult patient, are obtained through femoral vessels cannulation (percutaneously
or after surgical isolation). Conversely, in pediatric patients (<15 kg), the carotid
and the jugular vein are preferred as the diameter of other peripheral vessels is
too small for a safe cannulation; alternatively, a median sternotomy may be per-
formed to approach central vessels. The ECMO enables circulatory support up to
5 L/min.

In our experience, ECMO/ECLS represents the ideal device for refractory car-
diogenic shock, as:

— It allows high cardiac output and adequate cardio-circulatory support.

— Itis easy and rapid to implant (“at bedside”).

— It is associated with low rate of complications (e.g., limb ischemia, embolization
of atherosclerotic and/or thrombotic material, stroke, infection, and hemolysis).
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In patients with acute myocarditis and CS, including children [23], once sta-
ble hemodynamic conditions are obtained, endomyocardial biopsies, 2D and 3D
echocardiography, and other imaging modality (e.g., coronary angiogram) can be
performed to complete diagnosis. Clarifying etiology and pathophysiology of the
disease facilitates targeted pharmacological strategies.

Primary endpoints of this approach are survival and cardiac function recovery.

If a satisfying restoration (defined as a condition that allows clinical stability
after weaning from MCS and ultimately hospital discharge) cannot be achieved, a
long-term solution must be adopted. In our experience [24], among 64 patients with
primary cardiogenic shock undergoing ECLS implantation (mainly ECMO, from
January 2009 to March 2013), irrespective of the etiology, 30-day overall survival
was 80% (51 of 64 patients), and 59% of patients were discharged, in whom survival
at 48 months was 90%. Additionally, recovery was observed in 28% of the total
population, whereas in the acute subgroup (that included patients with myocarditis
and recent myocardial infarction) it was observed in almost 50%, confirming that
in the context of acute etiologies, CS can be managed with a conservative approach
(ECMO/ECLS is the only needed treatment). Finally, the duration of ECLS support
was correlated to increased mortality.

Therefore, in our practice, if recovery is not achieved within 10 days (our selected
threshold) from ECMO implantation, we prefer to shift it to longer-term solutions.
Also, alternative ECLS configurations may be established to overcome concomitant
matters, such as insufficient natural left ventricular venting through the aortic valve
and inadequate organ perfusion.

In these cases, potential solutions are:

— implanting a cannula (20 Fr) into the apex of the left ventricle (also through an
antero-lateral left thoracotomy) and its connection to the venous line of the
ECMO.

— Impella (described before), EcPella (REF Pappalardo).

— Extracorporeal VAD.

After about 10 days, following our Institutional Protocols, we prefer to shift the
ECMO support into the ecVAD (extracorporeal ventricular assist device, CentriMag
Levitronix) to guarantee not only adequate ventricular venting and ventricular
unloading but also optimal peripheral perfusion for longer period of assistance (up
to 1 month). A right-, left-, or biventricular configurations are possible, based on
patients’ clinical needs. As mentioned, in acute and subacute settings, the evidence
of a concomitant failure of the right ventricle compels biventricular circulatory sup-
port [25].

Surgical techniques for extracorporeal Bi-, L, or R- support may include median
sternotomy to reach central vessels cannulation (aorta, pulmonary artery, or both)
for outflow cannulae implantation and direct cardiac walls cannulation (e.g., left
apical for LVAD). Alternatively, a minimally invasive approach (including femoral
vessels cannulation, mini-thoracotomies for left and right supports, or dual lumen
cannula—through jugular vein—for right ventricular support) may be performed.
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Candidacy of patients with CS and ECMO to heart transplant must be soon taken
into account. Once major contraindications (e.g., active infection) are excluded and
a preserved neurological status is confirmed, urgent heart transplantation is indi-
cated, and the evaluation of patient’s immunological panel is determined. Shortage
of compatible donors does not always guarantee the availability of transplantable
grafts; therefore, long-term MCS may be used as bridge to it or as destination ther-
apy (less frequently).

Figure 20.1 summarizes the procedural algorithm at our institution.

20.1.3 Surgical Strategies to Treat the Chronic Sequelae
of Myocarditis

Almost 40% of all chronic patients with dilated cardiomyopathies (DCM) pres-
ent immune-histological features compatible with myocarditis [26, 27]. In general,
pharmacological treatment does not differ significantly from heart insufficiency
due to other causes, except for those with an autoimmune mechanism, which can
find relief also from specific immune-therapy (e.g., immunosuppression). Diuretics
and ACE-inhibitors and—in selected cases—beta-blockers are commonly used in
chronic settings to manage cardiac insufficiency. Patients with DCM and symptoms
of congestive heart failure may also benefit from implantable cardioverter devices
(ICD) or resynchronization therapy (CRT).

When all the medical options fail to adequately manage patients with HF after
myocarditis, surgery may still offer an option.

Implantable mechanical assist devices are engaged in the treatment of patients
with DCM after myocarditis as bridge to transplant or, rarely, as destination
therapy. Appropriate timing for intervention and a correct choice of the optimal
device to implant are crucial to improve survival and guarantee adequate sys-
temic perfusion, avoiding multiorgan failure. The possibility of durable LVAD
implantation depends primarily on the severity of other organs’ failure as well
as on possible recovery of ventricular function, and consequently determined
by the underlying diagnosis of heart failure. The heterogeneous patient popu-
lations, the availability of multiple devices, and the lack of controlled stud-
ies make currently impossible to provide evidence-based recommendations on
best timing and choice of durable LVAD [19, 28, 29]. First generation pulsatile
devices (HeartMate XVE, Thoratec paracorporeal VAD; the latter still preferred
for pediatric patients), although effective to support circulation, have demon-
strated high rate of complications (i.e., thromboembolism, hemorrhagic events,
infections, pump failure). More recently, continuous flow devices (Jarvik 2000,
Heartware, Heartmate II and III) have greatly enhanced performance of first-
generation pulsatile pumps. In particular the reduction of device’s size and
of the number of mobile parts, the limited contact surface between blood and
device components have led to significant improvement of survival of patients,
pump’s durability, and hemocompatibility. Moreover, devices’ miniaturization
has allowed intrapericardial placement of the pump, minimizing surgical inva-
siveness [30, 31].
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Biventricular dysfunction during a myocarditis process is also rare. The asso-
ciation with a rare form of myocarditis, such as idiopathic hypereosinophilic
syndrome, is described [32]. In these cases, if pharmacological treatments fail
to achieve cardiac function recovery and candidacy to transplant is uncertain,
a biventricular support becomes mandatory to guarantee patient’s survival.
Extracorporeal supports are feasible but limited in terms of durability of the
treatment. To date, Syncardia Cardiowest Total Artificial Heart is the only FDA
approved and CE marked device to temporarily replace the heart, while bridg-
ing the patient to transplant. It has the capability of supporting patients for long
period of time with sufficient results in terms of survival [33-36]. Other devices,
such as CARMAT, a totally implantable, electrically driven, biventricular device
are available, also as destination therapy for compassionate use, but it is still
under CE mark approval.

20.1.4 HeartTransplantation

Replacement of a persistent failing heart with a homologous compatible graft
remains the optimal therapeutic option but, unfortunately, there are not enough
donors to satisfy patients’ request. Heart failure related to myocarditis carries
mortality rates of 56% at 4.3 years and may lead to end-stage HF, requiring
advanced therapies [37]. Heart transplantation is required in 1-8% of patients
with myocarditis [38]. Surgery is performed following standard technique, and
a bicaval anastomosis is mostly preferred at our institution. Literature data on
clinical results of heart transplanted patients after myocarditis are sporadic and,
for some extents, still controversial. It is still under debate if, compared to other
forms of dilated cardiomyopathy, survival in transplanted patients after a myo-
carditis is associated with higher post-operative mortality. Children with myo-
carditis were more likely to be listed with the highest urgency compared with
children with DCM [39]. More recently, it has been demonstrated that patients
with myocarditis that do not recover from the acute event are generally younger,
sicker, and more frequently require biventricular mechanical support compared
to those who present with other myocarditis forms, but have comparable survival
[40, 41]. Finally, the indication to transplant in cases of “Giant Cell-myocarditis”
(GCs) remains controversial. It is an autoimmune and rare form of myocardial
disease, having usually a dramatic onset (including sudden death and CS) that
more often requires prolonged extracorporeal supports. Acute histological mark-
ers of the disease are extensive infiltrate of lymphocytes and eosinophils with
macrophages giant cells associated with myocytic necrosis. After heart transplant,
inflammatory infiltration seems to be able to invade the graft, compromising its
performance and patients’ clinical outcomes. Nevertheless, more recently, heart
transplantation in patients with GCs-myocarditis seems not to differ in terms of
post-operative survival compared to other forms of cardiomyopathies [17, 42].
Data on large cohorts of patients are mandatory to universally define the most
efficient patients’ therapeutic pathway.



20 Mechanical Assist Devices and Heart Transplantation 351

20.2 Summary

— Cardiogenic shock after myocarditis, not responsive to medical treatment, can be
surgically managed through mechanical circulatory support systems (“‘bridge to
life”).

— Optimal timing and strategies are essential to guarantee patients’ survival and to
possibly achieve cardiac recovery.

— While patients are mechanically supported, the diagnosis may be clarified, and
targeted therapies instituted.

— In the acute setting, if recovery cannot be achieved, other surgical therapies must
be adopted. They include implantable VAD, total artificial heart, and finally heart
transplantation, once major contraindications, such as active infection, are
excluded.

— In chronic settings, heart transplantation and implantable VAD are the most com-
mon and effective options to treat congestive heart failure due to the chronic
sequelae of myocarditis.
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