A waan | INfection and
SOCIETY FOR . ®
MICROBIOLOGY Immunlty

HOST RESPONSE AND INFLAMMATION

L)

Check for
updates

T-Cell Immunophenotyping and Cytokine Production Analysis
in Patients with Chagas Disease 4 Years after Benznidazole

Treatment

Mauricio Llaguno,>f {2’ Marcos Vinicius da Silva,2 Lara Rocha Batista,® Djalma Alexandre Alves da Silva,®
Rodrigo Cunha de Sousa,” Luiz Antonio Pertili Rodrigues de Resende,® Valdo Jose Dias da Silva,c Eliane Lages-Silva,?
Carlo José Freire Oliveira,® Juliana Reis Machado,® Denise Bertulucci Rocha Rodrigues,*9 Dalmo Correia,

Virmondes Rodrigues?

2Department of Microbiology, Immunology and Parasitology, Federal University of Triangulo Mineiro, Uberaba, Minas Gerais, Brazil

bDepartment of Internal Medicine, Federal University of Tridngulo Mineiro, Uberaba, Minas Gerais, Brazil

“Department of Biochemistry, Pharmacology and Physiology, Federal University of Tridngulo Mineiro, Uberaba, Minas Gerais, Brazil

dDepartment of Pathology, Genetics and Evolution, Federal University of Triangulo Mineiro, Uberaba, Minas Gerais, Brazil

eCEFORES, Federal University of Tridngulo Mineiro, Uberaba, Minas Gerais, Brazil
fFaculty of Medicine, University of Franca (UNIFRAN), Franca, Sdo Paulo, Brazil

9laboratory of Biopathology and Molecular Biology, University of Uberaba (UNIUBE), Uberaba, Minas Gerais, Brazil

ABSTRACT The major problem with Chagas disease is evolution of the chronic in-
determinate form to a progressive cardiac disease. Treatment diminishes parasitemia
but not clinical progression, and the immunological features involved are unclear.
Here, we studied the clinical course and the immune response in patients with
chronic-phase Chagas disease at 48 months after benznidazole treatment. Progres-
sion to the cardiac form of Chagas disease or its aggravation was associated with
higher in vitro antigen-specific production of interferon gamma (IFN-vy) in patients
with cardiac Chagas disease than in patients with the indeterminate form. Predomi-
nance of IFN-y production over interleukin-10 (IL-10) production in antigen-specific
cultures was associated with cardiac involvement. Significantly higher numbers of
antigen-specific T helper 1 cells (T-Bet™ IFN-y™) and a significantly higher IFN-y*/IL-
10" ratio were observed in patients with cardiac Chagas disease than in patients
with the indeterminate form. Cardiac damage was associated with higher numbers
of T helper cells than cytotoxic T lymphocytes producing IFN-y. Patients with cardiac
Chagas disease had predominant CD25~ and CD25'W T regulatory (Treg) subpopu-
lations, whereas patients with the indeterminate form manifested a higher relative
mean percentage of CD25high Treg subpopulations. These findings suggest that at
48 months after benznidazole treatment, the disease can worsen or progress to the
cardiac form. The progression may be related to increased IFN-y production (mostly
from CD4* T cells) relative to IL-10 production and increased Treg percentages. Pa-
tients with the indeterminate form of Chagas disease show a more balanced ratio of
proinflammatory and anti-inflammatory cytokines.

KEYWORDS Chagas disease, T cells, benznidazole

hagas disease is a parasitic disease caused by infection with the hemoflagellate

Trypanosoma cruzi. It remains a leading neglected tropical disease in America and
is associated with 546,000 disability-adjusted life years and 10,300 annual deaths.
Approximately 7.5 million people are living with Chagas disease, mostly in impover-
ished regions of Central and South America, although thousands of T. cruzi-infected
individuals have migrated to the United States and various European countries (1-4).
Despite important achievements with respect to the transmission control measures
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aimed at reducing the disease incidence (Southern Cone Initiative to Control/Eliminate
Chagas Disease), Brazil still shows 1.9 million cases of chronic Chagas disease (3, 5).

Regardless of the existence and importance of the acute phase, which is predom-
inantly short and has nonspecific symptoms, the major problem with Chagas disease is
the development of chronic manifestations after various durations of the indeterminate
form of this disease, during which the patients can progressively develop cardiac
and/or digestive dysfunctions (determinate forms). Cardiac manifestations lead to a
progressive, irreversible, and disabling form of cardiomyopathy, culminating in con-
gestive heart failure, which is the major cause of death among such individuals in areas
of endemicity (6, 7).

Mechanisms underlying this progression include host immune response quality and
intensity, parasite persistence, and T. cruzi genotypes (8-11). A sustained inflammatory
response featuring progressive tissue damage and fibrosis-related repair leads to
chronic cardiac disability due to destruction and rearrangement of cardiomyocytes,
microvasculature damage, and contractile alterations (12). Murine reinfections by T.
cruzi are associated with cardiac damage and higher levels of inflammatory cytokines
(13). In humans, the cellular immune response pattern seems to be related, at least in
part, to the clinical forms. Although patients with the indeterminate form usually
present a more regulated immune response, patients with cardiac Chagas disease show
a more intense proinflammatory pattern (14-16). Patients with more severe cardiac
damage manifest greater production of antigen-specific interferon gamma (IFN-y) (17),
and the cardiac milieu features the predominance of IFN-y-producing T-cell clones (16).

Specific antiparasite chemotherapy is recommended in acute Chagas disease be-
cause this modality can reduce parasitemia and prevent disease progression (18-21).
However, in patients with established Chagas cardiomyopathy, benznidazole treatment
can significantly reduce the counts of detectable circulating parasites but does not
reduce cardiac clinical progression (22). Benznidazole treatment during the chronic
phase can simultaneously induce proinflammatory cytokines and interleukin-10 (IL-10),
indicating a double effect in the control of parasite replication and tissue damage (23).

The mechanisms underlying the control and establishment of immunoregulatory
networks in patients with chronic Chagas disease remain to be investigated in the
context of Chagas disease (8, 24). Patients with chronic Chagas disease living in areas
of endemicity still lack an effective antiparasite treatment in the current health care
settings. We tested the hypothesis that benznidazole therapy affects the long-term
clinical progression and immunological pattern associated with staying with the stable
indeterminate form or progression to cardiac damage.

RESULTS

Progression to the cardiac form of Chagas disease after benznidazole treat-
ment in the chronic phase is associated with predominance of antigen-specific
IFN-y over IL-10. Among several factors that influence the progression of Chagas
disease (such as parasite load, exposure time, and reexposure) and factors inherent to
the host and parasite genetics, the host immune response is important, in particular,
the pattern of the cellular immune response. Therefore, evaluating the production of
cytokines by T lymphocytes may reveal characteristics that indicate immunological
mechanisms associated with the different clinical forms that developed after benznida-
zole treatment. Accordingly, we evaluated the production of IFN-v, IL-4, IL-17, and IL-10
in cultures of peripheral blood mononuclear cells (PBMCs) maintained without stimu-
lation or in the presence of T. cruzi antigens.

Progression to the cardiac form of Chagas disease or aggravation of the cardiac form
was associated with higher levels of in vitro antigen-specific production of IFN-y than
were seen with patients with the indeterminate form (P = 0.03, unpaired t test).
Cultures of specimens from patients with cardiac Chagas disease displayed an incre-
mental change in IFN-y antigen-specific production levels compared to unstimulated
cultures, whereas those from patients with the indeterminate form did not (P = 0.0039;
Wilcoxon’s test) (Fig. 1A). We did not observe differences in IL-4 production levels
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FIG 1 (A to D) Production of IFN-y (A), IL-4 (B), IL-10 (C), and IL-17 (D) by PBMCs cultured without a stimulus (Medium) or with T. cruzi antigens (4 ug/ml;
Ag-T.cruzi) for 72 h at 37°C in a humidified atmosphere with 5% CO,. In panel E, we present the ratio of IFN-y production to IL-10 production under the Ag-Tc
culture conditions. For the patients with cardiac Chagas disease (n = 9), red dots represent patients who progressed from the indeterminate form to the cardiac
form or worsened at 48 months after benznidazole treatment (n = 5). Horizontal lines represent the median. *, P < 0.05 (Mann-Whitney or Wilcoxon'’s test).

among culture conditions or among the clinical forms of the disease (Fig. 1B). Patients
with the indeterminate form showed inhibited production of IL-17 in antigen-
stimulated cultures (P = 0.041 [Wilcoxon's test; T. cruzi antigen versus medium])
(Fig. 1C). Analysis of the levels of IL-10, a classic immunoregulatory cytokine, did not
reveal statistically significant differences between clinical conditions after benznidazole
treatment, although a trend of lower levels of antigen-specific production was ob-
served in patients with cardiac Chagas disease (P = 0.22; Mann-Whitney test) (Fig. 1D).
The final result of a multiple-cytokine production scenario can be defined by the
individual concentrations of the cytokines and also by the relations among their
production mechanisms. Therefore, to evaluate the balance between the levels of
proinflammatory and anti-inflammatory cytokines in different clinical forms of Chagas
disease after antiparasitic therapy, we determined the IFN-y/IL-10 ratio in each patient.
IFN-y production predominated over IL-10 production in the antigen-specific cultures
associated with cardiac involvement (P = 0.012; Mann-Whitney test) (Fig. 1E).

Patients with the cardiac form of Chagas disease treated with benznidazole
manifest predominance of IFN-y over IL-10 and regulatory T cells (Tregs). Differing
levels of production of cytokines derived from T lymphocytes between patients with
the indeterminate and cardiac clinical forms of Chagas disease as well as worsening
clinical status after benznidazole therapy were noted. To determine the major T-cell
sources of the cytokines, we simultaneously investigated the percentages of cytokine-
producing T cells among PBMCs. For this purpose, we characterized the immunophe-
notypic profile of PBMCs maintained without stimulation or in the presence of T. cruzi
antigens for CD4™ (T helper cells), CD8* (cytotoxic T lymphocytes), and CD4+ CD8*
(doubly positive [DP] T cells) populations and according to the transcription factors and
cytokines that characterize populations with different functionalities (Th1 and Tc1, Th2
and Tc2, Th17, and Tc17 as well as IL-10 producers and Tregs) by flow cytometry. The
data acquisition strategy is depicted in Fig. 2A.

The percentages of T cells expressing T-Bet and IFN-vy differed significantly between
patients with cardiac and indeterminate Chagas disease in antigen-specific cultures
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FIG 2 The percentage of T lymphocytes after PBMC culture with T. cruzi antigens. (A) Gating strategy to determine the levels of IFN-y and IL-10 expression in
CD4*,CD8*, and CD4* CD8* DP T cells and in Treg subpopulations. FSC, forward scatter; SSC, side scatter. (B) IFN-y* T cells. (C) Th1, T-Bet* IFN-y™* in the CD4*
population. (D) Tc1, T-Bet* IFN-y* in the CD8* population. (E) DP-Th1-like, T-Bet* IFN-y* among DP cells. (F to I) IL-10 expression in the same subpopulations.
(J) FoxP3* T cells. (K) CD4+ CD25~ FoxP3* T cells. (L) CD4* CD25%w FoxP3* T cells. (M) CD4* CD25"igh FoxP3+ T cells. PBMCs were cultured without a stimulus
(Medium) or with T. cruzi antigens (4 uwg/ml; Ag-T.cruzi) for 72 h at 37°C in a humidified atmosphere with 5% CO,. Brefeldin A was added for incubation during
the last 6 h, and the cells were stained with specific fluorochrome-conjugated antibodies against surface and intracellular molecules. Among the patients with
cardiac Chagas disease (n = 9), red dots represent patients who progressed from the indeterminate form to the cardiac form or worsened at 48 months after
benznidazole treatment (n = 5). Horizontal lines represent the median. *, P < 0.05 (Mann-Whitney or Wilcoxon's test).

(P =0.0079; Mann-Whitney test) (Fig. 2B). In particular, patients with cardiac Chagas
disease displayed significantly more cells with a Th1 profile (T-Bet™ IFN-y™) in antigen-
stimulated cultures than in unstimulated cultures (P = 0.039; Wilcoxon'’s test) (Fig. 2C).
Patients with cardiac Chagas disease also showed significant differences in the per-
centages of Th1 cells under both culture conditions (P = 0.038 [Mann-Whitney test] and
P = 0.0062 [unpaired t test]) (Fig. 2C). There were no differences seen with Tc1 cells
(percentage of T-Bet™ IFN-y™ among CD8* cells) (Fig. 2D) or with respect to the
Th1/Tc1-like phenotype among DP T cells (CD4*™ CD8") (Fig. 1E). Furthermore, no
differences were evident in Th2/Tc2 or Th17/Tc17 comparisons among T cells or in IL-10
expression levels in T cells and the cell subpopulations. However, under all conditions,
patients with cardiac Chagas disease showed a trend toward a lower percentage of
IL-10" cells in antigen-stimulated cultures than did patients with the indeterminate
form, in a pattern similar to that seen with secreted IL-10 (Fig. 2F to I). Because Tregs
comprise several subpopulations, analyses were performed on the major cell popula-
tion expressing transcription factor FoxP3 and surface marker CD45RA (effector Tregs)
and on three subpopulations (CD4* CD25~, CD4+ CD25", and CD4* CD25high) on the
basis of CD25 expression. We did not find any significant differences among the
evaluated T cells expressing FoxP3 and their subpopulations (Fig. 2J to M).
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FIG 3 Ratios of (A) IFN-y* to IL-10* T cells and (B) IFN-y* to Tregs (FoxP3*). PBMCs were cultured with T. cruzi
antigens (4 ug/ml; Ag-Tc) for 72 h at 37°C in a humidified atmosphere with 5% CO,. Brefeldin A was added for
incubation during the last 6 h, and the cells were stained with appropriate fluorochrome-conjugated antibodies
against surface and intracellular molecules. Among the patients with cardiac Chagas disease (n =9), red dots
represent patients who progressed from the indeterminate form to the cardiac form or worsened at 48 months
after benznidazole treatment (n = 5). Horizontal lines represent the median. *, P < 0.05 (Mann-Whitney test).

On the basis of these results, we decided to investigate the relation between the
global T-cell expression levels of IFN-y and IL-10 or Treg patterns (FoxP3*) in antigen-
stimulated cultures. The IFN-y*/IL-10* ratio was significantly higher in patients with
cardiac Chagas disease than in patients with the indeterminate form (P = 0.022;
Mann-Whitney test) (Fig. 3A). In addition, patients with cardiac Chagas disease mani-
fested no difference in levels of IFN-y*/FoxP3* cells (Fig. 3B) but showed a trend
toward a higher ratio than was seen with patients with the indeterminate form.

These results collectively indicated that patients with indeterminate and cardiac
forms of Chagas disease have significant differences in antigen-specific T cells and their
subpopulations expressing IFN-y. Furthermore, despite the lack of differences in the
percentages of global IL-10* cells and Tregs, individual evaluation of the ratio of these
populations revealed a strong bias toward IFN-y-producing cells.

Patients with the cardiac and indeterminate forms of Chagas disease treated
with benznidazole display different T-cell sources of antigen-specific IFN-y and
Treg subpopulations. According to the percentages obtained in the analysis of the
three major T cell populations (T helper cells, cytotoxic T lymphocytes, and DP T cells),
we determined the contribution of each population to the global expression levels of
IFN-y and IL-10 and the distribution of Treg subpopulations in antigen-stimulated
cultures. A significant difference was evident in the distribution of T-cell sources in
terms of the mean percentages of IFN-y-producing T cells. The patients with cardiac
Chagas disease manifested a greater prevalence of T helper cells producing IFN-v, with
percentages similar to those determined for the cytotoxic T lymphocytes, whereas the
patients with the indeterminate form displayed a clear predominance of cytotoxic T
lymphocytes and more DP Th-like cells (P = 0.0032; x? test) (Fig. 4A and B). Despite the
trend toward the lower prevalence of IL-10-producing T cells in patients with cardiac
Chagas disease, the relative mean percentages seen under the two clinical conditions
were almost identical (P = 0.99; x? test) (Fig. 4C and D). Furthermore, there were
differences in Treg population composition: the patients with cardiac Chagas disease
showed a predominance of CD25~ and CD25'°w Treg subpopulations, whereas the
patients with the indeterminate form displayed a higher relative mean percentage of
CD25Migh Tregs (P = 0.05; x? test) (Fig. 4E and F).

DISCUSSION

Knowledge of the immune response and cytokine production patterns in patients
with Chagas disease is a cornerstone for identifying the clinical course, which can be
unpredictable, and enables identification of cells and molecules that are associated
with a better prognosis. The resistance or susceptibility to T. cruzi infection may depend
on the cytokine profile, with Th1 cytokines (IFN-vy, tumor necrosis factor alpha [TNF-q],
and IL-12) promoting resistance (25-28) and regulatory or Th2 cytokines (IL-10, IL-4, and
transforming growth factor B [TGF-B]) promoting susceptibility (29).

In this study, some patients with chronic Chagas disease treated with benznidazole
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FIG 4 (A and B) T-cell sources of IFN-vy. (C and D) T-cell sources of IL-10 in CD4+, CD8*, and DP T populations. (E and F) T-cell sources
of FoxP3* Treg subpopulations after stimulation with T. cruzi antigens. PBMCs were cultured with T. cruzi antigens (4 ng/ml; Ag-Tc) for

72 h at 37°C in a humidified atmosphere with 5% CO,. Brefeldin A was added for incubation during the last 6 h, and the cells were stained

with appropriate fluorochrome-conjugated antibodies against surface and intracellular molecules. Among the patients with cardiac
Chagas disease (n = 9), red dots represent patients who progressed from the indeterminate form to the cardiac form or worsened at
48 months after benznidazole treatment (n = 5). Horizontal lines represent the median. *, P < 0.05 (Mann-Whitney test or x? test).

progressed from the indeterminate form to the cardiac form or manifested worsened
clinical status. In the BENEFIT study, antiparasite treatment significantly reduced para-
sitemia but did not change with respect to clinical deterioration after 5years of
follow-up (24). Thus, the findings of our study reinforce those of the BENEFIT study and
provide stronger evidence of the importance of cellular immunity. In our study, an
increase in T. cruzi-specific IFN-y production was evident, as was the greater percent-
age of antigen-specific T cells producing IFN-v, specifically, Th1 cells associated with the
cardiac form. In addition, these patients displayed a trend toward lower production of
IL-10 and lower percentages of T cells expressing this cytokine after antigen stimula-
tion. This relation between IFN-y and IL-10 became even more clearly evident when we
evaluated the cytokine ratio or positive-cell percentage ratio, where the indeterminate
form was associated with a more highly regulated milieu, whereas patients with cardiac
Chagas disease clearly showed a predominance of IFN-y over IL-10. Progression to the
cardiac form likely involved tissue damage that was mediated by IFN-vy. The role of
IFN-y and its relationship with regulatory cytokines in infection control and cardiomy-
opathy progression have been widely discussed; in several studies, higher levels of
IFN-y were found to lead to a more rapid progression to determinate forms, and higher
IL-10 levels favored stabilization of the indeterminate form, probably owing to the
immunoregulatory status (15, 17, 30). Besides, the maintenance of functional T cells has
been discussed as a mechanism of control over parasite replication without tissue
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damage; in this sense, IL-10 has emerged as a control factor that balances Th1 action
and preserves cardiac function (31), even in patients with the cardiac form (32).

Higher IFN-vy levels have been associated with therapeutic efficacy (33, 34), and
incremental changes in IFN-y and TNF-« levels have been associated with lower IL-10
and IL-4 levels in the cardiac form (14, 16, 17, 35, 36). Other studies have suggested the
induction of natural killer cells with a mixed Th1/Th2 pattern (IFN-y, TNF-o, and IL-4)
(23, 37) or inhibited synthesis of IL-12 and TNF-« (38). Other studies have revealed no
differences in cytokine production among the chronic forms of Chagas disease (39, 40).
The data collectively highlight the complexity of the relationship between the immune
system and clinical status in patients with Chagas disease. According to the classical
concept in this field, in chagasic infection, T helper and cytotoxic T lymphocytes are the
major cellular sources of IFN-y, which activates macrophages, which in turn destroy
internalized parasites, inducing T. cruzi-specific antibodies (41, 42). Furthermore, be-
yond IFN-y production, cytotoxic T lymphocytes have an important role in the destruc-
tion of infected cells (43). Here, we demonstrated that patients with the indeterminate
form of Chagas disease showed a predominance of cytotoxic T lymphocytes over T
helper cells as a source of IFN-vy (a ratio of approximately 3:1) and a relevant percentage
of DP IFN-y* T cells (approximately 10% of all IFN-y* T cells). Previous reports
uncovered an association of greater numbers of antigen-specific cytotoxic T lympho-
cytes and the indeterminate form, especially with a memory phenotype (44, 45).
However, other reports associate IFN-y* cytotoxic T lymphocytes with cardiac Chagas
disease (46). Benznidazole has been found to be associated with increased IFN-y
expression in infants after 1year of treatment (23) and with a higher percentage of
TNF-a™ cytotoxic T lymphocytes and IFN-y* cytotoxic T lymphocytes in adults with no
evidence of cardiac Chagas disease (47). According to the finding that the indetermi-
nate form is associated with lower production of IFN-y, we believe that cytotoxic T
lymphocytes are more extensively involved in parasite control and in elimination of
parasite cells than in continuous production of IFN-y.

Much attention has been given to the role of Treg subsets in chronic manifestations
of Chagas disease. Here, we did not observe significant differences in the percentage
of Tregs, either in the global evaluation of their signature transcription factor (FoxP3)
orin Treg subsets (based on CD25 expression in CD25~, CD25'°w, and CD25h9h T helper
cells), between patients with cardiac Chagas disease and patients with the indetermi-
nate form. However, as in the case of the IFN-y*/IL-10" ratio, we observed a trend
toward an imbalance between IFN-y-expressing and Foxp3-expressing T cells in
patients with cardiac Chagas disease. Several studies have pointed out that in the
indeterminate form, a Th1 pattern is accompanied by regulatory mechanisms (37,
48-53). In fact, in a murine model of T. cruzi infection, inhibition of Treg function leads
to more severe myocarditis and greater mortality that was probably secondary to
reductions in the levels of IL-10 and TGF- (54). In humans, the indeterminate form has
been associated with higher numbers of peripheral-blood and cardiac CD4+ CD25high
FoxP3™ cells. Other studies also indicated Treg participation in the prevention of
excessive immune stimulation and consequent cardiac dysfunction and/or mortality
(55, 56).

In addition to the lack of a statistically significant difference in the Treg percentages,
we observed different distributions of Treg subpopulations between patients with
cardiac Chagas disease and patients with the indeterminate form. The indeterminate
form was associated with a higher proportion of CD25"9h Tregs but lower proportions
of CD25~ or CD25'"% Tregs than the cardiac form was. Some reports indicate that
different Treg subpopulations use different major mechanisms to control the immune
response, such as a contact-dependent mechanism in CD25~ cells and cytokine
production in CD25% cells. Furthermore, among CD25* Tregs, CD25hi9" FoxP3+ cells
have a more highly suppressive function, which might be involved in differential
antigen-specific cytokine production in patients with cardiac Chagas disease versus
patients with the indeterminate form.

T cells that simultaneously express CD4 and CD8 (DP T cells) have emerged as
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important cytokine sources. However, their importance in infectious diseases is unclear.
The present findings indicate that besides the absence of the difference in the
percentages of DP cells that express IFN-y or IL-10, in the patients with the indeter-
minate form of Chagas disease, higher proportions of these cells are committed to
antigen-specific IFN-y expression (mean of 21% versus 9%).

This report provides a more complete picture of the production of T-cell-derived
cytokines and the percentages of major T-cell subpopulations after in vitro antigenic
stimulation in patients with chronic-phase Chagas disease at 4 years after benznidazole
treatment. Taken together, our results show that this treatment does not stop disease
evolution, and patients who progress to the cardiac form, or who experience aggra-
vation of the cardiac form, show bias in their inflammatory immune response, with
more IFN-y and Th1 cells and an increased IFN-y/IL-10 ratio. The maintenance of the
indeterminate form was associated with lower IFN-y production and fewer IFN-y* cells,
a higher proportion of cytotoxic T lymphocytes as an IFN-y source, inflammatory/anti-
inflammatory ratios favoring IL-10 and Tregs, and a higher proportion of CD25high
Tregs. Thus, benznidazole treatment seems to increase IFN-y production but does not
modify the progression of clinical forms of Chagas disease.

MATERIALS AND METHODS

Patient population. Following approval by the Ethics in Research Committee of the Universidade
Federal do Tridngulo Mineiro (UFTM) Uberaba, Minas Gerais, Brazil (protocol no. 1030), a prospective
study was conducted between September 2012 and December 2017. Individuals with positive serology
for chronic-stage Chagas disease who visited the Chagas disease Outpatient Service of UFTM and who
resided in the city of Uberaba and the region were analyzed. The study population consisted of patients
who provided blood samples that showed positive serology for T. cruzi, who were referred by the
Hemocenter, and who met the inclusion criteria. These criteria were an age of 18 to 60 years, informed
consent to participate in the study, and blood culture and PCR results positive for T. cruzi at the time of
the intervention. The exclusion criteria were age under 18 and over 60 years, treatment with benznida-
zole within the previous 5 years, a lack of consent to participate, blood culture or PCR results negative
for T. cruzi, the cardiac form of Chagas disease (New York Heart Association functional class Ill and IV,
corresponding to C and D classification in the 2nd Brazilian Consensus on Chagas Disease [2]) (because
these patients had severe cardiomyopathy and long-lasting follow-up was not possible), and treatment
with specific medications (including antiarrhythmic drugs, oral contraceptives, hormone replacement,
and centrally acting antihypertensive drugs).

Experimental protocol. Taking of clinical histories and physical examinations were performed and
followed the usual preliminary norms. During the selection and formation of the groups, the following
tests were carried out: a test of cardiac autonomic function and tests to classify the clinical forms (12-lead
electrocardiogram [ECG], echocardiogram, chest X-ray imaging, esophagogram, and a barium enema),
serological testing to diagnose infection with T. cruzi (indirect immunofluorescence, indirect hemagglu-
tination, enzyme-linked immunosorbent assay [ELISA]), hemoculture for T. cruzi, and PCR analysis for T.
cruzi. T. cruzi infection was confirmed by seropositivity in at least two of the three techniques used.
Biochemical tests measuring blood glucose, total cholesterol, high-density lipoprotein cholesterol,
triglycerides, urea, creatinine, sodium, potassium, alanine aminotransferase, aspartate aminotransferase,
v glutamyl transferase, total and indirect bilirubin, and hemogram were also conducted.

In accordance with the biochemical results, the patients were analyzed for the presence of other
diseases (diabetes, lipid disorders, thyroid disorders, electrolyte imbalances, and kidney and liver function
aberrations). Chagas disease was classified using the criteria of the 2nd Brazilian Consensus on Chagas
Disease (2).

Between September 2007 and December 2008, 1,254 cases were evaluated. Among these, 123
patients agreed to participate. Of these 123 patients, 39 met the inclusion criteria and did not meet the
exclusion criteria. Ultimately, 32 agreed to participate. Benznidazole treatment was initiated (Table 1) and
lasted for 60 days; the patients were followed during and after the treatment. Three patients did not
complete the treatment: one withdrew consent, and two developed adverse reactions to benznidazole
and were removed from the study.

All the treated patients yielded hemoculture results negative for T. cruzi after 60 days of benznidazole
treatment, and all of them remained parasite negative in terms of hemoculture during 48 months of
follow-up, thus showing the antiparasite effectiveness of benznidazole. At that time, the studied patients
were reclassified, and those with mixed forms of the disease were excluded for rigor of immunological
evaluation. Three patients were lost to follow-up, and six patients did not agree to participate again at
the final evaluation. The final classification was modified because three patients with the indeterminate
form of Chagas disease progressed to the cardiac form, and the cardiac form of the disease worsened in
two patients. Thus, our study evaluated eight patients with indeterminate Chagas disease who com-
pleted treatment and nine patients with cardiac Chagas disease who completed treatment. Disease
progression was determined according to the 2nd Brazilian Consensus on Chagas Disease (2). Demo-
graphic and clinical data are presented in Table 1.
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TABLE 1 Demographic and clinical data®

Infection and Immunity

Clinical Hemoculture Hemoculture Age (yrs)
Patient group form at Clinical Progression to cardiac for T. cruzi for T. cruzi at 48
(mean age Patient Patient treatment form® at 48 mo form or cardiac 60 days after 48 mo after  mo after
[yrs] = SD) ID sex initiation® after treatment  form worsening?® treatment treatment treatment
4 males/4 females  P1 Male Indeterminate  Indeterminate No Negative Negative 42
(53.1 = 6.6) P2 Female Indeterminate Indeterminate No Negative Negative 53

P3 Female Indeterminate Indeterminate No Negative Negative 61

P4 Male Indeterminate  Indeterminate No Negative Negative 62

P5 Male Indeterminate  Indeterminate No Negative Negative 56

P6 Female Indeterminate Indeterminate No Negative Negative 49

P7 Male Indeterminate  Indeterminate No Negative Negative 53

P8 Female Indeterminate Indeterminate No Negative Negative 49
5 males/4 females P9 Male Cardiac Cardiac No Negative Negative 66

(55.3 = 10.6) P10 Male Indeterminate  Cardiac Yes Negative Negative 37

P11 Male Cardiac Cardiac No Negative Negative 65

P12 Female Indeterminate Cardiac Yes Negative Negative 44

P13 Male Cardiac Cardiac Yes Negative Negative 58

P14 Female Cardiac Cardiac No Negative Negative 65

P15 Female Indeterminate Cardiac Yes Negative Negative 46

P16 Male Cardiac Cardiac Yes Negative Negative 62

P17 Female Cardiac Cardiac No Negative Negative 55

aAll patients were subjected to the following treatment regimen (according to guidelines from the 2nd Brazilian Consensus on Chagas Disease, 2016): benznidazole
administered at 5 mg/kg of body weight for 60 days, three doses/day; maximum daily dose, 300 mg. P value, >0.99 (by Fisher's exact test) for patient sex; P value,

0.62 (by Student’s t test) for age. ID, identifier.
bData were determined according to guidelines from the 2nd Brazilian Consensus on Chagas Disease, 2016.

Preparation of soluble antigens of T. cruzi. Epimastigote forms of T. cruzi, Y strain, were cultivated
in Schneider medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2 mM L-glutamine (Gibco,
Grand Island, NY, USA), calcium carbonate (Sigma-Aldrich), and 20% inactivated fetal calf serum (Gibco)
at 29°C in a humidified atmosphere with 5% CO,. At the end of the logarithmic phase, the parasites were
collected, washed three times with sterile phosphate-buffered saline (PBS) (with centrifugation at
800 X g and 4°C), and resuspended in sterile water at a concentration of 108 parasites/ml. The suspension
was frozen and thawed five times to lyse the parasites. The final preparation was centrifuged at
10,000 X g at 4°C for 30 min, and the supernatant (protein fraction) was collected and passed through
a 0.22-pm-pore-size filter (Millipore, Molsheim, France). Protein concentrations were quantified by the
Bradford method (Pierce, Rockford, IL, USA), and the protein fraction was adjusted to a concentration of
5mg/ml in sterile PBS and stored at —70°C.

Blood collection and isolation and culture of PBMCs. After the 48-month treatment with benznida-
zole, venous blood (30 ml) was collected by venipuncture into heparinized tubes. PBMCs were isolated by
Ficoll-Hypaque density gradient centrifugation (GE Healthcare, Uppsala, Sweden) at 400 X g and 21°C for
30 min. The cells were resuspended in RPMI 1640 medium (GE Healthcare) containing 50 mM HEPES buffer
(Gibco), 10% inactivated fetal calf serum (Gibco), 2mM L-glutamine (Gibco), 50 mM B-mercaptoethanol
(Gibco), and 40 pug/ml gentamicin (Neoquimica, Anapolis, GO, Brazil) to reach a final concentration of
2 X 106 cells/ml. PBMCs were cultured in 24-well microplates (Falcon, San Jose, CA, USA) in the presence of
5 ng/ml T. cruzi antigens or maintained in a culture medium at 37°C in a humidified atmosphere with 5% CO,.
The cells were collected after 72 h for immunophenotyping and cytokine titration.

Analysis of transcription factors and intracellular cytokines associated with T-lymphocyte
subsets. For analysis of T-cell profiles, PBMCs cultured for 72 h were resuspended (5 X 10° cells/ml) in
Hanks’ medium (Sigma-Aldrich), washed three times (with centrifugation at 400 X g, 4°C, 10 min), and
incubated in Hanks’ medium supplemented with 10% of inactivated human AB* serum. After that, the
samples were surface labeled with corresponding antibodies for each T-cell profile. The cells were
washed to remove unbound antibodies and then fixed and permeabilized with Cytofix/Cytoperm (BD
Biosciences, San Jose, CA, USA) (4°C, 30 min). The samples were labeled intracellularly with the corre-
sponding antibodies for each T-cell profile and washed again to remove unbound antibodies. Finally, the
cells were resuspended in PBS containing 2% of paraformaldehyde and stored at 4°C in the dark until
acquisition of flow-cytometric data. The samples were labeled with antibodies for T-cell profiles,
including Th1/Tc1 (CD4-fluorescein isothiocyanate [FITC], T-Bet—-phycoerythrin [T-Bet-PE], CD8-peridinin
chlorophyll protein [PerCP], and IFN-y-allophycocyanin [APC]), Th2/Tc2 (CD4-FITC, GATA-3-PE, CD8-
PerCP, and IL-4-APC), Th17 (CD4-FITC, RORyT-PE, CD8-PerCP, and IL-17-APC), and Treg (CD25-FITC,
FoxP3-PE, CD4-PerCP, and CD45RA-APC) (BD Biosciences, San Jose, CA, USA). A FACSCalibur cytometer
(Becton, Dickinson, Mountain View, CA, USA) was used for the acquisition of events (100,000 events/
sample), and the data were analyzed in FlowJo software (Tree Star Inc., Ashland, OR, USA).

Cytokine quantification. Concentrations of IL-4, IL-10, IFN-y (BD Biosciences), and IL-17 (R&D
Systems, Minneapolis, MN, USA) in culture supernatants were measured by ELISAs using pairs of
monoclonal antibodies, in accordance with the manufacturer’s specifications. Briefly, wells of high-affinity
96-well plates (Nunc, Roskilde, Denmark) were coated with cytokine-specific monoclonal antibodies
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overnight at 4°C, followed by blocking with PBS containing 10% fetal calf serum (Sigma-Aldrich) for 4 h
at room temperature. The supernatants and recombinant cytokines were added, and the plates were
incubated overnight at 4°C, washed, and incubated with a biotinylated anticytokine monoclonal anti-
body at room temperature for 4 h, followed by washing and incubation with horseradish peroxidase-
conjugated streptavidin at room temperature for 4 h. The reaction was developed with tetramethylben-
zidine (BD Biosciences) according to the manufacturer’s specifications. Absorbance was determined by
subtracting the absorbance at 570 nm from the absorbance at 450 nm using an Inspire microplate reader
(Perkin-Elmer, Waltham, MA, USA). Cytokine concentrations were calculated by 5PL regression analysis of
absorbance values obtained for the recombinant cytokines, and the results were expressed in picograms
per milliliter. The sensitivity of the tests ranged from 2 to 20 pg/ml.

Statistical analyses. Data were analyzed in GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA,
USA). The Mann-Whitney (U) test was conducted for comparisons between two groups. Qualitative
variables were expressed as percentages, and the associations between them were analyzed by the x?
test. Results were considered statistically significant at P values of <0.05.

Ethics statement. The study protocol was approved by the Ethics Committee of Federal University
of Tridangulo Mineiro, Uberaba, Minas Gerais state, Brazil (protocol no. 1030), and all participants signed
the Free and Informed Consent Form.
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