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Abstract

Chagas disease is caused by the parasite Trypanosoma cruzi it is the most common cause of heart
disease in endemic areas of Latin America. The year 2009 marks the 100" anniversary of the
discovery of T. cruzi infection and Chagas disease by the Brazilian physician Carlos Chagas.
Chagasic cardiomyopathy develops in from 10 to 30 percent of persons who are chronically infected
with this parasite. Echocardiography and magnetic resonance imaging are important modalities in
the evaluation and prognosis of individuals with chagasic heart disease. The etiology of chagasic
heart disease likely is multifactorial. Parasite persistence, autoimmunity, and microvascular
abnormalities have been studied extensively as possible pathogenic mechanisms. Experimental
studies suggest that alterations in cardiac gap junctions may be etiologic in the pathogenesis of
conduction abnormalities. The diagnosis of chronic Chagas disease is made by serology. The
treatment of this infection has shortcomings that need to be addressed. Cardiac transplantation and
bone marrow stem cell therapy for persons with Chagas disease have received increasing research
attention in recent years.

Keywords
Trypanosoma cruzi; Chagas disease; cardiomyopathy

Herbert B. Tanowitz, MD, Department of Pathology, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx, NY 10461,
718-430-3342, FAX 718-430-8543/8541, E-mail: tanowitz@aecom.yu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

Introduction

Chagas disease, an important cause of heart disease in Latin America, is the result of infection
with the protozoan parasite Trypanosoma cruzi. This infection is life-long and the serious
cardiac and gastrointestinal problems that characterize chronic symptomatic Chagas disease
develop in approximately 10 to 30 % of infected persons.

The year 2009 marks the 100t anniversary of the discovery of the disease that bears the name
of the physician who first described the illness and its causative organism. There has been a
dramatic increase in the understanding of the epidemiological, clinical, and pathophysiological
aspects of Chagas disease since our review in 1992 [1]. Recently, several excellent reviews on
various aspects on this disease have appeared [2-5]. The intent in this article is not to present
an exhaustive review of the disease, but rather to put forth recent perspectives relating to the
effects of T. cruzi on the heart, which is the organ most commonly affected in persons with
chronic infection. This article is an outgrowth of our association with Dr. Edmund Sonnenblick,
a coeditor of this journal who died in 2007. He had a life-long interest in cardiomyopathy and
encouraged us to write this contribution.

Carlos Justiniano Ribeiro das Chagas was born in the state of Minas Gerais, Brazil, on July 9,
1879 to José Justiniano das Chagas and Mariana Candida Chagas. After his basic schooling
and a brief stint as an engineering student in the city of Ouro Preto in the state of Minas Gerais,
he decided to study medicine in Rio de Janeiro and trained under Dr. Oswaldo Cruz, one of
the most renowned scientists of that generation. After graduation from medical school, Chagas
worked as a malaria control officer. In 1909, while working in a malaria control campaign in
Lassance, Minas Gerais, Chagas observed flagellated organisms in the blood a febrile child
named Berenice. After the fever abated, he no longer saw any parasites in her blood. He named
the organisms “Trypanosoma cruzi’” in honor of his mentor. In a period of several months,
working almost entirely on his own, he described the pathogen, its vector, and the clinical
features of Chagas disease, an accomplishment unique in the history of medicine, and published
descriptions of the parasite, its vector, and the disease in humans [6.7]. In the 1960s, many
years after the death of Carlos Chagas, Bernice was located and was found to be seropositive
for Chagas disease but free of any of the stigmata of her chronic infection. She died of other
causes in 1973.

Although the discovery of this “new” disease was hailed by many as an outstanding scientific
achievement, Carlos Chagas never was awarded the Nobel Prize [8]. He died in 1935, but his
vision lives on in the work of the many scientists and clinicians who continue to investigate
this fascinating disease. Interestingly but not surprisingly, it has been shown that Chagas
disease was present in South America long before it was discovered in 1909, as
paleoparasitological studies showed that T. cruzi was present in tissues from mummies in costal
northern Chile from the period 4000 BC to 1400 AD [9].

Chagas disease is endemic in all Latin America countries with the exception of the Caribbean
nations. The eggs of the triatome vectors usually hatch over a range of 16 to 34°C with the
highest fertility occurring at 21 to 32°C. Fertility is also related to humidity. Most triatome
vectors are nocturnal and they are attracted to warmth, carbon dioxide and odor.

In recent decades the rate of emigration from Chagas-endemic countries to the United States,
Canada, and the European Union has increased markedly. Currently an estimated 13 million
immigrants from endemic regions live in the United States and presumably 100,000 or so of
these persons chronically harbor T. cruzi. Seven instances of transmission of T. cruzi by blood
transfusion have been reported in Canada and the United States, and five instances of
transmission by organ transplantation in the latter have been described. The presence of
increased numbers of T. cruzi-infected immigrants and these instances of transmission here
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have prompted a growing interest in Chagas disease in many quarters and led to the initiation
of serological screening of donated blood in January 2007 [10,11].

T. cruzi has a complex life cycle (Figure 1) consisting of four morphologically and
biochemically distinct forms. During a blood meal from an infected mammalian host, the insect
vector ingests blood form trypomastigotes (BFTs), which once in the midgut of the vector
transform into epimastigotes that are capable of dividing. After 3—4 weeks, infective, non-
dividing metacyclic trypomastigotes (MTSs) are present in the hindgut of the vector and are
deposited with the feces of the vector during subsequent blood meals. Transmission to the new
host takes place when the parasite-laden feces contaminate oral or nasal mucous membranes,
the conjunctivas, or other vulnerable surfaces. When the parasites enter a host cell they are first
observed in a parasitophorous vacuole after transformation to amastigotes (AMASs), where they
may be killed by cytocidal mechanisms or may evade this onslaught and enter the cytoplasm.
Once there, the AMAs multiply by binary fission. (figure 3) As sizable numbers accumulate
the AMAs somehow sense that the life of their host cell is ending and they transform to BFTs.
The latter parasites are released as the host cell ruptures and they then disseminate through the
lymphatics and the bloodstream to find new cells to invade. This process continues
asynchronously for the life of the host. Although any nucleated mammalian cell can be
parasitized by these organisms, cells of the reticuloendothelial, nervous and muscle systems,
including the heart, appear to be favored. In addition, recent observations suggest that
adipocytes are readily invaded by BFTs and may serve as a reservoir from which the infection
may be reactivated [12]. Also, small numbers of BFTs may be ingested in blood meals taken
by vectors. These organisms then transform into epimastigotes in the midgut of their new host,
thus completing the cycle. Vector-borne transmission T cruzi infection usually occurs in
persons who live in primitive houses in areas where the sylvatic cycle is active. The living
quarters are invaded by infected vectors which become domiciliary and feed at night on the
humans, dogs [13], and other mammals that live there.

In the past most transmission of T cruzi to humans has been vector-borne, with other modes
such as transplacental [1], through contaminated food or drink, and laboratory accidents
accounting for relatively few new cases. This situation has changed considerably in recent
years due to the successful implementation of vector control programs in many of the endemic
countries. Much of the progress in this regard has been achieved under the aegis of the Southern
Cone Initiative (SCI), which began in 1991 in Argentina, Bolivia, Brazil, Chile, Paraguay, and
Uruguay. Uruguay was declared transmission-free in 1997 and was followed by Chile in 1999
and most recently Brazil in 2006. Major progress has been made in the other SCI countries,
particularly in Argentina, and similar programs are being developed in the Andean nations and
Central America. Moreover, transfusion transmission of T. cruzi has been essentially
eliminated throughout much of the endemic range. All the endemic countries except Mexico
have mandated testing of donated blood for evidence of T. cruzi infection and efficient
screening programs have been implemented. Although much remains to be done in some
endemic areas, the progress achieved to date prompted the attendees at a WHO conference on
Chagas disease convened in Geneva in 2007 to set 2010 as the target date for the elimination
of transmission of the parasite.

Chagas heart disease

In general, persons seropositive for Chagas disease who are identified in epidemiologic studies
or through blood donor screening do not recall having had acute Chagas disease and do not
know that they are chronically infected with T. cruzi. This is because the persons at highest
risk for acquiring T. cruzi infection, i.e., the rural poor, typically have little access to medical
care, and also because acute Chagas disease generally is a mild illness. Nonetheless, after a
minimum incubation period of a week or two, some newly-infected persons may develop severe
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signs and symptoms. These can include fever, chills, nausea, vomiting, diarrhea, rash, and
meningeal irritation. Moreover, a raised inflammatory lesion at the site of parasite entry (a
chagoma), unilateral periorbital edema (Romafa sign), conjunctivitis, lymphadenopathy, and
hepatosplenomegaly have all been described in patients with acute Chagas disease. Laboratory
abnormalities are non-specific and may include anemia, thrombocytopenia, and elevated liver
and cardiac enzymes. The diagnosis of acute Chagas disease is primarily parasitologic. Motile
BFTs can be observed in wet preparations of blood and cerebrospinal fluid in many patients
with the acute disease. Serologic tests for parasite-specific 1gG are often negative during this
stage, and assays for IgM have not been standardized and are not widely available.

During the acute phase of the illness, asynchronous cycles of parasite multiplication, host cell
destruction, and infection of new cells occur. Myocarditis, cardiomegaly, and congestive heart
failure (CHF) develop in a small percentage of acutely-infected patients [14,15]. Arrhythmias,
heart block, or CHF in the setting of acute T. cruzi infection are indicative of a poor prognosis
[16]. It is not known if the severity of acute Chagas disease affects the likelihood of
development of chronic cardiac or gastrointestinal manifestations years later. A small
percentage of acutely-infected patients, often children, die of acute myocarditis or
meningoencephalitis. In most patients, however, as specific cellular and humoral immune
responses develop, the parasitemia wanes and signs and symptoms resolve completely, usually
in two to four months. These individuals then enter the indeterminate phase of T. cruzi infection,
which is characterized by detectable specific antibodies and an absence of clinical
manifestations attributable to the infection. The indeterminate phase may last from months to
an entire lifetime, and as noted most chronically infected persons never develop clinical
manifestations attributable to the persistence of the parasites. Even so, each year an estimated
20,000 people die of chronic Chagas heart disease (CCHD) in the endemic countries [17], and
CCHD annually may kill 250 or so T. cruzi-infected immigrants in the United States.

CCHD may present insidiously as CHF or abruptly with arrhythmias and/or thromboembolic
events. Dilated congestive cardiomyopathy is an important manifestation of CCHD that
typically occurs years or even decades after a person first becomes infected. Apical aneurysm
of the left ventricle is one of the hallmarks of CCHD as observed by cardiac imaging and at
autopsy (Figure 2). Histology of cardiac tissue from patients with CCHD shows contraction-
band necrosis and myocytolysis. Focal and diffuse areas of myocellular hypertrophy are
observed with or without inflammatory infiltrates, and fibrosis replacing previously damaged
myocardial tissue is evident. The destruction of conduction tissue results in AV and
intraventricular conduction abnormalities. In areas where the disease is endemic, the presence
of RBBB, associated with an anterior fascicular block, is highly suggestive of chagasic
cardiomyopathy and these conduction defects may necessitate the placement of a pacemaker.
Increases in levels of brain natriuretic peptide (BNP) have been shown to be of value in the
evaluation of patients with CCHD [18]. It is not understood why some patients in the
indeterminate phase of T. cruzi infection develop CCHD while most do not. It would seem that
the infecting parasite strain, hostimmunogenetics [19], and personal health issues would dictate
the final outcome, but specific predictive parameters have not been identified. On the other
hand, measurement of anatomic, electrocardiographic, radiologic, and functional parameters
in patients who have developed some degree of CCHD has been shown to be useful for
predicting mortality [20].

Echocardiography

Echocardiography is an important tool for the initial assessment and long-term follow-up of
persons with cardiac Chagas disease. During acute T. cruzi infection echocardiographic
findings may include pericardial effusion [21] and segmental LV wall motion abnormalities.
Overall LV systolic function is usually preserved at this stage, although a small minority of
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patients with cardiac involvement may present with dysfunction caused by severe myocarditis.
In rare instances, pericardial effusion can occur and may be hemodynamically significant.

During the indeterminate phase there may be no ECG or x-ray abnormalities and
echocardiography is often normal at this stage; however, stress testing and more sensitive
echocardiographic techniques may disclose latent myocardial abnormalities. As an example,
abnormal myocardial relaxation indexes have been demonstrated by tissue Doppler imaging
in some patients with otherwise normal echocardiograms [22]. In addition, the advent of
harmonic and contrast echocardiography has resulted in improved detection of subtle regional
LV wall motion abnormality [23]. Using dobutamine stress echocardiography, blunted heart
rate and LV contractile reserve have been demonstrated in some patients with normal resting
echocardiograms [24]. Ischemic regional LV wall motion abnormality may also be detected
on dobutamine stress echocardiography or by myocardial perfusion studies. These latter
findings support the notion of impaired coronary flow reserve due to abnormal myocardial
microvasculature [24,25].

Early echocardiographic studies were focused on patients with symptomatic Chagas cardiac
disease, nearly half of whom were shown to have typical apical LV aneurysms with extension
towards the apical and mid-portions of the inferolateral wall. Moreover, approximately 25%
of the patients in this group had a dilated and diffusely hypokinetic LV. Segmental wall motion
abnormalities occurred in the absence of epicardial coronary artery disease. Additional
common findings were apical thrombus, basal infero-posterior hypokinesis or akinesis, LA
enlargement, and RV dilatation, and systolic dysfunction. Some patients were found to have
four-chamber dilatation and biventricular systolic dysfunction. Thus, advanced chagasic heart
disease phenotypically mimics either chronic ischemic or idiopathic dilated cardiomyopathy.
Altered anatomy is a significant predictor of progressive adverse LV remodeling in this disease.
Mitral and tricuspid regurgitation are often present in patients with regional or global
ventricular dysfunction. The presence of echocardiographic abnormalities is highly predictive
of poor outcomes in CCHD [23]. The spectrum of cardiac abnormalities in Chagas disease is
shown in Figure 2. The mouse model of T. cruzi infection faithfully recapitulates the human
disease. Our laboratory pioneered the use of echocardiography in the investigations of T.
cruzi infections in mice. We found that in chronically infected mice there is a significant
reduction in the percent fractional shortening accompanied by an increase in the left ventricular
end diastolic diameter and thinning of the ventricular wall [26]. These observations are similar
to those found in human chronic chagasic cardiomyopathy.

Cardiac magnetic resonance imaging

Cardiac gated magnetic resonance imaging (MRI) is a non-invasive method with excellent
spatial resolution and tissue contrast that permits the evaluation of cardiac anatomy and
function. It has been applied to study both clinical and experimental chagasic cardiomyopathy.
Previously it was suggested that MRI would be useful in the diagnosis and management of
CCHD. Ueno et al [27] reported an MRI study of a 50-year-old Brazilian woman who
underwent MRI in Japan to evaluate the cause of dyspnea on exertion. This was one of the first
cases reported in which cardiac MRI was used to evaluate a patient with Chagas disease. The
MRI revealed localized thinning and a small apical LV aneurysm. Subsequently several articles
have been published that describe the use of MRI for the evaluation of myocarditis in Chagas
disease [28,29,30]. MRI with myocardial tagging can visualize damaged areas of the heart with
wall motion abnormalities.

Our group showed the utility of MRI and centerline analysis to evaluate heart wall motion
abnormalities in Chagas disease in mice [34]. This latter study demonstrated the utility of MRI
and centerline analysis as a straightforward method for monitoring regional LV wall motion
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in T. cruzi-infected mice. The first MRI study of experimental Chagas disease in mice infected
with T. cruzi was reported by Huang et al.[31,]. This was followed by several reports
demonstrating that in mice MRI was ideally suited for detection of RV dilatation, a hallmark
of CCHD, and that this approach could be used to evaluate the effects of drug therapy and the
roles of various genes in the etiology of chagasic cardiomyopathy [32-34].

Pathology and pathogenesis

During acute infection there is an intense inflammatory reaction consisting primarily of
leukocytes, including eosinophils and macrophages, accompanied by increased expression of
inflammatory mediators such as cytokines, chemokines, and nitric oxide synthase [31,35].
There are parasitic pseudocysts (parasitized host cells filled with amastigotes) with
myonecrosis, myocytolysis and an intense vasculitis (figure 3). Mast cells have also been
observed in inflamed tissues.

Trypomastigotes gain access to the cardiac myocytes (CMs) by invading endothelial cells,
vascular smooth muscle cells, and the interstitial areas of the vasculature and the myocardium.
Subsequently, CMs are invaded and destroyed. Portions of the vasculature may also be
destroyed but this is not universal. The parasite passes through two basal laminae areas and
two layers of the extracellular matrix (ECM) of the myocardium as well as the interstitial matrix
between the two basal laminae. Parasites-derived enzymes play an important role in the
degradation of the ECM and subsequent parasite invasion. In an experimental model it was
recently shown that the expression and activity of myocardial zinc-dependent
metalloproteinases are upregulated (MMP-2, MMP-9), and that inhibition of these enzymes
reduces the inflammation in the myocardium [36].

In the heart there are three layers of CMs that are obliquely oriented to each other and meet at
the apex. As a result of ischemia or inflammation and necrosis there is degradation of the ECM
as a result of ischemia and inflammation-induced damage which leads to slippage of the
ventricular layers leading to mural thinning and apical aneurysm formation. As noted, damage
to this area of the myocardium is common in CCHD. Remodeling in the context of CCHD
refers to the structural changes associated with inflammation, necrosis, hypertrophy and
ventricular dilation. Myocytolysis, myonecrosis and contraction band necrosis are frequently
observed. Myocytolysis follows the differentiation of amastigotes into BFTs. Contraction band
necrosis is a result of hypoperfusion followed by reperfusion such as that seen after local
vasospasm of the branches of the coronary microvasculature. There are bands of fibrous tissue
replacing CMs. An important feature of CCHD is the accumulation of extracellular collagen
that encloses fibers or groups of fibers. All areas of the heart, including the conduction
pathways, may be involved. Microvascular involvement manifested by basement membrane
thickening has been demonstrated. The irreversible pathological changes lead to structural and
functional alterations. The remodeling process results in damage to the ECM and the
replacement of CMs and vascular cells by fibrous tissue [37]. Thus, all these events in concert
lead to thinning of the myocardium and cardiac hypertrophy. CD4+ and CD8+ T-cell are
present in the inflammatory infiltrate of the myocardium, but in the in chronic chagasic
cardiomyopathy CD8+ T-cells predominate [38,39].

In the myocardium of infected mice there is upregulation of the mitogen-activated protein

kinase pathway as well as cell cycle regulatory proteins. Infection of the myocardium results
in cell proliferation of cells other than CMs [40,41], however, it is unclear whether infection
can also cause CMs, which are terminally differentiated, to re-enter the cell cycle. Interestingly,
while cyclins A and E are abundant in fetal/neonatal CMs and are presumably involved in

driving the proliferative capacity of CM’s in the developing heart [42,43], cyclins A and E are
not normally found in postmitotic adult hearts. In contrast, following T. cruzi infection, CMs
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expressing both of these fetal/neonatal cell cycle markers are frequently observed. The
reappearance of cyclin E-positive and cyclin A-positive cells in the adult myocardium raises
the possibility that either infection is able to partially dedifferentiate adult CMs, thereby
enabling their re-entry of into the cell cycle, or infection of the myocardium results in the
recruitment and expansion of CM precursor cells, thereby contributing to infection-induced
cardiomyopathy.

The question of whether apoptosis occurs in CCHD has not been fully investigated. Apoptosis
was observed in T. cruzi-infected cultured CMs [44]. In human heart tissue Rossi and Souza
[45] did not observe apoptosis of CMs, but in a dog model apoptosis was observed in CMs as
well as in endothelial and inflammatory cells [46].

The paucity of parasite pseudocysts as the infection becomes chronic led to the erroneous
conclusion that that there was no direct relationship between the parasite and the evolution of
CCHD. In recent years, however, it has become evident using more sensitive methods that
there is indeed parasite persistence in many tissues, including the heart, and that the presence
of parasites correlates with areas of tissue inflammation [47,48].

The parasite-endothelial cell interactions are among the first to occur during acute T. cruzi
infection and in recent years the nature of these interactions as well as their consequences have
received increased scrutiny. Since the vasculature comprises approximately 35% of the volume
of the myocardium it would appear reasonable that the interaction of the parasite and the
endothelium would be an important element in the pathogenic process. The early descriptions
of aT. cruzi-induced vasculitis were described by Jorg [49,50]] and Rossi and Ramos [51]. In
the 1980s it was demonstrated that microvascular compromise was an important contributing
factor in the pathogenesis of experimental and human cardiomyopathies of various etiologies
and that the calcium-blocking agent verapamil could mitigate this process [52]. Although at
that time CCHD had been well described, the association between vascular compromise and
CCHD had not. In a mouse model of acute T. cruzi infection, Factor et al [53] demonstrated
vasospasm and saccular aneurysms in the subendocardial microvasculature, similar to that
described in other cardiomyopathies. Furthermore, it was suggested by these authors that these
observations, made during acute infection, might contribute to the development of the typical
dilated cardiomyopathy observed in chronic chagasic cardiomyopathy [43,53]. Subsequently,
it was demonstrated that T. cruzi infection resulted in reduced blood flow in the microvacular
bed which was reversed by treatment with verapamil [54].

Infection-associated vasculitis, vasospasm, vasoconstriction, platelet aggregation, and a
reduction in blood flow have been described in acute Chagas disease. Infected cultured
endothelial cells display increased expression of leukocyte adhesion molecules [55]. When
verapamil, which increases coronary blood flow, was administered to mice soon after infection
there was a reduction of the subsequent cardiomyopathy in comparison to untreated controls
[56,57]. In recent years the contributions of thromboxane A, [58] and endothelin-1 [26] to the
pathogenesis of Chagas disease have been detailed. Both are pro-inflammatory and cause
vascular spasm and platelet aggregation.

The paucity of parasites in the myocardium has also led to severaltheories as to the etiology
of CCHD including microvascular compromise (see above) autoimmunity [59] andneurogenic
[3,60]. More recently, the group headed by Garg has presented evidence that T. cruzi infection
results in oxidative stress in the myocardium that can be monitored by measurements of
malonylaldehyde, glutathione disulfide (oxidative stress markers) and declining antioxidant
defenses (superoxide dismutase, MnSOD, catalase) in the peripheral blood [61-63].
Furthermore, targeted therapy can reverse these alterations (64, and Garg, personal
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communication). The implications for clinical management of patients with chagasic heart
disease have yet to be determined.

As noted, a common feature of chagasic heart disease is conduction/rhythm disturbances
[65]. Because cardiac conduction requires the presence and appropriate distribution of gap
junction channels between the myocytes and because aberrant gap junction expression and
distribution is a common factor in various cardiomyopathies [66], an area of interest has been
whether T. cruzi infection alters expression, function or distribution of gap junction proteins
in cardiac myocytes (CMs). In studies performed on cultured rat CMs, expression of the major
cardiac gap junction protein connexin43 (Cx43) was not significantly altered at either protein
or mRNA level; however, there was a marked disturbance in subcellular localization, with a
prominent loss of appositional plaque formation [67,68]. This loss of correct localization
between CMs was associated with a loss of electrical coupling and intercellular diffusion of
the fluorescent dye Lucifer Yellow. More recent studies in which microarray methodology has
been used to examine gene expression changes in hearts of T. cruzi-infected mice have also
failed to detect differences in expression of the gap junction protein Cx43 [69,70 and
unpublished results]. However, slight but significant differences in overall Cx43 abundance is
observed at some timepoints following acute infection of mice with the Y strain of T. cruzi.
These data indicate that perturbations of Cx43 biotrafficking, abundance and functional
coupling may contribute to the high incidence of arrhythmias in Chagas disease [71].

Some experts in the field adhere to only one theory to explain the development of chronic
chagasic heart disease to the exclusion of others. Recently, microarray analysis has been
employed to understand the pathogenesis of CCHD [69]. We believe that the etiology likely
is multifactorial.

The laboratory diagnosis of Chagas Disease

The diagnosis of acute T. cruzi infection is usually made by the detection of parasites. Blood
form trypomastigotes (BFTs)can be observed by microscopic examination of fresh blood or
buffy coat. BFTs also can be seen in Giemsa-stained thin and thick blood smears. If the parasites
cannot be detected by these methods, inoculation of blood into specialized liquid medium or
into mice may be appropriate. However, these methods lack sensitivity because parasites may
not be observed for several weeks. Assays based on the polymerase chain reaction (PCR), first
developed 20 years ago, may be the most sensitive method for detecting acute and congenital
T. cruzi infections. If acute Chagas disease is suspected in an immunocompromised patient
and these parasitologic methods fail to demonstrate the presence of parasites, tissue specimens
should be examined. Such patients pose difficult diagnostic problems because they may present
with fulminant clinical disease but with low parasitemias that cannot be detected. Parasites
may at times be observed in other sites, such as pericardial fluid, bone marrow, brain, skin,
and lymph nodes, and these tissues should also be investigated if feasible.

The diagnosis of chronic Chagas disease is generally based on detecting specific antibodies
that bind to T. cruzi antigens. Several serological assays are employed in Latin America for
detecting antibodies, such as the indirect immunofluorescence test (IFA) and the enzyme-
linked immunosorbent assay (ELISA). These and other serologic assays are used widely for
clinical diagnosis and screening donated blood, as well as in epidemiological studies. A
persistent problem has been the presence of false negative and false positive reactions. There
are two FDA-approved tests available in the United States for clinical testing. One is a lysate-
based ELISA (Hemagen Chagas Kit; Hemagen Diagnostics, Inc., Columbia, MD), and the
otherisan ELISA based on recombinant antigens (Chagatest Elisa Recombinante; Laboratorios
Wiener, Rosario, Argentina). Screening of the United States blood supply currently is being
done with a lysate-based ELISA (Ortho T. cruzi ELISA Test System; Ortho-Clinical
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Diagnostics, Raritan, NJ). An automated blood screening assay based on four chimeric
recombinant antigens is being developed (PRISM Chagas Assay; Abbott Laboratories, Abbott
Park, IL) [72] and a test based on a blot format is being developed with the same antigens for
confirmatory testing (Abbott Chagas Immunoblot Assay) [73].

Animmunoprecipitation assay based on iodinated T. cruzi proteins (RIPA), developed by Louis
V. Kirchhoff of the University of lowa has been demonstrated to be highly specific as well as
sensitive when used in clinically and geographically diverse groups of infected and uninfected
people. The RIPA currently is being used as the confirmatory assay to test all donor samples
that are positive in the Ortho screening assay, and it is also available for clinical testing.

The detection of chronic infection by testing for parasite antigens in blood and urine has been
studied. This approach has not achieved results comparable to those obtained by serologic
methods. PCR-based assays for detecting chronic T. cruzi infections have been studied
extensively. However, their usefulness in this context has not been established definitively.
For many years it was hoped that this method would be well-suited for detecting the low number
of parasites circulating in the blood of chronically infected persons. However, there are
sampling issues because parasitemias are extremely low and may in fact be intermittent, thus
limiting the sensitivity of the assays. Moreover, false positive results may be an issue. A likely
niche for PCR-based assays is in the diagnosis congenital T. cruzi infections immediately after
birth.

Anti-parasitic treatment

The treatment of T. cruzi is not satisfactory. There are two drugs available Nifurtimox (Lampit,
Bayer 2502) and benznidazole (Rochagan, Roche 7-1051). They lack efficacy and must be
taken for extended periods. In addition, they may cause severe side effects. These drugs reduce
the severity of acute Chagas disease. It is generally thought that approximately 70% of persons
with acute infection are cured parasitologically with a full course of either drug, but there are
no sizable studies that support this success rate. This cure rate is thought to decrease as a
function of the time patients have been infected and perhaps less than 10% in individuals with
individuals with long-standing chronic infection can be cured. There are no convincing data
from properly controlled trials that treatment with either nifurtimox or benznidazole is
beneficial in persons with long-standing infections. Experts in Brazil and Argentina currently
recommend specific treatment only for patients with acute and congenital T. cruzi infections,
and for chronically infected children. Therapy for adults assumed to have long-standing
infections is not recommended, regardless of clinical status, although the reality is that many
such persons do get treatment. A large trial designed to address the efficacy of benznidazole
is under way (the BENEFIT Multicentric Trial). Allopurinol and several antifungal azoles have
been shown to have some anti-T. cruzi activity in in vitro experiments and in animal studies.
But there are no data that would warrant their use in place of nifurtimox or benznidazole. The
question of anti-parasitic drug treatment in persons who are found be seropositive while being
screened as blood donors has been addressed in a recent publication [74].

Persons with severe CCHD with dilated cardiomyopathy and congestive heart failure (Class
I11'and Class 1V) may benefit from heart transplantation. More than 100 such heart transplants
have been done in Brazil, and roughly a couple of dozen have been done in the United States
as well. A major concern in the recipients of transplantation is the consequences of
immunosuppression including the reactivation of T. cruzi infection [75]. It is interesting, but
not unexpected, that the overall survival of heart transplant patients with CCHD is longer than
that of persons transplanted for heart disease resulting from other etiologies. Stem cell
transplantation currently is being evaluated in patients with severe heart failure associated with
CCHD (see section on Stem cell treatment below).
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Cell-based therapy for Chagas cardiomyopathy

The interest in using cell based therapy for chagasic cardiomyopathy followed the initiation of
research on the use of this modality in patients with myocardial infarction (MI). The pioneering
work of Soonpa et al [76], in which labeled fetal syngeneic cardiac myocytes (CMs) were
transplanted into adult mouse hearts, showed definitively that exogenous cells could be
integrated into the host myocardium. Initially, most of the studies in this area of research
focused on transplantation of fetal CMs, embryonic stem cells, or skeletal myoblasts into hearts
that were damaged cryogenically or by MI. An important development in the use of cell
therapies to improve cardiac function was based on the observations that stromal bone marrow
(BM) cells could be induced to differentiate into CMs in vitro [77]. Tomita et al [78]
demonstrated that autologous BM cells transplanted into cryoinjured rat hearts improved
myocardial function and promoted angiogenesis. Subsequent studies, however, failed to
demonstrate that the injected BM cells were in fact able to differentiate into CMs or blood
vessel cells. Orlic et al [79] reported that hematopoietic stem cells from transgenic mice
expressing enhanced green fluorescent protein (EGFP) transplanted into MI-damaged hearts
of syngeneic mice differentiated into cardiac muscle and vascular cells. These authors believed
that cells would regenerate the damaged myocardium, promoting angiogenesis and improving
myocardial function. Importantly, they demonstrated complete integration of the transplanted
c-kit* BM cells, including the formation of connexin43 gap junctions between the newly
formed myocardium and the surviving tissue. Others demonstrated that hematopoietic and
mesenchymal stem cells derived from BM improve myocardial function in models of both
cryo-injured and ischemic heart lesions [80,81].

Cardiac regeneration by BM-derived cells has been questioned [82-84]. However, in a study
where functional measurements were performed (83), improvement in heart function was
detected after cell transplantation. Since then the beneficial effects of cell therapies using BM-
derived cells in heart disease have been increasingly attributed to paracrine effects [85-87]. In
all these cases, however, the damage to the heart was circumscribed to a specific area since the
lesions were ischemic in nature.

Due to the more global nature of CCHD, an approach was developed to deliver cells
systemically in a mouse model, since direct myocardial injections would have to be performed
in various areas of the LV and RV, creating the possibility of myocardial damage due to the
multiple injections. Therefore the first step in validating the therapy was to demonstrate that
cells injected intravenously established themselves in the chagasic hearts. BM mononuclear
cells were pre-incubated with Hoechst 33258 stain prior to injection into tail veins of normal
and chagasic mice, and BM mononuclear cell-treated mice were sacrificed at various time
points thereafter. In chagasic mice Hoechst™* cells were observed in the heart 1-7 days after
BM cell injection, but fluorescent cells were not found in heart sections of normal mice injected
with Hoechst 33258-stained cells. Hoechst* cells were also found in the spleen and liver of
chagasic and control BM cell-treated mice 1-2 days after transplant. In hearts of chagasic mice,
Hoechst* cells proliferated and formed clusters of cells bearing a dotted nuclear fluorescent
pattern that could be observed up to 30 days after BM mononuclear cell transplant. Heart
sections of BM mononuclear cell-treated mice were also stained for BM stem cell markers by
immunofluorescence and Sca-1* and cKit* cell clusters were found in hearts of BM
mononuclear cells-treated mice after cell injection [88]. Recent observations suggest that BM
stem cells home to the chagasic heart, validating systemic injection as a viable approach for
cell therapy in this context.

Soares et al [88] demonstrated that BM mononuclear cells from normal syngeneic donors
significantly reduced cardiac inflammation and fibrosis in mice with chronic T. cruzi infections.
Importantly, the improvement was observed up to six months after cell therapy. The decrease
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in inflammation appears to result from increased apoptosis of the infiltrating inflammatory
cells as determined by TUNEL staining. The decrease in fibrosis may result from activation
of metalloproteases. Although there is evidence for both trans-differentiation and fusion of the
injected BM cells in the myocardium, the mechanisms of action in chagasic mouse hearts have
not as yet been fully elucidated. Trans-differentiation/fusion appears to occur at an extremely
low frequency and paracrine effects may be the major cause of improvement in myocardial
function. In another set of experiments, it was determined that BM cells from chronically
infected mice also ameliorated the pathology of infected mice [88]. This observation is
important since in clinical human trials autologous BM cells were employed.

Recently, Goldenberg et al [89] demonstrated that BM mononuclear cells prevented and
reversed the RV dilatation induced by T. cruzi-infection. Furthermore it was determined that
repeated injections of the colony stimulating factor G-CSF decreases inflammation and fibrosis
in the hearts of chagasic mice, a finding consistent with observations of Harada et al [90] that
showed improvement in heart function in an ischemic mouse model. The combination of BM
mononuclear cells and G-CSF enhances the effect of the cell therapy in the reduction of the
inflammatory infiltrate.

Although in general the rat is a relatively poor model for reproducing human chagasic
cardiomyopathy, it was reported [91] that direct LV injection of co-cultured skeletal myoblasts
and mesenchymal BM-derived cells improved heart function in chronically infected rats. These
findings suggest that even when injected locally stem cells are able to diffuse out and reach
other regions of the heart. This is an important observation, given the widespread involvement
of the myocardium in chagasic cardiomyopathy.

Based on the encouraging results in mice, investigators in Brazil initiated a clinical trial to
examine the feasibility and safety of autologous BM cell transplantation in patients with CHF
due to CCHD. Notably, it was reported that in a patient with chagasic cardiomyopathy BM
mononuclear cells delivered by the intracoronary route were preferentially retained in diseased
areas of the myocardium [92]. These patients generally have a poor prognosis, with mortality
rates reaching 40% within two years of onset. At the most advanced stage of CHF the only
therapeutic option is heart transplantation, but this procedure is expensive and obviously can
be done in a very small number of patients. Given the uncertainties regarding the mechanisms
of action of the BM mononuclear cells, the trial was designed for patients with end-stage CHF
whose only therapeutic option would be heart transplantation. The trial was an open label,
uncontrolled, single center clinical trial. Inclusion criteria required patients to be 2070 years
old, of either gender, with CHF due to Chagas disease, in NYHA class Il or IV, with an ejection
fraction of less than 40% while on optimized pharmacologic therapy for at least 4 weeks before
enrollment [93]. BM cell aspiration was performed on the day of the injection and the BM
mononuclear fraction was obtained. The cell suspension was injected in the coronary arteries
using an angioplasty catheter. The preliminary results indicate that BM mononuclear cells
therapy by intracoronary delivery is feasible and safe in chronic chagasic cardiomyopathy
patients. Since this trial was designed only to evaluate safety and feasibility no conclusions
could be drawn regarding the effects of the treatment. A phase 11/111 clinical trial is now
underway.

Chagas disease and Immunosuppression

Even prior to the advent of the HIV/AIDS pandemic, reactivation of T. cruzi infection had been
observed in patients undergoing immunosuppressive therapy for malignancies and organ
transplantation [94-97]. Del Castillo et al [98] initially described a 19-year old man with
hemophilia who had a hypodense lesion in the right frontal lobe. Pathologic examination of a
biopsy of the lesion showed inflammatory perivascular infiltrates and clusters of T. cruzi
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amastigotes. HIV-1 and Chagas serology were positive, and the CD4 cell count was low. He
was treated with nifurtimox but died of acute myocarditis. Since then many dozens of patients
with HIV-T. cruzi co-infection have been described and likely many more have not been
reported and have gone undetected [95,99]. The central nervous system (CNS) and the heart
are the most commonly affected sites of reactivation [99-102]. Myocarditis as the only
manifestation of Chagas disease in HIV-infected patients is uncommon. Typically co-infected
patients present with signs and symptoms resulting from CNS involvement and myocarditis.
They may also be diagnosed at autopsy [99,103]. Autopsy findings suggest that a substantial
proportion of co-infected patients have acute cardiac disease that is clinically silent, despite
the inflammation with nests of parasites in the myocardium. Clinical manifestations of
reactivation can include CHF and arrhythmias.

Clinically significant Chagas disease is predominantly observed in co-infected patients with
low CD4 counts and advanced AIDS. The histopathology of the CNS and the heart associated
with reactivated Chagas’ disease in AIDS patients has been well described [99,103]. In the
myocardium the intensity of the inflammation provoked by the parasite varies considerably.
The myocarditis may be mild or widespread and intense. Another feature of cardiac
involvement is the proliferation of connective tissue. Thus, when individuals with chronic and/
or asymptomatic Chagas disease acquire HIV, as immunosuppression and AIDS develops over
time, there may be reactivation of the T. cruzi infection presenting as necrotizing encephalitis
[104] and/or acute myocarditis. In addition, the reactivation of T. cruzi infection may increase
HIV viral load [100] thus causing further immunosuppression. The reactivation of infection
during periods of immunosuppression has raised questions as to where the parasites reside in
the chronic stage. In that regard, Combs et al [12] demonstrated that up to 300 days post
infection parasites can be found in adipose tissue in infected mice. Whether adipose tissue acts
as an important reservoir of infection in human Chagas disease is not known and currently is
under investigation.

Vaccine development

No vaccine is available for protecting against T., cruzi infection, despite considerable research
in this area in animal models. In view of the lack of major progress in developing vaccines for
other protozoan agents that are more important than T. cruzi, particularly Plasmodium
falciparum and Leishmania Donovan, one might conclude that the biologic barriers to an
effective vaccine for T. cruzi and other protozoan agents are unlikely to be overcome. More
importantly, the widespread success in blocking transmission of T. cruzi through low-
technology approaches, as mentioned above, makes justifying major investments in T. cruzi
vaccine development difficult and research interest in this area has diminished considerably in
recent years. However, there are several groups that are pursuing this area of research [105,
106,107].
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Figure 1.
Life cycle of Trypanosoma cruzi (CDC website)
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Figure 2.

The right panel is a heart obtained from an individual with chronic Chagas cardiomyopathy.
There is four-chambered enlargement of the heart and an apical aneurysm. (Courtesy of Armed
forces Institute of Pathology). The left panel shows the echocardiographic findings in Chagas
heart disease. A. Transesophageal echocardiography demonstrating an apical aneurysm
containing a large, round, and protruding thrombus (arrow); B-D. Transthoracic apical 4-
chamber views of the heart showing dilated cardiac chambers (B), and functional mitral (C)
and tricuspid (D) regurgitation (arrows). E. Parasternal short-axis view of the heart showing a
large pericardial effusion (PE). F and G. Transmitral pulsed-Doppler (F) and lateral annulus
tissue Doppler (G) demonstrating apparently normal peak early (E) and late (A) transmitral
velocities, E/A ratio, and E-wave deceleration time (F) but abnormal early (E') and late (A")
velocities (G) consistent with advanced diastolic dysfunction. LA=left atrium; LV=left
ventricle; PE=pericardial effusion; RA=right atrium; RV=right ventricle.
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Figure 3.

A. Pseudocyst in the heart containing intracellular amastigotes (arrow). B. Infected cultured
fibroblasts containing intracellular amastigotes. Some cells have ruptured and trypomastigotes
are observed leaving the host cell (arrow). C. Vessel of an infected mouse demonstrating a
vasculitis. D. Pseudocyst in the wall of a blood vessel. E. Acute myocarditis in the heart of a
T. cruzi-infected mouse. There are many inflammatory cells and pseudocysts (arrow). F.
Pseudocysts in the heart of a T. cruzi—infected mouse (arrow).
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