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CHAPTER ONE

Chagas Disease Diagnostic
Applications: Present Knowledge
and Future Steps
V. Balouz, F. Ag€uero, C.A. Buscaglia1
Instituto de Investigaciones Biotecnol�ogicas e Instituto Tecnol�ogico de Chascom�us (IIB-INTECH),
Universidad Nacional de San Martín (UNSAM) e Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET), Buenos Aires, Argentina
1Corresponding author: E-mail: cbuscaglia89@gmail.com

Contents

1. Introduction 2
2. Trypanosoma cruzi, an ‘all-wheel drive’ parasite 4

2.1 Epidemiological features 4
2.2 Genetic and phenotypic variability 6

3. Diagnostic Applications for Chagas disease: Present Knowledge 8
3.1 Parasitological and clinical methods 8
3.2 Serological methods 12
3.3 Molecular methods 14

4. Diagnostic Applications for Chagas Disease: Pending Issues 16
4.1 Early diagnosis of congenital transmission 16
4.2 Rapid assessment of therapy efficacy 18
4.3 Indication/prediction of Chagas disease progression 19
4.4 Typing of parasite strains 21
4.5 Point-of-care diagnosis 22

5. Diagnostic Applications for Chagas Disease: The Road Ahead 24
6. Concluding Remarks 26
Acknowledgement 27
References 27

Abstract

Chagas disease, caused by the protozoan Trypanosoma cruzi, is a lifelong and
debilitating illness of major significance throughout Latin America and an emergent
threat to global public health. Being a neglected disease, the vast majority of Chagasic
patients have limited access to proper diagnosis and treatment, and there is only a
marginal investment into R&D for drug and vaccine development. In this context,
identification of novel biomarkers able to transcend the current limits of diagnostic
methods surfaces as a main priority in Chagas disease applied research. The expectation
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is that these novel biomarkers will provide reliable, reproducible and accurate results
irrespective of the genetic background, infecting parasite strain, stage of disease, and
clinical-associated features of Chagasic populations. In addition, they should be able
to address other still unmet diagnostic needs, including early detection of congenital
T. cruzi transmission, rapid assessment of treatment efficiency or failure, indication/
prediction of disease progression and direct parasite typification in clinical samples.
The lack of access of poor and neglected populations to essential diagnostics
also stresses the necessity of developing new methods operational in point-of-
care settings. In summary, emergent diagnostic tests integrating these novel and
tailored tools should provide a significant impact on the effectiveness of current
intervention schemes and on the clinical management of Chagasic patients. In this
chapter, we discuss the present knowledge and possible future steps in Chagas disease
diagnostic applications, as well as the opportunity provided by recent advances in
high-throughput methods for biomarker discovery.

1. INTRODUCTION

Chagas disease or American Trypanosomiasis, caused by the parasitic
protozoan Trypanosoma cruzi (Kinetoplastida, Trypanosomatidae), is a life-
long, neglected tropical disease and leading cause of cardiomyopathy in
endemic areas (Rassi et al., 2010). With 8e10 million people already
infected and up to 120 million individuals at risk of infection, Chagas disease
constitutes the most important parasitic disease in Latin America and one of
the most common globally (Stanaway and Roth, 2015). Its exact burden is,
however, difficult to assess due to several factors including the widespread
geographic distribution of T. cruzi vectorborne transmission, the decades-
long lag between infection and appearance of symptoms, certain pitfalls of
current diagnostic methods, biased prevalence data and incomplete recogni-
tion of Chagas disease-attributable symptoms (Stanaway and Roth, 2015).
The most recent estimates indicate that Chagas disease is responsible for
w550,000 disability-adjusted life years (DALYs), a measure that captures
both premature mortality (w12,000 deaths per year) and nonfatal health
losses (Stanaway and Roth, 2015). Despite this enormous toll, only two
trypanocydal drugs, benznidazole and nifurtimox, are currently available
for chemotherapy. Both are nitroheterocyclic, oral compounds that require
prolonged administration, may display severe adverse effects, cannot be used
to treat pregnant women due to their uncertain teratogenic risks and, most
importantly, show high efficacy solely if administered at the onset of
infection (Carlier and Truyens, 2015; Rassi et al., 2010; Viotti et al.,
2006). The prospects for the development of an effective vaccine for
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prophylactic and/or therapeutic purposes, on the other hand, are still
clouded by substantial scientific and socioeconomic challenges (Beaumier
et al., 2016; Bustamante and Tarleton, 2015).

T. cruzi transmission primarily occurs when humans are exposed to the
contaminated feces of infected, haematophagous triatomine vectors. Large-
scale intervention schemes launched in different regions of Latin America
in the 1990s have successfully shrunk the geographic limits and prevalence
of vectorborne parasite transmission and led to an overall w40% reduction
of disease prevalence (Schofield et al., 2006). However, different ecological
and demographic issues converged in the last decades to shift the epidemio-
logical landscape for this disease. For instance, recent outbreaks of acute cases
in certain regions from Brazil and Venezuela were not strictly vectorborne but
rather due to accidental ingestion of T. cruzi-tainted food and fluids (Alarcon
de Noya et al., 2010; Segovia et al., 2013). This ‘foodborne’ transmission
mode likely constitutes an ancient epidemiological trait, very important to
the zoonotic spreading of the parasite (Gurtler and Cardinal, 2015), and
appears to be associated with increased virulence and a higher case-fatality
rate in humans (Alarcon de Noya et al., 2010; Segovia et al., 2013). In
addition, migratory trends of infected populations from rural areas to urban
centres and/or to nonendemic regions along with changes in the ecogeo-
graphical distribution of vector populations have led to the gradual urbaniza-
tion and globalization of Chagas disease, which is now recognized as an
emerging worldwide threat to public health (Eisenstein, 2016). Indeed, the
risk of acquiring Chagas disease through infected blood transfusion and organ
transplantation is becoming a major problem even in areas of nonendemicity,
such as the United States, Australia and Europe (Requena-Mendez et al.,
2015; Schmunis and Yadon, 2010). Moreover, the congenital route of
infection, which constitutes the main transmission mode of T. cruzi in
nonendemic areas, is now estimated to be responsible for 22% of new annual
infections in endemic countries with active programs for home vector
infestations control (Carlier and Truyens, 2015).

In this scenario, a strong and global partnership aimed to coordinate
actions to control parasite transmission is urgently needed. In particular,
we need to redouble our efforts to control home vector infestation, to screen
blood supplies and to identify and subsequently treat T. cruzi-infected
people who are still in the early stages of the disease to avoid sequelae,
morbidity and economic losses. As a major step towards these goals, we
ought to develop novel biomarkers able to overcome the limitations of cur-
rent diagnostic applications. In this chapter, we critically appraise what has so
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far been achieved in this area. We also discuss possible ways to proceed to
address major and still unmet diagnostic demands and the opportunity pro-
vided by recent advances in high-throughput methods (i.e., peptide synthe-
sis technology, genomics and proteomics) in Chagas disease biomarker
discovery.

2. TRYPANOSOMA CRUZI, AN ‘ALL-WHEEL DRIVE’
PARASITE

T. cruzi is a promiscuous parasite that traverses a complex life cycle
involving extracellular proliferation and differentiation inside haematopha-
gous insect vectors from different genera and intracellular proliferation and
differentiation in a variety of vertebrate hosts (De Souza, 2002). Host switch-
ing, immune pressure as well as constant transition from intracellular to
extracellular niches (and vice versa) pose significant adaptation
challenges and are concomitantly accompanied by extensive remodelling of
different aspects of T. cruzi such as intracellular transport, primary
metabolism, gene expression profiling and overall cellular architecture (De
Souza, 2002). This striking plasticity can be also readily recognized in the
diverse genetic, phenotypic and epidemiological features displayed by
different strains and field isolates comprised within the T. cruzi taxon (Zingales
et al., 2012). In this first section, we outline some aspects that underlie the
biological flexibility of this ‘all-wheel drive’ parasite and that may be relevant
in terms of biomarker discovery for Chagas disease diagnostic purposes.

2.1 Epidemiological features
Potential T. cruzi vectors present a broad geographic distribution (from
central Argentina and Chile to southern USA) and include more than 140
species of ‘kissing bugs’ from the subfamily Triatominae (Hemiptera,
Reduviidae). Of these, only a few (i.e., Triatoma infestans, Triatoma dimidiata,
Triatoma brasiliensis, Rhodnius prolixus and Pastrongylus megistus) have adapted
to live in domiciliary setting and to blood-feed on humans and/or domestic
animals and thus define the ‘domestic/peridomestic’ cycle of Chagas disease
(Gurtler and Cardinal, 2015; Zingales et al., 2012). The ‘sylvatic’ cycle of T.
cruzi, on the other hand, is actually an array of poorly understood cycles with
different ecoepidemiological properties, each one involving multiple sylvatic
and/or synanthropic triatomine species, which in turn feed on a variable
range of animals. The latter include a variety of rodents, primates, carnivores,
bats, marsupials (i.e., opossums) and xenarthrans (i.e., armadillos, sloths,
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anteaters) (Fig. 1) (Fernandes et al., 1999; Noireau et al., 2009; Zingales
et al., 2012). In general terms, and although not yet fully established, all
mammals are considered susceptible, whereas birds and reptiles are
considered refractory to T. cruzi. From an epidemiological standpoint, these
nonhuman hosts may play key roles as parasite reservoirs and/or as determi-
nant factors affecting T. cruzi transmission dynamics in endemic areas
(Gurtler and Cardinal, 2015; Noireau et al., 2009). Importantly, they may
also work as complex selective systems leading to the emergence of novel
parasite traits (Noireau et al., 2009).

Interestingly, distinct though partially overlapping sets of strains circulate
in the ‘domestic/peridomestic’ and the ‘sylvatic’ cycles of T. cruzi (Gurtler

Figure 1 Schematic diagram showing the Trypanosoma cruzi life cycle and different
biological features that contribute to ensure its transmission and the establishment
of multiple interactions with insect vectors and infected humans. Those features for
which there is direct or indirect experimental evidence suggesting interstrain variability
are denoted in italics.
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and Cardinal, 2015; Noireau et al., 2009; Zingales et al., 2012). In the last
decades, environmental alterations and demographic issues converged in
favouring the intermingling of the two cycles. This translates into a steady
increase of emergent transmission patterns involving ‘exotic’ T. cruzi
genotypes, with the possible occurrence of atypical disease physiopathol-
ogies (Coura et al., 2002; Zingales et al., 2012).

2.2 Genetic and phenotypic variability
As revealed for several pathogenic protozoa and fungi, T. cruzi displays a
basically clonal reproduction mode, with occasional events of genetic
exchange leading to the emergence of hybrid genotypes (Messenger and
Miles, 2015). These features led to a complex population structure, made
up of multiple ‘clonal’ strains showing remarkable genetic diversity
(Tibayrenc and Ayala, 2015). Interstrain variations may be grasped at the
nucleotide level (Ackermann et al., 2012) but also structurally, in terms of
dosage/diversification of antigenic gene families (Campo et al., 2004;
Cerqueira et al., 2008; Llewellyn et al., 2015; Urban et al., 2011), DNA
content and overall genome architecture (Lewis et al., 2009a; Minning
et al., 2011; Reis-Cunha et al., 2015; Souza et al., 2011). Importantly,
biochemical and genetic typing schemes developed throughout the last
decades converged in the delineation of six major T. cruzi evolutionary
lineages or discrete typing units (DTUs) termed TcI to TcVI, with multiple
strains and even cryptic sublineages within each DTU (Tibayrenc and Ayala,
2015; Zingales et al., 2012). A potential seventh lineage, termed TcBat, has
been recently identified in South and Central American bats (Marcili et al.,
2009; Pinto et al., 2012). So far, and although all six (or seven, including
TcBat) T. cruzi DTUs are capable of infecting humans, certain DTUs such
as TcI, TcII, TcV, and TcVI are most frequently isolated from clinical samples
(Ramirez et al., 2014; Zingales et al., 2012). The reasons for this skewed
distribution are unclear, although current evidence suggest that parasite strains
detected in patients reflect the principal DTUs circulating among ‘domestic/
peridomestic’ cycles in that geographical area (Messenger et al., 2015).

T. cruzi genotypic heterogeneity could also be grasped at the phenotypic
level when different biological parameters are studied. These include, for
instance, the rate of epimastigote proliferation in the vector midgut (Castro
et al., 2012; de Lana et al., 1998; Vieira et al., 2016); and the extent of
epimastigote differentiation into metacyclic trypomastigotes, the develop-
mental form that bring the infection into vertebrates (Fig. 1) (da Silveira
Pinto et al., 2000; de Lana et al., 1998). The molecular basis for these

6 V. Balouz et al.



differences is not yet understood, but it might be related to the dissimilar
resistance capacity of parasite strains to antimicrobial peptides or haemolytic
factors and/or to their differential interaction with receptor(s) inside the crop
of triatomines (Castro et al., 2012; Gonzalez et al., 2013; Vieira et al., 2016).
Importantly, these biological traits define both T. cruzi infectivity towards
insect vectors and its potential transmissibility to vertebrate hosts (Fig. 1).
These, together with differential eco-geographical distribution and certain
preference of triatomids for their blood source, are in turn major determi-
nants of Chagas disease epidemiology (Gurtler and Cardinal, 2015; Noireau
et al., 2009; Zingales et al., 2012).

Parasite genotypic heterogeneity also seems to modulate key aspects of its
interaction with vertebrate hosts, including humans. For instance, the capacity
of metacyclic trypomastigotes to resist the harsh conditions of the gastric milieu
and to invade gastric epithelium following oral infection is largely dependent
on the strain-specific glycoprotein composition of their surface coat
(Camandaroba et al., 2002; Hoft et al., 1996; Maeda et al., 2016). On the
same lines, interstrain genetic variations underpin a variety of biological traits
involved in parasite infectivity and long-term persistence such as antigenic
profile, subversion of the immune system, host cell invasion capacity, intracel-
lular growth rate and survival of amastigotes, and sensitivity to anti-Chagasic
drugs (Fig. 1) (Magalhaes et al., 2015; Martin et al., 2006; Moraes et al.,
2014; Mortara et al., 2008; Nagajyothi et al., 2012; Ruiz et al., 1998; Toledo
et al., 2003). In contrast, no clear association between a particular T. cruzi
genotype and an eventual tropism for congenital transmission could be yet
established. Even though distinct strains may display subtle differences in their
ability to invade trophoblasts or chorionic villi explants in vitro (Castillo et al.,
2013), genetic profiling experiments have conclusively shown that (1) the same
set of strains circulate in the bloodstream of transmitting and nontransmitting
mothers and (2) nearly identical T. cruzi genetic signatures are recovered
from infected infants born to Chagasic mothers coursing concurrent,
multistrain infections (Fig. 1) (Burgos et al., 2007; del Puerto et al., 2010;
Virreira et al., 2006a). Overall, the actual consensus is that maternal parasite
load and human polymorphisms constitute the main risk factors for T. cruzi
congenital transmission (Bua et al., 2012; Fabbro et al., 2014; Juiz et al.,
2016; Kaplinski et al., 2015; Rendell et al., 2015).

Interestingly, certain (though not all) epidemiological studies have shown
a partial correlation between the prevalence of particular clinical manifesta-
tions of Chagas disease and the genotype of the infecting strain (Andrade
et al., 1983; D’Avila et al., 2009; Luquetti et al., 1986; Macedo and Pena,
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1998; Virreira et al., 2006b; Zafra et al., 2011; Zingales et al., 2012). This may
be attributed in part to the genetic aspects and immune competence of local
human populations (Ayo et al., 2013; Deng et al., 2013; Frade et al., 2013;
Luz et al., 2016; Nogueira et al., 2012) and/or to parasite genetic heteroge-
neities. The latter hypothesis finds support in animal studies (that do not
strictly recapitulate Chagas disease-associated physiopathologies), which
revealed interstrain variations in complex phenotypes such as parasitaemia,
virulence, tissue tropism/distribution and pathogenicity (Fig. 1) (Andrade
et al., 1999; Andrade, 1990; Camandaroba et al., 2002; de Souza et al.,
1996; Laurent et al., 1997;Monteiro et al., 2013; Revollo et al., 1998; Roellig
et al., 2010). However, generalized conclusions are difficult to derive,
particularly because these epidemiological studies might have been skewed
by a number of intrinsic shortcomings. Briefly, (1) they often lacked detailed
genetic/clinical information on the studied populations; (2) the infecting
genotype has been in some cases inferred based on the prevailing parasite
genotypes circulating in the area and not typed directly from patients; (3)
patients might have been coinfected with other coendemic pathogens that
impact on the clinical presentation of Chagas disease (Salvador et al., 2016);
(4) patients might have been infected with multiple parasite strains, which
is usually the case in endemic areas (Perez et al., 2014) and (5) these studies
might have been biased due to parasite typing pitfalls [i.e., samples were
collected only from peripheral blood, which may not be representative of
the situation within affected organs (Manoel-Caetano Fda et al., 2008;
Vago et al., 2000)] and/or associations between local parasites and disease,
making it difficult to determine whether the absence of a specific strain/
DTU in patients with a given disease phenotype is due to parasite factors
or to lack of patient exposure to this DTU.

Overall, and although this issue may have major implications for Chagas
disease diagnosis and treatment, the existence of particular associations
between T. cruzi genotype and susceptibility to different clinical presenta-
tions on Chagasic patients remains to be addressed (Messenger et al., 2015).

3. DIAGNOSTIC APPLICATIONS FOR CHAGAS
DISEASE: PRESENT KNOWLEDGE

3.1 Parasitological and clinical methods
Upon T. cruzi infection, patients undergo the acute phase of Chagas

disease, which extends for 40e60 days. Symptoms, if indeed occur, are
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usually very mild and atypical, thus often misleading its clinical recognition
(Rassi et al., 2010). In rare cases of vectorborne transmission, a skin nodule
(called ‘chagoma’) or painless prolonged eyelid oedema (called the
‘Romanha’s sign’) may indicate the site of parasite inoculation. Due to the
patent parasitaemia verified at this initial phase, conventional microscopy
(i.e., visualization of circulating trypomastigotes in peripheral blood films
or buffy coat smears) remains the gold standard for diagnosis, both in acute
cases and in newborns that were infected congenitally (Freilij and Altcheh,
1995; Gomes et al., 2009). Either direct tests or concentration tests (i.e.,
microhematocrit or Strout test) are routinely used for this purpose. These
techniques, however, present certain limitations in terms of sensitivity
(w80e90%) and commonly require highly trained personnel (Table 1)
(Freilij and Altcheh, 1995; Gomes et al., 2009).

Following the initial, acute phase, if untreated, patients enter the indeter-
minate form of the chronic phase that may last for several years or persist
indefinitely (Rassi et al., 2010). This phase is characterized by the absence
of relevant clinical symptoms and very low and intermittent or null
parasitaemia. During this phase, parasite replication is maintained in check
by the elicitation of a strong and parasite-specific B cell- and T cell-mediated
immunity (Tarleton, 2015), being the latter the most important in terms of
controlling the infection. However, elaborate pathogen immune evasion
systems (Albareda et al., 2009; Giraldo et al., 2013; Padilla et al., 2009; Paiva
et al., 2012; Vasconcelos et al., 2012) and their ability to quickly invade host
cells (Mortara et al., 2008; Nagajyothi et al., 2012) turn this immune
response only partially effective, and most patients maintain a subpatent
infection for life. T. cruzi reactivation in immunocompromised Chagasic
patients provides solid support to this hypothesis (Tarleton, 2015). Direct
T. cruzi detection during the chronic phase requires biological amplification
methods, such as hemoculture and xenodiagnosis (Brener, 1962), which are
also difficult, expensive, time-consuming and require special laboratory
biosecurity conditions. In the case of xenodiagnosis, in addition, it is not
applicable to certain patient populations. Most importantly, these methods
yield positive results in only a proportion of serologically positive patients,
thus limiting their usefulness in diagnosis and/or in monitoring drug efficacy
(Table 1).

Up to 20 years after the infection, w35% of patients develop patholog-
ical signs characteristic of Chagas disease such as cardiomyopathy, peripheral
nervous system damage or dysfunction of the digestive tract often leading to
megaesophagus and/or megacolon (Rassi et al., 2010). These pathological
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