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ABSTRACT In seeking substitutions for the current Chagas disease treatment, which

has several relevant side effects, new therapeutic candidates have been extensively

investigated. In this context, a balanced interaction between mediators of the host

immune response seems to be a key element for therapeutic success, as a proin-

flammatory microenvironment modulated by interleukin-10 (IL-10) is shown to be

relevant to potentiate anti-Trypanosoma cruzi drug activity. This study aimed to

identify the potential immunomodulatory activities of the anti-T. cruzi K777, pyro-

naridine (PYR), and furazolidone (FUR) compounds in peripheral blood mononuclear

cells (PBMC) from noninfected (NI) subjects and chronic Chagas disease (CD) pa-

tients. Our results showed low cytotoxicity to PBMC populations, with 50% cytotoxic

concentrations (CC50) of 71.0 mM (K777), 9.0 mM (PYR), and greater than 20 mM

(FUR). In addition, K777 showed no impact on the exposure index (EI) of

phytohemagglutinin-stimulated leukocytes (PHA), while PYR and FUR treatments in-

duced increased EI of monocytes and T lymphocytes at late stages of apoptosis in

NI subjects. Moreover, K777 induced a more prominent proinflammatory response

(tumor necrosis factor alpha-positive [TNF-a1] CD81/CD41, gamma interferon-positive

[IFN-g1] CD41/CD81 modulated by interleukin-10-positive [IL-101] CD41 T/CD81 T)

than did PYR (TNF-a1 CD81, IL-101 CD81) and FUR (TNF-a1 CD81, IL-101 CD81). Sig-

nature analysis of intracytoplasmic cytokines corroborated the proinflammatory/modu-

lated (K777) and proinflammatory (PYR and FUR) profiles previously found. In conclusion,

the lead compound K777 may induce beneficial changes in the immunological profile of

patients presenting the chronic phase of Chagas disease and may contribute to a more

effective therapy against the disease.

KEYWORDS Chagas disease, screening compounds, Trypanosoma cruzi,

immunomodulation

Chagas disease (CD) is an important public health problem not only in Latin America,

where it is endemic, but also in other areas such as Europe, North America, Japan,

and Australia, where it is increasingly spreading. Around 7 million people are affected

worldwide, and approximately 10,000 deaths occur annually, making CD the major

cause of death from a parasitic disease in Latin America (1). In Brazil, the most current
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epidemiological data on the disease estimate its prevalence at 2 million people infected

with the parasite (2).

Current treatment options for CD are limited to two nitroheterocyclic drugs, nifur-

timox (NFX; Lampit [Bayer]) (3) and benznidazole (BZ) (Rochagan [LAFEPE] and Abarax

[ELEA]) (4). These compounds are active in the acute phase of the disease, with up to

80% efficacy (5). However, such drugs have limited effect against the CD-advanced

chronic phase and side effects are well documented, which have restricted its use and

led to discontinuation of treatment, especially in adult populations (6, 7).

Given the aspects mentioned above, new approaches have been explored in the last

2 decades, consisting of the search for future candidates for the specific chemotherapy

of CD. A detailed update on the research and development of new drugs is available

in a comprehensive review published by the Drugs for Neglected Diseases Initiative

(DNDi) (8). Among the currently investigated compounds, K777, pyronaridine (PYR), and

furazolidone (FUR) were promising candidates for anti-Trypanosoma cruzi therapy. The

efficacy of K777 was documented in vitro (9), in immunodeficient mice (10), and in dogs

(11). Recently, PYR and FUR demonstrated in vivo efficacy against T. cruzi, reducing

85.2% and 100%, respectively, of the parasite burden after 4 days treatment (12).

Besides the great relevance of the discovery of new bioactive and selective com-

pounds against T. cruzi for progress in the treatment of infection by this parasite, host

immunity is a determinant factor in the disease pathology and a fundamental com-

plementary element during CD therapy, representing an important resistance compo-

nent. Despite the large number of studies on the immune response following infection

by T. cruzi (13–15), there are relatively few studies on the impact of treatment on this

response.

Previous studies from our group have demonstrated that a proinflammatory profile

mediated by gamma interferon (IFN-g) and tumor necrosis factor alpha (TNF-a) is

relevant in potentiating the activity of the anti-T. cruzi drug and that interleukin-10

(IL-10) may be a key element in the modulation of the immune response (16–18). Thus,

the aim of this study was to analyze the putative immunomodulatory activity of the

anti-T. cruzi lead compounds K777, PYR, and FUR using peripheral blood mononuclear

cells (PBMC). To the best of our knowledge, this is the first report describing the impact

of these trypanocidal agents on the functional profile of PBMC populations.

RESULTS

K777 and FUR have little cytotoxicity in PBMC in vitro. Table 1 shows the

selectivity indexes (SI) of the lead anti-Trypanosoma cruzi compounds tested. Our data

showed that FUR and K777 presented higher SI than PYR. In addition, Fig. 1 shows the

cell viability (represented by the percentage of reduction) and inhibition of cell prolif-

eration, as well as dose-response curves of the evaluated compounds. Our data showed

that in the presence of the reference drug BZ, cell viability remained close to 100%

without significant inhibition in PBMC proliferation. On the other hand, K777 and PYR

promoted cellular inhibitory effects in the highest concentrations tested, with 50%

cytotoxic concentrations (CC50) of 71.0 mM and 9.0 mM, respectively. Additionally, FUR

did not demonstrate cytotoxic activity on the viability and proliferation of the PBMC

populations until 20 mM.

TABLE 1 Selectivity indexes of anti-Trypanosoma cruzi lead compounds

Anti-T. cruzi compounda EC50 (mM)b CC50 (mM)c SId

BZ 3.81 2,381.0 625.0

K777 3.60 19.0 5.3

PYR 4.60 ,11.0 ,2.4

FUR 0.89 355.3 399.0

aBZ, benznidazole; PYR, pyronaridine; FUR, furazolidone.
bMinimum effective concentration for inhibiting 50% of the Trypanosoma cruzi strain Tulahuen.
cCytotoxic concentration of the drug reference BZ and lead compounds causing death of 50% of viable L929

cells.
dSI (selectivity index) 5 CC50/EC50.
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K777 treatment promotes apoptotic and cytokine1 cell profiles similar to those

induced by the reference drug in NI subjects. Figure 2 shows the impact of in vitro

treatment with compounds K777, PYR, and FUR on PBMC from noninfected (NI)

subjects through late-apoptotic-cell and cytokine-positive (cytokine1)-cell profiles. The

data are shown as exposure index (EI 5 value for compound-treated cultures/value for

untreated cultures). According to our results, the EI of apoptotic B cells was predom-

inant in BZ and K777 treatments, whereas cultures treated with PYR and FUR showed

a late apoptosis dominance of T cells. In comparative analysis with the reference drug,

K777 maintained an apoptosis induction profile similar to that of BZ, whereas PYR and

FUR treatments showed a significant increase of EI to apoptotic monocytes and T cells.

In addition, analysis of leukocyte subsets and their cytokine production demonstrated

that K777 treatment did not induce significant changes in the PBMC, except for the

increase in IL-101 CD81 T cells. In contrast, PYR and FUR have been shown to induce

several changes in the profile of intracytoplasmic cytokines in NI, enhancing IL-4

production by monocytes while reducing TNF-a, IL-10, and IL-4 production by CD81 T

cells and/or B-cells.

FIG 1 Viability of peripheral blood mononuclear cells (PBMC) from healthy subjects (NI, n 5 12) after 72-h in vitro treatment with reference drug BZ and K777,

PYR, and FUR anti-T. cruzi lead compounds by alamarBlue. Data are presented as means 6 standard errors of the means (SEM). Significance is indicated by

asterisks: P , 0.05 (*), P , 0.01 (**), and P , 0.001 (***).
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K777 treatment promotes an apoptotic cell profile similar to that of the

reference drug and induces a modulated proinflammatory profile, while PYR and

FUR promote the reduction of cytokine1 T cells in CD patients. Figure 3 shows the

impact of in vitro treatment with compounds K777, PYR, and FUR on PBMC from CD

patients through late apoptotic cell and cytokine1 cell profiles. Our data showed that

CD groups treated with the different anti-T. cruzi lead compounds presented an

apoptotic pattern similar to that obtained with the reference drug. However, the

compounds have been shown to induce different cytokine profiles in leukocyte subsets.

K777 appears to induce a proinflammatory response (TNF-a1 CD141, IFN-g1 CD41)

modulated by IL-10 (IL-101 CD41, IL-101 CD81), while PYR and FUR showed a

tendency to increase monocyte activation and, conversely, reduce production of

cytokines considered essential for disease control and therapeutic success in adaptive

immunity, such as IFN-g and IL-10, from lymphocyte subpopulations.

K777, PYR, and FUR induce distinct changes in the signature of intracytoplas-

mic cytokines of healthy subjects and Chagas disease patients. The global median

level of intracellular cytokines (data not shown) was used to perform an evaluation of

the cytokine signature produced by leukocyte from the innate (monocytes) and adap-

tive (CD41 T cells, CD81 T cells, and B cells) immune response, as illustrated in Fig. 4

and 5. Collectively, our data showed that NI subjects treated with lead compounds

exhibited increased adaptive immunity, with high production of the biomarkers of

interest. Among CD patients, our data showed that K777 maintained a signature profile

very similar to that of the reference drug, promoting an increase in the majority of

FIG 2 Drug-induced changes on in vitro apoptotic cell death and intracytoplasmic cytokine profile of peripheral blood mononuclear cells (PBMC) from healthy

subjects. The results are presented as the means 6 SEM of exposure index (EI 5 value for treated cultures/value for control cultures) of PBMC measured from

cultures treated with BZ, K777, PYR, and FUR from NI subjects (n 5 18). Statistically significant differences between populations undergoing the same treatment

are represented by a solid black line. Significant differences for the same population between different treatments tested compared to BZ are represented by

a gray rectangle.
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leukocytes, with high production of both inflammatory and regulatory cytokines. On

the other hand, PYR and FUR were able to promote changes in the profiles of only

CD81 T cells and B cells.

A Venn diagram analysis for the lead compounds is shown in Fig. 6 and shows one

biomarker (IL-41 CD141) in common from NI subjects among all anti-T. cruzi lead

compounds. PYR and FUR induced a similar immune response, with four common

biomarkers (TNF-a1 CD41, IL-21 CD41, IFN-g1 CD41, IL-101 CD41) in the NI group.

Among CD patients, TNF-a1 CD81 and IL-101 CD81 were the common biomarkers

among the four treatments employed. Also, BZ and K777 induced similar immune

responses, with five common biomarkers (IL-21 CD41, IFN-g1 CD41, IL-101 CD41,

IL-21 CD81, IFN-g1 CD81). Thus, our findings confirm that the lead compound K777

demonstrated great similarity to the reference drug BZ, inducing a comparable immune

response profile (proinflammatory cytokines modulated by regulatory cytokines) in CD

patients.

DISCUSSION

The lack of an effective drug for the chronic phase of Chagas disease has been the

major concern for the treatment of the disease. The Benznidazole Evaluation for

Interrupting Trypanosomiasis (BENEFIT) clinical trial (Clinical Trials registration number

NCT00123916), initiated in 2005, was conducted in Argentina, Brazil, Bolivia, Colombia,

and El Salvador. The program focused on the potential benefit of BZ treatment in

patients with Chagas cardiomyopathy, attracting great expectations (19, 20). However,

the drug was not able to reduce the progression of heart disease within 5 years of

FIG 3 Drug-induced changes on in vitro apoptotic cell death and intracytoplasmic cytokine profile of peripheral blood mononuclear cells (PBMC) from Chagas

disease patients. The results are presented as the means 6 SEM of exposure index (EI 5 value for treated cultures/value for control cultures) of PBMC from

CD patients (n 5 20) measured from cultures treated with BZ, K777, PYR, and FUR. Statistically significant differences between populations undergoing the same

treatment are represented by a solid black line (segment). Significant differences for the same population subjected to different treatments tested compared

to BZ are represented by a gray rectangle.
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FIG 4 Drug-induced changes on in vitro overall signature of high cytokine producers. Signatures of high

frequency of cytokine-producing cells from innate (CD14) and adaptive (CD4, CD8, CD19) immune compartments

(Continued on next page)
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follow-up of the patients. In addition, negative PCR results showed significant variation

depending on geographic location (21). In this perspective, several studies have been

conducted towards the discovery of bioactive and selective agents against T. cruzi,

including compounds such as fexinidazole (22), posaconazole (23), and ravuconazole

(24). Indeed, new compounds have been rediscovered for CD treatment and have

attracted great scientific interest recently, highlighting the lead compounds evaluated

in present study.

The anti-T. cruzi activity of K777, a vinyl sulfone inhibitor, was identified by James

McKerrow (University of California, San Francisco, USA) by screening for cysteine

protease inhibitors against T. cruzi-infected macrophages. The compound was reported

to block the proliferation of extracellular epimastigotes/intracellular amastigotes and

prevent metacyclogenesis in vitro (25, 26). PYR, on the other hand, is a derivative of the

benzonapthyridines and was originally discovered as an antimalarial compound (27–

29), acting to inhibit the formation of hemozoin (b-hematin) in vitro (30). It has also

been shown to be active against Babesia spp. and Theileria spp. (31) and was able to

inhibit the proliferation of a variety of tumor cells (32). FUR is a synthetic nitrofuran with

potent antibacterial and antiprotozoal activity (33–35). In addition, it has demonstrated

potent antiproliferative properties and induced apoptosis in cell lines in acute myeloid

leukemia (36), and some studies have shown its effectiveness in the treatment of

leishmaniasis in humans (37).

A cytotoxicity assay for each compound was performed, since the identification and

definition of safety limits for all chemotherapeutic potentials are critical (38). According

to our observations, the lead compounds K777, PYR, and FUR exhibited CC50 of 19.0

mM, ,11.0 mM, and .355.3 mM, respectively, on L929 cells as well as CC50 of 71.0 mM,

9.0 mM, and .20 mM on PBMC. There are no previous studies of cytotoxicity for these

compounds on PBMC populations. However, the toxic effects of compounds K777 and

FUR were investigated on bovine embryo skeletal muscle (BESM) cells, and according

to image-based assays these compounds exhibited CC50 of .20.0 mM and .50.0 mM,

respectively (39). Additionally, Ekins et al. previously reported that a mouse myoblast

cell line (C2C12) treated with PYR and FUR demonstrated CC50 of 3.0 mM and .10.0

mM, respectively (12). Thus, although the toxicity of the compounds varies according to

the cell types employed, the available data are in line with our results demonstrating

that K777 and FUR presented low cytotoxicity.

Another important point on the evaluation of new drugs includes the induction of

cell death signaling responses during chemotherapy. Our results also describe the

induction of PBMC apoptosis caused by the lead compounds. In this context, K777 did

not promote changes in the apoptosis levels compared to BZ. On the other hand, there

was an increase in cell death of monocytes and T cells from NI subjects treated with PYR

and FUR. Previous studies have shown that T. cruzi infection can induce apoptosis in T

cells and neutrophils (40), causing several deleterious consequences to the host

immune system. However, our data showed no statistical difference in apoptosis of cells

from CD patients. Thus, our results confirm that the concentrations of the compounds

used in this study are safe for PBMC populations and do not exacerbate the apoptotic

process throughout the disease.

The interactions between macrophages and lymphocytes, through cytokines, are of

extreme relevance for the establishment of an efficient immune response and able to

control the replication of pathogens in infectious processes. In addition, an efficient

immunomodulatory activity is essential to minimize pathology by different agents,

including the parasites (41–43). Based on that, we evaluated the hypothetical immu-

FIG 4 Legend (Continued)

by noninfected subjects (NI, n 5 18) and Chagas disease patients (CD, n 5 20) after treatment with BZ (blue bars),

K777 (red bars), PYR (green bars), and FUR (pink bars) lead compounds. The ascendant frequency of cytokine-

producing cells from innate and adaptive immune compartments in each group is represented by bars. Dotted

lines represent the 50th percentile that was used as a cutoff to identify relevant differences. The results are

presented as exposure index (EI 5 value for treated cultures/value for control cultures).
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FIG 5 Drug-induced changes on in vitro intracytoplasmic cytokine signatures of innate and adaptive immunity. Radar

graphs represent the balance of subjects with a high frequency of inflammatory (IL-2, TNF, IFN) or regulatory (IL-10, IL-4)

cytokine-producing cells of innate (CD14) and adaptive (CD4, CD8, CD19) immunity. Graphs were constructed with each

axis displaying the proportion of subjects with a high frequency of cytokine-producing cells within a given leukocyte

subset. The values of each axis can be joined to form the central polygon area that represents the general inflammatory/

regulatory cytokine balance. Increasing or decreasing central polygon areas reflect either higher or lower contributions,

respectively, of the inflammatory versus regulatory cytokine balance in each group. Analysis of the radar chart axes

highlights the contribution of a distinct leukocyte subset for the overall cytokine balance after treatment with BZ (blue),

K777 (red), PYR (green), and FUR (pink) lead compounds. Groups were categorized as noninfected subjects (NI, n 5 18)

and Chagas disease patients (CD, n 5 20).
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nomodulatory potential of K777, PYR, and FUR in the expression of cytokines by

monocyte and lymphocyte subsets. Our results showed similar microenvironments for

the lead compound K777 and the reference drug BZ in the cytokine profiles produced

by PBMC from NI subjects.

Among CD patients, K777 favored a modulated proinflammatory response, given

the premise that the blood of infected patients should be characterized by potentially

immunoprotective properties when treated with the drug of interest. The importance

of a modulated proinflammatory profile in CD is well documented in PBMC samples.

Although IFN-g has been implicated in the regulation of the adequate development of

the inflammatory response (44, 45), the literature indicates that PBMC in CD patients

with cardiac involvement produce more IFN-g and less IL-10 than in asymptomatic

patients during the chronic phase (46, 47). These findings are supported by previous

studies on trypanocidal therapy, showing that BZ treatment induced NK cells and CD81

T cells to produce IFN-g and that this cytokine and IL-10, produced by CD41 T cells and

B cells, were key elements for the control of tissue damage induced by the proinflam-

matory response (16–18). Particularly in the advanced chronic phase of T. cruzi infec-

tion, there is no evidence that BZ is able to sustain its immunomodulatory effect by

IL-10. For this reason, the use of combination therapy in the treatment of chronic CD

has been shown to be an important alternative that may provide a pronounced

immunomodulatory activity with consequent maximization of the desired effects (48).

In conclusion, our results demonstrated that the anti-T. cruzi lead compounds

promote different effects on the functional capacity of PBMC in healthy individuals and

patients with chronic Chagas disease. Thus, the present work demonstrates that the

compound K777 induces changes in the immunological profile that may be beneficial

in the treatment of patients in the chronic phase of Chagas disease.

FIG 6 Functional biomarkers upregulated by anti-T. cruzi lead compounds shown in Venn diagrams. Venn diagrams were built for

noninfected subjects and Chagas disease patients after treatment with BZ (blue), K777 (red), PYR (green), and FUR (pink) lead compounds

in order to determine the induction levels of common biomarkers. The internal values in the diagram represent the number of single or

common biomarkers among the lead compounds.
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MATERIALS AND METHODS

Human subjects and ethics statement. Noninfected (NI) subjects were selected from the blood

bank at Felício Rocho Hospital, Minas Gerais (MG), Brazil, and ranged in age from 18 to 65 years, whereas

CD patients who agreed to participate in this study were identified and selected in the outpatient clinic

at Instituto René Rachou/Fiocruz, Minas Gerais, Brazil, with ages ranging from 19 to 69 years. Serology

for Chagas disease was determined by two or more tests (indirect immunofluorescence, enzyme-linked

immunosorbent assay [ELISA], or indirect hemagglutination), and patients were considered infected

when at least two different tests were positive (49). The exclusion criteria for both populations were

significant anemia, evidence of hypothyroidism or hyperthyroidism, leukopenia, ischemic heart disease,

and other significant chronic or acute systemic diseases. Patients treated within the past 10 years were

also excluded.

Written informed consent was obtained from all individuals prior to their inclusion in the study.

Independent of their participation in this study, all individuals enrolled were submitted to a standard

screening protocol, follow-up, and clinical treatment. This study was carried out in full accordance with

resolution number 466/2012 of the Brazilian National Health Council for research involving humans and

was approved by the Ethics Committee at Instituto René Rachou—FIOCRUZ (CEPSH/IRR number

1.136.140/2015).

Anti-T. cruzi lead compounds and reference drug. BZ and K777 were kindly provided by James

McKerrow (University of California, San Diego). The compounds PYR and FUR were purchased from Sigma

Chemical Co. (St. Louis, MO, USA). All compounds were diluted in dimethyl sulfoxide (DMSO) according

to the manufacturer’s instructions. The final concentration never exceeded 0.5% (vol/vol), which avoided

toxicity to the host cells.

In vitro anti-T. cruzi activity, cellular toxicity, and selectivity. The in vitro anti-T. cruzi activity was

evaluated on murine L929 fibroblast cells infected with the Tulahuen strain of the parasite, according to

the method described previously (50). The compounds were tested at concentrations ranging from 0.35

mM to 3,843.2 mM during a 96-h period. Controls with uninfected cells, untreated infected cells, and

infected cells treated with benznidazole (reference drug) at the concentration of 15.2 mM or DMSO (1%,

vol/vol) were used. The results were expressed as the percentage of T. cruzi growth inhibition in infected

cells tested with the compounds to the inhibition in untreated infected cells. The compounds were

evaluated for cytotoxicity and selectivity on uninfected fibroblasts (50). Experiments were performed in

quadruplicates for each compound, and data are representative of at least two independent experi-

ments. The results obtained were expressed as 50% inhibitory concentrations (IC50s), calculated by linear

interpolation, and the selectivity index (SI) was determined based on the ratio between the CC50 for the

fibroblast cells and the IC50 for T. cruzi.

Isolation of PBMC. Peripheral blood mononuclear cells (PBMC) from NI subjects and CD patients

were isolated from heparinized blood by density gradient centrifugation on Histopaque-1077 (Sigma

Chemical Co., USA) according to Gazzinelli et al. (51). Cells were resuspended in RPMI 1640 (Gibco,

Paisley, UK) medium at a final concentration of 1 3 106 cells/ml. The PBMC counting was performed

using the Automatic Count Counter (Countess Automated Cell Counter; Invitrogen).

Cytotoxicity assay. The measurement of cytotoxicity of the compounds of interest by the

viability and proliferation of PBMC was performed from NI subject cells by the alamarBlue colori-

metric test (Bio-Rad Laboratories, Hercules, CA, USA). Briefly, PBMC were cultured in 96-well plates

(Falcon, USA) at a concentration of 2 3 106 cells/ml and in 2-fold dilutions covering a range from

100.0 mM to 0.8 mM for BZ and K777 and 20.0 mM to 0.08 mM for PYR and FUR. Plates were incubated

at 37°C in humidified 5% CO2 atmosphere for 72 h, and 22 ml of alamarBlue was added for an

additional 21 h. Spectrophotometer SpectraMax M5 (Molecular Devices, Sunnyvale, CA, USA) was

used to quantify the absorbance in wavelengths of 570 nm (oxidized state) and 600 nm (reduced

state) after exposure to alamarBlue. Results were reported as the percentage of reduction and

inhibition of PBMC proliferation of the test samples compared to phytohemagglutinin (PHA)-

stimulated controls. Reduction in cell viability of more than 30% was considered cytotoxic, as

recommended by the International Organization for Standardization (ISO) (38).

PBMC cultures. PBMC from NI subjects and CD patients were used at a concentration of 1 3 106

cells/ml. Briefly, cells were cultured in 48-well cell culture plates (Falcon, BD) in CMBlast culture medium

(RPMI 1640 supplemented with 1.6% L-glutamine, 3% antibiotic/antimycotic, and 10% normal AB1

human serum; Gibco, USA) and in the presence of reference drug BZ (final concentration, 10.0 mM) and

lead compounds K777 (1.0 mM), PYR (1.25 mM), and FUR (10.0 mM). These concentrations were chosen

after cytotoxicity assays. The cultures were stimulated with 2.5 mg/ml of PHA (Sigma Chemical Co., USA)

and incubated for 72 h at 37°C in a humidified atmosphere containing 5% CO2. During the last 4 h of

culture, brefeldin A (BFA; Sigma Chemical Co., USA) at 10 mg/ml was added, impairing protein secretion

by the Golgi complex (52) for cytokine intracellular staining.

Analysis of apoptosis profiles. Long-term stimulation PBMC cultures from NI and DC groups were

analyzed in order to characterize the apoptosis profiles from different cell populations. For the annexin

V analysis, aliquots of 50 ml were transferred to polystyrene tubes and incubated for 30 min at room

temperature (RT) with anti-CD14 APC (MwP9), anti-CD3 PE (UCHT1), and CD19 APC (HIB19) (BD Phar-

mingen, San Jose, CA, USA) monoclonal antibodies (MAbs). Following incubation, cells were washed with

2 ml of 13 phosphate-buffered saline (PBS) by centrifugation at 400 3 g for 7 min at 4°C. The cells were

resuspended in annexin V binding buffer (0.1 M HEPES-NaOH [pH 7.4], 1.4 M NaCl, 25 mM CaCl2;

Biosciences, San Jose, CA), for the working solution (13) and then incubated for 15 min at RT (25°C) in

the dark with annexin V-fluorescein isothiocyanate (FITC) and 7-amino-actinomycin (7-AAD; BD Phar-

mingen, USA) staining, according to the manufacturer’s instructions. The reaction was stopped by the
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addition of 100 ml of 13 binding buffer for each tube. Flow cytometric acquisition was performed within

a maximum of 1 h. Phenotypic analyses were performed by flow cytometry using a Becton Dickinson

FACScalibur flow cytometer, collecting data on 30,000 events/sample for lymphocytes (gated by forward

scatter [FSC] and side scatter [SSC] properties) and 5,000 events/sample for monocytes, using FlowJo

software (TreeStar Inc., Ashland, OR, USA).

Gating strategy to identify apoptotic cells. Apoptotic monocyte populations were determined by

FL4-CD14 APC versus SSC graphs followed by FL1-annexin V-FITC versus FL3-7-AAD plots. Apoptotic

lymphocytes subpopulations were first selected by the parameters FSC versus SSC corresponding to the

total lymphocytes followed by FL1-annexin V-FITC versus FL3-7-AAD for CD3 PE (T lymphocytes) and

CD19 APC (B lymphocytes), considering always the double-positive (annexin-V1 and 7-AAD1 cells) cells

to be the population of interest (corresponding to late apoptosis).

Intracellular cytokines profile. After an additional 4 h of culture in the presence of 10 mg/ml

brefeldin A (Sigma Chemical Co., USA) (53), the cultures from NI and CD were treated with 2 mM EDTA

(Sigma Chemical Co., USA) and washed once with 2 ml of fluorescence-activated cell sorter (FACS) buffer

prepared as PBS, 0.5% of bovine serum albumin, and 0.1% sodium azide (Sigma Chemical Co., USA).

Aliquots of 200 ml cells from cultures were transferred to polystyrene tubes and stained with CD14 FITC

(MwP9), CD4 APC (RPA-T4), CD8 PerCP (SK1), and CD19 APC (HIB19) MAbs (BD Pharmingen, USA) for 30

min at RT in the dark. The cells were then fixed in formaldehyde (4%) and permeabilized with saponin

buffer (0.5%) (Sigma Chemical Co., USA) for 15 min. Finally, the cells were incubated with 20 ml of

phycoerythrin (PE)-labeled anti-cytokine MAbs to IL-2 (MQ1-17H12), IL-4 (8D4-8), IL-10 (JES3-19F1), IFN-g

(4S.B3), and TNF-a (6401.1111) from BD Pharmingen for 30 min at RT in the dark. After intracytoplasmic

cytokine staining, the cells were washed and then fixed in MAX FACS FIX solution (MFF) and stored at

4°C prior to flow cytometry acquisition and analysis. Phenotypic analyses were performed by flow

cytometry using a Becton Dickinson FACScalibur flow cytometer, collecting data on 30,000 events/

sample for lymphocytes (gate by forward and side scatter properties) and 5,000 events/sample for

monocytes and using FlowJo software (TreeStar Inc., USA).

Gating strategy to identify cell subsets and intracellular cytokines. Cytokine profiling of CD141

cells, CD41, and CD81 T-cell subsets was performed by initially gating the monocytes on FL1-CD14 FITC

versus SSC and lymphocytes on FSC versus SSC dot plot distribution, followed by quantification of

cytokine-expressing cells on FL1 FITC versus FL2 PE for monocytes, FL4 APC versus FL2 PE for CD41

T-cells, and FL3 PerCP versus FL2 PE for CD81 T-cell dot plots combinations.

Cytokine signature analysis. The signatures of the intracellular cytokine profiles were determined

according to the method previously proposed by Luiza-Silva et al. (54). For this, the exposure index (EI)

of all analyzed biomarkers was used. Initially, we calculated the global median level for each cell

population and/or cytokine considering the EI of noninfected subjects and patients with Chagas disease

(NI1CD). Thus, the global median was used as a cutoff point to segregate individuals in high (greater

than the global median) and low (less than or equal to the global median) cytokine producers.

Ascendant cytokine profile. The percentage of high-producer individuals was used to obtain the

ascendant cytokine profile induced by each anti-T. cruzi lead compound. For this, bar charts were

constructed by GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA, USA), and results

above the 50th percentile were considered relevant, highlighted by gray rectangles in Fig. 2 and 3.

Radar charts. For the establishment of overall cytokine signatures, the percentage of high producers

calculated for each cytokine1 leukocyte subset was compiled on radar charts using Microsoft Excel

Software (Microsoft Corp., USA). An increase or decrease of the polygonal area reflects a greater or lesser

participation, respectively, of cells of innate and adaptive immunity in the production of proinflammatory

and/or modulatory cytokines in the treatment with each trypanocidal compound.

Venn diagram. Common and unique biomarkers upregulated by four anti-T cruzi compounds were

represented in a Venn diagram. Bioinformatics & Evolutionary Genomics software (Ghent, Belgium) was

used for analysis of the intersections (ù) in the NI and DC groups among the different in vitro treatments.

Statistical analysis. The CC50 of the lead compounds of interest was calculated by nonlinear

regression. Multiple analyses between groups were done by one-way analysis of variance (ANOVA)

followed by Tukey’s posttest. A comparison of each lead compound with the reference drug was

performed with the paired t test. Independent analyses between two groups of cytokines were

performed with the unpaired t test. The confidence interval was defined as 95% (a 5 0.05), and

differences were considered statistically significant at P values of ,0.05. All statistical analyses were

performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA, USA).
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