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This study developed a remarkable methodological innovation (FC-ATE) which enables
simultaneous detection of antibodies specific to the three evolutive forms of Trypanosoma cruzi:
live amastigote (AMA), live trypomastigote (TRYPO), and fixed epimastigote (EPI) using a
differential fluorescence staining as low (AMA), intermediate (TRYPO), and high (EPI). An
outstanding performance (100%) was observed in the discrimination of the chagasic (CH) and
non-chagasic (NCH) patients. In the applicability of FC-ATE in the diagnosis of Chagas disease,
100% of the CH samples presented positivity in the percentage of positive fluorescent parasites
(PPFP) for all the three forms of T. cruzi.Moreover, 94% of the samples of NCH presented negative
values of PPFP with AMA and TRYPO, and 88% with EPI. Samples from the NCH group with false-
positive results were those belonging to the leishmaniasis patients. Considering the applicability
of this technique in post-therapeutic monitoring of Chagas disease, 100% of non-treated (NT) and
treated non-cured (TNC) samples were positive with the three T. cruzi evolutive forms, while a
percentage of 100% from samples of the treated cured (TC) patients were negative with AMA, 93%
with TRYPO and 96% with EPI. The comparison between FC-ATE and two other flow cytometric
tests using the same samples of patients NT, TNC and TC showed that the three techniques
presented different reactivities, although categorical correlation between the methodologies was
observed. Taken together, the results obtained with the novel FC-ATE method have shown an
outstanding performance in the diagnosis and post-therapeutic monitoring of Chagas disease.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Chagas disease, one of the most hazardous infectious diseases,
has as etiological agent the protozoan parasite Trypanosoma cruzi,
order Kinetoplastida, family Trypanosomatidae (Chagas, 1909).
Currently, Chagas disease constitutes a major public health
problem in Latin America, and approximately 10million people
distributed in 21 countries in Latin America are infected with
T. cruzi, with an annual incidence of 40,000 new cases per year
(Moncayo and Silveira, 2009;WHO, 2010). In the past decades,
this infection has been increasingly found in non-endemic
countries of several continents, mainly due to increasing
population mobility (Schmunis, 2007) in addition to the
mechanisms of infection by blood transfusion, vertical trans-
mission and transplants.

The life cycle of T. cruzi includes three main morphological
stages in two phylogenetically diverse hosts: the arthropod
vector, with the replicative epimastigote (EPI) and non-
replicative metacyclic trypomastigote (TRYPO) forms, and the
mammalian host, with the replicative amastigote (AMA) and
non-replicative bloodstream trypomastigote (TRYPO) forms
(Brener, 1973; Dias, 2000).

Clinically, Chagas disease has two successive phases: the
acute phase, which lasts for 1 to 4 months and is characterized
by patent parasitemia and the chronic phase,which is a lifelong
phase with subpatent parasitemia and scarce tissue parasitism
(Dias, 1995; Rassi et al., 2010). During the acute phase, the
diagnosis is carried out by the direct detection of circulating
parasites. However, during the chronic phase, when the
parasitemia is low, the diagnosis is performed mainly by
serological methods (Sánchez et al., 2008). Serological tests
currently used for diagnosis in the chronic phase are enzyme-
linked immunosorbent assay (ELISA), indirect immunofluores-
cence (IIF), and indirect hemagglutination (IHA) (Luquetti and
Rassi, 2000).

Treatment for Chagas disease is recommended for all people
diagnosedwith an acute infection, congenital infection, for those
with suppressed immune systems, and for all children with
chronic infection (Consenso Brasileiro em Doença de Chagas,
2005). Adults with chronic infection may also benefit from
treatment (Viotti et al., 1994; Fabbro et al., 2000; Lana et al.,
2009; Machado-de-Assis et al., 2012). For post-therapeutic
monitoring of Chagas disease in the chronic phase, several
laboratorial methods are available, including parasitological
(xenodiagnostic and hemoculture) (Chiari et al., 1989;
Schenone et al., 2000), molecular (polymerase chain reaction-
PCR) (Gomes et al., 1998; Britto, 2009), conventional serology
(ELISA, IIF, IHA) (Cançado, 2002; Coura and Castro, 2002), and
non-conventional serology (complemented mediated lysis—
CoML, flow cytometric analysis of anti-live trypomastigote
antibodies—FC-ALTA, and flow cytometric analysis of anti-fixed
epimastigote antibodies—FC-AFEA) (Krettli et al., 1982; Galvão
et al., 1993; Martins-Filho et al., 1995; Vitelli-Avelar et al., 2007).
Despite the broad range of assays, several methodological
limitations, especially in sensitivity and specificity, still remain
(Portela-Lindoso and Shikanai-Yasuda, 2003; Gomes et al.,
2009).

Aiming to overcome such limitations, the development of
new serological tests for Chagas disease should consider the
two groups of anti-T. cruzi antibodies, lytic antibodies (LA), and
conventional serology antibodies (CSA) (Krettli and Brener,
Please cite this article as: Alessio, G.D., et al., Innovations in diagno
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1982). Lytic antibodies are associated with active ongoing
T. cruzi infection and can bind to live trypomastigotes. They are
usually detected by CoML or flow cytometry (Krettli and
Brener, 1976, 1982; Martins-Filho et al., 1995). CSA are mainly
detected by routine methods as ELISA, IIF and IHA or flow
cytometry, using soluble and/or fixed antigenic preparations
(Luquetti and Rassi, 2000; Vitelli-Avelar et al., 2007).

In this context, several studies have evaluated the reactivity
of LA and CSA by flow cytometry in both diagnosis and
treatment monitoring (Martins-Filho et al., 1995; Cordeiro
et al., 2001;Martins-Filho et al., 2002; Vitelli-Avelar et al., 2007;
Matos et al., 2011; Wendling et al., 2011). FC-ALTA, using live
trypomastigotes as antigens, assesses LA, and FC-AFEA, using
fixed epimastigotes as antigens, assesses CSA. Both have
shown high-quality performance in the diagnosis and post-
therapeutic monitoring of Chagas disease (Martins-Filho et al.,
1995, 2002; Cordeiro et al., 2001; Vitelli-Avelar et al., 2007;
Matos et al., 2011; Wendling et al., 2011).

Some studies have evaluated the reactivity of anti-amastigote
also in serological tests for Chagas disease. These specific
antibodies against AMA exhibited higher reactivity for the
serological diagnosis of Chagas disease than antibodies to EPI
(Cerisola et al., 1971; Araujo and Guptill, 1984; Primavera et al.,
1990; Matsumoto et al., 1993). Matsumoto et al. (1993) showed
that IgG anti-AMA was more reactive than IgG anti-EPI. Still,
when AMA was used as antigen a lower percentage of cross-
reactivity was observed. Previous studies with amastigotes have
focused on thedevelopment ofDNAvaccines against infectionby
T. cruzi using SSP4 glycoprotein found in the plasma membrane
of these forms (Ramos-Ligonio et al., 2004; Arce-Fonseca et al.,
2011; Flores-García et al., 2011). However, there are few studies
using amastigotes as antigens in serological tests for Chagas
disease.

Our current study has proposed to establish amore sensitive
and specific methodological innovation by optimizing the
performance of flow cytometry anti-T. cruzi serology. The main
innovation was the use of a more complex antigen preparation,
consisted by amixture of alive AMA and TRYPO alongwith fixed
EPI. Using this approach, it was possible to combine sensitivity,
by the EPI antigen recognition, and specificity, by the AMA and
TRYPO antigen recognition. The method namely flow cytomet-
ric analysis of anti-live amastigote, anti-live trypomastigote, and
anti-fixed epimastigote IgG1 antibodies (FC-ATE) has shown a
great performance for the diagnosis and post-therapeutic
monitoring of Chagas disease.

2. Population, materials and methods

2.1. Study population

The inclusion of all individuals in this investigation had the
approval of the Ethics Committee at René Rachou Research
Center, Oswaldo Cruz Foundation-FIOCRUZ, Minas Gerais,
Brazil. All human subjects sign the informed consent form.
Three groups of patients were used to achieve the proposed
aims.

2.1.1. Group 1
To standardize the FC-ATE assay, 53 serum samples were

used: 22 from the chagasic patients (CH1), including 12 non-
treated (NT), 10 treated non-cured (TNC), and 31 from the
sis and post-therapeutic monitoring of Chagas...., J. Immunol.
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non-chagasic patients (NCH1), including 10 blood donor (BD),
and 21 treated cured (TC) individuals.

The NT, TNC and TC patients were assisted by a clinical
physician at the Faculty of Medicine, Federal University of
Goiás, Goiânia, Brazil. The ages of the patients ranged from 6
months to 66 years. Chagas disease diagnosis was established
in all patients by positivity in the xenodiagnosis, and three
serological tests, including IHA, IIF and ELISA.

The TNC and TC patients were previously submitted to
etiological treatment with Benznidazole (5 mg/kg of body
weight/day for 60 days) followed by clinical, parasitological
(xenodiagnosis as described by Cerisola et al., 1971), and
serological follow-up analyses ranging 3 to 26 years after
etiological treatment. Based on laboratorial analyses (parasito-
logical and serological tests), patients were categorized as TNC
(n = 10) and TC (n = 21). The TNC patients presented
consistently positive results for both xenodiagnosis and
serological tests (IHA, IIF and ELISA) during the follow-up.
Patients considered as TC presented persistent negative results
in xenodiagnosis and conventional serological tests (IHA, IIF
and ELISA).

The BD individuals (n= 10)were volunteers who attended
the Felício Rocho Hospital, Belo Horizonte, Minas Gerais, Brazil.

2.1.2. Group 2
To evaluate the applicability of FC-ATE in the diagnosis of

Chagas disease, a group of 63 serum samples were analyzed,
and consisted of 12 non-treated chagasic (CH2), and 51 non-
chagasic (NCH2) patients including 10 BD, 21 TC, 10 patients
with visceral leishmaniasis (VL), and 10 patients with
American cutaneous leishmaniasis (ACL). CH2, BD and TC
samples were the same as those used in Group 1. Samples from
the VL and ACL patients were provided by the biorepository at
the Laboratory of Biomarkers for Diagnosis and Monitoring,
René Rachou Research Center, Oswaldo Cruz Foundation,
FIOCRUZ, Minas Gerais, Brazil.

2.1.3. Group 3
To evaluate the applicability of FC-ATE in the post-

therapeutic monitoring of Chagas disease, 69 serum samples
were analyzed, and consisted of 12 NT, 29 TNC, and 28 TC
samples. All serum samples were the same as those used in
Group 1. Moreover, these samples were used to analyze the
performance of FC-ATE in comparison with two non-
conventional serological flow cytometric assays developed by
our group (FC-ALTA and FC-AFEA).

The evaluated TC (n=7) and TNC (n=16) patients were
from the Berilo municipality, Jequitinhonha Valley, Minas
Gerais, Brazil, a vector-controlled area of Chagas disease.
These patients were treated with Benznidazole at least 10
years ago at a dosage of 5 mg/kg for 60 days. Before
treatment, the Chagas disease diagnosis was confirmed by
two conventional serological tests. Patients were catego-
rized as TNCwhen results were positive for hemoculture and
conventional serology tests (IHA, IIF and ELISA), and TC
when patients presented persistent negative results in
hemoculture and conventional serology tests (IHA, IIF and
ELISA) (Machado-de-Assis et al., 2012). Three TNC patients were
volunteers who attended the Ambulatory of Chagas Disease at
ClinicsHospital, FederalUniversityofMinasGerais, BeloHorizonte,
Brazil, in the period from 1997 to 2005.
Please cite this article as: Alessio, G.D., et al., Innovations in diagno
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2.2. Parasite preparations

2.2.1. Trypomastigotes and amastigotes
For the assays, 5 × 105 L929 cells were seeded in tissue

culture flasks (Falcon 25 or 75 cm2) with 10 ml of RPMI
medium 1640 (GIBCO), phenol red with 10% FBS, and 2 mM
glutaminebefore incubation at 37 °C in a humidified airwith 5%
CO2. After 2 or 3 days, themonolayer was infected with 5 × 106

TRYPO of T. cruzi CL strain (Brener, 1965) obtained from
experimentally infected mice. Cultures were maintained in
RPMI 10% of FBS at 33 °C in 5% CO2 at 95% humidity (Bertelli
et al., 1977). After 5 days, TRYPO were harvested from the
supernatant. To obtain AMA forms, cultures were maintained
for 10 days at 33 °C in 5% CO2 at 95% humidity in RPMImedium
with 10% of FBS. However, it is known that pure cultures of
AMA or TRYPO are difficult to obtain, so that both forms were
present in the same culture, but the culture denominated
TRYPO had a greater proportion of trypomastigotes and the
culture denominated AMA had a large amount of amastigotes.
The culture denominated TRYPO and AMA were collected
separately in 50ml falcon tubes. Cell debriswere removed from
the cultures by differential centrifugation at 400 rpm for 10min
at room temperature. The supernatants were centrifuged at
900×g for 10min at 4 °C. Thepelletswerewashed in PBS, pH7.2,
supplemented with 10% of FBS. In the TRYPO suspension the
trypomastigotes were adjusted to 1 × 107/ml and in the AMA
suspension the amastigotes were adjusted to 1 × 107/ml.
Afterwards, the preparation containing both parasites was
stained and used to flow cytometric immunofluorescence assay.

2.2.2. Epimastigotes
T. cruzi epimastigotes of CL strain were grown in axenic

culture in liver infusion tryptose medium – LIT (Camargo,
1964) and maintained at 28 °C. Each culture batch was started
with an initial inoculum of 1 × 107 parasites/ml using 3 ml of
LIT. The epimastigote forms were homogenized daily for
aeration, and every seven days the cultures were subculture
by serial passages in vitro. Thus, EPI forms were harvested
during the log phase of growth. Parasites were washed twice
with 3% FBS-PBS (900 ×g for 10 min at 18 °C), immediately
resuspended in equal volume of 3% FBS-PBS and FACS fix
solution (10.0 g of paraformaldehyde, 10.2 g of sodium
cacodylate and 6.65 g of sodium chloride/l, pH 7.2; Sigma
Chemical) and maintained at 4 °C for 24 h. Following, the
parasites were centrifuged at 900 ×g for 7 min at 4 °C,
resuspended in 1 ml of PBS and stored at 4 °C until use. This
preparation is stable in this condition for up to one year. The
suspension of parasites was adjusted to 1 × 107/ml.

2.3. Preparation of T. cruzi and cell sorting

A culture containing both trypomastigote and amastigote
forms was used for the cell sorting. The culture was washed
in PBS, pH 7.2, supplemented with 10% of FBS and stained
with 200 μg/ml of fluorescein isothiocyanate (FITC) at 37 °C
for 30 min. The parasites were washed three times with
PBS 10% FBS (900 ×g for 10 min at 18 °C). The culture
was incubated at 37 °C for 60 min. Parasite staining was
evaluated by flow cytometry scanning. Parasites were centri-
fuged at 900 ×g for 10min at 4 °C, resuspended in 2ml of FACS
sis and post-therapeutic monitoring of Chagas...., J. Immunol.
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fixing solution, and incubated for at least 30min at 4 °C prior to
flow cytometer analysis.

Parasites were sorted with a FACSAria II cell sorter (BD
Bioscience) using BDFacsDiva software package (BD Biosci-
ences). Gates were established based on the combination of
FSC-W and FSC-H followed by SSC-W and SSC-H. Parasites
were finally sorted based on the FITC intensity. Purity of cell
population FITC low and FITC intermediate was above 97%.
After sorting, the parasites were analyzed by optical microsco-
py, electron microscopy, and Image Stream Analyzer.

2.4. Flow cytometric immunofluorescence assay

AMA live, TRYPO live and EPI fixed cultures prepared and
adjusted to 1 × 107/ml earlier were stained with 200 μg/ml of
FITC at 37 °C for 30 min. Parasites were washed three times
with 10% FBS-PBS (900 ×g for 10min at 18 °C) and resuspended
in adjusted volume. AMA and TRYPO cultures were incubated at
37 °C for 60 min, and EPI culture at 4 °C for 24 h. After staining,
the AMA and TRYPO cultures were run using the cytometer to
check the proportion of amastigotes and trypomastigotes in
every culture. Considering the proportions observed in the
flow cytometer, cultures of AMA, TRYPO and EPI were mixed to
obtain a single suspension with similar amounts of each form of
parasite, approximately 33%. The suspension was run into the
cytometer until the desired fit was obtained.

Serum samples were inactivated at 56 °C for 30 min and
kept at −20 °C until use. The inactivated sera were diluted in
10% FBS-PBS and used to evaluate the presence of anti-T. cruzi
antibodies by flow cytometry. All serum samples were filtered
through a 0.22 μM syringe filter to remove debris and platelets.
The diluted and filtered serum was centrifuged at 13.000 rpm
for 10 min at room temperature.

The flow cytometry tests were performed as described by
Cordeiro et al. (2001) and Vitelli-Avelar et al. (2007). Briefly, in a
U bottom 96well plate, 50 μl of the single suspension containing
live AMA, live TRYPO and fixed EPI (166,000 parasites/well) was
incubated at 37 °C for 30 min in the presence of 50 μl
of individual serial serum dilutions (1/250 to 1/8000). After
incubation with sera, parasites were washed once with 100 μl of
10% FBS-PBS, and once with 200 μl of 10% FBS-PBS (900 ×g for
10 min at 18 °C), and the supernatant was removed. Parasites
were re-incubated with 50 μl biotin-conjugated anti-human
IgG1 diluted in 10% FBS-PBS at 1/6400, and 20 μl of streptavidin–
phycoerytrin–SAPE diluted in 10% FBS-PBS at 1/400, 37 °C for
30 min. Parasites were washed twice as described above, fixed
with 200 μl of FACS fixing solution, and incubated for at least
30 min at 4 °C prior to their acquisition in the flow cytometer.
Flow cytometric analyses were performed on the same day of
the experiment.

2.4.1. Flow cytometric data acquisition and analysis
Flow cytometric measurements were performed on a

FACSCalibur flowcytometer (BectonDickinson, USA). The FlowJo
software package was used for data acquisition, storage and
Fig. 1. FC-ATE can accurately discriminate the three evolutive forms of T. cruzi stained
culture of EPI distribution in size (FSC) versus granularity (SSC) and fluorescence (FITC)
of AMA+TRYPO and EPI after stainedwith FITC. The three evolutive formswere staine
EPI was incubated at 4 °C for 24 h. (B) Detailedmorphometric cellular analysis of themo
obtained by ImageStream Flow cytometry and photographs by optical microscopy (10
30,000× objectives/bar = 500 nm) the AMA and TRYPO after the sorting of parasites.

Please cite this article as: Alessio, G.D., et al., Innovations in diagno
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analysis. Stained parasiteswere run in the cytometer, and 10,000
events per sample were acquired. Acquisition was performed by
setting the size gain at E00 and granularity gain at 427, both on a
log-scale. The fluorescence gains were set at 620 in log-scale
mode for channel 1 (FITC) and at 500 in log-scale mode for
channel 2 (avidin/PE).

To calculate the reactivity of the samples, parasites were
identified on the basis of their specific forward (FSC) and side
(SSC) light-scattering properties. Each evolutive form of T. cruzi
was selected by gating on the fluorescence 1 (FITC) × FSC dot
plot distribution. The relative avidin/PE fluorescence intensity
for each evolutive form was analyzed using a single histogram
representation. A control marker of up 2% of the parasites that
were fluorescence positive (PPFP) was set up on the internal
control histogram for nonspecific binding of avidin/PE-
conjugated anti-human IgG1. This marker was used to
determine for each serum sample the percentage of positive
fluorescent parasites (PPFP).

2.5. Statistical analysis

The performance of FC-ATE was assessed by the follow-
ing indexes: sensitivity ([true positives / true positives +
false negatives] × 100) and specificity ([true negatives / true
negatives + false positives] × 100). The data were analyzed
by receiver operating characteristic (ROC) curve analysis,
using the “Med Calc Statistical” program. The area under the
curve provided the global test accuracy, which was classified
as: low (0.51–0.61), moderate (0.62–0.81), elevated (0.82–
0.99) and outstanding (1.0) (Swets, 1988). ROC curve also
indicated a cut-off point related to less erroneous results.
Comparative analysis of average reactivity of IgG1 anti-
T. cruzi antibodies between the NCH1 and CH1 groups was
performed by the non-parametric test of Mann–Whitney
using the “Graph Pad Prism 5” software.

3. Results

3.1. FC-ATE can accurately discriminate the three evolutive forms
of T. cruzi stained with FITC

AMA, TRYPO and EPI preparations showed similar forward
(FSC) and side (SSC) light-scattering properties in dot plot
distribution (data not shown). Thus, in order to discriminate the
parasite forms the use of differential staining with FITC was
proposed. The separation of the three evolutive forms was
obtained only under different temperatures and times of
incubation, TRYPO + AMA at 37 °C for 60 min and EPI at 4 °C
for 24 h. After incubation, parasites were run and analyzed in the
FSC × FITC dot plot. Histograms are shown in Fig. 1A. AMA +
TRYPO mixture preparation exhibited two distinguished popu-
lations, based on the intensity of fluorescence, low (LOW)
intensity and intermediate (INT) intensity. EPI preparation
showed a homogenous high intensity population (HIGH).
with FITC. (A) Dot plot analysis of representative culture AMA + TRYPO and
versus size (FSC) after stained with FITC. Representative histograms of cultures
dwith 200 μg/ml FITC and AMA+TRYPOwas incubated at 37 °C for 60min and
rphology (M), granularity (G), nucleous (N) andmerges N+G andM+N+G
0× objectives) and electron microscopy (12,000× objectives/bar = 1 μm and

sis and post-therapeutic monitoring of Chagas...., J. Immunol.
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on the internal control histogram. This marker was used to determine PPFP for each sample.
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Tobetter characterize the double population seen in AMA+
TRYPO preparation, a cell sorting in FACSAria cytometer in
order to isolate both populations was performed. After sorting,
the separated populations were further analyzed by optical
microscopy, electronic microscopy, and ImageStream Analyzer
(Fig. 1B). Thus, it was identified that the INT population refers
to TRYPO forms and that the LOWpopulation refers to the AMA
forms.

3.2. Determination of the IgG1 anti-live AMA, anti-live TRYPO, and
anti-fixed EPI reactivities

The profile of the parasite preparation of equivalent
quantities of the three stained evolutive forms showed the
profiles displayed in Fig. 2A. In the FITC × FSCgraph, an evident
differential staining of AMA, TRYPO and EPI was seen. Due to
this clear distinction, was possible simultaneously investigate
antibodies specific to each evolutive forms of T. cruzi. After
selecting the specific population of parasite form in the FITC
× FSC dot plot distribution (Fig. 2A), reactivity of positive and
negative controls with AMA, TRYPO and EPI was verified
(Fig. 2B). Using a control set up marker of 2% of PPFP in the
internal control histogram, the PPFP of each individual sample
was established. Positive control values of PPFP were 97%, 76%
and 88% in AMA, TRYPO and EPI, respectively, while in negative
controls, PPFP were 3%, 8% and 6%, respectively. Interestingly,
the results also showed differences in the reactivity of positive
serawhenwe compared the evolutive forms, presenting higher
percentage with AMA (97%) than with EPI (88%), and lowest
percentage with TRYPO (76%).

3.3. Performance of FC-ATE in the discrimination of serum samples
from the NCH1 and CH1 patients

The results of the standardization and performance analysis
of FC-ATE reactivity of the serum samples of Group 1with AMA,
TRYPO and EPI are showed in Fig. 3. The analysis of the mean
values of PPFP in the titration curves showed significant
statistical difference between the reactivity of serum samples
from the CH1 and NCH1 patients in all dilutions (1/250 to 1/
8000) tested, and with the three evolutive forms of T. cruzi
(Fig. 3A upper). To select the ideal dilution to discriminate CH1

from NCH1, the higher mean percentage variation (Δ PPFP)
between CH1 from NCH1 was determined (Fig. 3A down). The
results showed that three dilutions (1/250, 1/500 and 1/1000)
out of the six dilutions tested (1/250 to 1/8000) better
segregated the groups of CH1 and NCH1, as demonstrated in
the dotted rectangle. However, the dilution 1/1000 with AMA,
1/250 with TRYPO and EPI presented the best performance in
the discrimination of the two groups.

Using ROC curves built with the values of PPFP from
individual samples of CH1 and NCH1, in the three selected
dilutions (1/250, 1/500 and 1/1000), FC-ATE results showed
excellent accuracy in all three dilutions, since the values of area
under the curve were 1.0 or very close to 1.0(data not shown).
The ROC curve also showed the values of sensitivity and
specificity, and their respective cut-offs for each of the three
dilutions testedwith AMA, TRYPO and EPI (Fig. 3B). This analysis
demonstrated that the dilution 1/1000 with a cut-off of 40% for
AMA and the dilution 1/250 with a cut-off of 20% for TRYPO and
Please cite this article as: Alessio, G.D., et al., Innovations in diagno
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EPI presented 100% of sensitivity and specificity, in addition to a
lower profile of dispersion among reactivity values in each group.

These data defined the criteria for the use of the FC-ATE
technique in the diagnosis and post-therapeutic monitoring of
Chagas disease.

3.4. Applicability of FC-ATE in diagnosis of Chagas disease

The applicability of FC-ATE for thediagnosis of Chagas disease
was evaluated in serum samples of Group 2 in reaction with
AMA, TRYPO and EPI (Fig. 4). This analysis was done considering
the better serumdilutions and the cut-off previously established.
Data demonstrate that 94% of the serum samples from the NCH2

patients were non-reactive with AMA and TRYPO, and 88%were
non-reactive with EPI. All the serum samples of the CH2 patients
were reactive with AMA, TRYPO and EPI (Fig. 4A).

Serum samples that were positive in the NCH2 group were
from patients with VL and ACL. In the VL group, 90% were non-
reactive to AMA and TRYPO, and 80% were non-reactive to EPI.
In the ACL group, 80% were non-reactive to AMA and TRYPO,
and 60%were non-reactive to EPI (Fig. 4B). A good applicability
of FC-ATE in the diagnosis of Chagas diseasewas demonstrated,
mainly with AMA and TRYPO forms of T. cruzi.

3.5. Applicability of FC-ATE in the post-therapeutic monitoring of
Chagas disease

The applicability of the FC-ATE technique in post-therapeutic
monitoring of Chagas diseasewas evaluated in serum samples of
Group 3 in reaction with AMA, TRYPO and EPI (Fig. 5). Fig. 5A
showed that serum samples of the NT and TNC groups were
reactive with the three evolutive forms of T. cruzi. In TC, 100%
were non-reactive to AMA, 93% to TRYPO, and 96% to EPI
(Fig. 5A). Overall, the outstanding applicability of the FC-ATE
technique was demonstrated, now in post-therapeutic monitor-
ing of Chagas disease, mainly with AMA forms, since they were
able to discriminate completely the NT and TNC patients from
the TC patients.

Some serum samples of the NT (n= 12), TNC (n= 10), and
TC (n = 21) groups have been tested by the methodologies of
FC-ALTA and FC-AFEA in comparison with FC-ATE. We consid-
ered the dilutions and cut-off standardized for each methodol-
ogy: FC-ALTA, dilution of 1/256 and cut-off of 20%; FC-AFEA,
dilution of 1/2048 and cut-off of 60%, and FC-ATE, dilution of 1/
250 and cut-off of 20% for TRYPO and EPI. Data showed that
although these techniques exhibit different reactionmagnitudes,
they presented 100% of categorical correlation (Fig. 5B).

4. Discussion

Different techniques used for both, diagnosis and post-
therapeutic monitoring of Chagas disease have several method-
ological limitations and lack of sensitivity and specificity. The
chronic phase of the Chagas disease is characterized by low
parasitemia and constant presence of antibodies, reasons why
the serological methods are themain choice for diagnosis during
this phase of the infection (Portela-Lindoso and Shikanai-Yasuda,
2003). These methods present high sensitivity and specificity,
fast, cheap and easy to be used. However serological tests may
frequently display cross-reactivity against other pathogens such
as those belonging to the Trypanosomatidae family, especially
sis and post-therapeutic monitoring of Chagas...., J. Immunol.
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Fig. 4. Applicability of the FC-ATE in diagnosis of Chagas disease. (A) FC-ATE of individual serum samples from the NCH2 (white symbol) and CH2 (black symbol)
patients at 1/1000 dilution for AMA (square symbol) and 1/250 dilution for TRYPO (triangle symbol) and EPI (circle symbol). (B) FC-ATE of individual serum samples
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9G.D. Alessio et al. / Journal of Immunological Methods xxx (2014) xxx–xxx
with Leishmania spp. (Vexenat et al., 1996). Another drawback
is related to its use in post-therapeuticmonitoring of disease due
to the long term required for host seroreversion after the
etiologic treatment of T. cruzi infection (Viotti et al., 1994;
Cançado, 2002; Coura and Castro, 2002; Lana and Martins-Filho,
2009; Machado-de-Assis et al., 2012).

Flow cytometry is a non-conventional serological method
used for detection of anti-live trypomastigote antibodies (FC-
ALTA) and anti-fixed epimastigote antibodies (FC-AFEA) that
have been described as new approaches for diagnosis and post-
therapeutic monitoring of Chagas disease. However, as FC-
ALTA presents operational difficulties, recently, a flow cyto-
metric assay to assess the IgG reactivity to fixed T. cruzi
epimastigotes (FC-AFEA) was standardized. This additional
methodology, although had displayed a good performance in
the diagnostic and pos-therapeutic monitoring of Chagas
disease, still presents limitations regarding sensitivity and
specificity (Vitelli-Avelar et al., 2007; Matos et al., 2011).
These limitations of FC-ALTA and FC-AFEA are related to
multifactorial reasons such as type, source and purity of the
antigen employed as well as the detection system intrinsic to
each technology.
Fig. 3. Performance of FC-ATE in the discrimination of serum samples of patients NCH1

of IgG1 anti-live AMA (square symbol), anti-live TRYPO (triangle symbol), anti-fixed E
symbol). The results of IgG1were expressed in PPFP. Upper showed standard deviation
showed the differences on the reactivity percentage between groups (Δ), inserted in th
highest segregation of reactivity between groups. The dotted circles selected the b
(B) Analysis of IgG1 reactivity of individual samples of the NCH1 patients (white symbo
(square symbol), TRYPO (triangle symbol) and EPI (circle symbol). The cut-offs, sens
selected the best dilutions and cut-offs that showedbetter segregation of the reactivity b
and CH1 patients.
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In this context, this current work searched for ideal antigenic
preparation for optimum or at least better performance of the
serological tests for the diagnosis and pos-therapeutic monitor-
ing of Chagas disease, through evaluation of anti-live amastigote,
anti-live trypomastigote, and anti-fixed epimastigote IgG1
antibodies by flow cytometry. Primarily, we looked for a
distinctive profile of the three evolutive forms of T. cruzi after
reading on the flow cytometer to assess the reactivity of the
serum samples with each form individually. Therefore, differen-
tial fluorescence stainedwith FITC to the three evolutive forms of
T. cruziwas standardized. Interestingly, in themixture of AMA+
TRYPO culture, it was identified, through sorting, microscopy,
and flow cytometry imaging that AMA was the evolutive form
that presented lower fluorescence, while TRYPO presented
higher fluorescence. The differential staining of these two forms
of the parasite may be due to the higher density of proteins and
larger amount ofmembrane presented in TRYPO comparedwith
AMA. Next, the reactivity of the positive and negative control
serum samples with AMA, TRYPO and EPI individually was
evaluated. Itwas verified that the reactivity between the controls
and the three evolutive forms of T. cruziwere distinct, what there
was been previously observed by Cordeiro et al. (2001).
and CH1.(A) Titration curves (1/250 to 1/8000) showing the average percentage
PI (circle symbol) reactivities of sera from NCH1 (white symbol) and CH1 (black
value of PPFP and statistical difference in all tested dilutions, p≤ 0,05 (*); down
e curve. The gray rectangles selected the three serum dilutions that showed the
est dilutions that showed segregation of reactivity between NCH1 and CH1.
l) and CH1 (black symbol) in the dilutions (1/250; 1/500 and 1/1000)with AMA
itivity and specificity were selected in the ROC curve analysis. The gray charts
etween groups to be applied in thediscrimination of serumsamples of theNCH1

sis and post-therapeutic monitoring of Chagas...., J. Immunol.
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In the next step it was purposed the analysis of the
performance of FC-ATE for the diagnosis of Chagas disease.
The indexes of reactivity demonstrated the outstanding
performance of FC-ATE in the discrimination of NCH1 and
CH1 sera, with the area under curve equal to 1, and values
of sensitivity and specificity of 100%. In addition, the
dilutions and cut-offs for each evolutive form of T. cruzi used in
FC-ATE were established. The results demonstrated that FC-ATE
showed higher sensitivity than parasitological methods such as
hemoculture (0 to 55%) (Chiari et al., 1989; Brener et al., 1993),
xenodiagnosis (13 to 50%) (Cerisola et al., 1974; Pereira et al.,
1996; Schenone et al., 2000), PCR (45–86%) (Gomes et al., 1998;
Britto, 2009), and higher or similar sensitivity than conventional
serological methods (95 to 100%) (Oelemann et al., 1998).
Furthermore, the sensitivity values foundwere higher than those
presented by FC-AFEA, 82% (Vitelli-Avelar et al., 2007), and FC-
AFEA with modifications (sensitivity of 97.1%, and specificity of
95.4%) (Matos et al., 2011). Interestingly, in FC-ATE, AMA was
more reactive (serum dilution 1:1000), while the better
reactivity with TRYPO and EPI was observed in the serum
dilution of 1:250. In disagreement with these results, some
previous studies evaluating FC-ALTA and FC-AFEA demonstrated
that EPI was always more reactive than TRYPO. In FC-ALTA, the
dilution and cut-off establishedwere 1:256 and 20%, respectively
(Martins-Filho et al., 1995, 2002; Cordeiro et al., 2001), in FC-
AFEA 1:2048, 1:4096 and 60%, respectively (Vitelli-Avelar et al.,
2007; Matos et al., 2011). These data suggest the existence of
Please cite this article as: Alessio, G.D., et al., Innovations in diagno
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competition among antigens and antibodies with higher affinity
for AMA. AMA forms have been used as antigenic sources in
serological tests for Chagas disease, and also showed higher
reactivity than antigens of EPI (Cerisola et al., 1971; Primavera
et al., 1990; Matsumoto et al., 1993).

After the analysis of the performance of FC-ATE, the applica-
bility of this new assay in the diagnosis of Chagas disease was
evaluated. According to the standard criteria for this technique,
and considering the comparison between the NCH2 and CH2

groups, it was verified that 100% of the CH2 serum samples were
positive for all three evolutive forms of T. cruzi, 94% of the serum
samples of the NCH2 individuals were negative with AMA
(PPFP b 40%) or TRYPO (PPFP b 20%), and 88% of the NCH2

individuals were negative with EPI (PPFP b 20%), what confirmed
the good performance of FC-ATE in the diagnosis of Chagas disease.

Other studies using FC-ALTA and FC-AFEA also demonstrat-
ed the good applicability of flow cytometry in the diagnosis of
Chagas disease (Martins-Filho et al., 1995; Cordeiro et al., 2001;
Vitelli-Avelar et al., 2007; Matos et al., 2011). Cordeiro et al.
(2001) using a fixed EPI, fixed TRYPO and live TRYPO as
antigens demonstrated that independent of the parasite
preparation used, the mean values of PPFP were higher for
chagasic pooled sera in comparison to non-chagasic, which is in
disagreement with the results obtained by FC-ATE where the
majority of the sera from the NCH patients showed negative
values of reactivity against the three evolutive forms of T. cruzi.
Studies using FC-AFEA for the diagnosis of Chagas disease
sis and post-therapeutic monitoring of Chagas...., J. Immunol.
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showed that 100% of samples of the NCH patients were
negative, and 82% of samples of the CH group were positive
(Vitelli-Avelar et al., 2007). On the other hand, in the
modified FC-AFEA assay, 95.4% of the serum samples from
non-infected group, and TC were negative, and 95.6% of the
serum samples from the chagasic and TNC groupswere positive
(Matos et al., 2011). These data were similar to those found in
FC-ATE, but the results in relation to reactivity of the serum
samples from CH were higher than for FC-AFEA, since 100% of
the samples were positive, regardless of the antigen prepara-
tion used.

One of the advantages to use flow cytometry for the
diagnosis of Chagas disease is its ability to detect 10.000
fluorescent parasites and all the parameters can be mea-
sured, stored and simultaneously analyzed in computer
programs flow cytometer.

In this study, serum samples of theNCH2 patients are from a
pooled population that includes individualswith other relevant
infectious/parasitic diseases (patientswith VL and ACL), aswell
as BD and TC. Note that the NCH2 samples that showed false-
positive results in FC-ATE are from patients with VL and ACL.
The false-positive results found may be due to shared antigens
among the Trypanosomatideos, triggering frequently a cross
reactivity between T. cruzi and Leishmania spp. in serological
assays, a phenomenon previously described (Vexenat et al.,
1996; Gadelha et al., 2003). Despite the high sensitivity of
different serological tests for the diagnosis of Chagas disease,
the cross-reactivity mainly with sera from the VL and ACL
patients is still frequent (Nakazawa et al., 2001; Amato Neto
et al., 2005; Berrizbeitia et al., 2006, 2012). Berrizbeitia et al.
(2012) demonstrated that despite the high sensitivity of this
test for the diagnosis of Chagas disease, employing secreted/
excreted protein of epimastigotes, its specificity was only 88%,
and cross-reactions were observed with Ascaris spp. and
Leishmania spp. The cross-reactivity with sera from patients
VL and ACL was also observed in TESA-blot, using secreted/
excreted antigens of trypomastigotes (Nakazawa et al., 2001;
Amato Neto et al., 2005; Berrizbeitia et al., 2006). Nevertheless,
studies using secreted/excreted antigens, recombinant anti-
gens or synthetic peptides have lower percentage of cross-
reactivity with sera from patients with other infectious/
parasitic diseases (Gomes et al., 2001; Umezawa et al., 2001;
Caballero et al., 2007; Flores-Chávez et al., 2010).

In our study, FC-ATE showed false-positive results compa-
rable or lower than FC-AFEA (Vitelli-Avelar et al., 2007; Matos
et al., 2011). In FC-AFEA, 52% of the samples from patients with
VL were false-positives (Vitelli-Avelar et al., 2007). When this
technique was modified (Matos et al., 2011), the percentage of
the false-positive results was 54% in patients with VL, and 21%
in patients with ACL. In the current assay, 10% of patients with
VL, and 20% with ACL were false-positives in the AMA and
TRYPO tests, while with EPI these percentages were 20% for the
VL and 40% for the ACL patients.

A relevant data of this study was that AMA and TRYPO
showed a lower percentage of false-positive results in compar-
ison with EPI. This fact can be possible since AMA and TRYPO
are present in the tissues and blood of the vertebrate host and
thus, these forms aremore specific, whereas EPI is present only
in the invertebrate host, then, cross-reactivity may occur more
frequently with other pathogens (Primavera et al., 1990).
However, Berrizbeitia et al. (2004) observed percentages of
Please cite this article as: Alessio, G.D., et al., Innovations in diagno
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specificity similar to fixed AMA, fixed TRYPO, and fixed EPI.
Another fact that may explain the occurrence of false-positive
with AMA and TRYPO in FC-ATE is that some leishmaniasis
patients (VL = 01 and ACL = 02) may have co-infection with
T. cruzi, because in our current assay they were positive for the
three evolutive forms of the parasite.

Considering the promising results with FC-ATE for diagnosis,
its applicability was also essayed for the post-therapeutic
monitoring of Chagas disease, since one of the major challenges
regarding the evaluation of treatment effectiveness in the
chronic phase of infection is the lack of a successful laboratorial
method for use as cure criteria. Thus, there is an urgent need for
the development of serological tests to be employed in the post-
therapeutic monitoring of Chagas disease. In this context, it was
recently showed that the determination of anti-T. cruzi antibod-
ies by non-conventional flow cytometry methods is a promising
tool to monitor treatment efficacy in Chagas disease patients
(Martins-Filho et al., 1995, 2002; Vitelli-Avelar et al., 2007). The
performance analysis of FC-ATE demonstrated that 100% of the
serum samples of the patients NT and TNC were positive for the
three evolutive forms of T. cruzi, 100% of the samples of the TC
were negative with AMA, 93% of the TC were negative with
TRYPO, and 96% with EPI. These findings demonstrated an
outstanding performance of FC-ATE for the post-therapeutic
monitoring of Chagas disease. The results were consistent with
those found for FC-ALTA and FC-AFEA (Martins-Filho et al., 1995,
2002; Vitelli-Avelar et al., 2007; Matos et al., 2011). Considering
that the results found in FC-ATE were consistent with those
detected for FC-ALTA and FC-AFEA, a comparative analysis of
these both techniques with FC-ATE was performed using serum
samples from theNT, TNC and TCgroups.When FC-ALTA and FC-
ATE or FC-AFEA and FC-ATE performances were compared, we
observed that different magnitudes of reactivities among groups
were different. Most samples tested in FC-ATE reacted similar to
or less than the other two methods. We believe that the
contradictory results among the available tests were not
surprising because the antigenic preparations were different,
and consequently, have different affinities for both, specific and
nonspecific antibodies. Nevertheless, these techniques presented
categorical correlation, which means that all serum samples of
the NT and TNC patients were positive and that all serum
samples of the TC patients were negative, which demonstrated
again the applicability of FC-ATE in post-therapeutic monitoring
of Chagas disease.

An important finding of this study is that AMA form is able
to produce a complete discrimination between the NT and TNC
patients from the TC patients. This finding reveals that AMA
may be a promising antigen to the development of new
serological tests for the diagnosis and post-therapeutic moni-
toring of Chagas disease.

In conclusion, this study developed a new method using
a broader antigen preparation to detect simultaneously the
reactivity against the three evolutive forms of T. cruzi employing
a differential fluorescent staining of the parasites with a
promising performance for the diagnosis and post-therapeutic
monitoring of Chagas disease.
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