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Innovative Drug Treatments for Viral and
Autoimmune Myocarditis

Sharmila Anandasabapathy, MD, and William H. Frishman, MD

Myocarditis has been shown to be a common cause of
cardiomyopathy and is believed to account for 25% of all
cases in human beings. Unfortunately, the disease is dif-
ficult to detect before a myopathic process ensues. Treat-
ment of myocarditis-induced heart failure includes the
standard regimen of diuretics, digoxin, angiotensin-con-
verting enzyme inhibitors, and currently, B-adrenergic
blockers. Treatment of myocarditis itself is dependent on
the etiology of the illness. Treatments under investigation
include immunosuppressants, nonsteroidal antiinflam-
matory agents, immunoglobulins, immunomodulation,

antiadrenergics, calcium-channel blockers, angiotensin-
converting enzyme inhibitors, nitric oxide inhibition (e.g.,
aminoguanidine), and antiviral agents. Despite advances
in treatment, more work needs to be done in the early
detection of myocarditis. Additionally, better means need
to be established for distinguishing between viral and au-
toimmune forms of the disease, so that appropriate treat-
ment can be instituted.
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or more than two centuries, the treatment of
myocarditis has been a source of confusion and
controversy. Since the early nineteenth century,
therapies have included everything from lemon juice
and diuretics to a variety of antitoxins.? Unfortu-
nately, none of these strategies have been proven to
alter the course of the illness. To this day, treatment
is almost entirely supportive; bed rest remains the
only therapy that has been consistently shown to
improve outcomes.'-4
Much of our difficulty in defining treatment lies in
our inability to accurately diagnose myocarditis, and
subsequently establish its etiology. Currently, there
is no gold standard for diagnosing this illness. Even
endomyocardial biopsy, which is considered the de-
finitive means of establishing the diagnosis, lacks
sensitivity. Because of focal myocardial involvement
of the disease, endomyocardial biopsy may underdi-
agnose myocarditis by sampling error.> Moreover,
the Dallas Ciriteria, created in 1987 to standardize the
diagnosis, rely on histologic evidence of myocardial
degeneration. Thus, mild cases may be overlooked.®
Distinguishing between viral and autoimmune forms
of the illness has proven to be an additional problem.
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To establish successful treatment regimens, it will be
essential to define exactly what we are treating.

Despite these obstacles, the past several years have
generated a large quantity of data regarding the
pathogenesis and treatment of myocarditis. The fol-
lowing article will review the recent literature on
myocarditis, focusing heavily on treatment. Al-
though there have been a number of clinical trials,
most current work has been in murine models of
viral and autoimmune myocarditis. A variety of po-
tential therapeutic options have emerged, ranging
from antiviral agents and nitric oxide inhibitors
to immunosuppressants and immunomodulators.
These treatment strategies will be looked at in detail
later. However, to best understand these therapeutic
options, it is necessary to first look at the etiology
and pathogenesis of myocarditis.

ETIOLOGY AND PATHOGENESIS OF
MYOCARDITIS

There are a large number of agents, infectious and
noninfectious, that can cause myocarditis (Table I).
Although most patients have no identifiable source
of the illness, viruses are believed to be the most
common cause of lymphocytic myocarditis.>? Of
these, the enteroviruses (particularly Coxsackievi-
rus) are the most frequent etiologic agents,3® along
with adenovirus and herpesvirus.t? Indeed, entero-
viruses have been detected by molecular hybridiza-
tion techniques in the myocardium of 10% to 53% of
patients with active myocarditis or idiopathic di-
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Table I Agents Associated with Myocarditis

Infectious Agents
Viral

Bacterial, Protozoal, Rickettsial,

Adenovirus
Arbovirus (Dengue, yellow fever)

Arenavirus (lymphocytic choriomeningitis)

Coronavirus

Coxsackievirus (A,B)
Cytomegalovirus

Echovirus
Encephalomyocarditis

Epstein Barr virus

Hepatitis B

Herpes simplex

Human immunodeficiency virus

Influenza (A,B)
Junin

Mumps

Polio

Rabies
Respiratory syncytial
Rubella
Rubeola
Vaccinia
Varicella-Zoster
Variola

and Spirochetal
Balantidium coli Mycobacteria (tuberculosis, Avium-
intracellulare, leprae)
Borrelia (burgdorferi, recurrentis) Mycoplasma pneumoniae
Brucella species Neisseria (meningitides, gonorrhea)
Campylobacter jejuni Rickettsia rickettsii
Chlamydia (trachomatis, psittaci) Salmonella typhi
Clostridia Shigella enteritis
Coxiella burnetti (Q fever) Staphylococci
Diphtheria Streptococci
Entamoeba histolytica Toxoplasma gondi
Franciscella tularensis Treponema pallidum
Legionella pneumophila Tropheryma whippelii
Leishmania species Trypanosoma cruzi
Leptospira interrogans Yersinia enterocolitica
Listeria monocytogenes
Fungal Actinomyces Cryptococcus
Aspergillus Histoplasma
Blastomyces Mucormyces
Candida Nocardia
Coccidioides Sporothrix
Helminths Ascaris Taenia solium

Echinococcus granulosus
Paragonimus westermani

Schistosoma

Trichinella
Visceral larva migrans
Wucheria bancrofti
(continues)

lated cardiomyopathy.” During the past few years,
human immunodeficiency virus (HIV) has fast be-
come the most common cause of myocarditis ob-
served at necropsy.!® However, the disease is rarely
diagnosed during a patient’s life, as cardiac deterio-
ration is usually overshadowed by a multitude of
noncardiac symptoms.

The pathophysiology of lymphocytic myocarditis
in humans is not entirely understood. It has been
shown that mice inoculated with Coxsackievirus B3
develop myocardial changes resembling human lym-
phocytic myocarditis.” In this experimental model,
virus-induced cell lysis takes place during days 1
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through 3 of infection. Nonetheless, most myocar-
dial damage is immune mediated, a result of the lysis
of uninfected cells by cytotoxic T-lymphocytes. By
day 15, most animals have cleared the virus. How-
ever, in certain genetically predisposed mice, anti-
bodies are produced against one of the several myo-
cytic components: the mitochondrial ADP/ATP
carrier protein,!! myosin or laminin heavy chains,2
B-adrenoceptors?? or cardiac sarcoplasmic reticulum
calcium ATPase.’* Thus, a chronic inflammatory
process is established in the absence of viral mate-
rial. This may eventually culminate in idiopathic
dilated cardiomyopathy.
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Table I (continued) Agents Associated with Myocarditis

Immune-Mediated Myocarditis

Drug Allergens Acetazolamide Methyldopa
Amitryptiline Penicillins
Colchicine Phenytoin
Furosemide Reserpine
Isoniazid Streptomycin
Lidocaine Tetracycline

Serum sickness

Tetanus toxoid

Alloantigens Organ transplants

‘Autoantigens Inflammatory bowel disease Sarcoidosis
Giant cell myocarditis Systemic lupus erythematosus
Kawasaki disease Wegener granulomatosis
Myasthenia gravis

Toxic Agents

Drugs Amphetamines 5-Flourouracil
Anthracyclines Hemetine
Catecholamines Interleukin-2
Cocaine Lithium
Cyclophosphamide

Heavy metals Copper Lead
Iron Phosphorus

Miscellaneous Arsenic Carbon monoxide
Azide Scorpion, snake and spider bites
Bee and wasp stings

Physical agents Electric shock

Hyperpyrexia
Ionizing radiation

These pathogenic mechanisms are common to
other viruses and infectious agents as well.2 It is
believed that these mechanisms also apply to myo-
carditis in humans. In fact, in human models of
myocarditis, the adenine nucleotide translocator,
calcium channel, B-receptor, myosin heavy chain,
extracellular matrix proteins (laminin and collagen),
cardiac conduction system, and vascular endothe-
lium have been shown to be involved in the humoral
immune response leading to inflammatory heart
muscle disease.?

Although lymphocytic (viral) myocarditis is most
common, there are various other forms of myocardi-
tis based on histopathologic classification. Autoim-
mune lymphocytic or giant cell myocarditis is char-
acterized by diffuse myocardial necrosis with
multinucleated giant cells.?s It occurs in genetically
predisposed mice after immunization with cardiac
myosin in the absence of viral antigen.¢ In humans,
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the disease is similar to that in murine models, and
circulating autoantibodies to myosin have been de-
tected in a significant proportion of patients.” The
disease is rare and is often associated with other
autoimmune disorders, including rheumatoid arthri-
tis, systemic lupus erythematosus, Crohn’s disease,
Wegener granulomatosis, etc.® The disease has a
rapidly progressive course and produces severe he-
modynamic instability, arrhythmias, heart block,
and congestive heart failure. Unfortunately, these
patients are not good candidates for transplantation,
as the disease has a high level of recurrence in the
transplanted heart.1®

There are two other forms of myocarditis worth
mentioning briefly. In South America, Trypanosoma
cruzi is a frequent cause of Chagas myocarditis. Be-
cause of the neurotoxic properties of T. cruzi, Chagas
myocarditis is marked by frequent conduction dis-
turbances, tachyarrhythmia, heart block, and the im-
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pairment of autonomic control.# Interestingly, the
disease is more prevalent in younger individuals.2°
Lastly, eosinophilic myocarditis is fairly rare and
develops in response to certain drugs (Table I). His-
topathologically, it presents with perivascular infil-
trates involving a predominance of eosinophils, lym-
phocytes, and histiocytes. It is believed to be either a
toxic, dose-dependent phenomenon, or an allergic
(hypersensitivity) reaction. The patient will fre-
quently present with rash and fever; complete blood
count will often reveal peripheral eosinophilia.®

TREATMENT OF MYOCARDITIS

The past several years have generated a large quan-
tity of data regarding the treatment of myocarditis.
Animal studies and clinical trials have focused on a
variety of therapeutic options, including immuno-
suppressants, immunomodulators, antiviral agents,
calcium-channel blockers, angiotensin-converting
enzyme (ACE) inhibitors, B-blockers, nitric oxide in-
hibitors, a-blockers, nonsteroidal antiinflammatory
agents, immunoglobulin, and transplantation (Table
II). Each of these will be discussed briefly.

The one treatment strategy that is universally ad-
vocated for myocarditis is bed rest. Results of both
animal studies and clinical trials support this theory.
In guinea pigs infected with myocarditis, higher
mortality and more extensive histologic disease was
observed in animals that were exercised compared
with unexercised controls.? In terms of clinical tri-
als, one metaanalysis of data available on a mixed
cohort of subjects (with biopsy and with no biopsy)
revealed that 57% improved with standard therapy
and restricted physical activity alone.3

Thus, all patients suspected of having acute myo-
carditis should be admitted to a hospital for obser-
vation and a regimen of modified bed rest designed
to decrease myocardial damage and promote heal-
ing. A noninvasive assessment of myocardial func-
tion can be assessed by means of physical examina-
tion, Holter monitoring, echocardiography, and
radionuclide ventriculography. A duration of conva-
lescence can then be recommended to the patient.*

Conventional medical management (Table III) of
the patient with myocarditis includes the following:
general measures designed to decrease cardiac work;
specific treatment of any underlying infection; and
control of complications such as congestive heart
failure, cardiogenic shock, heart block, arrhythmias,
and thromboembolism.¢# Additionally, patients
should avoid alcohol and cigarettes. A passive phys-
ical activity program with a very low level of caloric
expenditure is appropriate and will help prevent
venous stasis and skeletal muscle atrophy. Other
supportive measures include supplemental oxygen
for patients who are tachycardic, hypoxemic, or have
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Table I Susceptibility Factors in Viral and
Autoimmune Experimental Myocarditis

Factor Viral Autoimmune
Host genes and age Variable variable
Exercise and malnutrition Increases unknown
Sex (androgens) Increases increases
Sex (estrogens) Decreases decreases
NSAID
Ibuprofen Increases unknown
Indomethacin, aspirin Increases (early), no effect
No effect (late)
Immunosuppressive Agents
Corticosteroids Increases (early), no effect/
decreases
No effect (late)
Cyclosporine Increases decreases
Cyclophosphamide Increases unknown
15-deoxyspergualin Unknown decreases
anti-TCR antibody Unknown decreases
Immunomodulatory Agents
Human immunoglobulin Decreases decreases
Interleukin-1 Increases increases
Interleukin-2 Decreases/increases  increases
TNF Increases increases
anti-TNFa/B antibody No effect decreases
anti-IFN-gamma antibody Unknown increases
Vesnarinone Decreases unknown
Levamisole Increases unknown
Cuinoline-3-carboxamide Decreases unknown
Anti-Viral Agents
BICLF-70 Decreases unknown
IFN-a/B Decreases unknown
Ribavirin Decreases unknown
WIN 54954 Decreases/no effect unknown
Conventional Heart Failure Drugs
Captopril Decreases unknown
TCV-116 Decreases unknown
Metoprolol Increases unknown
Heparin Decreases unknown

Adapted with permission from Caforio and McKenna.” NSAIDs, nonste-
roidal antiinflammatory agents; TCR, T cell receptor; TNF, tumor necrosis
factor; IFN, interferon.

low cardiac output. Anemia should be corrected so
as to improve tissue oxygenation.

If the patient develops clinical signs of heart fail-
ure, medical therapy should be initiated. As recent
investigations have revealed, the activation of neu-
rohumoral mechanisms with subsequent left ventric-
ular impairment can occur even in asymptomatic
patients.?? Thus, ACE inhibitors are recommended at
a very early stage of heart failure to prevent myocar-
dial remodeling. Although effective at reducing
symptoms and improving exercise tolerance, diuret-
ics further stimulate neurohumoral systems.3 Thus,
diuretics should only be used in combination with
ACE inhibitors, and only if necessary.
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Table I Medical Management of Myocarditis-
Induced Heart Failure

Bed rest

Salt and fluid restriction

Digitalis

Angiotensin-converting enzyme inhibitors

a- and B-adrenergic blockers/g-adrenergic blockers
Diuretics

Anticoagulants

Antiarrhythmics

Correction of anemia or infection

With progressive heart failure, combination ther-
apy with ACE inhibitors, diuretics, and cardiac gly-
cosides should be initiated. With diuretic use, serum
potassium levels should be monitored, as hypokale-
mia may provoke arrhythmias and myocardial ab-
normalities. Arrhythmias should be detected and
treated before they become life-threatening. Since
most antiarrhythmic agents produce some depres-
sion of myocardial contractility, they should be used
with caution.

In patients with New York Heart Association
(NYHA) class II or III heart failure and dilated car-
diomyopathy, the addition of a B-blocker may be
beneficial.3 A low-dose regimen of carvedilol (3.25
mg orally twice daily) can be started and the dose
increased slowly. If the patient shows no improve-
ment or reveals evidence of decompensation, a pos-
itive inotrope (e.g., intravenous dobutamine) can be
used intermittently.

In general, the prognosis of myocarditis-related
new onset heart failure is as follows: half of patients
attain major improvement in left ventricular func-
tion, one quarter stabilize at low function, and one
quarter deteriorate so rapidly as to require urgent
transplantation.22

TREATMENT STRATEGIES UNDER
INVESTIGATION

Immunosuppression

The major difficulty in defining a specific therapy for
myocarditis lies in characterizing each patient’s ill-
ness as either viral or autoimmune. Multiple studies
have shown that immunosuppressive therapy
should be avoided in patients with active viral myo-
carditis?®-27 because it promotes viral spread in the
heart and hampers antiviral immune reactions, thus
allowing unhindered viral cytolysis. Unfortunately,
distinguishing viral from autoimmune forms of myo-
carditis has proven to be difficult. Techniques de-
signed to distinguish autoimmune from viral myo-
carditis (e.g., viral hybridization) vary greatly
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between institutions. Even the Dallas criteria, which
were created to standardize the histopathologic di-
agnosis of myocarditis, allow considerable interob-
server variability.2z8

This difficulty with histopathologic classification
partially explains the inconclusive results of immu-
nosuppressive trials in myocarditis/dilated cardio-
myopathy. Apart from the ongoing European Study
of Epidemiology and Treatment of Cardiac Inflam-
matory Disease (ESETCID) trial,° the recent Myocar-
ditis Treatment Trial (MTT)3° is the only double-
blind, randomized trial of immunosuppressive
therapy to have ever been done. Patients in this trial
were classified with active myocarditis based on the
Dallas criteria and received either azathioprine and
prednisone or cyclosporine and prednisone. The re-
sults were inconclusive: there appeared to be no
hemodynamic or prognostic benefit to immunosup-
pression after 6 months of treatment.3°

There are several reasons why the MTT may have
failed to demonstrate any benefit of immunosuppres-
sion.? One is that the trial relied on light microscopy
to screen patients for myocarditis. Light microscopy
is no longer considered the best method for histo-
logic classification, as there are currently far more
sensitive methods for detecting immunohistochem-
ical changes. Thus, it is possible that many of the
patients treated with immunosuppressive therapy
may have harbored viral material that was not de-
tected by endomyocardial biopsy and light micros-
copy. It is also likely that the duration of treatment (6
months) was too short to reveal improvement. More-
over, the trial failed to distinguish between the dif-
ferent immunosuppresive agents, some of which are
more beneficial than others. Mason et al3! and
Maisch et al32 reported decreased myocardial in-
flammation using a regimen of prednisone and aza-
thioprine. The combination of cyclosporine and
prednisone, however, has not been shown to be ben-
eficial, as demonstrated by the MTT.3°0

Other than the MTT, there are several other clini-
cal trials—controlled and uncontrolled—that have
looked at the effect of prednisone, azathioprine
and/or cyclosporine treatment in myocarditis. All
controlled studies of azathioprine have looked at the
drug in combination with prednisone.32-35 Of these
studies, only that of Maisch et al32 demonstrated
significant improvement in the patients given aza-
thioprine and prednisone compared with control
subjects. The only controlled clinical trial with cy-
closporine is the MTT, which looked at the drug in
combination with prednisone. The MTT revealed
neither benefits of nor harm from cyclosporine treat-
ment.3°

There has been much more research on corticoste-
roids than either cyclosporine or azathioprine. Un-
fortunately, results of animal studies of corticoste-
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Table IV Placebo-Controlled Trials with Immunosuppressives in Myocarditis: A Metaanalysis

Tx Co
No. of
Patients, Unchanged/ Unchanged/
Study (ref.) Tx Improvement Deteriorated Improvement Deteriorated

Edwards (43) P 5/5 3 (60%) 2 (40%) 3 (60%) 2 (40%)
Fenoglio (37) P,A+P 18/4 7 (39%) 11 (61%) 2 (50%) 2 (50%)
Dec (38) A+ P 9/18 4 (44%) 5 (56%) 6 (33%) 12 (67%)
Anderson (39) A+ P 7/10 2 (29%) 4/1 (57%/14%) 3 (30%) 5/2 (50%/20%)
Maisch (3) A+ PP 16/18 9 (56%) 7 (44%) 7 (39%) 8/3 (44%/17%)
Maisch (36) A+ P 21/21 10 (47%) 65 (29%, 24%) 3 (14%) 12/6 (57%/29%)
All control trials PA+P 76/76 35 (46%) 41 (54%) 24 (32%) 52 (68%)
MTT (30) P + Cy 64/47 49 (76%) 15 (24%) 25 (53%) 14/8 (30%/17%)

Adapted with permission from Maisch et al.3 Values are given as number (%). Tx, treatment group; Co, control group; A,

azathioprine; P, prednisone; Cy, cyclosporine.

roids have not been promising. Using a murine
model of Coxsackievirus B3 myocarditis, Kilbourne
et al3¢ showed an increase in mortality and myocar-
dial damage with corticosteroid treatment early in
the course of infection. Matsumori et al?¢6 demon-
strated similar results in mice infected with en-
cephalomyocarditis virus. They also demonstrated
that mice treated later in the course of infection
(more than 14 days after inoculation) did not expe-
rience an increase in mortality with corticosteroid
treatment. In terms of clinical trials, several small,
uncontrolled trials have shown a benefit with pred-
nisone treatment in acute myocarditis.33:37-3° How-
ever, the two controlled clinical trials33:3¢ have
shown no advantage to prednisone therapy.

Maisch et al® did a metaanalysis of all trials of
immunosuppressive agents (cyclosporine, azathio-
prine, and/or prednisone) and noted that 61% of all
subjects showed improvement with immunosup-
pressive therapy. No change or deterioration was
seen in 39%. When the controlled trials were se-
lected from the metaanalysis, there was little differ-
ence between treated and control subjects with re-
gard to improvement, deterioration, or clinical and
hemodynamic parameters (Table IV).

In murine models of myocarditis, the response to
immunosuppressive treatment has been largely pre-
dictable based on the etiology of the myocarditis. In
autoimmune giant cell myocarditis, cyclosporine
and FK 506 but not prednisolone have been shown
to improve or prevent myocardial damage.4%41 In
enteroviral myocarditis, however, treatment with cy-
closporine and corticosteroids has been shown to
worsen or not change outcome.26:42

Thus, at present, immunosuppression cannot be
recommended as routine treatment for myocarditis
until further clinical trials are carried out in patients
who are identified as having either viral or autoim-
mune involvement. If conventional management
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fails and the patient has severely disturbed left ven-
tricular function, immunosuppression may be con-
sidered. However, viral diagnosis either by in situ
hybridization or polymerase chain reaction is essen-
tial. Strauer et al!? suggest that the following immu-
nohistologic criteria be met before immunosuppres-
sion is instituted: 1) lymphocyte infiltrate; 2)
increased HLA class I and II expression; 3) increased
expression of adhesion molecules on the endothe-
lium and in the interstitium; and 4) increased find-
ing of IgA, IgG, and IgM. Additionally, there should
be no evidence of myocytolysis or persistent viral
genome. Preliminary results of prednisone therapy
in patients who have met the above criteria are pos-
itive,38.40

As mentioned previously, the use of immunosup-
pressive therapy in patients with viral myocarditis
may promote viral spread and lead to clinical dete-
rioration. However, in instances where the underly-
ing disease is clearly immune-related (such as sys-
temic lupus erythematosus) or believed to be
immune-related (such as sarcoidosis), a trial of im-
munosuppressants may be helpful. In patients with
giant cell myocarditis who fail to respond to conven-
tional management, immunosuppression with a
combination of cyclosporine, azathioprine, and cor-
ticosteroids may be considered as well.+3 However,
more data need to be obtained before recommenda-
tions can be made.

The ongoing ESETCID?® trial attempts to address
these treatment issues by dividing patients into three
subgroups based on the etiology of their disease:
autoimmune, enteroviral, or cytomegalovirus-in-
duced disease. Enterovirus-positive patients will be
treated with interferon-a; cytomegalovirus patients
with hyperimmunoglobulin; and autoimmune (viral
negative) patients with immunosuppression. Hope-
fully this trial will better define the role of immuno-
suppressive agents in the treatment of myocarditis.
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Nonsteroidal Antiinflammatory Agents

Although no prospective controlled studies have
been conducted, nonsteroidal antiinflammatory
agents have been studied in animal models of viral
and autoimmune myocarditis. Indeed, a number of
studies have shown that salicylates, indomethacin,
and ibuprofen, given early in the course of myocar-
ditis, lead to exacerbation of the disease with more
severe histologic damage.

Costanzo-Nordin et al*¢ found that ibuprofen (15
mg kg intraperitoneally) aggravated myocardial in-
flammation and necrosis when given to Balb/c mice
with acute Coxsackievirus B3 myocarditis. In a sim-
ilar model of myocarditis, CD-1 mice infected with
Coxsackievirus received salicylates, indomethacin,
or saline solution daily for 10 days.+5 When the mice
were compared, mortality and virus titers were
higher, interferon levels were lower, and pathologic
changes were worse in the animals treated with non-
steroidal antiinflammatory drugs. When indometha-
cin was administered during the late phase of Cox-
sackievirus myocarditis (10-20 days after infection),
it did not have a significant effect on mortality or
histopathologic grade.«¢ Thus, it is safe to administer
indomethacin only after the acute phase of myocar-
ditis when viral replication has been completed.

Zhang et al* investigated the effect of aspirin in
Lewis rats with autoimmune myocarditis. After im-
munization with cardiac myosin, the rats were given
either phosphate-buffered saline or aspirin (15 mg/
kg) intraperitoneally for 21 days. Compared with
phosphate-buffered saline, the aspirin had neither
beneficial nor detrimental effects.

Thus, preliminary animal data offer no role for
nonsteroidal antiinflammatory agents in the manage-
ment of both viral and autoimmune myocarditis.
Currently, nonsteroidal antiinflammatory agents are
being commonly used in the treatment of pericardi-
tis. However, the unfavorable data mentioned above
should lead clinicians to question the use of such
drugs in patients with combined myocarditis and
pericarditis.

Immunoglobulins

Recently, an increasing amount of data have re-
vealed a beneficial role for immunoglobulins in the
treatment of viral myocarditis and dilated cardiomy-
opathy. The efficacy of high-dose immunoglobulins
in the treatment of respiratory syncytial virus,4” id-
iopathic thrombocytopenic purpura,*® Kawasaki dis-
ease,*® and other inflammatory diseases has been
shown repeatedly over the past decade. In 1994,
Drucker et al5® reported improvement in survival
and left ventricular function in children with acute
Kawasaki myocarditis who were treated with high-
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dose intravenous immunoglobulins. Since then
there have been several other studies with similarly
positive results.

An initial in vitro study by Takada et al® revealed
that immunoglobulin suppressed Coxsackievirus B3 in
a dose-dependent manner. Immunoglobulin (1 g/kg/
daily intraperitoneally) was administered to Coxsack-
ievirus B3-infected mice for 2 weeks, beginning simul-
taneously with virus inoculation in experiment 1 and
on day 14 after inoculation in experiment 2. In exper-
iment 1, immunoglobulin administration completely
suppressed the development of myocarditis. In both
experiments, survival was higher in treated than in
untreated mice; at the time of death, inflammatory cell
infiltration, necrosis, and calcification were reduced as
well.

In histologically proven cytomegaloviral myocar-
ditis in humans, Maisch et al*> demonstrated that
treatment with cytomegaloviral hyperimmunoglobu-
lin led to the improvement of hemodynamic func-
tion and the eradication of virus and lymphocytes
from the myocardium. McNamara et al5? examined
the role of high-dose immunoglobulins in the treat-
ment of 10 patients with new-onset dilated cardio-
myopathy. Three of these patients revealed evidence
of myocardial inflammation and all were hospital-
ized with NYHA class III/IV heart failure. In addition
to conventional therapy for heart failure (ACE inhib-
itors, digoxin, and diuretics), each patient received 2
g/kg of intravenous immunoglobulin after their ini-
tial evaluation. After a median of 18 months of ther-
apy (range 14-24 months), all patients demonstrated
an improvement in left ventricular ejection fraction
ranging from 6 to 28 points. Left ventricular ejection
fraction for the entire group improved from 24% to
42%.

Thus, recent data suggest a potentially therapeutic
role for immunoglobulin in viral myocarditis and
its unfortunate sequelae, dilated cardiomyopathy.
Takada et al® suggest two potential mechanisms for
this effect. In the acute viremic stage it is possible
that polyclonal immunoglobulin may directly trans-
fer antiviral antibody. In the later aviremic stage of
myocardial inflammation, immunoglobulin may al-
ter the immune response (by reticuloendothelial sys-
tem blockade or induction of idiotype-antiidiotype
networks), thus leading to a decrease in cardiac in-
flammation.

Compared with steroids, cyclosporine, and other
immunosuppressive agents, immunoglobulin is much
better tolerated and has fewer adverse effects. In-
deed, the most common side effects of therapy are
mild flu-like symptoms or headache, observed in 5%
to 10% of patients.5! Consequently, a large, random-
ized, placebo-controlled clinical trial of immuno-
globulin therapy in patients with myocarditis is
much needed. The ESETCID fulfills part of this need
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by examining the effect of hyperimmunoglobulin in
cytomegalovirus myocarditis.2? However, the stud-
ies by McNamara et al5! and Drucker et al5° suggest
that this may be an effective therapy for other viral
forms of myocarditis as well.

Cytokines and Immunomodulation

As previously mentioned, the process by which viral
myocarditis progresses to dilated cardiomyopathy
has two stages. Initially, a protective immune re-
sponse is induced by infiltrating macrophages, nat-
ural killer cells, and antiviral antibodies. This is
followed by a destructive immune response to car-
diac tissue.52 A growing body of evidence suggests
that cytokines play an important role in this process.
In murine models of myocarditis and heart failure,
cytokines were shown to be expressed along with
segments of the viral genome.53 Further, studies have
proven that patients with acute myocarditis have
elevations of interleukin (IL)-1,, IL-1g, tumor necro-
sis factor (TNF)-a, granulocyte colony-stimulating
factor (G-CSF), and macrophage colony-stimulating
factor (M-CSF). Patients with dilated cardiomyopa-
thy have elevations of TNF-a as well.5¢ Given these
findings, it is hardly surprising that many research-
ers are attempting to modulate cytokine expression
in viral myocarditis. Most of this work has focused
on the modulation of IL-2, TNF, and interferon-a
(IFN-a).

Interleukin-2

Released from activated T cells, IL-2 induces the
differentiation and proliferation of T and B cells. It is
also responsible for the induction of antigen-specific
killer cells and the proliferation of natural killer
cells. Although IL-2 has been reported to exert an
antiviral effect in other diseases, its role in the treat-
ment of myocarditis remains tenuous. Huber et al5s
reported a worsening of myocarditis with adminis-
tration of IL-1 and IL-2 to mice infected with Cox-
sackievirus. On the other hand, Kishimoto et al%¢
noted that the administration of IL-2 during the
acute viremic stage of myocarditis increased survival
and decreased myocardial damage. However, admin-
istration of the same amount of IL-2 in the subacute
aviremic stage reduced survival and exacerbated the
severity of disease. This seems to imply that cyto-
kines aid in the induction of a beneficial immune
response in the acute stage of viral myocarditis. In
later stages, however, these cytokines may promote a
destructive response against myocardial tissue.
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Interferon-«

Produced primarily by leukocytes, IFN-a appears 4
to 6 hours after viral stimulation and is believed to
reduce viral replication. In 1988, Kishimoto et al5”
demonstrated that IFN-a was capable of inhibiting
viral replication and reducing myocardial inflamma-
tion when given to mice before infection with Cox-
sackievirus B3. When Coxsackievirus B3-infected
mice were treated with M-CSF from days 0 to 14 of
infection, cardiac disease was noted to be signifi-
cantly reduced. The reduction in myocardial patho-
logic changes and viral titers was correlated directly
with elevations in IFN-a induced by M-CSF.58 More-
over, encephalomyocarditis mice treated with im-
munosuppressive agents and IFN-a have better sur-
vival than mice treated with immunosuppressive
agents alone.5?

A recent study examined the effect of IFN-a in
humans with biopsy-proven myocarditis or dilated
cardiomyopathy.®® Compared with patients treated
with conventional therapy for heart failure, those
treated with adjunctive IFN-a were much more
likely to have improved left ventricular ejection frac-
tion and exercise tolerance. Side effects of IFN-a
treatment were relatively mild and confined to flu-
like symptoms, lassitude, and malaise. These symp-
toms decreased with repeat injections and usually
resolved after 10 days of treatment.

Tumor Necrosis Factor

Released by activated macrophages, TNF has been
shown to increase myocardial damage in murine
models of myocarditis. Smith and Allen8* showed
that TNF is a key mediator in the pathogenesis of
inflammation in murine autoimmune myocarditis.
Similar results were observed in an animal model of
Coxsackievirus myocarditis.>2 Mice that were treated
with recombinant TNF-a experienced increased
mortality; likewise, mice treated with anti-TNF-a
monoclonal antibody revealed increased survival
and decreased myocardial damage compared with
controls.

Vesnarinone, a recently synthesized positive ino-
tropic agent, has shown promising results in animal
models of heart failure. A quinolinone derivative,
vesnarinone suppresses TNF-a in a dose-dependent
manner.2 Further, when encephalomyocarditic
mice in congestive heart failure are treated with
vesnarinone, they experience decreased mortality in
comparison to untreated controls. These findings
suggest that vesnarinone could play a significant role
in cytokine regulation and may be of benefit in the
treatment of patients with myocarditis-induced
heart failure. However, recent mortality studies have
shown a detrimental effect of vesnarinone in pa-
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tients with chronic heart failure of a predominant
ischemic type.

Antiadrenergics

B-Adrenergic blockade. Although B-blockers have
been shown to be of benefit in heart failure and
dilated cardiomyopathy, preliminary animal studies
suggest that they should be avoided in acute myo-
carditis. An experimental study done by Rezkalla et
al®3 looked at Swiss-Webster mice infected with Cox-
sackievirus B3. Increased mortality and myocyte ne-
crosis were observed in mice treated with metopro-
lol compared with those treated with normal saline.
Within the first 30 days of infection, only 40% of the
metoprolol-treated mice survived compared with
100% of the saline group. The increased number of
deaths was associated with greater viral replication
on day 10 of infection and more myocardial necrosis
on day 30 of infection, as detected by histopatho-
logic studies. Although the mechanism of this effect
was not determined, it was felt that B-blockers may
interfere with the body’s defense against viral repli-
cation. Indeed, previous studies have shown that
propranolol can inhibit the phagocytic activity of
polymorphonuclear cells and monocytes®* and the
activation of lymphocytes.ss

The negative effects associated with the use of
certain B-blockers may result from a lack of B,-ad-
renergic blockade and/or intrinsic sympathomimetic
activity. When Tominaga et al®¢ compared carteolol
to metoprolol in a murine model of acute, subacute,
and chronic myocarditis, they noted that the carteo-
lol group had smaller left ventricular size, wall
thickness, myocardial fiber diameter, and his-
topathologic scores compared with both the meto-
prolol and control groups. Hence, further studies
need to be performed to determine whether the neg-
ative effect observed by Rezkalla et alé3 is exclusive
to metoprolol. Currently, there are no studies look-
ing at B-blocker use in human models of myocardi-
tis.

a-Adrenergic blockade. Studies performed in the
1970s showed a benefit to using a-blockers in pa-
tients with congestive heart failure.6768 In 1992,
Yamada et alé® investigated the therapeutic effect of
the a1-blocker bunazosin on a murine model of en-
cephalomyocarditis-induced heart failure. Four-
week-old Balb/c mice were inoculated with en-
cephalomyocarditis virus and injected daily with
either bunazosin or saline. Although bunazosin did
not alter the overall survival rate of infected mice, it
did show a protective effect if injected from the day
of viral inoculation to day 14 when congestive heart
failure began. Compared with the control group, the
hearts of bunazosin-treated mice revealed lower ra-
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tios of heart weight to body weight, left ventricular
dimension, and histopathologic grade. Thus, this
initial animal study suggests that bunazosin, a bal-
anced arterial and venous vasodilator, has a protec-
tive effect against viral myocarditis when started
early after infection and continued until the stage of
congestive heart failure. Unfortunately, there have
been no further studies with a-blockers since the
trial of bunazosin.

Calcium-Channel Blockers

In murine models of encephalomyocarditis, the cal-
cium-channel blockers verapamil and amlodipine
have been shown to have a protective effect against
myocardial injury. Verapamil, a heart rate-lowering
calcium-channel antagonist, has been shown to re-
duce the clinical and pathologic effects of cardiomy-
opathy in Syrian hamster’? and murine Chagas mod-
els.”? In these diseases and in acute murine
myocarditis, microvascular spasm is believed to con-
tribute to the development of cardiomyopathy. In a
study of DBA/2 mice infected with encephalomyo-
carditis, verapamil given either intraperitoneally be-
ginning 7 days before infection or orally beginning 4
days after infection was shown to significantly re-
duce microvascular changes and myocardial necro-
sis, fibrosis, and calcification leading to cardiomyop-
athy.”2 Although mortality rates were the same in
both verapamil-treated and control mice, the time of
death was significantly delayed in the verapamil-
treated group. The authors believe that verapamil’s
seeming lack of an effect on mortality is due to the
early deaths (within 14 days of infection) of the
animals when verapamil is not believed to have an
effect. This was confirmed by pathologic findings:
myocardial inflammation and necrosis during the
first week was not dramatically different in treated
and untreated animals, but was significantly differ-
ent after day 14 (peak infection). Hence, there may be
need for further studies that examine long-term mor-
tality in verapamil-treated and untreated mice.

Although studies have found the calcium-channel
blockers diltiazem and verapamil to be detrimental
in patients with congestive heart failure,”3.74 a recent
double-blind, placebo-controlled clinical trial of am-
lodipine, a novel dihydropyridine calcium-channel
blocker, revealed a 45% reduction in the risk of
death in patients with heart failure resulting from
nonischemic dilated cardiomyopathy.?s

Given these promising results, a study was created
to compare the effects of amlodipine with diltiazem
and placebo in DBA/2 mice infected with encepha-
lomyocarditis.”® The mice were inoculated with en-
cephalomyocarditis and administered amlodipine,
diltiazem, or vehicle orally for 2 weeks. By day 14,
70% of the mice in the amlodipine group had sur-
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vived compared with 50% in the diltiazem group
and 33% in the control group. Although viral titers
were not influenced by amlodipine, the ratios of
heart weight to body weight and the histopathologic
grades of myocardial lesions were significantly
lower in the amlodipine-treated mice.

In follow-up studies, the authors noted that amlo-
dipine inhibited encephalomyocarditis-induced ni-
tric oxide production in a concentration-dependent
manner in both a macrophage-cell line and in the
hearts of mice with congestive heart failure. Dilti-
azem did not have this effect. It is hypothesized that
the beneficial effects of amlodipine result from inhi-
bition of myocardial nitric oxide production. This is
consistent with previous studies of the dihydropyr-
idine calcium-channel blockers,”” and with studies
confirming the role of nitric oxide in myocarditis.”®

Aminoguanidine and Nitric Oxide Inhibition

As previously mentioned, recent studies have dem-
onstrated that patients with myocarditis have ele-
vated circulating levels of bacterial endotoxins (such
as lipopolysaccharides) and proinflammatory cyto-
kines such as IL-18 and TNF-a.”® The negative ino-
tropic effect of these substances on cardiomyocytes
has been shown to be mediated by the de novo syn-
thesis of iNOS and the subsequent production of
nitric oxide.”® In two separate studies of experimen-
tal autoimmune myocarditis in rats, researchers
demonstrated that excess amounts of nitric oxide
produced by iNOS contributed to the progression of
myocardial damage. Further, aminoguanidine, an in-
hibitor of iNOS, decreased the pathophysiologic se-
quelae of myocarditis.

Ishiyama et al8® induced autoimmune myocarditis
in 20 Lewis rats by injection of porcine cardiac my-
osin. Ten of the 20 rats were given aminoguanidine
(400 mg/kg intraperitoneally). The animals were
killed 21 days after infection and the severity of
myocarditis evaluated by measuring the size of in-
flammatory lesions and the levels of CK-MB. His-
topathologic study revealed extensive myocardial
destruction and inflammatory cell infiltration in the
untreated rats, but only focal mononuclear infiltrates
in the aminoguanidine-treated rats.

In a similar study by Hirono et al,”® aminoguani-
dine was systemically administered to myosin-im-
munized Lewis rats from either days 0 to 10 or days
11 to 21 to elucidate the contribution of iNOS in two
different stages of the immune response. Although
the administration of aminoguanidine from days 11
to 21 ameliorated both histopathologic and func-
tional changes in the rat hearts, administration be-
tween days 0 and 10 had no effect. These observa-
tions suggest that nitric oxide has little effect on the
initial immune responses induced by antigen chal-
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lenge; nonetheless, it may play an important role in
the effector stage of experimental autoimmune myo-
carditis. Thus, selective inhibition of iNOS may be
an effective treatment strategy for autoimmune myo-
carditis. However, more research needs to be con-
ducted in this area.

Angiotensin-Converting Enzyme Inhibitors

As previously discussed, ACE inhibitors constitute
part of the conventional treatment regimen for pa-
tients with myocarditis-related heart failure. How-
ever, recent experimental studies indicate that cap-
topril in particular may be effective therapy for acute
viral myocarditis.

In mice with acute Coxsackievirus B3 myocarditis,
captopril administered at 0.05 mg/g intraperitone-
ally reduced heart weight and myocardial necrosis
when administered within the first 6 days of infec-
tion.81 When administered later in the course of in-
fection (day 10), captopril was still shown to reduce
heart weight. The beneficial effects of captopril were
confirmed by Suzuki and Matsumori®? in a murine
model of encephalomyocarditis. When the drug was
administered to mice at doses of 10, 30, or 100 mg/
kg, survival increased and myocardial injury de-
creased in a dose-dependent manner.

Whether the other ACE inhibitors have a similarly
beneficial effect is unclear. When captopril was com-
pared with enalapril in a murine model of myocar-
ditis, only the former improved survival and limited
cardiac injury.83 Moreover, captopril is the only ACE
inhibitor known to reduce myocardial inflammation
and necrosis. This effect may result from the oxygen-
radical scavenging properties of captopril.8* The
other ACE inhibitors have been shown to decrease
cardiac mass, an effect that may be secondary to a
decrease in afterload or to the inhibition of protein
synthesis.

TCV-116, a new angiotensin II type 1 receptor
antagonist, was recently studied in a murine model
of encephalomyocarditis.?s When treatment with 10
mg/kg was started one day before inoculation, the
survival of mice was improved slightly, although not
enough to be statistically significant. Heart weight
and myocardial necrosis, however, were signifi-
cantly reduced. The authors concluded that angio-
tensin II plays an important role in viral myocarditis
and that angiotensin II receptor antagonists have a
cardioprotective effect.

Antiviral Agents

Antiviral therapy has been shown to benefit murine
models of viral myocarditis provided that treatment
is started early in the course of infection. In 1985
Matsumori et al8é first showed that mice treated with
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ribavirin from the first inoculation with encephalo-
myocarditis had prolonged survival and less myo-
cardial damage than controls. Kishimoto et al®’ had
similar results using a murine model of Coxsackievi-
rus myocarditis. When ribavirin administration was
begun on day 1 of infection, viral replication and
myocardial damage were reduced and survival in-
creased. When treatment was started on day 4 of
illness, no difference was seen between the experi-
mental and control mice.

Recently a new class of antiviral compounds (isox-
azoles) has been synthesized. These drugs have a
broad antipicornavirus activity and function by in-
hibiting viral uncoating. WIN 54954, a newly syn-
thesized disoxaril analogue, was recently shown to
inhibit Coxsackievirus B3 replication in vitro when
given at a minimal inhibitory concentration.®® Fur-
ther, in A/] mice with Coxsackievirus B3 myocardi-
tis, WIN 5454 (100 mg/kg orally twice daily) given
from days 0 to 5 of infection conferred significant
protection from enteroviral mortality. At 3 weeks
after infection, more than 80% of the mice given
WIN 54954 were alive compared with only 10% of
the control group. The drug did not have any effect
on Coxsackievirus B3 antibody titers, macrophage
infiltration, or the expression of surface lymphocyte
subset markers. Unfortunately, no studies have
looked at the effect of WIN 54954 treatment after
viral inoculation. Given the initial promising effects
of WIN 54954 on survival and the fact that it does not
appear to interfere with cellular and humoral immu-
nity, the drug may be a promising candidate for
further trials.

Transplantation

Cardiac transplantation remains the last resort for
patients with chronic myocarditis who develop re-
fractory heart failure. In the acute phase transplan-
tation should be avoided, as many patients will re-
cover completely with conventional treatment.
Moreover, with acute autoimmune forms of myocar-
ditis (such as giant cell myocarditis), there is a high
incidence of recurrence in the transplanted heart.®
In the past it was believed that patients with myo-
carditis undergoing transplantation fared worse than
patients undergoing transplant for other reasons.
This idea was based on a study that reviewed a small
series (n = 12) of patients.8® Recent evidence contra-
dicts this previous report. A 1995 study that used
multivariate analysis to compare transplant recipi-
ents with myocarditis with those with other diag-
noses revealed no significant difference in out-
come.?®® Although this study had a much larger
sample size that the original one, attempts were not
made to independently confirm the diagnosis of
myocarditis in the explant.

THERAPEUTIC REVIEW

Another recent study of heart transplantation in
patients with end-stage Chagas heart disease also
calls into question previous reports that cited an
increased likelihood of disease recurrence in pa-
tients who undergo transplantation for treatment of
Chagas myocarditis. DeCarvalho et al®! noted a lower
frequency of recurrence in patients with Chagas
myocarditis compared with age- and sex-matched
controls. Moreover, they noted no signs of disease
recurrence in the allografts. Hence, recent findings
suggest that cardiac transplantation may be a more
viable option for patients with dilated cardiomyop-
athy than was previously thought. Nonetheless, the
risks and complications of transplant, along with the
promising new armamentarium of medical treat-
ment, still leave this a last, albeit lifesaving, option.

CONCLUSION

It would certainly behoove us to find effective ther-
apies for myocarditis. Idiopathic dilated cardiomy-
opathy accounts for 25% of all cases of heart failure
in the United States.®2 Heart failure itself accounted
for $38 billion or 5.4% of federal healthcare dollars
in 1991.°

Although the past century has considerably ex-
panded our understanding of myocarditis, our treat-
ment strategy remains essentially unchanged. In the
future, if we are to effectively target the illness, the
following needs to be accomplished:

First, more precise diagnostic methods are needed,
so that the illness is identified before the patient has
progressed to cardiac failure. Unfortunately, the var-
ied, often nonspecific, clinical presentation of myo-
carditis will evade even the most astute diagnosti-
cian. Even if cardiac troponin 1 and creatine
phosphokinase (CPK) levels prove to be sensitive
and specific indicators of disease, the individual
physician must have cause to suspect myocarditis
before ordering such tests.

Second, more accurate methods of distinguishing
autoimmune from viral forms of myocarditis are nec-
essary, so that appropriate treatment is initiated. As
the MTT demonstrated,®® current histologic tech-
niques alone are not adequate. Polymerase chain
reaction and other molecular biology techniques
may hold more promise in terms of detection of viral
genome.

Third, in keeping with the above, guidelines will
be needed to define treatment regimens for different
types of myocarditis (viral, autoimmune, etc.).
Clearly, immunosuppressive agents should not be
used in patients with viral myocarditis. However,
they may be highly effective in autoimmune forms of
the illness. Antiviral agents may be beneficial in
treating viral myocarditis if started early in the
course of infection. As the literature points out,
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IFN-a and immunoglobulins have shown tremen-
dous potential in myocarditis treatment. Further
clinical trials will be needed to verify the efficacy of
these treatments before recommendations can be
made.

As previously mentioned, the ongoing ESETCID
trial?® attempts to address these issues by treating
patients with immunosuppression, hyperimmuno-
globulin, and IFN-a for autoimmune, cytomegalovi-
ral, and enteroviral myocarditis, respectively. The
trial will hopefully shed much light on this complex
topic.
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