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Abstract

The interaction between the protozoan parasite Trypanosoma cruzi and the human host dates back
9000 years, as demonstrated by molecular analysis of material obtained from Andean mummies
indicating the presence of the parasite’s kinetoplast DNA in populations from Chile and Peru. This
long-established interaction, which persists today, demonstrates that T. cruzi has established a very
well adapted relationship with the human host. From a host-parasite relationship point-of-view this
is desirable, however, such a high degree of adaptation is perhaps the foundation for many of the
unknowns that surround this disease. Unveiling of the immunological mechanisms that underlie
the establishment of pathology, identification of parasite-associated factors that determine strain-
differential tissue tropism, discovery of host genetic elements that influence the development of
different clinical forms of the disease, and understanding environmental factors that may influence
the host-parasite interactions, are some of the key questions remaining to be answered. The
response to these questions will aid in addressing some of the current challenges in Chagas
disease: fulfilling the need for efficient diagnosis, developing effective prophylactic measures,
discovering effective therapeutics, and finding methods to control disease progression.

Keywords
Chagas disease; pathology; cardiomyopathy; treatment; Trypanosoma cruzi

Acute Chagas disease: the impact of efficient diagnosis on early treatment
and prevention of pathology

The contact with contaminated feces/urine of the invertebrate vector during the blood meal
is still considered to be the most prevalent form of transmission of Trypanosoma cruzi to the
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human host. However, in recent years, oral transmission due to ingestion of contaminated
fruit juices has been responsible for several outbreaks of acute Chagas disease mostly in
Brazil, but also in other countries in South America e.g., Venezuela [Alarcon de Noya et al.
2010; Benchimol-Barbosa 2010; Steindel et al. 2008]. Special concern has been raised with
regards to human infection via blood transfusion and organ transplantation since these routes
break the boundaries of the endemic countries, potentially spreading the disease worldwide
[Bern et al. 2008].

After the initial infection by the trypomastigote form of T. cruzi, patients enter an acute
phase, with intense parasite replication, in which T. cruzi can infect a wide range of cell
populations. Diagnosis can be made through direct evidence of parasite on fresh blood
samples or by indirect methods such as xenodiagnosis or hemoculture [Chiari 1999; Dubner
et al. 2008]. Classic serological tests may be negative during this phase, although anti-
parasite IgM and 1gG detection is possible [Antas et al. 1999]. While the above-mentioned
tests are currently used, they present several pitfalls: they require trained personnel to be
performed and interpreted, cannot be performed in the field and, due to cross-reactivity with
other trypanosomatids (in the case of serological tests), additional confirmatory tests are
necessary. These facts delay the detection of infection, which, in turn, may delay the
administration of therapeutic measures. The detection of the acute phase of Chagas disease
is particularly important since the great majority of patients that receive treatment in this
phase are cured. Thus, the search for inexpensive, efficient and specific tests for early
diagnosis of T. cruzi infection is still an urgent need.

It is not always possible to determine the exact route of T. cruzi infection in most patients in
endemic countries. While infections due to blood transfusion and transplantation are easier
to be identified, vectorial and oral infections are not easily distinguishable due to
overlapping possibilities. Determination of the route of infection is not only important from
the epidemiological point of view, but also may be helpful in clinical management. Recent
studies have shown that individuals infected orally have a highly symptomatic acute phase
[Bastos et al. 2010], suggesting that the symptoms in patients infected orally are much more
severe than the ones described in earlier studies of patients infected via contact of
contaminated vector feces/urine. It is not clear whether the inoculum or parasite strains are
related to these apparent differences in severity of acute phase. However, as early events
may influence disease progression, determining the factors that lead to a severe acute phase
is another important problem that needs to be resolved. Interestingly, despite presenting with
more severe manifestations, individuals infected orally by T. cruzi respond satisfactory to
the treatment, although it has been reported that 3 out of 11 patients infected orally who
were treated and cured, displayed eletrocardiographic alterations four years after treatment,
possibly as sequela of the severe acute phase [Pinto et al. 2009]. Other studies have also
shown that approximately 10-20% of acute patients, especially children, can develop acute
myocarditis of variable degrees, and/or meningoencephalitis. Occasionally, acute
cardiomyopathy caused by severe parasite-induced inflammation, may lead to death
(observed in about 5%) [Morris et al. 1990]. Acute myocarditis is also observed in patients
who present recurrence of acute phase, especially in those immunocompromised either due
to immunodeficiency such as HIV infection or induced immunosuppression [Marin-Neto et
al. 1998]. Thus, detection of the acute phase, either primary or recurrent, is critical for
eliminating the parasite and also for preventing the maintenance of the acute
cardiomyopathy, which may last even after effective treatment and may progress to more
severe cardiac disease.
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Conventional Chagas disease treatment: balancing parasite elimination

versus side effects

Conventional treatment of Trypanosoma cruzi infection consists of pathogen elimination to
decrease the chances of developing the illness and to interrupt the chain of parasite
transmission [Sosa-Estani et al. 2009]. Treatment for Chagas disease is recommended for all
people diagnosed with an acute infection, cases of congenital infection, immunosupressed
patients, and to all children with chronic infection [WHO report]. Adults with chronic
infection may also benefit from treatment, although there is some controversy regarding
administration of treatment to symptomatic patients [Coura 2009]. While some studies have
shown the benefit of treating chronic patients [Viotti and Vigliano 2007; Viotti et al. 2006],
the potential benefits of medication in preventing or delaying the development of Chagas
disease should be weighed against the long duration of treatment (up to 2 months) and the
possible adverse reactions that occur in up to 40% of treated patients. The contraindications
for specific treatment are: pregnancy, liver failure, kidney failure, neurological diseases
unrelated to Chagas disease, advanced Chagas disease cardiomyopathy and other diseases
that might be worsened by this treatment [Marin-Neto et al. 2009]. While these aspects have
to be considered to determine treatment administration, some studies have shown that
treatment during the chronic phase decreases (or halts) pathology, suggesting that it should
be administered to all patients, regardless of disease stage. Controversy still persists and it is
important to determine what is more detrimental to the patient: the severe side effects
associated with the anti-Trypanosoma drugs or the persistence of the parasite. While the
establishment of standard procedures is critical for general clinical management, in some
instances it is important to evaluate the pros and cons on a case-by-case basis. Treatment of
T. cruzi infection seems to be one of these situations. Two anti-trypanosomacide drugs are
commonly indicated for Chagas disease treatment: benznidazole and nifurtimox.

Benznidazole (N-benzyl-2-nitroimidazole-1-acetamide) acts against T. cruzi through nitro-
reduction, leading to protein synthesis inhibition and degradation of macromolecule
biosynthesis [Apt 2010; Munoz et al. 2011]. This drug was released in 1966 by Hoffman-La
Roche and is still largely utilized. The efficacy and tolerance of benznidazole are inversely
related to the age of the patient, while its side effects are more frequent in elderly patients
[Viotti et al. 2009]. The recommended benznidazole dose for children and adults is 5-10
mg/kg and 5 mg/kg daily, respectively. Treatment duration is 60 days (Brazilian Health
Ministry).

Nifurtimox is a 5-nitrofuran derivative, yjre mechanism of action of which consists of
enhancing the production of toxic oxygen metabolites by the parasite: increasing oxygen
consumption and H,O»/superoxide radical production [Maya et al. 2007]. Although
nifurtimox changes parasite metabolism, some strains are resistant to it, due to lower drug
intake and elimination abilities. This resistance causes the differential efficacy of nifurtimox
observed among patients infected with different T. cruzi strains [Apt 2010]. The most
common nirfutimox treatment regimen is a 60-120 day course of 10 mg/kg/day [Coura
2009]. Bayer first released this drug in 1970, but its production was discontinued, due to low
efficacy and toxicity [Boiani et al. 2010].

Cure is variable amongst different groups of patients: while approximately 80% can be
achieved in acute patients, 8% of cure was observed in chronic adults, after an 18-year
follow up [Cancado 2002]. However, treatment of children at the chronic indeterminate
phase of disease led to 62% cure, as determined by serology [Sosa Estani et al. 1998]. Thus,
treatment, while efficient in some cases, is still far from being ideal. Moreover, new and
more efficient strategies for monitoring treatment are necessary, to allow for accurate
determination of drug efficacy. Important challenges are associated with the treatment using
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the currently available drugs: they produce serious collateral effects that can lead to
treatment discontinuation, some strains of T. cruzi have developed resistance to the drugs,
specific formulations for children are still a need. Another point of concern is the fact that
neither nifurtimox nor benznidazole are appropriate for using during pregnancy. Sosa-Estani
et al., [2009} suggest the treatment of young infected women in reproductive age (requiring
contraceptive practices during the treatment) as an alternative and highly effective strategy
for preventing congenital transmission of Trypanosoma cruzi [Sosa-Estani et al. 2009].
Thus, while there is current medication available for the treatment of Chagas disease, many
important aspects still need to be addressed.

New drugs for treating Chagas disease: new hopes in need of action

Due to the above-mentioned problems with the currently available drugs, other anti-
Trypanosoma compounds have been tested in order to find better options to treat the illness.
Although in a clearly underfunded area of research, many promising candidates have arisen.
Some alternative drugs, their associated results and mechanisms of action are summarized in
Table 1 and discussed below.

Recently, ergosterol synthesis inhibitors (ESI) have emerged as good candidates against T.
cruzi. Ergosterol is a component of fungal and some protists, such as trypanosomes, cell
membranes where it plays an essential structural role [Urbina and Docampo 2003]. The ESI
can be divided into subclasses, depending on which of the following enzymes they inhibit:
C14 lanosterol demethylase (CYP51), lanosterol synthase and squalene synthase. Those
enzymes are involved with sterol biosynthesis, which is essential for parasite survival.
Ketaconazole and itraconazole are C14 lanosterol demethylase inhibitors, which have
suppressive effects against the parasite but their efficacy has not been demonstrated in
humans [Urbina 2002; Urbina and Docampo 2003]. Posaconazole, another ESI, induces
parasitological cure in murine models of acute and chronic Chagas disease, and is effective
against intracellular amastigotes [Silva et al. 2007]. Other ESI such as Tak-187, UR-9825
and ravuconazole exhibited trypanocidal activity in vivo and in vitro [Pinazo et al. 2010].
Interestingly, amiodarone, an antiarrhythmic drug used in chronic Chagas patients with
cardiac symptoms, is a lanosterol synthesis inhibitor, which impairs de novo ergosterol
biosynthesis. The combined use of amiodarone and posaconazole lead to an improvement in
the parasitological burden in patients treated with both drugs [Benaim et al. 2006]. E5700
and ER-119884, squalene synthase inhibitors, developed for their cholesterol and
triglyceride lowering activity, have also shown activity against T. cruzi in vitro [Herrera et
al. 2009; Urbina et al. 2004]. Based on the obtained results with ESI, their high potency in
both acute and chronic infections, better tolerability and safety profiles, these compounds
are seen as potential alternatives to Chagas disease treatment. In fact, posaconazole (Merck-
Schering) is already part of a Phase 11 clinical trial that is recruiting participants, and
ravuconazole (Eisai) is poised for clinical trials in Chagas disease patients in the near term.

The cruzipain enzymes are parasite cysteine proteases that have been identified as critical to
T. cruzi’s ability to invade cells and to evade the host immune response [Cazzulo et al.
1990]. For these reasons, cysteine protease inhibitors have been proposed as potential
therapeutics for T. cruzi infection. Studies with K777, a vinyl sulfone protease inhibitor of
cruzipain, have shown that this drug is effective in curing or alleviating T. cruzi infection in
acute and non-acute models of infection and also ameliorates cardiac damage in dogs [Barr
et al. 2005]. K777 has recently entered formal preclinical drug development investigations
[McKerrow et al. 2009].

Allopurinol, 4-hydroxypirazole(3,4-d)pyrimidine (HPP), is an analog of hypoxanthine,
which decreases uric acid and the conversion of hypoxanthine to xanthine. As T. cruzi is
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unable to synthesize purines de novo, HPP has been presented as a good candidate to
parasite suppression [Apt 2010]. Mice infected with T. cruzi and treated with allopurinol,
presented reduction of parasitemia, although some parasite strains are resistant to the drug
[Avila and Avila 1981]. Patients presenting acute Chagas disease treated with allopurinol
(20-30 mg/day) for 60 days, showed no reduction of parasite burden. However, in patients
with chronic Chagas disease, improvement of the electrocardiographic alterations was
demonstrated [Apt et al. 1998]. Thus, the efficacy of allopurinol is controversial, depending
on the phase of the disease.

Another class of compounds, aromatic diamidines (AD) and their analogues, target the
minor groove of DNA and has been tested against pathogenic microorganisms [Hu et al.
2008]. The effect of several AD analogues was demonstrated against T. cruzi, and among
them, significant in vitro activity was found for arylimidamides (AlAs), including DB889,
DB786, DB702 and DB766 [Silva et al. 2007]. DB766, has marked trypanocidal activity,
especially against trypomastigotes and intracellular amastigotes. DB766 also exerts striking
effects upon different parasite stocks, including those naturally resistant to benznidazole,
displaying higher activity in vitro than the reference drug. Furthermore, DB766 ameliorates
electrocardiographic alterations, reduces hepatic and heart lesions induced by the infection,
and provides 90-100% protection against mortality, similar to that provided by benznidazole
[Batista Dda et al. 2010].

The small sample of drugs tested against T. cruzi and discussed here, represents the efforts
of researchers in finding a new compound for Chagas’ disease treatment, which must be
effective against the parasite and less toxic to the patients. Interestingly, the majority of the
compounds under investigation are compounds previously tested and re-visited now, under a
different perspective. While a few candidates have emerged in the past years, much research
still needs to be done in a timely fashion, allowing for a faster-moving process of clinical
trials and production. These processes require qualified research capacities, close
collaboration between endemic countries and high technology centers for drug discovery
and, importantly, consistent and appropriate funding.

Chronic phase of Chagas disease: the quest for prognostic markers and
means to prevent pathology

If not treated or if treatment fails, the acute phase progresses into the chronic phase of the
disease, characterized by a marked decrease of parasite levels in the blood and tissues.
Despite this control, it is in this phase that approximately 30% of the individuals develop
severe pathology. Most patients (approximately 60-70%), however, do not develop clinical
symptoms, and are classified as indeterminate. The indeterminate form of Chagas disease is
a long lasting phase, which may persist for 10-30 years or even throughout life. Amongst
the 30-40% of individuals who develop the symptomatic forms of the disease, cardiac
involvement (cardiac form), digestive involvement (digestive form), or both (cardio-
digestive form), can be observed. One clinical hallmark of chronic Chagas disease is a great
clinical pleomorphism and individual variability, even in patients within the same clinical
form [Rocha et al. 2007].

Patients classified as indeterminate are characterized by a virtual absence of clinical
symptoms, as well as normal electrocardiogram (ECG) and chest radiological tests [Rocha et
al. 2007]. However, approximately 25% of patients classified as indeterminate by the above-
mentioned tests show significant alterations on more sensitive exams such as ergometry,
Holter and echocardiogram [Molina et al. 2006; Rocha et al. 2007]. A longitudinal study has
shown that approximately 30% of indeterminate patients with normal ECG, but showing
early abnormalities of the left ventricular segment on echocardiogram exam, evolved to the
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cardiac form after a 5 year follow-up [Espinosa et al. 1985]. Given this observation, Rocha
et al. [2003] proposed a detailed clinical classification, allowing for stratification into more
homogeneous sub-groups of patients. This new classification has impacted disease
management, as well as allowed better interpretation of scientific data that seek an
understanding of disease progression mechanisms [Dutra et al. 2005]. In this new
classification, only patients with no signs of disease, even upon refined exams, are classified
as indeterminate. Patients without symptoms, normal ECG and x-ray but with minor
alterations in ergometric test, Holter or echocardiogram, are classified as CCC1 (chronic
chagasic cardiomyopathy grade 1), indicating that they may be in clinical evolution. One of
the most important goals of studying the mechanisms of pathology establishment in Chagas
disease is the identification of prognostic markers of disease progression, especially markers
that appear early on, at the initial progression phases. Clinical and immunological studies are
currently being developed to fulfill this important need.

Cardiomyopathy is the most important symptomatic manifestation of Chagas disease, with
great social and economic impact in Brazil and other endemic countries, given its high
morbidity and mortality [Prata 2001; Rocha et al. 2003]. The presence of a diffuse
inflammatory infiltrate has been correlated with tissue damage, which leads to chronic
progressive myocardial fibrosis [Rocha et al. 2003]. Tissue fibrosis triggers structural
changes of the cardiac syncitium, with functional impairment [Morris et al. 1990]. Together,
these events lead to the three basic syndromes observed in cardiac Chagas disease: heart
failure, arrhythmias, and thromboembolism. Chagasic cardiomyopathy can occur with or
without heart enlargement (dilated and non-dilated cardiomyopathy, respectively). Non-
dilated cardiomyopathy (NDC) comprises damages on the heart intrinsic conductive nervous
system, leading to defective generation and conduction of nervous impulse. Prognostic
studies have shown that slight alterations on ECG exams can point to further significant
cardiac damage which could identify patients with potential to evolve to a more severe
cardiomyopathy [Molina et al. 2006; Rassi et al. 2006; Rocha et al. 2003; Rocha et al. 2007].
Complex arrhythmias tend to be correlated with cardiac insufficiency, although it is not
uncommon to find patients with advanced arrhythmias but preserved left ventricular ejection
fraction (LVEF), which is the main clinical parameter for heart failure [Rassi et al. 2006].
NDC patients may also be stratified into two different groups: patients who develop
advanced conduction system disturbances, such as right bundle branch block (RBBB), and
those with more severe abnormalities such as RBBB associated with complete
atrioventricular (AV) block (CCC3 and CCC4, respectively, as proposed by Rocha and
colleagues, 2003). Dilated cardiomyopathy (DC) patients are those with worse prognosis,
who have gone through cardiac remodeling process, which involves cardiomyocyte
hypertrophy (CCC5, according to Rocha et al., 1993). Therefore, the main clinical aspect of
DC is a radiological-based evidence of cardiomegaly, which may be associated or not with
left (LVD) and right (RVD) ventricular dysfunction [Morris et al. 1990; Rocha et al. 2007].

In an attempt to identify the most relevant predictors of morbidity in Chagas disease, several
clinical parameters were evaluated in a large cohort of Chagas patients [Rassi et al. 2006]. A
multivariate statistical analysis pointed to some relevant parameters, and the authors
formulated a risk score for each parameter, which could be used for identifying risk groups.
Left ventricular dysfunction (LVD) was the main independent predictor of death in Chagas
disease. This corroborated an earlier study that showed a 52% of mortality in patients with
LVD after 5 years [Mady et al. 1994]. LVD can be accessed by echocardiogram exam, by
measurement of left ventricular ejection fraction (LVEF), but also high levels of serum brain
natriuretic peptide (BNP) has been correlated with LVD and, therefore, could be useful as an
alternative, easy test [Ribeiro et al. 2003]. Evidence of cardiomegaly, based on x-ray results,
was another important predictor of death.
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Regardless of the clinical manifestation, additional therapeutic intervention needs to be
applied to patients with cardiomyopathy, in order to treat other syndromes that may
accompany the cardiac abnormal function [Rocha et al. 2007]. One of the most common
health alterations associated with Chagas disease cardiomyopathy is hypertension [Gurgel
and Almeida 2007] and introduction of anti-hypertensive medication is performed. Usually,
the drugs utilized to treat hypertensive cardiac Chagas patients are the same that are used to
treat other hypertensive patients. One of these drugs commonly used is captopril. Captopril
is an inhibitor of angiotensin-converting enzyme that also has anti-inflammatory properties
[Leon et al. 2003]. However, a recent study demonstrated that captopril increases infectivity
of human monocytes in vitro, and induces the expression of IL-17 by T cells [Coelho dos
Santos et al. 2010]. Thus, clinical management of associated morbidities need to take under
consideration the co-existence of Chagas disease-induced cardiomyopathy.

Given that cardiomyopathy is the main cause of death among Chagas disease patients,
measures to avoid its establishment and the introduction of adequate clinical management is
critical. Thus, early therapeutic intervention in the acute phase, avoiding the establishment
of events that may lead to severe heart disease during the chronic phase is a critical point.
While the exact mechanisms that lead to the establishment of heart inflammation and
subsequent tissue destruction are not completely clear, it is currently accepted that the
persistence of the parasite and its antigens, is of unquestionable importance for pathology
development [Dutra and Gollob 2008]. Whether solely the anti-parasite response is involved
in tissue destruction is another point of discussion in the literature, given that anti-host
responses are also associated with the development and maintenance of cardiomyopathy
[Dutra and Gollob 2008]. Even under these circumstances, given that the infection with the
parasite is the trigger to a possibly deleterious response, which can be amplified over time,
the premature elimination of the trigger may be of importance to prevent pathology.
Determining what is the earliest point in which this intervention needs to be applied to be
fully successful is another challenge related to diagnosis and treatment of Chagas disease.
Studies concerning the host’s immune response and clinical aspects during the acute phase
of infection are critical for deciphering this enigma.

Concluding remarks

Chagas disease-associated pathology is multifactorial. Parasite-related aspects, such as
differential tissue tropism [Vago et al. 2000], as well as host factors, such as genetic
susceptibility [Dutra et al. 2009] and characteristics of the immune response [Dutra and
Gollob 2008], need to be taken under consideration when designing studies to further our
understanding in pathology development. Ideally the elimination of the parasite early in
infection would protect the infected individuals from pathology development. However,
early detection of infection, via fast, specific and convenient diagnostics, as well as truly
efficient therapeutics, with high parasiticidal properties and low collateral effects, are major
challenges in combating Chagas disease. Figure 1 shows a chart of these challenges,
discussed in our text. Although significant progress has been achieved in many different
areas of research related to Chagas disease, much still needs to be learned in order to solidify
our intervention strategies, minimizing risk for the patients. Importantly, translational
research amongst different areas of expertise needs to be vigorously implemented, to bring
benefits from the bench top to the field.
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Figure 1.

Regardless of the route of infection, it is critical to detect Trypanosoma cruzi infection early
on in order to provide immediate treatment to the patients. It is estimated that treatment
efficacy is observed in at least of 80% of the treated acute patients. Lack of detection of the
acute phase, or treatment failure lead to disease chronification. During the chronic phase of
Chagas disease, most individuals remain in an asymptomatic clinical form, named
indeterminate. However, approximately 30% of the patients will develop severe clinical
forms of Chagas disease, which often lead to death. The reasons why patients progress from
the indeterminate to the symptomatic forms of Chagas disease are not completely
understood, although host and parasite factors are involved. The search of prognostic
markers of disease progression is a critical aspect for preventing pathology and introducing
better clinical measures. The figure highlights three challenges in Chagas disease: better
diagnosis, better treatment and discovery of prognostic factors.
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