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ABSTRACT

American trypanosomiasis, commonly called Chagas disease, is one of the most neglected
ilinesses in the world and remains one of the most prevalent chronic infectious diseases of Latin
America with thousands of new cases every year. The only treatments available have been introduced
five decades ago. They have serious, undesirable side effects and disputed benefits in the chronic stage
of the disease — a characteristic and debilitating cardiomyopathy and/or megavisceras. Several
laboratories have therefore focused their efforts in finding better drugs. Although recent years have
brought new clinical trials, these are few and lack diversity in terms of drug mechanism of action, thus
resulting in a weak drug discovery pipeline. This fragility has been recently exposed by the failure of
two candidates, posaconazole and E1224, to sterilely cure patients in phase 2 clinical trials. Such
setbacks highlight the need for continuous, novel and high quality drug discovery and development
efforts to discover better and safer treatments.

In this article we will review past and current findings on drug discovery for Trypanosoma cruzi

made by academic research groups, industry and other research organizations over the last half century.
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We will also analyze the current research landscape that is now better placed than ever to deliver

alternative treatments for Chagas disease in the near future.
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INTRODUCTION

Chagas disease is named after the Brazilian physician Carlos Chagas who first described the
disease in 1909 1. Chagas disease is caused by the parasite Trypanosoma cruzi and is considered to be
the parasitic infirmity with the biggest social and economic burden in Latin America 2. There is an
estimate of 7-8 million people currently infected with T. cruzi, while there are approximately 25
million people at risk of acquiring the disease . Every year, Chagas disease claims 10,000 deaths in
endemic countries #. The parasite has a complex life cycle, alternating between the mammalian host
and the hematophagous triatomine insect vector. The infection begins when the infected bug feeds on
the host, which can be a wild or domestic mammal or a human. Infective metacyclic trypomastigote
forms of T. cruzi are found in the feces of the bug which are released during the blood meal, and gain
access through the lesion to infect dendritic cells 5. Once inside a cell, the parasite breaks free of its
entering organelle, the endosome/lysosome, and differentiates into a replicative amastigote form. The
amastigote divides several times and maturates into bloodstream trypomastigotes that rupture the host
cell and are released into the bloodstream or lymph, free to infect a wide range of cells or be ingested
by the transmitting vector, thus closing the cycle. In the triatomine gut, the parasite transforms once
again into a replicative stage called the epimastigote and after clonal divisions it migrates to the final
portion of the intestine and differentiates again into infectious metacyclic trypomastigote.

Although vectorial transmission has been greatly reduced due to vector control campaigns carried
out by the World Health Organization (WHO), the Pan-American Health Organization (PAHO) and
national health ministries of participating countries, there are still about 41,000 ® new cases each year
due to vectorial transmission. Many thousands of cases can be also attributed to secondary infection
routes like transfusion of contaminated whole blood and derivate products, transplant of organs from
chronically infected patients, congenital and oral transmissions. Oral transmission is a growing
concern, with 138 outbreaks responsible for the appearance of 776 new cases in the period of 2000 —
2010. Oral infection is usually acquired through ingestion of food, sugar cane and other juices, water or

soup contaminated with infected triatomines or their feces 7. Human migration in recent years have
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increased the incidence of new cases in non-endemic countries, making Chagas a health and medical
problem in North America, Europe, Japan and Australia, requiring governments to implement
screenings for blood and organs donations, as well as implement infrastructures to treat infected
patients 8.

Due to the huge vertebrate reservoir and the variety of triatomine insects, the eradication of this
zoonotic parasite is practically impossible °.

The symptomatology of Chagas disease may vary according to the route of infection: while
vectorial transmission is usually asymptomatic or presents nonspecific symptoms, oral infection may
increase the chance of acute cardiomyopathy because of the higher parasite loads associated. About
20 to 30% of acute cases develop serious chagasic cardiomyopathy with evolving symptoms and the
risk of sudden death °. Fifteen to 20% develop digestive tract manifestations. The remaining infected
individuals are considered to have the indeterminate form of the disease and the majority may not have
symptoms or signs of the disease for all their life 1°.

To treat new acute cases, intermediate phase patients or reactivations from chronic patients, the
only drugs available were introduced more than four decades ago, with no alternatives. Benznidazole
and nifurtimox (figure 1) are effective in treating acute infections, but efficacy is thought to decrease
with the disease progression, with little to no effect in the chronic phase. Additionally, they must be
administrated for long periods of time and display numerous side effects. Some of the most serious
side effects require monitoring and ultimately, treatment interruption.

For the above reasons, new drugs to fight this disease are a dire need. New formulations of old
drugs, old drugs with new applications as well as innovative drugs are feeding the pipeline for the
treatment of Chagas disease .

In the following sections we will discuss the therapies available today and their limitations
followed by the advances in the drug discovery and the candidates currently in preclinical and clinical

studies to treat Chagas disease.

CURRENT THERAPIES

BENZNIDAZOLE

Benznidazole is a nitroimidazole (N-benzyl-2-(2-nitro-1H-imidazol-1-yl)acetamide) discovered
in 1972 at Roche Laboratories, was and originally marketed as Rochagan™ or Rodanil™. Despite its

age, it is still the front-line treatment for the disease, although it is not approved by FDA 12,



Benznidazole is considered to be effective in reducing symptom severity and to shorten the clinical
course and the duration of detectable parasitemia. Clinical cures are thought to be achieved in 60 to
85% of the acute cases and in more than 90% of congenitally infected infants, if treated in their first
year of life 3. Efficacy of benznidazole in chronic Chagas disease is still debatable, with reports
varying from 15 - 35% of cure rates . The benefits of the drug in preventing cardiac and/or
megacolon and megaesophagus manifestations are not yet clear *°. To address this uncertainty, a large,
multicenter, double-blind, randomized, placebo-controlled clinical trial called BENEFIT (The
Benznidazole Evaluation For Interrupting Trypanosomiasis, ClinicalTrials.gov, ID: NCT00123916)
with 3,000 patients in several endemic countries is underway and will evaluate the efficacy of a daily
dose during 40 to 80 days of treatment in reducing mortality and morbidity in patients with chronic
Chagas cardiomyopathy 6. Problems with precise dosing in young children and the adverse effects
observed has led to the development of a new pediatric formulation of benznidazole. This lower dose,
easily dispersible tablet that should improve dosing accuracy, safety, and adherence to treatment is
currently in clinical trials (Population Pharmacokinetics Study of Benznidazole in Children With
Chagas'Disease - Pop PK Chagas, ClinicalTrials.gov, ID: NCT01549236) *'.

The mechanism of action of benznidazole is thought to require the reduction of its nitro group by
parasite nitroreductases, and in the process originate free radical intermediates and electrophilic
metabolites that react with proteins, lipids and DNA that disrupt normal cell function and metabolism.
It is also thought that T. cruzi NADH-fumarate reductase inhibition, phagocytosis improvement and
death by INF-y are additional mechanisms involved in parasite killing by benznidazole 8. On the other
hand, reduction by human liver NADPH, cytochrome P-450 reductase, P450, xanthine oxidase and
aldehyde oxidase are thought to be responsible by the adverse side effects in patients *°.

Benznidazole is very toxic, but remains one of the few drugs with nitroaromatic groups still in
use today % from where it derives its major toxicity. This toxicity is the main reason why benznidazole
is far from an optimal drug and why new drugs are urgently needed. The most common side effect is
dermatitis from hypersensitivity to the drug, the later appearing in 20 to 25% of the patients, usually
after 10 days on the treatment, and for this reason, onwards weekly monitoring is recommended 2.
Digestive intolerance, peripheral neuropathy, depression of bone marrow, toxic hepatitis and
lymphomas are other occurring side effects. Treatment interruption is most frequently due to dermatitis
and digestive intolerance, although studies reveal that low-fat and hypoallergenic diet and daily dose
administrations can reduce their incidence #. In addition, benznidazole should not be administered to
pregnant women nor patients with severe renal or hepatic dysfunction, because of drug metabolization

by these organs 2.



Strains resistant to benznidazole have been reported and are a major and increasing concern. An
example is the Colombian strain, with benznidazole only being able to cure up to 16% of the mice
infected with different clones . In vitro results using real-time PCR suggest nitroreductases (NTRS) as
the main mechanism of resistance in vitro, probably due to loss of a NTR gene copy . A recent study
warns of the relative ease in which benznidazole can develop resistance in vitro by a couple of
different mechanisms such as chromosome loss and different point mutations in the NTR gene, all

arising from a single population %,

NIFURTIMOX

Nifurtimox (N-(3-methyl-1,1-dioxo-1,4-thiazinan-4-yl)-1-(5-nitrofuran-2-yl)methanimine) a 5-
nitrofuran derivative, constitutes the second and only alternative to benznidazole for the treatment of
Chagas disease. Its use is also not approved by the FDA either. Also known as Bayer 2502, the drug,
marketed as Lampit™, was originally discovered in that pharmaceutical company in 1965, exactly 50
years ago and provided, for the first time, a treatment for Chagasic patients. It is also used in
combination therapy with eflornithine to treat second stage African trypanosomiasis caused by the
parasite strain Trypanosoma brucei gambiense 2.

Nifurtimox efficacy is similar to benznidazole, but it has a much higher frequency of adverse
effects. There is a frequency of adverse effects in 98% of patients, with only 56% of them completing
the 60-day course treatment and 29% not tolerating it for more than 30 days. Digestive symptoms are
predominant and neurological alterations the most persistent. An estimated 7% of patients had severe
adverse effects like angioedema, myocarditis and grade-3 anaphylactic reactions 2’

Recently, a study highlighted the possible biochemical mechanisms that may be associated with
some of nifurtimox adverse side effects and as well as from other nitro-aromatic derived drugs .

Similar to benznidazole, nifurtimox also acts through a mechanism of intracellular nitro reduction
with the generation of the nitro radical, followed by redox cycling. In contrast, there is a greater role
for oxygen reactive species, like superoxide ion and hydrogen peroxide, that are toxic to T. cruzi. This
parasite is sensitive to oxidative stress due to weak detoxification mechanisms due to the absence of
catalase or peroxidase activity and reduced superoxide dismutase activity ' #. RNA interference
studies on Trypanosoma brucei, responsible for Human African Trypanosomiasis, show that besides
NTR, other proteins linked to ubiquinone synthesis are also involved in nifurtimox mechanism of
action in that species, and it is likely that the same mechanism is also present in T. cruzi *.

Resistance to nifurtimox is readily obtainable in vitro and it seems parasite nitroreductases play a

major role in its resistance, mounting up evidence that cross-resistance with benznidazole can occur as



has been reported 3, increasing the pressure to find alternative drugs to treat patients refractive to the
only available therapies.

The renewed interest in nitro-heterocycles has spurred research into finding alternative nitro-
heterocycles, these include heteroallyl-containing 5-nitrofuranes, 5-nitrofuryl containing
thiosemicarbazones and 2- or 3-nitro-1H-imidazole-based amides and sulfonamides. Despite some of
these compounds being 10-50 times more potent than nifurtimox, they too seem to have the same
issues of cross-resistance . However, some recently synthesized novel nitrofuran amides, which are
up to a 1000-fold more potent than nifurtimox, with excellent selectivity, have a trypanocidal activity
that seems to be independent of nitroreductase activity 3.

DRUG DISCOVERY AND DEVELOPMENT FOR CHAGAS DISEASE

DRUG DISCOVERY STRATEGIES

Various approaches can be adopted when considering developing drugs for neglected diseases
Nwaka and Hudson 3*: (i) “De novo synthesis” is the classical way that focuses on the identification of
new chemical entities through target discovery and compound screening. Although this is a very
important strategy in the discovery of novel drugs for neglected diseases, it is a long-term approach
and usually has constrains like high risk, high attrition rate of candidate compounds and needs high
human and financial resources. Because of that and the perspectives of low market return and profits,
the majority of companies do not make neglected tropical diseases a priority %. Populations affected by
neglected diseases, and Chagas disease in particularly, are very poor and don’t have the means to pay
for expensive medication 3°. (ii) “Piggy-back™ discovery is the process that takes advantage of the
development of drugs for other diseases that may share some mechanistic identity in terms of
molecular target, providing strong chemical start points to be followed and developed in the next
phases. An example is the use of kinase inhibitors research data from cancer treatment to provide
shortcuts for the development of a kinase inhibitor versus a parasitic target (iii). Label extension or
drug repurposing is the approach that has some of the most immediate results, in that it uses already
approved drugs for some pathologies, and repurposes them to be used in neglected diseases, saving
considerable time and costs for approval processes after efficacy confirmation. Most of the
toxicological data and sometimes clinical tests are already available. An example of successful

application of this strategy is the case of praziquantel for schistosomiasis and ivermectin for
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filariasis/onchcocersiasis 3 *’. More recently, Auranofin, an approved drug for rheumatoid arthritis,
has been identified as an amebacide *® and a clinical trial is being launched in Bangladesh.
Independently of the strategy used, an essential feature of the drug discovery process that plays a
guiding role is the target product profile (TPP). TPPs are a set of criteria to be followed through the
development process and describe the needs and characteristic that the new candidate has to meet in
order to constitute an improvement over the current available therapies. Drugs for Neglected Diseases
initiative (DNDi), a non-profiting drug research and development organization founded with the
objective to develop therapies for neglected diseases, has recently updated a TPP for Chagas disease *°.

STARTING POINTS: SCREENING FOR HITS

Hits is the name given to the compounds that are first identified in a screening as interesting
molecules able to yield a positive read or specific phenotype, usually in a similar way to a positive
control or reference drug. Two different approaches can be taken to identify these starting points for
drug discovery: a molecular target or target-based approach, and a phenotypic approach, also known as
untargeted drug discovery. Target-based drug discovery relies on the previous discovery and
characterization of a given molecular target and subsequent target validation by chemical or genetic
means. Each has advantages and disadvantages “°. Ideally, a target should be validated by more than
one method. Chemical and biochemical validation is the proof that a molecular target, usually a
protein, is able to be inhibited by a small molecule and that the use of such molecule in the parasite
and/or in vitro and in vivo models of the disease leads to deficient parasite grow or ability to establish a
normal infection. Genetic validation implies the reduction or elimination of the molecular target at the
cellular level and the consequent observation of the interference in the parasite fitness/survival. The
only reliable way to genetically validate a protein target in T. cruzi is by gene-knockout. A selection
marker - a coding sequence of a gene that confers resistance to a given antibiotic used to select
parasites - is cloned between two homologous regions of the locus to eliminate, in a way that when the
DNA is electroporated into the parasite, homologous recombination occurs with the substitution of the
endogenous gene by the exogenous selection marker. Because of the low recombinogenic potential of a
parasite and slow growth kinetics, these transgenic techniques are extremely hard and time consuming
to perform, with high failure rates and many weeks just to select stable transfected cells *X. There are
only two genes, which code to oligopetidase B and N-myristoyltransferase that have been properly

genetically validated and only the later seems to be interesting to explore as a drug target *2.



Unfortunately and unlike the related species Trypanosoma brucei, T. cruzi does not have functional
RNAIi machinery. Apparently some of its components have been lost or mutated during evolution .
Most recently, and in the wake of a revolution in genome editing technology, CRISPR-Cas9
technology has been successfully applied to T. cruzi with major breakthroughs like expression
knocking down of an enzyme gene family consisting of 65 members .

After proper drug target validation, biochemical assays can be set up to screen for inhibitors.
These assays usually make use of proteins, frequently of recombinant origin. In the past, many of the
labs working with T. cruzi have screened only a small quantity of compounds, from either synthetic or
natural origin, because of the limited access to large compound collections. As a consequence, the
small, scattered and independent scale of the efforts greatly reduces the chances of discovering
interesting compounds.

The scenario changed dramatically with the development of high throughput technology based on
assay miniaturization and automation of protocols, from procedure to analysis, thus opening the door
to large scale screening campaigns for this parasite. Among the improvements are time saving, since
many compounds are tested in simultaneous, assay cost reduction, and data reproducibility. As an
example, one high-throughput screen of 200 000 compounds against cruzipain, yielded 921 hit
compounds that were subsequently screened by computational docking analysis and revealed 5
chemical scaffolds of common hits. These scaffolds are good starting points for further optimization
and evidentiate the advantages of combining biological and bioinformatics analysis for priorization of
molecules after an high-throughput screening campaign has been performed “°. In another example of
target-based drug discovery, CYP51 from Mycobacterium tuberculosis was screened against a library
of 20 000 organic compounds and resulted in two very active compounds “6, of which one (ChemDiv
C155-0123) later showed selective inhibitory activity against the T. cruzi orthologous enzyme #’.

The big limitations of molecular target approaches are the possibility of poor disease linkage, low
or impossible druggability of the target, risk of off-target effects that may translate into significant
toxicity and the chance of overlapping research by different groups since there are so few targets
characterized “®.

To circumvent such limitations, phenotypic base approaches have been developed. Instead of a
single molecular target, whole cells are tested directly with the compounds and selection is made based
on the observance of the required phenotype. This allows the selection of only those compounds that
are active against the parasite, despite their mechanism of action. Also, it readily selects those
compounds with the minimal pharmacodynamic and pharmacokinetic properties needed: proper
intracellular distribution and accumulation, physiological binding and inhibition to target, etc., that are

very difficult to predict with target-based strategies. However, this method requires that the target must



be elucidated in the discovery process, a task not always easy but achievable *°. The most recent trend
in whole-cell assays has employed the use of high-content screening analyzers — automated
microscopes that can image many conditions (compounds) in clear bottom culture microplates. When
the technology appeared one assay was developed that made use of mammalian cells expressing GFP
and parasites stained with DAPI, and both manual and automated data analysis was performed *°. With
critics of genetically modified parasites/host cells and the further development of technology an
improved assay was developed that used whole unmodified cells and parasites. This assay was
validated with a small library of FDA-approved drugs *. The development of analysis software further
automates the campaigns and allows the additional mining of important data, for example, the toxicity
for host cells 2. The first multi-thousand screening campaign described in the literature has been
recently published 2.

Balancing the benefits and disadvantages of both strategies in hit identification for parasitic
diseases such as Chaga, experts lean towards phenotypic approaches as the most promising
methodologies 3 in which hits are selected for their ability to kill or not the parasite, coupled with
cytotoxicity evaluation. In fact, when we take a look at the recent first-in-class new drugs with
innovative molecular mechanism of action, we see that many of these drugs were discovered by
phenotypic screening (28 vs. 17) . The development of such high-throughput, high-quality, cheap and
reliable assays like the described above is considered one of the biggest contributions to the advance of

the Chagas disease drug discovery effort.

FROM HIT TO LEAD AND BEYOND

Once hits have been obtained, the most promising are further confirmed with the same assay in a
dose response-curve to confirm activity and interpolate the ECs value, a measure of the potency of the
compound that is the concentration of a compound where 50% of its maximal effect is observed. Most
guidelines indicate an ECs, lower than 10 uM as a good starting value, although recommendations can
vary if other criteria are met, like a high selectivity index, for instance. The confirmed hits can also be
subject to complementary activity assays. These can be of a different configuration, employ a different
readout, or even access activity against other strains. A recent paper shows that a set of compounds in
clinical trials have significantly different activity profiles depending on the strain they are tested on *°.
As has been discussed above, it is a requisite of the TPP for Chagas disease that a future drug is active
against a large set of different DTUs. Another key unanswered guestion is whether a compound must

clear the infection totally, as the reference compound, benznidazole, does. Does total clearance of
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infected cells, or parasites in animals or humans correlate with multistrain activity or, more
importantly, with the clinical course of disease in the subsequent 20 years? Compounds that still meet
an agreed upon pharmacological and biological properties are called lead compounds. Leads are at the
end of the screening campaign, but are the starting points of yet another phase in the drug discovery
and development called lead optimization. In this phase, compounds enter a cycle of further testing,
commonly with in vivo testing of activity and toxicity, and are in parallel modified and optimized with
medicinal chemistry to try to improve potency, selectivity, reduce toxicity and enhance
pharmacokinetic parameters *°. The medicinal chemistry necessary for lead optimization is very costly
and constitutes a bottleneck for many drug discovery efforts. Few in academia have the resources or
access to the synthetic chemistry capacity necessary to produce the tens to hundreds of compounds
usually required for lead optimization. Organizations such as DNDi and recently launched consortia-
based projects like the FP7 (Seventh Framework Program supported by the European Commission)
KINDReD (Kinetoplastid Drug Development), NMTrypl (New Medicines for Trypanosomatidic
Infections), PDE4NPD (Phosphodiasterase Inhibitors for Neglected Parasitic Disease) and A-
PARADISE (Anti-Parasitic Drug Discovery in Epigenetics) have attempted to address this issue by
coordination or outsourcing.

The optimized lead compound is one which can be called a pre-clinical candidate and enter the

pre-clinical phase.

ANIMAL MODELS

Animal models are used to extract the maximum possible information on drug efficacy and
toxicity before testing the drug candidates in humans. Since the translation of data is of the utmost
importance, several animal models have been studied to reproduce the physiopathology of Chagas
disease. Models like mouse, rat, rabbit, dogs and non-human primates have been tried, but none of
them completely mimics what happens in the human host *. The rat has been used in the past, but early
observations concluded that it is somewhat resistant to T. cruzi infection, developing a mild and slow
pathology °. Rabbits proved to be capable of developing some of the chronic alterations such as focal
myocarditis with a fibrous nature, but did not show more severe forms of chronic myocarditis or severe
histological lesions in digestive track and skeletal muscles found in typical infections 8. The Syrian
hamster has also been proposed as an animal model for chronic Chagas cardiomyopathy. It was not
able to display all the characteristics findings of human cases °. Dogs, on the other hand, develop most

of the clinical aspects of the disease found in humans, in particular the indeterminate form
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characterized by a latent infection, without disease symptoms and with normal electrocardiograms; just
a fraction of the animals develop chronic phase symptoms . However, this is a disadvantageous
characteristic of the dog model when the larger amount of time and number of animals needed to
obtain enough chronically infected dogs is considered in terms of the discovery process. Monkeys are
phylogenetically the closest related species to be used to study Chagas disease. Similarly to other
pathologies like Leishmaniasis and HIV, Chagas disease findings in these animals are easily
extrapolated to the humans 5% €1,

For the above reasons, the mouse has remained the preferred animal model. Mice are easy to
handle, house and are cheaper. Additionally, mouse models resemble many immunological,
pathological and physiological aspects of human Chagas disease. One of the commonly used strains in
chemotherapy is Swiss mice, an outbred strain very sensitive to diverse T. cruzi genotypes .
Regarding inbreed strains, Balb/C has also been extensively used and is considered one of the most
susceptible to parasite infection in general %. C3H are a mildly resistant mouse strain commonly used
to obtain chronic-like infection in these animals %. C57BL/6 are considered to be among the most
resistant strains, although susceptibility can vary widely depending on the strain of trypanosome used
8, This genetic background is frequently used to obtain chronically infected mice in attempts to
reproduce the pathophysiology of the human disease.

The obtention of a valid model for chronic Chagas disease remains one of the biggest challenges
in research. Current chronically infected mouse models develop an anti-inflammatory infiltrate and
fibrosis in the heart, hallmarks of the disease in humans, but development of a model closely
resembling human chronic Chagas cardiomyopathy with extensive fibrosis, segmental myocardial
abnormalities and macroscopic ventricle dilatation after a period of absence of signs is still to report *°.
According to current protocols, four strategies have been employed to try to mimic chronic Chagas
disease in mice: (a) a combination of susceptible mice strain, pathogenic T. cruzi DTU, age of animals
and inoculation route that guarantees the survival of the animals to the acute phase; (b) infection of
mice with a lethal dose of T. cruzi followed by the treatment with a reference drug that assures animal
survival, but not parasite clearance; (c) infection of resistant strains of mice with sub lethal inoculum of
low pathogenic DTU; (d) infection of animals immunized by attenuated strains with a pathogenic DTU
66_

There are also dozens of different T. cruzi strains that have been used in animal models of the
disease. Each research group works with a limited set of biological specimens that may reflect the
history of the lab. An illustrative example of this variability is the case of A/J and C3H/HePAS mice

infected with the same clone of Sylvio X10/4. Distinct histopathological findings are reported,
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suggesting a host genetic role in the manifestations and progress of the disease ®’. This variability
hinders the extrapolation of results to other animal models and ultimately, to humans.

Recent guidelines for in vivo testing of compounds in Chagas disease drug discovery have been
elaborated. One protocol suggests three independent and consecutive in vivo evaluations of drug
candidates: (1) testing for the effect of the compound on parasitemia reduction using Swiss female
mice infected with Y strain, three doses of compound with the highest one set at the maximum
tolerated dose, orally or intraperitonially, and after five days of infection for a duration of five
consecutive days; (2) analysis of parasitological cure during the acute phase using Swiss female mice
infected with Y strain, with the dose established in the previous stage; (3) cure the acute phase of
parasitemia caused by Colombian strain, which is benznidazole resistant %, Parasitemia is analyzed at
5, 8 and 10 days post infection (dpi) for (1) and (2) and at 20, 25 and 30 dpi for (3). Mortality is
evaluated for all the three phases at 30 days and PCR, after immunosuppression with
cyclophosmamide, to detect “latent” parasites. This technique was employed because it was proved to
be more sensitive and time-efficient than haemoculture. All the tests are done against a positive control
of 100 mg benznidazole per kilogram of weight per day .

The effectiveness in the chronic and indeterminate stage comes further on the development
process, and the lack of it does not invalidate the drug since, if the TPP is followed, it should be

already an advance over existing therapies.

BIOMARKERS

Another obstacle in the drug discovery for Chagas has been the lack of reliable biomarkers of
cure. Traditionally, the definitive test of cure relies on conventional serology methods that have the
limitation that it can take many years for the seroconversion to take place. Also, the majority of
currently used methods employ crude antigen preparations from parasite life-cycle stages not present in
the mammalian host. Polymerase chain reaction is the standard method of cure in the current clinical
trials and although useful, there is no proof of efficacy and it is only an indication of sterile cure for a
given therapy %. Newer tests using recombinant proteins or peptides may be an improvement, but
results are often inconsistent °. A recent a promising discovery in the field has been the identification
of unusual fragments of human apolipoprotein A1 (APOA1) that are specifically present in chagasic
patients and seem to disappear after treatment with nifurtimox ™. In mouse models, different
methodologies to access parasitological cures were used after treatment with benznidazole and found
out that even mice considered cured by hematological criteria still showed positive PCR tissues, either

indicating a residual infection or residential parasite nucleic acid 2.
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TARGET CANDIDATES IN THE PIPELINE

ERGOSTEROL BIOSYNTHESIS INHIBITORS

Inhibitors of sterol 14 a-demethylase (CYP51) constitute a major fraction of all the drugs in the
Chagas disease pipeline . This enzyme is involved in the de novo synthesis of sterols in T. cruzi.
Sterols are membrane lipids present in eukaryotes and have essential functions such as control of
membrane fluidity and permeability, signal transduction and modulation of membrane-bound enzyme
activity 2. While in mammals the major sterol is cholesterol, in plants, fungi and protozoa the major
sterol present is ergosterol. The difference consists of a second double bond at the B ring and a fully
saturated side chain with a methyl group at C24 in cholesterol 4. CYP51 catalyzes a critical step of this
biosynthetic pathway, removing the C14 methyl group from the sterol intermediate eburicol and
originating 14a-demethyl-14dihydroeburicol 7.

Ergosterol biosynthesis inhibitors are among the most common drugs used to treat fungal
infections, and after the validation of this pathway in T. cruzi, compounds that were originally
developed as antifungals were tested against the parasite. While some of the early generations
imidazoles (e.g. miconazole, ketoconazole) and triazole (e.g. itraconazole, fluconazole) sterol
biosynthesis inhibitors have some attenuating effect on the infection, they failed in achieving
parasitological cures ®. However, as newer azoles to treat fungi infections are still an ongoing interest
for pharmaceutical companies, latest generations drugs have also been tested for anti-T. cruzi activity.

One of the most promising molecules of the past decade was posaconazole (figure 2). This
triazole originally marketed as Noxafil by Schering-Plough pharmaceutical and active against Candida
spp. and Aspergilus spp. is one example of the previously described drug repurposing strategy. Early
assays demonstrated its potent and specific in vitro activity against T. cruzi, especially against the
amastigote stage. Moreover, the effect on murine acute and chronic models was curative, rather than
suppressive, as some earlier tested antifungal compounds demonstrated 77. Later, posaconazole also
proved to be an efficient trypanocidal against benznidazole and nifurtimox resistant strains, even in
immunosuppressed mouse models, where the parasite would have a favorable environment to multiply
8, A comparative study between posaconazole and benznidazole in a mouse model of Chagas disease
showed both drugs led to 100% survival rates, suppression of parasitemia and negative T. cruzi
antibodies. Only posaconazole-treated mice had completely negative haemocultures 54 dpi, whilst 50%

of the benznidazole-treated had positive results. Also, plasma enzymatic assessment of cardiac lesion
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was indistinguishable from uninfected control for posaconazole, but significantly higher for
benznidazole . These promising results led to two clinical trials: one phase 2 trial sponsored by
Hospital Universitari Vall d'Hebron Research Institute (ClinicalTrials.gov, ID: NCT00349271,
CHAGASOL) that evaluated posaconazole and benznidazole for the treatment of Chagas disease
chronic infection & and a phase 2 trial by Schering-Plough (now merged with Merck & Co.) for the
treatment of asymptomatic Chagas disease, comparing a posaconazole with a placebo regimen and a
combination of posaconazole with benznidazole (ClinicalTrials.gov, ID: NCT01377480, STOP
CHAGAS) 8., When evaluating posaconazole in patients, it is noteworthy that a woman with chronic
Chagas disease and systemic lupus erythematous requiring immunosuppression, was treated with
posaconazole eliminating T. cruzi completely, whereas benznidazole treatment failed in this patient 2.

Unfortunately, the first clinical trial of posaconazole in humans did not replicate the results reported for
the first patient. The treatment, consisting of two doses delivered orally for 60 days, had initial marked
antitrypanosomal activity in chronic Chagas disease affected patients, but follow-up at the end of
treatment suggested reactivation of infection, as documented by PCR. All but one patient treated with
benznidazole showed negative PCR. The second clinical trial has finished in January 2015 and the
final results should be published soon thereafter.

The activity of posaconazole is attributed in part to its pharmacokinetic characteristics, with a
large volume of distribution and long terminal half-life, coupled with the fact that this lipophilic drug
accumulates in cell membranes. This is expected to give high local concentrations of the drug to
interact with the membrane-bound CYP51 target 8. A drawback is the difficult synthesis of
posaconazole and the associated costs of about €8,000 per treatment, a value that clearly is
incompatible with the economical impoverished majority of the population affected 2.

Another ergosterol biosynthesis inhibitor in the recent pipeline was E1224 from Eisai Co. E1224
is the monolysine salt of ravuconazole, thus a pro-drug of an antifungal with a short half-life. In this
trial, which began in Bolivia in July 2011 as a partnership of DNDi and Eisai, adults with chronic
“intermediate” Chagas disease were given placebo, E1124 or benznidazole (ClinicalTrials.gov, ID:
NCT01489228). A series of examinations were then carried out in the following months in order to
evaluate parasitological cures ®. According to DNDi, the drug failed to maintain sustained efficacy 1
year after the end of treatment. The advantage of E1224, was that the structure of this compound was
simpler and synthesis should be less expensive.

A third ergosterol biosynthesis inhibitor in clinical trials is Tak-187, a triazole synthetized in the
1990’s and the property of Japanese Takeda Chemical Industries. There was 100% survival in the acute
model of Chagas disease in mice treated with Tak-187 as well as a very high parasitological cure

(80%). In the chronic model, not all mice survived, but those that did there was 100% parasitological
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cures even with benznidazole and nifurtimox resistant T. cruzi strains 8. Subsequent studies confirmed
that the drug could produce reductions of parasitemia similar to benznidazole, but at 10 times less
dosage. Furthermore, it was superior to benznidazole in reducing inflammatory infiltrates and tissue
damage in the heart and skeletal muscle of infected mice. The superior efficacy was attributable to
higher intrinsic activity and long terminal half-life . Tak-187 has completed phase I trials .

The fungicide fenarimol, another inhibitor of CYP51, has been found to affect T. cruzi growth.
After synthesis of analogues, the most promising compounds were tested in vivo in a Swiss mouse
model with three dosing regimen. One analogue was effective in the 20 days regimen, reducing
parasitemia to negligible levels that only reactivated after three cycles of immunosuppression &’.

While remaining controversial as to long term clinical effects, the failure of repurposed
antifungals in Chagas disease clinical trials has focused attention to drug leads targeting the T. cruzi
CYP51 (TcCYP51) itself &, TcCYP51 is one of the most studied enzymes of T. cruzi as represented by
crystallographic data for 18 structures of the protein with 16 different ligands in the protein databank
(ww.rcsb.org). Three structural features make this protein particularly interesting for a rational drug
design approach: (i) high structure rigidity, particularly in its substrate binding cavity; (ii) a substrate
access channel in both ligand-free and bound structures that remains open and well defined; (iii) a
substrate binding cavity that extends deeper inside the molecule than in other CYP structures . Figure
3 depicts the key structural regions of TcCYP51: the active site residues within the [ESEIGOION that
close the active site and isolate the substrate from solvent; the substrate tunnel through which substrate
and ligands enter the active site; and the deeper substrate regions occupied by smaller ligands such as
VNF and LFT (figure 4A-B) . Some novel compounds designed to target TcCYP51 possess a
nitrogen atom as a warhead, included in an azole or pyridine heterocycle, that are able to form a
coordination bond with the CYP51 catalytic heme iron and are represented in figure 4A-C. These
compounds are simple and easy to synthetize and demonstrated strong inhibitory potential of
intracellular amastigote growth of T. cruzi °2 9L, VNI, in particular, was able to cure infected mice, has
oral bioavailability and low toxicity, making it an excellent drug candidate 92,

Other enzymes of the ergosterol biosynthesis pathway may be targeted as potential drug targets
for Chagas disease, including squalene synthase. This enzyme is responsible for the first step of
ergosterol biosynthesis and was suggested as target in the parasites Leishmania mexicana and T. cruzi
92, The effective and potent squalene synthase inhibitor 4-phenoxyphenoxyethyl thiocyanate effective
against epimastigote proliferation producing an accumulation of mevalonate pathway intermediates is
an example of compound targeting this enzyme °. E5700, a drug from the Esai Company in
development as human cholesterol lowering agent, is efficacious against T. cruzi ®. Amiodarone also

inhibits ergosterol biosynthesis and is currently in clinical trials (as well as dronedarone) against the
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chronic phase of the disease *. This antiarrhythmic drug is used in the treatment of cardiac failure in
chronic chagasic patients and has been found to act on a synergistic manner with azoles in disrupting
T. cruzi biology. Amiodarone interferes with the calcium hemostasis but also inhibits ergosterol
biosynthesis, while posaconazole or itraconazole also affects calcium hemostasis, suggesting a viable
and advantageous drug combination %. Allylamine terbinafine, a squalene epoxidase inhibitor, and
mevinolin inhibit 3-hydroxy-3-methylglutaryl-coenzyme A reductase, are antiproliferative against T.
cruzi and both have been shown to be synergistic with ketoconazole against cultures of the parasite %,
suggesting they could be used in the treatment of human Chagas disease .

CRUZIPAIN INHIBITORS

K-777, a vinyl sulfone cysteine protease inhibitor was originally synthesized at Khepri
Pharmaceuticals as an anti-inflamatory lead. It is an irreversible inhibitor of cruzipain, also known as
cruzain or gp51/57. Cruzipain is a cathepsin L-like cysteine protease responsible for the majority of
proteolytic activity in all the stages of T. cruzi. It may be essential for metabolism, metacyclogenesis,
immune evasion, and invasion of host cells. % It has been suggested not only as a drug target but also
as a vaccine target.

Early experiments with mouse models of Chagas disease showed that cysteine protease inhibitors
were able to rescue mouse from lethal infection, displaying repetitive negative haemocultures and so
indicating parasitological cure ®. K-777 was able to rescue mice from an acute and lethal T. cruzi
infection even with a non-functional immune system, as seen in immunocompromised patients (e.g.
HIV/AIDS) or immunosuppressed individuals (e.g. transplantation patients) 1%°. K-777 also abrogated
myocardial damage in beagle dogs treated orally for seven days .

Several other classes of inhibitors of cruzipain have been reported as potential drug leads,
including selenosemicarbazones %2, amidines bearing benzofuroxan or benzimidazole %, and others
scaffolds %4, Effective nitrile inhibitors of cruzipain have also been identified and serve to chemically
validate this target .

A variety of approaches has been considered to rationally design inhibitors for cruzipain. Most of
the compounds synthesized were originally designed to target the catalytic cysteine (Cys) of the
enzyme in order to obtain irreversible inhibitors. The protein databank reports 24 crystallographic
structures of cruzipain in complexes with inhibitors. They show that cruzipain is composed of one
polypeptide chain folded into two domains: one mainly a-helix and the other with an extended
antiparallel B-sheet. The catalytic triad is composted by Cysteine25, Histidine162 and Asparaginel82
and together with the extended substrate-binding site, they are found in the cleft between the two
domains 1%, Within the substrate binding site, different regions (S1°, S1, S2 and S3), each devoted to
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the interaction with and binding of a residues of the peptidic substrate, have been recognized (figure 5)
107 Region S2 in particular residue Glutamine208 at its bottom is the key determinant for substrate
specificity. These residues adopt a substrate-directed conformation in case that the S2 site is occupied
by a basic or uncharged hydrogen bonding residues (such as Arginine and Tyrosine, respectively)
whereas it assumes a solvent-directed conformation when an hydrophobic residue (such as
Phenylalanine) is present 1%, Examples scaffolds designed to inhibit cruzipain are acylhydrazones,
thiosemicarbazones and methoxyphenyl ketone derivatives. The discovery of acylhydrazone
compounds as antiparasitic Cys protease inhibitors originated from an high throughput screening
against brucipain, the major Cys protease of T. brucei . Optimized scaffolds of this class of
compounds have since been synthesized and also showed to inhibit cruzipain (figure 4-D).
Interestingly, acylhydrazones share some similarity with chalchones, in which the unsaturated
arylketone subunit can act as a Michael acceptor (figure 6). Chalchones possess anti T. cruzi activity,
but few studies are associated with cruzipain inhibitory activity .

After the initial discovery of a peptide vinyl sulfone as an irreversible (Michael acceptor)
cruzipain inhibitor able to cure parasitic infections in animal models, but with low oral bioavailability
owing to its peptidic nature, an optimized compound derived from a methoxyphenyl ketone scaffold
and with desirable physicochemical properties has been reported (figure 4-E). It’s mechanism of
action, supported by the crystal structure of the complex, is depicted in figure 7 112,

Thiosemicarbazones are another class of covalent inhibitors originated from a screening of
compounds able to inhibit cruzipain. Thiosemicarbazones inhibit Cys proteases through the formation
of a reversible tetrahedral adduct by attack of the Cys thiolate to the carbon of the thiocarbonyl group
13(figure 4-F). However, several members of this class of compounds, inactive on the enzyme, were
shown to be active on T. cruzi parasites 1, suggesting that cruzipain could not be the main target for at
least some of these compounds. This class of compounds was further modified according to the
strategy represented in figure 8 1*° and led to compounds that could act in a way that differs from a
simple cruzipain inhibition. Compound G from figure 4 inhibits cruzipain whereas its derivatives, as

exemplified by compound in figure 4-H , did not, but exhibited strong antiparasitic activity.

PURINE SALVAGE INHIBITORS

Allopurinol is an analogue of hypoxanthine that is used to treat gout, a condition characterized by
deposits of uric acid in bone joints. The mechanism of action for this drug involves the inhibition of
xanthine oxidase, an enzyme responsible for the consecutive conversion of hypoxanthine to xanthine
and xanthine to uric acid. T. cruzi is not able to perform de novo synthesis of purines and needs to

acquire them from the host. Since the microorganism does not possess xanthine oxidase, allopurinol is
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incorrectly sensed as a purine substrate and is directly incorporated in the parasitt DNA by
hypoxanthine-guanine phosphorybosyltransferase, disrupting DNA-related processes. Previous assays
showed the potential of the drug in arresting infection in cultured tissues ¢, and a later study with
other purine and pyrimidine analogues confirmed this activity ’. In an animal model, allopurinol was
able to reduce parasite blood levels, but with mild cardiac inflammatory infiltrates at the heart.
Altogether, the results demonstrated the drug modified the evolution of the infection and prevented the
acute phase from evolving into chronic cardiac disease 8. A comparative study between itraconazole
and allopurinol in preventing chronic Chagas disease in Chile showed similar results in preventing
cardiomyopathy, but itraconazole was preferred due to the fewer adverse effects 1*°. A combination of
allopurinol with clomipramine to treat Chagas disease in an acute mouse model was found to be no
better than the use of clomipramine alone 2. Although there has been an interest in the label extension
of this drug, early clinical evidence have discouraged the development of allopurinol as a drug to treat
Chagas 2. There is an interest in exploiting this pathway for Chagas chemotherapy, but to our
knowledge no other compounds have been recently tested in vivo 22, Several 4'-substituted and 3',4'-
disubstituted 5-benzyl-2,4-diaminopyrimidines are selective inhibitors of T. cruzi dihydrofolate

reductase and showed good in vitro activity against the parasite 1%,

INHIBITORS OF PYROPHOSPHATE METABOLISM

Another pathway that has gained attention is the one responsible for pyrophosphate metabolism.
This process does not take place in the cytosol but rather at acidocalcisomes, parasite-specific
organelles that are also involved in calcium hemostasis, response to cell stress, osmoregulation, and
energy transduction 24, It has been demonstrated that bisphosphonates, drugs currently used to treat
osteoporosis, accumulate in the acidocalcisomes and can inhibit a key enzyme of pyrophosphate
metabolism — farnesyl pyrophosphate synthase 1%,

The first report of this activity in animal models demonstrated that risedronate could reduce
parasitemia with reductions in mortality, but no complete parasitological cures were achieved %, In
another study, a significant reduction in mortality was observed when CD-1 mice were treated with
risedronate, but myocardial pathology and ventricular dilatation was unchanged in comparison with
control. On the other hand, Tulahuen strain infected C57BL/6 mice had no improvement in mortality
127.

More recently, metal complexes of the bioactive, bisphosphonates alendronate 2 pamidronate 128
and risendronate % were synthetized and showed activity against amastigotes, with no toxicity for the
mammalian host cells tested. These complexes are thought to protect phosphonate groups from

ionization at physiological pH, increasing bioavailability to target the parasitic farnesyl diphosphate
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synthase 128, Newly synthesized bisphosphonates also proved to be potent inhibitors of T. cruzi farnesyl

diphosphate synthase **°.

TRYPANOTHIONE BIOSYNTHESIS INHIBITORS

Instead of the glutathione and glutathione reductase, trypanosomatids produce trypanothione and
trypanothione reductase for thiol-dependent redox metabolism. This is essential in detoxification of
free radicals and maintenance of the intracellular reducing environment. As this parasite-specific
system does not exist in the humans, it is considered a potential target 3. Recently, a study validated
the trypanothione pathway as drug target with a metabolic modeling approach, suggesting that all the
constituent enzymes and transporters present are essential for proper pathway function, but not all of
them have therapeutic potential *2, Many inhibitors have been found for this enzyme, inlcuding
polyamine derivatives, crystal violet, acridine-based tricyclics, phenothiazine, benzoazepine,
isoalloxazine, pyridoquinoline and many more have been synthetized *. In vivo testing of a
trypanothione reductase inhibitor, thioridazina, promoted heart protection but failed to completely
eradicate the parasite 1%,

LIPID BIOSYNTHESIS INHIBITORS

Alkyllysophospholipids and lysophospholipid analogues, such as miltefosine and edelfosine have
been shown to be active against proliferation and differentiation of T. cruzi, in vitro and in vivo with
good oral activity and low toxicity %,

Surprisingly little is known about the role of glycosphingolipids in trypanosomatids, however,
various glycosphingolipids inhibitors have shown antiproliferative activity lysing 79 to 95.5% of
parasite in an in vitro assay and showed cytostatic activity in mouse model %,

Although T. cruzi glycophosphatidylinositol GPI anchors share the same conserved core as other
eukaryotes, many often contain a fourth mannose on which resides a galactofuranosyl (Galf) linked to
the O-3 and an obligatory 2-aminoethylphosphonate (2AEP), also known as ciliatine, linked to O-6 of
the glucosamine of all T. cruzi GIPLs and GPI-anchored mucins ¥,

Enzymes common to the biosynthesis of the T. cruzi GPI have been shown to have sensitivities to
various inhibitors in different organisms 8. A recent work identified the orthologous sequences of all
genes involved in the biosynthesis of the T. cruzi GPI and three sequences showed they acted to
complement yeast conditional mutants of genes of this pathway. Unsuccessful attempts to generate T.
cruzi knockouts for three of these genes further suggested that the GPI is an essential component of the

organism 3,
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Although the role of 2AEP in T. cruzi has not yet been identified, it has been shown to be a
virulence factor in human pathogenic organisms such as Bacteroides fragilis 14°. The absence of the
2AEP biosynthetic enzymes (phosphoenolpyruvate mutase, phosphoenolpyruvate decarboxylase & 2-
aminoethylphosphonate transaminase) in humans make the pathway an excellent candidate for drug
targeting. Recent investigations by Coron and Smith (unpublished) have genetically validated the AEP
biosynthetic pathway and identified compounds with potent in vitro activity against the recombinant

enzymes of the AEP pathway as well as epimastigotes.

CONCLUDING REMARKS

Since the discovery of the etiological agent of Chagas disease more than 100 years ago, a cure
has been pursued. It took 50 years to discover a specific drug to treat this neglected disease. However,
apart from the discovery and development of benznidazole some years later, no improvements in
chemotherapy have been made compared to these highly toxic compounds despite a half century of
intense research. Nevertheless, there are reasons to be optimistic. The global nature of the disease and
the information about the pathology, has brought new researchers to the field. Novel basic and applied
research is constantly feeding our knowledge of the disease. New partnerships, including with
pharmaceutical companies, are accelerating efforts traditionally made solely by academia. Clinical
trials for some candidates have been recently completed, some are under way and a few more are
planned to begin shortly. But we should not ignore the still long way and challenges to find a better
treatment for Chagas: resources and funding are scarce, and there is a critical need to define beneficial

intellectual property agreements and improve data sharing.

ACKNOWLEDGMENTS

Luis Gaspar is thankful to FCT for funding (scholarship reference: SFRH/BD/81604/2011). The
research leading to these results has received funding from the European Community’s Seventh
Framework Programme under grant agreement No0.602773 (Project KINDRED) and No. 603240
(Project NMTrypl).

20



BIBLIOGRAPHY

1. Chagas, C., Nova tripanozomiaze humana: estudos sobre a morfolojia eo ciclo evolutivo do
Schizotrypanum cruzi n. gen., n. sp., ajente etiolojico de nova entidade morbida do homem.
Memodrias do Instituto Oswaldo Cruz 1909, 1, 159-218.

2.  (a) Mathers, C. D.; Ezzati, M.; Lopez, A. D., Measuring the burden of neglected tropical diseases:
the global burden of disease framework. PLoS Neglected Tropical Diseases 2007; (b) Lee, B. Y.; Bacon,
K. M.; Bottazzi, M. E.; Hotez, P. J., Global economic burden of Chagas disease: a computational
simulation model. The Lancet infectious diseases 2013.

3. Organization, W. H. WHO Fact Sheet No 340.

4. Reporte sobre la enfermedade de Chagas. Available at:
http://whqlibdoc.who.int/hq/2007/TDR _SWG 09 spa.pdf [accessed May 14, 2012].

5. Stevens, L.; Dorn, P. L.; Schmidt, J. O.; Klotz, J. H.; Lucero, D.; Klotz, S. A., Kissing Bugs. The
Vectors of Chagas. In Advances in Parasitology, Vol 75: Chagas Disease, Pt A, Weiss, L. M.; Tanowitz,
H. B.; Kirchhoff, L. V., Eds. Elsevier Academic Press Inc: San Diego, 2011; Vol. 75, pp 169-192.

6. Clinicaltrials.gov  registry number NCT00349271 [online]. Available from  URL:
http://www.clinicaltrials.qov [Accessed 2012 May 14].

7.  Shikanai-Yasuda, M. A.; Carvalho, N. B., Oral Transmission of Chagas Disease. Clinical Infectious
Diseases 2012, 54 (6), 845-852.

8.  Schmunis, G. A.; Yadon, Z. E., Chagas disease: A Latin American health problem becoming a
world health problem. Acta Trop 2010, 115 (1-2), 14-21.

9. Noireau, F.; Diosque, P.; Jansen, A. M., Trypanosoma cruzi: adaptation to its vectors and its
hosts. Vet. Res. 2009, 40 (2).

10. Prata, A., Clinical and epidemiological aspects of Chagas disease. The Lancet Infectious Diseases
2001, 1 (2), 92-100.

11. Clayton, J., Chagas disease: pushing through the pipeline. Nature 2010, 465 (n7301_supp), S12-
S15.

12. Jannin, J.; Villa, L., An overview of Chagas disease treatment. Mem Inst Oswaldo Cruz 2007, 102,
95-98.

13. Bern, C.; Montgomery, S. P.; Herwaldt, B. L.; Rassi, A.; Marin-Neto, J. A.; Dantas, R. O.; Maguire,
J. H.; Acquatella, H.; Morillo, C.; Kirchhoff, L. V.; Gilman, R. H.; Reyes, P. A.; Salvatella, R.; Moore, A. C.,
Evaluation and Treatment of Chagas Disease in the United States. JAMA: The Journal of the American
Medical Association 2007, 298 (18), 2171-2181.

14. (a) Fabbro, D. L.; Streiger, M. L.; Arias, E. D.; Bizai, M. L.; del Barco, M.; Amicone, N. A,
Trypanocide treatment among adults with chronic Chagas disease living in Santa Fe city (Argentina),
over a mean follow-up of 21 years: parasitological, serological and clinical evolution. Revista da
Sociedade Brasileira de Medicina Tropical 2007, 40 (1), 1-10; (b) Viotti, R.; Vigliano, C.; Lococo, B.;
Bertocchi, G.; Petti, M.; Alvarez, M. G.; Postan, M.; Armenti, A., Long-term cardiac outcomes of
treating chronic Chagas disease with benznidazole versus no treatment: a nonrandomized trial.
Annals of internal medicine 2006, 144 (10), 724-734.

15. Pérez-Molina, J. A.; Pérez-Ayala, A.; Moreno, S.; Fernandez-Gonzdlez, M. C.; Zamora, J.; Loépez-
Velez, R., Use of benznidazole to treat chronic Chagas' disease: a systematic review with a meta-
analysis. Journal of Antimicrobial Chemotherapy 2009, 64 (6), 1139-1147.

16. Clinicaltrials.gov  registry number NCT00123916 [online]. Available from  URL:
http://www.clinicaltrials.gov [Accessed 2012 May 14].

17. Altcheh, J.; Moscatelli, G.; Mastrantonio, G.; Moroni, S.; Giglio, N.; Marson, M.; Ballering, G.;
Bisio, M.; Koren, G.; Garcia-Bournissen, F., Population pharmacokinetic study of benznidazole in

21


http://whqlibdoc.who.int/hq/2007/TDR_SWG_09_spa.pdf
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/

pediatric Chagas disease suggests efficacy despite lower plasma concentrations than in adults. PLoS
neglected tropical diseases 2014, 8 (5).

18. Maya, J. D.; Cassels, B. K.; lturriaga-Vasquez, P.; Ferreira, J.; Faundez, M.; Galanti, N.; Ferreira,
A.; Morello, A., Mode of action of natural and synthetic drugs against Trypanosoma cruzi and their
interaction with the mammalian host. Comparative Biochemistry and Physiology - Part A: Molecular
&amp; Integrative Physiology 2007, 146 (4), 601-620.

19. Diaz de Toranzo, E. G.; Castro, J. A.; Franke de Cazzulo, B. M.; Cazzulo, J. J., Interaction of
benznidazole reactive metabolites with nuclear and kinetoplastic DNA, proteins and lipids
from&aIt;i&gt; Trypanosoma cruzi&lt;/i&gt. Cellular and Molecular Life Sciences 1988, 44 (10), 880-881.
20. Nitro drugs for the treatment of trypanosomatid diseases: past, present, and future prospects.
Trends in Parasitology 2014, 30 (6).

21. Viotti, R.; Vigliano, C.; Lococo, B.; Alvarez, M. G.; Petti, M.; Bertocchi, G.; Armenti, A., Side
effects of benznidazole as treatment in chronic Chagas disease: fears and realities. Expert Review of
Anti-Infective Therapy 2009, 7 (2), 157-163.

22. Bern, C., Antitrypanosomal Therapy for Chronic Chagas' Disease. New England Journal of
Medicine 2011, 364 (26), 2527-2534.

23. Camandaroba, E. L. P.; Reis, E. A. G.; Gongalves, M. S.; Reis, M. G.; Andrade, S. G., Trypanosoma
cruzi: susceptibility to chemotherapy with benznidazole of clones isolated from the highly resistant
Colombian strain. Revista Da Sociedade Brasileira De Medicina Tropical 2003, 36, 201-209.

24. Mejia-Jaramillo, A.; Fernandez, G.; Palacio, L.; Triana-Chavez, O., Gene expression study using
real-time PCR identifies an NTR gene as a major marker of resistance to benznidazole in Trypanosoma
cruzi. Parasit Vectors 2011, 4 (1), 169.

25. Mejia, A. M.; Hall, B. S.; Taylor, M. C.; Gédmez-Palacio, A.; Wilkinson, S. R.; Triana-Chavez, O.;
Kelly, J. M., Benznidazole-Resistance in Trypanosoma cruzi Is a Readily Acquired Trait That Can Arise
Independently in a Single Population. Journal of Infectious Diseases 2012.

26. (a) Priotto, G.; Kasparian, S.; Ngouama, D.; Ghorashian, S.; Arnold, U.; Ghabri, S.; Karunakara, U.,
Nifurtimox-Eflornithine Combination Therapy for Second-Stage Trypanosoma brucei gambiense
Sleeping Sickness: A Randomized Clinical Trial in Congo. Clinical Infectious Diseases 2007, 45 (11),
1435-1442; (b) Priotto, G.; Kasparian, S.; Mutombo, W.; Ngouama, D.; Ghorashian, S.; Arnold, U.;
Ghabri, S.; Baudin, E.; Buard, V.; Kazadi-Kyanza, S.; llunga, M.; Mutangala, W.; Pohlig, G.; Schmid, C.;
Karunakara, U.; Torreele, E.; Kande, V., Nifurtimox-eflornithine combination therapy for second-stage
African Trypanosoma brucei gambiense trypanosomiasis: a multicentre, randomised, phase lll, non-
inferiority trial. The Lancet 374 (9683), 56-64.

27. Jackson, Y.; Alirol, E.; Getaz, L.; Wolff, H.; Combescure, C.; Chappuis, F., Tolerance and Safety of
Nifurtimox in Patients with Chronic Chagas Disease. Clinical Infectious Diseases 2010, 51 (10), e69-
e75.

28. Zhou, L.; Ishizaki, H.; Spitzer, M.; Taylor, K. L., ALDH2 mediates 5-nitrofuran activity in multiple
species. Chemistry & biology 2012.

29. Cerecetto, H.; Gonzdlez, M., Antiparasitic prodrug nifurtimox: revisiting its activation
mechanism. Future Microbiol 2011, 6 (8), 847-850.

30. Alsford, S.; Eckert, S.; Baker, N.; Glover, L.; Sanchez-Flores, A.; Leung, K. F.; Turner, D. J.; Field,
M. C.; Berriman, M.; Horn, D., High-throughput decoding of antitrypanosomal drug efficacy and
resistance. Nature 2012, advance online publication.

31. (a) Wilkinson, S. R.; Taylor, M. C.; Horn, D.; Kelly, J. M.; Cheeseman, I., A mechanism for cross-
resistance to nifurtimox and benznidazole in trypanosomes. Proceedings of the National Academy of
Sciences 2008, 105 (13), 5022-5027; (b) Filardi, L. S.; Brener, Z., Susceptibility and natural resistance of
Trypanosoma cruzi strains to drugs used clinically in Chagas disease. Trans R Soc Trop Med Hyg 1987,
81 (5), 755-7509.

22



32. (a) Gerpe, A.; Odreman-Nufiez, |.; Draper, P.; Urbina, J. A., Heteroallyl-containing 5-nitrofuranes
as new anti-Trypanosoma cruzi agents with a dual mechanism of action. Bioorganic & medicinal ...
2008; (b) Aguirre, G.; Boiani, L.; Cerecetto, H.; Fernandez, M., In vitro activity and mechanism of
action against the protozoan parasite Trypanosoma cruzi of 5-nitrofuryl containing
thiosemicarbazones. Bioorganic & medicinal ... 2004; (c) Papadopoulou, M. V.; Bloomer, W. D., Novel
3-Nitro-1 H-1, 2, 4-triazole-Based Amides and Sulfonamides as Potential Antitrypanosomal Agents.
Journal of medicinal ... 2012.

33. Zhou, L.; Stewart, G.; Rideau, E., A class of 5-nitro-2-furancarboxylamides with potent
trypanocidal activity against Trypanosoma brucei in vitro. Journal of medicinal ... 2013.

34. Nwaka, S.; Hudson, A,, Innovative lead discovery strategies for tropical diseases. Nat Rev Drug
Discov 2006, 5 (11), 941-955.

35. Nwaka, S.; Ridley, R. G., Virtual drug discovery and development for neglected diseases through
public-private partnerships. Nat Rev Drug Discov 2003, 2 (11), 919-928.

36. Hotez, P.J.; Dumonteil, E.; Heffernan, M. J., Innovation for the 'bottom 100 million': eliminating
neglected tropical diseases in the Americas. Hot Topics in Infection ... 2013.

37. Omura, S.; Crump, A., The life and times of ivermectin—a success story. Nature Reviews
Microbiology 2004.

38. Debnath, A.; Parsonage, D.; Andrade, R. M.; He, C.; Cobo, E. R.; Hirata, K.; Chen, S.; Garcia-
Rivera, G.; Orozco, E.; Martinez, M. B.; Gunatilleke, S. S.; Barrios, A. M.; Arkin, M. R.; Poole, L. B.;
McKerrow, J. H.; Reed, S. L., A high-throughput drug screen for Entamoeba histolytica identifies a new
lead and target. Nature medicine 2012, 18 (6), 956-960.

39. Chatelain, E., Chagas Disease Drug Discovery: Toward a New Era. Journal of biomolecular
screening 2015, 20 (1), 22-35.

40. Woyatt, P. G.; Gilbert, I. H.; Read, K. D.; Fairlamb, A. H., Target Validation: Linking Target and
Chemical Properties to Desired Product Profile. Curr. Top. Med. Chem. 2011, 11 (10), 1275-1283.

41. Taylor, M. C.; Huang, H.; Kelly, J. M., Chapter 11 - Genetic Techniques in Trypanosoma cruzi. In
Advances in Parasitology, Louis M. Weiss, H. B. T.; Louis, V. K., Eds. Academic Press: 2011; Vol.
Volume 75, pp 231-250.

42. (a) Caler, E. V.; Vaena de Avalos, S.; Haynes, P. A.; Andrews, N. W.; Burleigh, B. A,
Oligopeptidase B-dependent signaling mediates host cell invasion by Trypanosoma cruzi. 1998; Vol.
17, p 4975-4986; (b) Biochemical and genetic characterization ofTrypanosoma cruzi N-
myristoyltransferase. Biochemical Journal 2014, 459 (2), 323332.

43. (a) DaRocha, W. D.; Otsu, K.; Teixeira, S. M. R.; Donelson, J. E., Tests of cytoplasmic RNA
interference (RNAi) and construction of a tetracycline-inducible T7 promoter system in Trypanosoma
cruzi. Molecular and Biochemical Parasitology 2004, 133 (2), 175-186; (b) Kolev, N. G.; Tschudi, C,;
Ullu, E., RNA interference in protozoan parasites: achievements and challenges. Eukaryotic cell 2011,
10(9), 1156-1163.

44. Peng, D.; Kurup, S. P.; Yao, P. Y.; Minning, T. A.; Tarleton, R. L., CRISPR-Cas9-Mediated Single-
Gene and Gene Family Disruption in Trypanosoma cruzi. mBio 2015.

45. Ferreira, R. S.; Simeonov, A.; Jadhav, A.; Eidam, O.; Mott, B. T.; Keiser, M. J.; McKerrow, J. H.;
Maloney, D. J.; Irwin, J. J.; Shoichet, B. K., Complementarity Between a Docking and a High-
Throughput Screen in Discovering New Cruzain Inhibitors. J Med Chem 2010, 53 (13), 4891-4905.

46. Podust, L. M.; von Kries, J. P.; Eddine, A. N.; Kim, Y.; Yermalitskaya, L. V.; Kuehne, R.; Ouellet, H.;
Warrier, T.; Altekoster, M.; Lee, J.-S. S.; Rademann, J.; Oschkinat, H.; Kaufmann, S. H.; Waterman, M.
R., Small-molecule scaffolds for CYP51 inhibitors identified by high-throughput screening and defined
by X-ray crystallography. Antimicrobial agents and chemotherapy 2007, 51 (11), 3915-3923.

23



47. Chen, C.-K. K.; Doyle, P. S.; Yermalitskaya, L. V.; Mackey, Z. B.; Ang, K. K.; McKerrow, J. H.;
Podust, L. M., Trypanosoma cruzi CYP51 inhibitor derived from a Mycobacterium tuberculosis screen
hit. PLoS neglected tropical diseases 2009, 3 (2).

48. Brown, D., Unfinished business: target-based drug discovery. Drug Discovery Today 2007.

49. Terstappen, G. C.; Schlupen, C.; Raggiaschi, R.; Gaviraghi, G., Target deconvolution strategies in
drug discovery. Nat Rev Drug Discov 2007, 6 (11), 891-903.

50. Nohara, L. L.; Lema, C.; Bader, J. O.; Aguilera, R. J.; Almeida, I. C., High-content imaging for
automated determination of host-cell infection rate by the intracellular parasite Trypanosoma cruzi.
Parasitol Int 2010, 59 (4), 565-570.

51. Engel, J. C,; Ang, K. K. H.; Chen, S.; Arkin, M. R.; McKerrow, J. H.; Doyle, P. S., Image-Based High-
Throughput Drug Screening Targeting the Intracellular Stage of Trypanosoma cruzi, the Agent of
Chagas' Disease. Antimicrob Agents Chemother 2010, 54 (8), 3326-3334.

52. Moon, S.; Siqueira-Neto, J. L.; Moraes, C. B.; Yang, G., An image-based algorithm for precise and
accurate high throughput assessment of drug activity against the human parasite Trypanosoma cruzi.
PloS one 2014.

53. Lead lIdentification to Clinical Candidate Selection: Drugs for Chagas Disease. Journal of
Biomolecular Screening 2014, 20 (1), 101111.

54. Swinney, D. C.; Anthony, J., How were new medicines discovered? Nat Rev Drug Discov 2011, 10
(7), 507-519.

55. Moraes, C. B.; Giardini, M. A.; Kim, H.; Franco, C. H., Nitroheterocyclic compounds are more
efficacious than CYP51 inhibitors against Trypanosoma cruzi: implications for Chagas disease drug
discovery and .... Scientific reports 2014.

56. Jelicks, L. A.; Tanowitz, H. B., Advances in imaging of animal models of Chagas disease. Adv
Parasitol 2011, 75, 193-208.

57. Rivera-Vanderpas, M. T.; Rodriguez, A. M.; Afchain, D.; Bazin, H.; Capron, A., Trypanosoma cruzi:
variation in susceptibility of inbred strains of rats. Acta tropica 1983, 40 (1), 5-10.

58. Silva, A. M. d.; Ramirez, L. E.; Vargas, M.; Chapadeiro, E.; Brener, Z., Evaluation of the rabbit as a
model for Chagas disease - II: histopathologic studies of the heart, digestive tract and skeletal muscle.
Mem Inst Oswaldo Cruz 1996, 91, 199-206.

59. Bilate, A. M. B.; Salemi, V. M. C.; Ramires, F. J. A.; de Brito, T.; Silva, A. M.; Umezawa, E. S.;
Mady, C.; Kalil, J.; Cunha-Neto, E., The Syrian hamster as a model for the dilated cardiomyopathy of
Chagas’ disease: a quantitative echocardiographical and histopathological analysis. Microbes and
Infection 2003, 5 (12), 1116-1124.

60. (a) Andrade, Z. A., The canine model of Chagas' disease. Memdrias do Instituto Oswaldo Cruz
1984; (b) Guedes, P. M. d. M.; Veloso, V. M.; Tafuri, W. L.; Galvdo, L. M. d. C.; Carneiro, C. M.; Lana,
M. d.; Chiari, E.; Ataide Soares, K.; Bahia, M. T., The dog as model for chemotherapy of the Chagas’
disease. Acta Trop 2002, 84 (1), 9-17.

61. Bonecine-Almeida, M. d. G.; Galvao-Castro, B.; Pessoa, M. H. R.; Piramez, C.; Laranja, F.,,
Experimental chagas' disease in rhesus monkeys. I. Clinical parasitological, hematological and
anatomo-pathological studies in the acute and indeterminate phase of the disease. Mem Inst
Oswaldo Cruz 1990, 85, 163-171.

62. Andrade, S. G.; Andrade, V.; Brodskyn, C.; Magalhdes, J. B.; Netto, M. B., Immunological
response of Swiss mice to infection with three different strains of Trypanosoma cruzi. Annals of
tropical medicine and parasitology 1985, 79 (4), 397-407.

63. Rossi, M. A.; Gongalves, S., Experimental Trypanosoma cruzi cardiomyopathy in BALB/c mice.
The potential role of intravascular platelet aggregation in its genesis. The American journal of ... 1984.

24



64. Federici, E. E.; Abelmann, W. H.; Neva, F. A., Chronic and Progressive Myocarditis and Myositis
in C3H Mice Infected with Trypanosoma Cruzi. The American Journal of Tropical Medicine and
Hygiene 1964, 13 (2), 272-280.

65. Postan, M.; McDaniel, J. P.; Dvorak, J. A., Studies of Trypanosoma Cruzi Clones in Inbred Mice: Il.
Course of Infection of C57BL/6 Mice with Single-Cell-Isolated Stocks. The American Journal of Tropical
Medicine and Hygiene 1984, 33 (2), 236-238.

66. Araujo-Jorge, T. C. d., Doenca de chagas: manual para experimentagdo animal. FIOCRUZ:
Manguinhos, 2000; p 368.

67. Marinho, C. R. F.; Bucci, D. Z.; Dagli, M. L. Z.; Bastos, K. R. B.; Grisotto, M. G.; Sardinha, L. R;;
Baptista, C. R. G. M.; Penha Goncalves, C.; Lima, M. R. D. |.; Alvarez, J. M., Pathology Affects Different
Organs in Two Mouse Strains Chronically Infected by a Trypanosoma cruzi Clone: a Model for Genetic
Studies of Chagas’ Disease. Infect Immun 2004, 72 (4), 2350-2357.

68. Romanha, A. J.; Castro, S. L. d.; Soeiro, M. d. N. C.; Lannes-Vieira, J.; Ribeiro, I.; Talvani, A.;
Bourdin, B.; Blum, B.; Olivieri, B.; Zani, C.; Spadafora, C.; Chiari, E.; Chatelain, E.; Chaves, G.; Calzada, J.
E.; Bustamante, J. M.; Freitas-Junior, L. H.; Romero, L. I.; Bahia, M. T.; Lotrowska, M.; Soares, M.;
Andrade, S. G.; Armstrong, T.; Degrave, W.; Andrade, Z. d. A, In vitro and in vivo experimental models
for drug screening and development for Chagas disease. Mem Inst Oswaldo Cruz 2010, 105, 233-238.
69. Pinazo, M.-J.; Thomas, M. C.; Bua, J.; Perrone, A.; Schijman, A.-G.; Viotti, R.-J.; Ramsey, J.-M.;
Ribeiro, I.; Sosa-Estani, S.; Lépez, M.-C.; Gascon, J., Biological markers for evaluating therapeutic
efficacy in Chagas disease, a systematic review. Expert Review of Anti-infective Therapy 2014, 12 (4),
479-496.

70. Tarleton, R. L.; Reithinger, R.; Urbina, J. A.; Kitron, U.; Girtler, R. E., The Challenges of Chagas
Disease— Grim Qutlook or Glimmer of Hope? PLoS Med 2007, 4 (12), e332.

71. (a) Ndao, M.; Spithill, T. W.; Caffrey, R.; Li, H.; Podust, V. N.; Perichon, R.; Santamaria, C.; Ache,
A.; Duncan, M.; Powell, M. R.; Ward, B. J., Identification of novel diagnostic serum biomarkers for
Chagas' disease in asymptomatic subjects by mass spectrometric profiling. Journal of clinical
microbiology 2010, 48 (4), 1139-1149; (b) Santamaria, C.; Chatelain, E.; Jackson, Y.; Miao, Q.; Ward, B.
J.; Chappuis, F.; Ndao, M., Serum biomarkers predictive of cure in Chagas disease patients after
nifurtimox treatment. BMC infectious diseases 2014, 14, 302.

72. Martins, H. R.; Figueiredo, L. M.; Valamiel-Silva, J. C. O.; Carneiro, C. M.; Machado-Coelho, G. L.
L.; Vitelli-Avelar, D. M.; Bahia, M. T.; Martins-Filho, O. A.; Macedo, A. M.; Lana, M., Persistence of
PCR-positive tissue in benznidazole-treated mice with negative blood parasitological and serological
tests in dual infections with Trypanosoma cruzi stocks from different genotypes. Journal of
Antimicrobial Chemotherapy 2008, 61 (6), 1319-1327.

73. Volkman, J. V., Sterols in microorganisms. Applied Microbiology and Biotechnology 2003, 60 (5),
495-506.

74. BarrettBee, K.; Dixon, G., Ergosterol biosynthesis inhibition: A target for antifungal agents. Acta
Biochim. Pol. 1995, 42 (4), 465-479.

75. Lepesheva, G. I.; Villalta, F.; Waterman, M. R., Chapter 4 - Targeting Trypanosoma cruzi Sterol
14a-Demethylase (CYP51). In Adv Parasitol, Louis M. Weiss, H. B. T.; Louis, V. K., Eds. Academic Press:
2011; Vol. Volume 75, pp 65-87.

76. Urbina, J. A.; Docampo, R., Specific chemotherapy of Chagas disease: controversies and
advances. Trends in Parasitology 2003, 19 (11), 495-501.

77. Urbina, J. A.; Payares, G.; Contreras, L. M.; Liendo, A.; Sanoja, C.; Molina, J.; Piras, M.; Piras, R.;
Perez, N.; Wincker, P.; Loebenberg, D., Antiproliferative effects and mechanism of action of SCH
56592 against Trypanosoma (Schizotrypanum) cruzi: In vitro and in vivo studies. Antimicrob Agents
Chemother 1998, 42 (7), 1771-1777.

25



78. Molina, J.; Martins-Filho, O. A.; Brener, Z.; Romanha, A. J.; Loebenberg, D.; Urbina, J. A,
Activities of the triazole derivative SCH 56592 (posaconazole) against drug-resistant strains of the
protozoan parasite Trypanosoma (Schizotrypanum) cruzi in immunocompetent and
immunosuppressed murine hosts. Antimicrob Agents Chemother 2000, 44 (1), 150-155.

79. Olivieri, B. P.; Molina, J. T.; de Castro, S. L.; Pereira, M. C.; Calvet, C. M.; Urbina, J. A.; Aradjo-
Jorge, T. C., A comparative study of posaconazole and benznidazole in the prevention of heart
damage and promotion of trypanocidal immune response in a murine model of Chagas disease. Int J
Antimicrob Agents 2010, 36 (1), 79-83.

80. Clinicaltrials.gov  registry number NCT01162967 [online]. Available from  URL:
http://www.clinicaltrials.qov [Accessed 2012 May 17].

81. Clinicaltrials.gov  registry number NCT01377480 [online]. Available from  URL:
http://www.clinicaltrials.qov [Accessed 2012 May 17].

82. Pinazo, M. J.; Espinosa, G.; Gallego, M.; Lopez-Chejade, P. L.; Urbina, J. A.; Gascon, J., Case
Report: Successful Treatment with Posaconazole of a Patient with Chronic Chagas Disease and
Systemic Lupus Erythematosus. Am. J. Trop. Med. Hyg. 2010, 82 (4), 583-587.

83. Campoli, P.; Al Abdallah, Q.; Robitaille, R.; Solis, N. V.; Fielhaber, J. A.; Kristof, A. S.; Laverdiere,
M.; Filler, S. G.; Sheppard, D. C., Concentration of Antifungal Agents within Host Cell Membranes: a
New Paradigm Governing the Efficacy of Prophylaxis. Antimicrob Agents Chemother 2011, 55 (12),
5732-5739.

84. Torrico, F., Rationale and design of a proof-of-concept phase Il clinical study of E1224, a new
drug candidate for chronic chagas disease. Trop. Med. Int. Health 2011, 16, 21-22.

85. Urbina, J. A.; Payares, G.; Sanoja, C.; Molina, J.; Lira, R.; Brener, Z.; Romanha, A. J.,
Parasitological cure of acute and chronic experimental Chagas disease using the long-acting
experimental triazole TAK-187. Activity against drug-resistant Trypanosoma cruzi strains. Int J
Antimicrob Agents 2003, 21 (1), 39-48.

86. Corrales, M.; Cardozo, R.; Segura, M. A.; Urbina, J. A.; Basombrio, M. A., Comparative efficacies
of TAK-187, a long-lasting ergosterol biosynthesis inhibitor, and benznidazole in preventing cardiac
damage in a murine model of Chagas' disease. Antimicrob Agents Chemother 2005, 49 (4), 1556-1560.
87. Keenan, M.; Abbott, M. J.; Alexander, P. W.; Armstrong, T.; Best, W. M.; Berven, B.; Botero, A.;
Chaplin, J. H.; Charman, S. A.; Chatelain, E.; von Geldern, T. W.; Kerfoot, M.; Khong, A.; Nguyen, T.;
McManus, J. D.; Morizzi, J.; Ryan, E.; Scandale, |.; Thompson, R. A.; Wang, S. Z.; White, K. L.,
Analogues of Fenarimol Are Potent Inhibitors of Trypanosoma cruzi and Are Efficacious in a Murine
Model of Chagas Disease. J Med Chem 2012, 55 (9), 4189-4204.

88. (a) Calvet, C. M.; Vieira, D. F.; Choi, J. Y.; Kellar, D.; Cameron, M. D.; Siqueira-Neto, J. L.; Gut, J,;
Johnston, J. B.; Lin, L.; Khan, S.; McKerrow, J. H.; Roush, W. R.; Podust, L. M., 4-Aminopyridyl-based
CYP51 inhibitors as anti-Trypanosoma cruzi drug leads with improved pharmacokinetic profile and in
vivo potency. Journal of medicinal chemistry 2014, 57 (16), 6989-7005; (b) Friggeri, L.; Hargrove, T. Y.;
Rachakonda, G.; Williams, A. D.; Wawrzak, Z.; Santo, R.; Vita, D.; Waterman, M. R.; Tortorella, S.;
Villalta, F., Structural Basis for Rational Design of Inhibitors Targeting Trypanosoma cruzi Sterol 14 -
Demethylase: Two Regions of the Enzyme Molecule Potentiate Its Inhibition. Journal of medicinal
chemistry 2014, 57 (15), 6704-6717.

89. Lepesheva, G. I., Design or screening of drugs for the treatment of Chagas disease: what shows
the most promise? Expert opinion on drug discovery 2013.

90. (a) Friggeri, L.; Hargrove, T. Y.; Rachakonda, G., Structural Basis for Rational Design of Inhibitors
Targeting Trypanosoma cruzi Sterol 14a-Demethylase: Two Regions of the Enzyme Molecule
Potentiate Its Inhibition. Journal of medicinal ... 2014; (b) Chen, C. K.; Leung, S. S. F.; Guilbert, C.,
Structural characterization of CYP51 from Trypanosoma cruzi and Trypanosoma brucei bound to the
antifungal drugs posaconazole and fluconazole. PLoS neglected tropical ... 2010; (c) Lepesheva, G. |,;

26


http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/

Hargrove, T. Y.; Anderson, S., Structural insights into inhibition of sterol 14a-demethylase in the
human pathogen Trypanosoma cruzi. ... of Biological Chemistry 2010.

91. (a) Villalta, F.; Dobish, M. C.; Nde, P. N.; Kleshchenko, Y. Y.; Hargrove, T. Y.; Johnson, C. A,;
Waterman, M. R.; Johnston, J. N.; Lepesheva, G. I., VNI cures acute and chronic experimental Chagas
disease. The Journal of infectious diseases 2013, 208 (3), 504-511; (b) Konkle, M. E.; Hargrove, T. Y;
Kleshchenko, Y. Y., Indomethacin amides as a novel molecular scaffold for targeting Trypanosoma
cruzi sterol 14a-demethylase. Journal of medicinal ... 2009; (c) Andriani, G.; Amata, E.; Beatty, J,;
Clements, Z., Antitrypanosomal lead discovery: identification of a ligand-efficient inhibitor of
Trypanosoma cruzi CYP51 and parasite growth. Journal of medicinal ... 2013.

92. Urbina, J. A.; Concepcion, J. L.; Rangel, S.; Visbal, G.; Lira, R., Squalene synthase as a
chemotherapeutic target in Trypanosoma cruzi and Leishmania mexicana. Mol Biochem Parasitol
2002, 125 (1-2), 35-45.

93. (a) Szajnman, S. H.; Yan, W.; Bailey, B. N., Design and synthesis of aryloxyethyl thiocyanate
derivatives as potent inhibitors of Trypanosoma cruzi proliferation. Journal of medicinal ... 2000; (b)
Urbina, J. A.; Concepcion, J. L.; Montalvetti, A., Mechanism of action of 4-phenoxyphenoxyethyl
thiocyanate (WC-9) against Trypanosoma cruzi, the causative agent of Chagas' disease. Antimicrobial
agents ... 2003.

94. Urbina, J. A.; Concepcion, J. L.; Caldera, A.; Payares, G.; Sanoja, C.; Otomo, T.; Hiyoshi, H., In
vitro and in vivo activities of E5700 and ER-119884, two novel orally active squalene synthase
inhibitors, against Trypanosoma cruzi. Antimicrob Agents Chemother 2004, 48 (7), 2379-2387.

95. (a) Benaim, G.; Sanders, J. M.; Garcia-Marchan, Y.; Colina, C.; Lira, R.; Caldera, A. R.; Payares, G.;
Sanoja, C.; Burgos, J. M.; Leon-Rossell, A.; Concepcion, J. L.; Schijman, A. G.; Levin, M.; Oldfield, E.;
Urbina, J. A., Amiodarone has intrinsic anti-Trypanosoma cruzi activity and acts synergistically with
posaconazole. J Med Chem 2006, 49 (3), 892-899; (b) Paniz-Mondolfi, A. E.; Pérez-Alvarez, A. M.;
Lanza, G.; Marquez, E.; Concepcidn, J. L., Amiodarone and Itraconazole: A Rational Therapeutic
Approach for the Treatment of Chronic Chagas’ Disease. Chemotherapy 2009, 55 (4), 228-233; (c)
Adesse, D.; Azzam, E. M.; Meirelles, M. D. L.; Urbina, J. A.; Garzoni, L. R., Amiodarone Inhibits
Trypanosoma cruzi Infection and Promotes Cardiac Cell Recovery with Gap Junction and Cytoskeleton
Reassembly In Vitro. Antimicrob Agents Chemother 2011, 55 (1), 203-210.

96. URBINA, J. A, Lipid biosynthesis pathways as chemotherapeutic targets in kinetoplastid
parasites. Parasitology 1997, 114 (07), 91-99.

97. Urbina, J. A,; Lazardi, K.; Marchan, E.; Visbal, G., Mevinolin (lovastatin) potentiates the
antiproliferative effects of ketoconazole and terbinafine against Trypanosoma (Schizotrypanum)
cruzi: in vitro and in vivo studies. Antimicrobial agents ... 1993.

98. (a) Doyle, P. S.; Zhou, Y. M.; Hsieh, I.; Greenbaum, D. C., The Trypanosoma cruzi protease
cruzain mediates immune evasion. PLoS ... 2011; (b) Schnapp, A. R.; Eickhoff, C. S.; Sizemore, D;
Curtiss, R.; Hoft, D. F., Cruzipain induces both mucosal and systemic protection against Trypanosoma
cruzi in mice. Infect Immun 2002, 70 (9), 5065-5074; (c) Stoka, V.; Nycander, M.; Lenarcic, B.; Labriola,
C.; Cazzulo, J. J.; Bjork, I.; Turk, V., Inhibition of cruzipain, the major cysteine proteinase of the
protozoan parasite, Trypanosoma cruzi, by proteinase inhibitors of the cystatin superfamily. FEBS Lett
1995, 370 (1-2), 101-104; (d) Cazzulo, J. J.; Stoka, V.; Turk, V., Cruzipain, the major cysteine
proteinase from the protozoan parasite Trypanosoma cruzi. Biol Chem 1997, 378 (1), 1-10.

99. Engel, J. C.; Doyle, P. S.; Hsieh, I.; McKerrow, J. H., Cysteine protease inhibitors cure an
experimental Trypanosoma cruzi infection. J. Exp. Med. 1998, 188 (4), 725-734.

100. Doyle, P.S.; Zhou, Y. M.; Engel, J. C.; McKerrow, J. H., A cysteine protease inhibitor cures Chagas'
disease in an immunodeficient-mouse model of infection. Antimicrob Agents Chemother 2007, 51
(11), 3932-3939.

27



101. Barr, S. C.; Warner, K. L.; Kornreic, B. G.; Piscitelli, J.; Wolfe, A.; Benet, L.; McKerrow, J. H., A
cysteine protease inhibitor protects dogs from cardiac damage during infection by Trypanosoma
cruzi. Antimicrob Agents Chemother 2005, 49 (12), 5160-5161.

102. Pizzo, C.; Faral-Tello, P.; Salinas, G.; Flo, M.; Robello, C.; Wipf, P.; Mahler, S. G,
Selenosemicarbazones as potent cruzipain inhibitors and their antiparasitic properties against
Trypanosoma cruzi. MedChemComm 2012, 3 (3), 362-368.

103. Merlino, A.; Benitez, D.; Campillo, N. E.; Paez, J. A.; Tinoco, L. W.; Gonzalez, M.; Cerecetto, H.,
Amidines bearing benzofuroxan or benzimidazole 1,3-dioxide core scaffolds as Trypanosoma cruzi-
inhibitors: structural basis for their interactions with cruzipain. MedChemComm 2012, 3 (1), 90-101.
104. (a) Beaulieu, C.; Isabel, E.; Fortier, A.; Massé, F.; Mellon, C.; Méthot, N.; Ndao, M.; Nicoll-Griffith,
D.; Lee, D.; Park, H.; Black, W. C., Identification of potent and reversible cruzipain inhibitors for the
treatment of Chagas disease. Bioorganic &amp; Medicinal Chemistry Letters 2010, 20 (24), 7444-
7449; (b) de Oliveira, C.; Santana, L. A.; Carmona, A. K.; Cezari, M. H.; Sampaio, M. U.; Sampaio, C. A.
M.; Oliva, M. L. V., Structure of cruzipain/cruzain inhibitors isolated from Bauhinia bauhinioides
seeds. Biol Chem 2001, 382 (5), 847-852.

105. Ndao, M.; Beaulieu, C.; Black, W. C.; Isabel, E., Reversible cysteine protease inhibitors show
promise for a chagas disease cure. Antimicrobial agents ... 2014.

106. McGrath, M. E.; Eakin, A. E.; Engel, J. C.; McKerrow, J. H., The crystal structure of cruzain: a
therapeutic target for Chagas' disease. Journal of molecular ... 1995.

107. Bryant, C.; Kerr, I. D.; Debnath, M.; Ang, K. K. H., Novel non-peptidic vinylsulfones targeting the
S2 and S3 subsites of parasite cysteine proteases. Bioorganic & medicinal ... 2009.

108. Gillmor, S. A.; Craik, C. S.; Fletterick, R. J., Structural determinants of specificity in the cysteine
protease cruzain. Protein Science 1997.

109. Cohen, F. E.; Flaherty, T. M.; McKerrow, J. H., Screening of acyl hydrazide proteinase inhibitors
for antiparasitic activity against Trypanosoma brucei. ... journal of antimicrobial ... 2002.

110. (a) dos Filho, S. J. M.; Moreira, D. R. M., Optimization of anti-Trypanosoma cruzi oxadiazoles
leads to identification of compounds with efficacy in infected mice. Bioorganic & medicinal ... 2012;
(b) Carvalho, S. A.; Feitosa, L. O.; Soares, M., Design and synthesis of new (E)-cinnamic N-
acylhydrazones as potent antitrypanosomal agents. European journal of ... 2012.

111. (a) Li, R.; Chen, X.; Gong, B.; Selzer, P. M.; Li, Z., Structure-based design of parasitic protease
inhibitors. Bioorganic & medicinal ... 1996; (b) Aponte, J. C.; Verastegui, M.; Malaga, E., Synthesis,
cytotoxicity, and anti-Trypanosoma cruzi activity of new chalcones. Journal of medicinal ... 2008.

112. Brak, K.; Kerr, I. D.; Barrett, K. T.; Fuchi, N., Nonpeptidic tetrafluorophenoxymethyl ketone
cruzain inhibitors as promising new leads for Chagas disease chemotherapy. Journal of medicinal ...
2010.

113. Du, X.; Guo, C.; Hansell, E.; Doyle, P. S., Synthesis and structure-activity relationship study of
potent trypanocidal thio semicarbazone inhibitors of the trypanosomal cysteine protease cruzain.
Journal of medicinal ... 2002.

114. (a) Moreira, D. R. M.; de Oliveira, A. D. T., Conformational restriction of aryl thiosemicarbazones
produces potent and selective anti-Trypanosoma cruzi compounds which induce apoptotic parasite
death. European journal of ... 2014; (b) Greenbaum, D. C.; Mackey, Z.; Hansell, E., Synthesis and
structure-activity relationships of parasiticidal thiosemicarbazone cysteine protease inhibitors against
Plasmodium falciparum, Trypanosoma brucei, .... Journal of medicinal ... 2004; (c) Blau, L.; Menegon,
R. F.; Trossini, G. H. G.; Molino, J. V. D., Design, synthesis and biological evaluation of new aryl
thiosemicarbazone as antichagasic candidates. European journal of ... 2013.

115. Hernandes, M. Z.; Rabello, M. M.; Leite, A. C. L., Studies toward the structural optimization of
novel thiazolylhydrazone-based potent antitrypanosomal agents. Bioorganic & medicinal ... 2010.

28



116. Berens, R. L.; Marr, J. J.; Steele da Cruz, F. S.; Nelson, D. J., Effect of allopurinol on Trypanosoma
cruzi: metabolism and biological activity in intracellular and bloodstream forms. Antimicrob Agents
Chemother 1982, 22 (4), 657-661.

117. Nakajima-Shimada, J.; Hirota, Y.; Aoki, T., Inhibition of Trypanosoma cruzi growth in mammalian
cells by purine and pyrimidine analogs. Antimicrob Agents Chemother 1996, 40 (11), 2455-8.

118. Gobbi, P.; Lo Presti, M.; Fernandez, A.; Enders, J.; Fretes, R.; Gea, S.; Paglini-Oliva, P.; Rivarola,
H., Allopurinol is effective to modify the evolution of &lt;i&gt;Trypanosoma cruzi infection in mice.
Parasitol Res 2007, 101 (5), 1459-1462.

119. Apt, W.; Arribada, A.; Zulantay, I.; Solari, A.; S-nchez, G.; Mundaca, K.; Coronado, X.; Rodriguez,
J.; Gil, L. C.; Osuna, A., ltraconazole or allopurinol in the treatment of chronic American
trypanosomiasis: the results of clinical and parasitological examinations 11 years post-treatment. Ann
Trop Med Parasitol 2005, 99 (8), 733-741.

120. Gobbi, P.; Baez, A.; Lo Presti, M.; Fernandez, A.; Enders, J.; Fretes, R.; Gea, S.; Paglini-Oliva, P.;
Rivarola, H., Association of clomipramine and allopurinol for the treatment of the experimental
infection with &It;i&gt; Trypanosoma cruzi&lt;/i&gt. Parasitol Res 2010, 107 (5), 1279-1283.

121. Rassi, A.; Luquetti, A. O.; Rassi, G. G.; Rassi, S. G., Specific treatment for Trypanosoma cruzi: lack
of efficacy of allopurinol in the human chronic phase of Chagas disease. The American journal of ...
2007.

122. Raviolo, M. A.; Solana, M. E.; Novoa, M. M., Synthesis, physicochemical properties of allopurinol
derivatives and their biological activity against Trypanosoma cruzi. European journal of ... 2013.

123. Chowdhury, S. F.; Guerrero, R. H.; Brun, R., Synthesis and testing of 5-benzyl-2, 4-
diaminopyrimidines as potential inhibitors of leishmanial and trypanosomal dihydrofolate reductase.
Journal of enzyme ... 2002.

124. Docampo, R.; de Souza, W.; Miranda, K.; Rohloff, P.; Moreno, S. N. J., Acidocalcisomes ?
conserved from bacteria to man. Nat Rev Micro 2005, 3 (3), 251-261.

125. Montalvetti, A.; Bailey, B. N.; Martin, M. B.; Severin, G. W.; Oldfield, E.; Docampo, R.,
Bisphosphonates Are Potent Inhibitors of Trypanosoma cruzi Farnesyl Pyrophosphate Synthase.
Journal of Biological Chemistry 2001, 276 (36), 33930-33937.

126. Garzoni, L. R.; Waghabi, M. C.; Baptista, M. M.; de Castro, S. L.; Meirelles, M. d. N. L.; Britto, C.
C.; Docampo, R.; Oldfield, E.; Urbina, J. A., Antiparasitic activity of risedronate in a murine model of
acute Chagas’ disease. Int J Antimicrob Agents 2004, 23 (3), 286-290.

127. Bouzahzah, B.; Jelicks, L. A.; Morris, S. A.; Weiss, L. M.; Tanowitz, H. B., Risedronate in the
treatment of Murine Chagas’ disease. Parasitol Res 2005, 96 (3), 184-187.

128. Demoro, B.; Caruso, F.; Rossi, M.; Benitez, D.; Gonzalez, M.; Cerecetto, H.; Galizzi, M.; Malayil,
L.; Docampo, R.; Faccio, R.; Mombru, A. W.; Gambino, D.; Otero, L., Bisphosphonate metal complexes
as selective inhibitors of Trypanosoma cruzi farnesyl diphosphate synthase. Dalton transactions
(Cambridge, England : 2003) 2012, 41 (21), 6468-76.

129. Demoro, B.; Caruso, F.; Rossi, M.; Benitez, D.; Gonzalez, M.; Cerecetto, H.; Parajon-Costa, B.;
Castiglioni, J.; Galizzi, M.; Docampo, R.; Otero, L.; Gambino, D., Risedronate metal complexes
potentially active against Chagas disease. J Inorg Biochem 2010, 104 (12), 1252-8.

130. Rosso, V. S.; Szajnman, S. H.; Malayil, L.; Galizzi, M.; Moreno, S. N. J.; Docampo, R.; Rodriguez, J.
B., Synthesis and biological evaluation of new 2-alkylaminoethyl-1,1-bisphosphonic acids against
Trypanosoma cruzi and Toxoplasma gondii targeting farnesyl diphosphate synthase. Bioorganic
&amp; Medicinal Chemistry 2011, 19 (7), 2211-2217.

131. Krauth-Siegel, R. L.; Coombs, G. H., Enzymes of Parasite Thiol Metabolism as Drug Targets.
Parasitology Today 1999, 15 (10), 404-409.

29



132. Olin-Sandoval, V.; Gonzalez-Chdvez, Z.; Berzunza-Cruz, M.; Martinez, I.; Jasso-Chavez, R.; Becker,
l.; Espinoza, B.; Moreno-Sanchez, R.; Saavedra, E., Drug target validation of the trypanothione
pathway enzymes through metabolic modelling. FEBS Journal 2012, 279 (10), 1811-1833.

133. (a) de Paula da Silva, C. H. T.; Bernardes, L. S. C.; da Silva, V. B.; Zani, C. L.; Carvalho, I., Novel aryl
beta-aminocarbonyl derivatives as inhibitors of Trypanosoma cruzi trypanothione reductase: binding
mode revised by docking and GRIND2-based 3D-QSAR procedures. Journal of biomolecular structure
& dynamics 2012, 29 (6), 702-16; (b) de Oliveira, R. B.; Vaz, A. B. M.; Alves, R. O.; Liarte, D. B.; Donnici,
C. L.; Romanha, A. J.; Zani, C. L., Arylfurans as potential Trypanosoma cruzi trypanothione reductase
inhibitors. Mem Inst Oswaldo Cruz 2006, 101 (2), 169-173; (c) da Rocha Pita, S. S.; Albuguerque, M.
G.; Rodrigues, C. R.; Castro, H. C.; Hopfinger, A. )., Receptor-Dependent 4D-QSAR Analysis of
Peptidemimetic Inhibitors of Trypanosoma cruzi Trypanothione Reductase with Receptor-Based
Alignment. Chem Biol Drug Des 2012, 79 (5), 740-748; (d) Edd, T.; Saric, M.; St Phillips, M.; Karney, N.;
O'Sullivan, M., Synthesis of spermidine and spermine derivatives as potential inhibitors of
Trypanosoma cruzi trypanothione reductase. Abstr. Pap. Am. Chem. Soc. 2009, 237.

134. Lo Presti, M. S.; Rivarola, H. W.; Bustamante, J. M.; Fernandez, A. R.; Enders, J. E.; Fretes, R.;
Gea, S.; Paglini-Oliva, P. A., Thioridazine treatment prevents cardiopathy in Trypanosoma cruzi
infected mice. Int J Antimicrob Agents 2004, 23 (6), 634-636.

135. (a) Santa-Rita, R. M.; Barbosa, H. S.; de Nazareth, M. S. L., Effect of the alkyl-lysophospholipids
on the proliferation and differentiation of Trypanosoma cruzi. Acta tropica 2000; (b) Lira, R,;
Contreras, L. M.; Rita, R. M.; Urbina, J. A., Mechanism of action of anti-proliferative lysophospholipid
analogues against the protozoan parasite Trypanosoma cruzi: potentiation of in vitro activity by the
sterol biosynthesis inhibitor ketoconazole. Journal of Antimicrobial Chemotherapy 2001; (c) De
Castro, S. L.; Santa-Rita, R. M.; Urbina, J. A.; Croft, S. L., Antiprotozoal Lysophospholipid Analogues: A
Comparison of their Activity Against Trypanosomatid Parasites and Tumor Cells. Mini-Reviews in
Medicinal Chemistry 2004, 4 (2), 141-151; (d) Santa-Rita, R. M.; Lira, R.; Barbosa, H. S., Anti-
proliferative synergy of lysophospholipid analogues and ketoconazole against Trypanosoma cruzi
(Kinetoplastida: Trypanosomatidae): cellular and ultrastructural .... Journal of ... 2005; (e) Santa-Rita,
R. M.; Barbosa, H. S.; Castro, S. L. d., Ultrastructural analysis of edelfosine-treated trypomastigotes
and amastigotes of Trypanosoma cruzi. Parasitology Research 2006; (f) Jones, S. M.; Urch, J. E.; Brun,
R.; Harwood, J. L.; Berry, C.; Gilbert, I. H., Analogues of thiolactomycin as potential anti-malarial and
anti-trypanosomal agents. Bioorganic & medicinal chemistry 2004, 12 (4), 683-692.

136. Pankova-Kholmyansky, I.; Flescher, E., Potential new antimalarial chemotherapeutics based on
sphingolipid metabolism. Chemotherapy 2005.

137. (a) Jodo, C. C.; Christopher, J.; Robin, W.; José, O. P.; Lucia, M.-P., Structural variation in the
glycoinositolphospholipids of different strains of Trypanosoma cruzi. Glycoconjugate Journal 1996; (b)
Almeida, |. C.; Gazzinelli, R. T., Proinflammatory activity of glycosylphosphatidylinositol anchors
derived from Trypanosoma cruzi: structural and functional analyses. Journal of Leukocyte Biology
2001, 70 (4), 467-477; (c) Acosta-Serrano, A.; Almeida, I. C.; Freitas-Junior, L. H., The mucin-like
glycoprotein super-family of Trypanosoma cruzi: structure and biological roles. Molecular and ...
2001.

138. (a) Smith, T. K., Inhibitors of GPI biosynthesis. In Glycosylphosphatidylinositol (GPI) Anchoring of
Proteins, Menon, A.; Kinoshita, T.; Orlean, P.; Tamanoi, F., Eds. Academic Press/Elsevier: 2009; Vol.
26, pp 247-267; (b) de Macedo, C. S.; Shams-Eldin, H.; Smith, T. K.; Schwarz, R. T.; Azzouz, N.,
Inhibitors of glycosyl-phosphatidylinositol anchor biosynthesis. Biochimie 2003, 85 (3-4), 465-472.
139. Cardoso, M. S.; Junqueira, C.; Trigueiro, R. C.; Shams-Eldin, H.; Macedo, C. S.; Aradjo, P. R;
Gomes, D. A.; Martinelli, P. M.; Kimmel, J.; Stahl, P.; Niehus, S.; Schwarz, R. T.; Previato, J. O.;
Mendonga-Previato, L.; Gazzinelli, R. T.; Teixeira, S. M., Identification and functional analysis of

30



Trypanosoma cruzi genes that encode proteins of the glycosylphosphatidylinositol biosynthetic
pathway. PLoS neglected tropical diseases 2013, 7 (8).

140. Tzianabos, A. O.; Pantosti, A.; Baumann, H.; Brisson, J. R.; Jennings, H. J.; Kasper, D. L., The
capsular polysaccharide of Bacteroides fragilis comprises two ionically linked polysaccharides. The
Journal of biological chemistry 1992, 267 (25), 18230-18235.

N

I \ A

~
Y

(0]

(0] /—-i / /l o
\\s N—N ° N
IN\_/ \

Figure 1. Current drugs for Chagas disease: (A) benznidazole and (B) nifurtimox.
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Figure 2. Drugs on the pipeline for Chagas disease: (A) posaconazole, (B) E-1224, (C) Tak-187, (D)
amiodarone, (E) K-777.
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Figure 3: TcCYP51 crystallographic structure (PDB ID: 3KSW). The protein is represented as a gray

ribbon, the BC-region that close the active site and includes residues important of the catalytic activity
is colored in red, residues surrounding the entrance of the substrate channel are colored in blue. Inside
the enzyme, the heme group is colored in green with atoms represented as sphere; the binding cavity is
occupied by ligands (POZ (PDB ID: 3K10) and VNF (PDB ID: 3KSW)), whose atoms are represented
by sphere and colored as follow: purples the moieties that occupy the substrate channel; orange the
moieties that occupy the deeper binding region; cyan the moieties involved in the interaction with the

heme group.
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Figure 4 — Molecular structure of scaffolds currently being in study for Chagas Disease.
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Figure 5. Crystallographic structure of cruzipain in complex with a non-peptidic vinylsulfone
derivative (PDB-ID: 3HD3). The protein is represented as a surface colored in gray, specific sites are
colored as follow: S1° in cyan, S1 in purple, S2 in yellow, S3 in green. The ligand in represented in

stick, colored by-atom as follow: C in black, O in red, N in blue, S in yellow.

Chalchones
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Figure 6: similarity between chalchones and N-acylhydrazones
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Figure 7: mechanism of inactivation of cruzipain by a tetrafluorophenoxymethyl ketone derivative.
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Figure 9: design of hydrazones as anti T. cruzi parasites.



