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Abstract

Background

Non-human primates have been shown to be useful models for Chagas disease. We previ-
ously reported that natural T. cruziinfection of cynomolgus macaques triggers clinical fea-
tures and immunophenotypic changes of peripheral blood leukocytes resembling those
observed in human Chagas disease. In the present study, we further characterize the cyto-
kine-mediated microenvironment to provide supportive evidence of the utility of cynomolgus
macaques as a model for drug development for human Chagas disease.

Methods and findings

In this cross-sectional study design, flow cytometry and systems biology approaches were
used to characterize the ex vivo and in vitro T. cruzi-specific functional cytokine signature of
circulating leukocytes from Tcl-T. cruzi naturally infected cynomolgus macaques (CH).
Results showed that CH presented an overall CD4"-derived IFN-y pattern regulated by IL-
10-derived from CD4* T-cells and B-cells, contrasting with the baseline profile observed in
non-infected hosts (NI). Homologous Tcl-T. cruzi-antigen recall in vitroinduced a broad pro-
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inflammatory cytokine response in CH, mediated by TNF from innate/adaptive cells, counter-
balanced by monocyte/B-cell-derived IL-10. TclV-antigen triggered a more selective cytokine
signature mediated by NK and T-cell-derived IFN-y with modest regulation by IL-10 from
T-cells. While NI presented a cytokine network comprised of small number of neighborhood
connections, CH displayed a complex cross-talk amongst network elements. Noteworthy,
was the ability of Tcl-antigen to drive a complex global pro-inflammatory network mediated
by TNF and IFN-y from NK-cells, CD4* and CD8* T-cells, regulated by IL-10"CD8" T-cells,

in contrast to the TclV-antigens that trigger a modest network, with moderate connecting
edges.

Conclusions

Altogether, our findings demonstrated that CH present a pro-inflammatory/regulatory cyto-
kine signature similar to that observed in human Chagas disease. These data bring addi-
tional insights that further validate these non-human primates as experimental models for
Chagas disease.

Author summary

Trypanosoma cruzi is the causative agent of Chagas disease; millions of people are infected
with this parasite. One of the major challenges to manage infected patients is the low effi-
cacy of currently available treatments, especially during chronic infection. Different T.

cruzi genotypes are known to differ in response to existing drugs (e.g., TcI is quite resis-
tant), and differences among individuals in immune response also are believed to play a
role determining therapeutic efficacy. Experimental models and in vitro systems have been
proposed for rational searches for new compounds for treating infected individuals, opti-
mally before the infection becomes clinically manifested as Chagas disease. In the field of
drug development, the non-human primate models offer a unique and valuable contribu-
tion, as a consequence of patho-physiological similarities that mimic many human diseases,
including Chagas disease. In the present study, we further investigated the functional fea-
tures of the immune response triggered by T¢I T. cruzi-infection, characterizing the ex vivo
as well as the in vitro cytokine microenvironment, upon T. cruzi-antigen recall. Our results
revealed that chronically infected cynomolgus macaques display a similar ex vivo cytokine
signature to that observed in chronic human Chagas disease. Moreover, CH macaques dis-
play a complex cross-talk among the cytokine™ leukocyte subsets, enhanced by Tcl T. cruzi-
antigen recall in vitro. These findings provide additional insights that further validate these
non-human primates as experimental models for rational development of new therapeutic
agents for Chagas disease.

Introduction

Chagas disease, caused by the obligate intracellular protozoan Trypanosoma cruzi, is the most
lethal endemic infectious disease and one of the most important public health problems in
Latin America [1,2], where estimated 6 to 7 million people are infected and over 25 million are
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at potential risk [3]. Recent studies have reported the occurrence of Chagas disease in non-
endemic areas of North America and Europe [4,5,6].

Major challenges to manage Chagas disease patients are the lack of immunoprophylactic
tools and also the low efficacy of currently available compounds to treat Chagas disease, espe-
cially during chronic infection [7]. It has been extensively reported that the effectiveness of
chemotherapeutic agents in treating Chagas disease is a multifactorial phenomenon influenced
by parasite and host intrinsic features [7]. In this context, it is well known that the T. cruzi
resistance to chemotherapeutic agents is associated with specific parasite genotypes, particu-
larly TcI, that has been considered highly resistant to benznidazole and nifurtimox treatment
[8]. In addition to the parasite genetic background, it has been extensively demonstrated that
the host immune response plays an important role in determining the therapeutic effectiveness
in Chagas disease [9].

Based on the low rates of parasitological cure reported for benznidazole and nifurtimox, the
search for new drugs or the establishment of improved protocols for the etiological treatment
of Chagas disease (including combined therapies) should be considered a priority to guide
future perspectives for therapeutic management of Chagas disease patients. In this scenario,
several scientific initiatives have been undertaken in an effort to meet the international
demand for novel drugs in the near future.

In the field of drug discovery and development, in vitro anti-parasite screening combined
with cell-line toxicity assays are relevant steps in identify promising compounds [10,11]. How-
ever, during pre-clinical research, pharmacokinetic studies involving absorption, distribution,
metabolism, and excretion, together with acute toxicity evaluation in animal models, are re-
quired for regulatory approval of any drug intended for human use to enter clinical trials [12].
Non-human primate experimental models have been considered fundamental for research
and development of medical products and devices since they reproduce most aspects of
human illnesses and are the only models that manifest the complexity of the human physio-
pathological conditions [13]. Moreover, non-human primates are the most suitable animal
model because their immune system is very similar to that of humans. In fact, we have recently
demonstrated that cynomolgus macaques naturally infected with T. cruzi present a range of ex
vivo phenotypic features of circulating leukocytes that are highly similar to those observed in
human Chagas disease patients [14]. We also have demonstrated that infected cynomolgus
macaques with no macroscopic evidence of cardiac/digestive commitment have elevated levels
of circulating monocyte-subsets, cytotoxic NK-cells and activated CD8" T-lymphocytes, as is
observed in human Chagas disease [14,15].

In the present study we have further evaluated the functional features of circulating leuko-
cytes from cynomolgus macaques that had been naturally infected with T. cruzi, focusing on
the ex vivo cytokine-mediated microenvironment and on T. cruzi-antigen recall in vitro. We
have characterized the cytokine signatures of innate and adaptive immune compartments
and applied system biology tools to provide information that further validates cynomolgus
macaques as a highly appropriate primate model for pre-clinical research on Chagas disease.

Materials and methods
Study population

This is a cross-sectional investigation that enrolled 26 non-human primates (Macaca fascicu-
laris), 21 females and five males, with ages ranging from 1-20 years and body weights ranging
from 1.9 to 7.9 kg. Based on serological screening to detect anti-T. cruzi antibodies by enzyme-
linked immunoassay (ELISA; Bio-Manguinhos; Oswaldo Cruz Foundation, Rio de Janeiro,
Brazil) and immuno-chromatographic assay (Chagas STATPAK, Chembio Diagnostic

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005233  February 22, 2017 3/18



@' PLOS NEGLECTED
Z) : TROPICAL DISEASES Cytokine signature in cynomolgus macaques naturally infected with Trypanosoma cruzi

Systems, Medford, NY), the monkeys were divided into two subgroups: T. cruzi-naturally
infected macaques (CH), with positive serology in both tests, and non-infected controls (NI)
displaying negative results in both tests. The CH group consisted of 15 non-human primates
(12 females and three males) with median age of 12 years (age ranging from 2-20 years) and
median weight of 3.5kg (weight ranging from 1.9-7.9 kg). All T. cruzi-naturally infected cyno-
molgus included in the present investigation presented the asymptomatic chronic phase of
Chagas disease. This clinical form was determined by the absence of patent parasitemia and by
meticulous organ inspections (esophagus, colon and heart) performed during necropsies. The
myocardium of all monkeys showed a macroscopically normal aspect, without signs of wall aneu-
rysms. Volume and weight of all hearts were within normal range. Moreover, the gastrointestinal
tract did not present any macroscopic sign of megaesophagus or megacolon, suggestive of diges-
tive chronic phase of Chagas disease. This approach followed the general criterion, according to
Dias JC that macroscopically defines the indeterminate chronic Chagas disease [16]. The NI
group included 11 animals (nine females and two males) with median age of 13 years (age rang-
ing from 1-20 years) and median weight of 4.9kg (weight ranging from 1.9-7.6 kg).

Ethics statement

The present investigation was approved by the Texas Biomedical Research Institute Animal
Care and Use Committee (#1050MF) and was conducted in accordance with the Public Health
Service Policy on Humane Care and Use of Laboratory Animals, and the U.S Animal Welfare
Act. The macaques included in this study were breeders or their progeny and were housed in
mixed sex social groups in metal/concrete indoor/outdoor enclosures at the Southwest National
Primate Research Center (SNPRC) at the Texas Biomedical Research Institute, San Antonio,
TX, USA. The indoor areas were heated during cool weather. The animals were provided com-
mercial monkey chow and water ad libitum, supplemented with fruits and vegetables several
times each week. Environmental enrichment devices, including balls and food puzzles, were
provided at all times. Animal care was provided according to the Guide for the Care and Use of
Laboratory Animals. No monkeys were euthanized for this investigation.

Blood samples

Ten mL of heparinized whole blood samples were collected into Vacutainer tubes (BD Phar-
mingen, San Diego, CA, USA) from each animal. Peripheral blood was drawn from a femoral
vein after immobilization of animals by general anesthesia with ketamine hydrochloride
(10mg/kg) and valium (5mg) along with inhalation of isofluorane (1.5%).

Molecular characterization of T. cruziisolated from cynomolgus
macaques

T. cruzi isolates were obtained from all seropositive macaques included in the present study by
hemoculture as described previously by Luz et al. [17]. Epimastigote forms were harvested dur-
ing Log-phase growth, washed three times with phosphate buffered saline-(PBS 0.015M, pH
7.4) at 1,000xg for 15min at 4°C, and the dry pellet stored at -70°C until processing. T. cruzi
DNA was extracted as follows: aliquots containing 90yl of distilled water and 10yl of the para-
sites suspension were heated at 100°C for 10min and NanoDrop spectrophotometer (Thermo-
Fisher Scientific, Waltham, MA, USA) was used to DNA quantification. Afterwards, the T.
cruzi genomic DNA from each isolate were maintained at -20°C until use. Molecular charac-
terization of T. cruzi isolates were performed using a combination of genetic markers, as fol-
lows: PCR-RFLP of the glucose-6-phosphate isomerase (GPI) locus using the BstEIl enzyme
and amplimer length variation of the 18S ribosomal RNA (rRNA) and mini-exon loci. For
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each locus, the PCR reactions were performed in 50pL reaction mixtures containing 100ng of
T. cruzi genomic DNA, 1X DNA polymerase buffer (Ex Taq Takara for GPI; Amplitaq Gold
Applied Biosystems for 18S rRNA and mini-exon), 2mM (18S rRNA and mini-exon) or
1.5mM (GPI) MgCl2, 200uM each ANTP, 500nM (GPI) or 1uM (18S rRNA and mini-exon)
each primer, and 1U DNA polymerase (Ex Taq Takara for GPI; Amplitaq Gold Applied Bio-
systems for 18S rRNA and mini-exon). The GPI locus was amplified using the primer pairs
and the cycling profiles described in Broutin et al. [18], and then digested with the BstEII
restriction enzyme (NEB) according to manufacturer recommendations. The SNPRC TcIV
type contains a cut site with this restriction enzyme at position 665 in the 1103bp amplified
sequence (S1A Fig). For the 18S rRNA locus, primers described by Brisse et al. [19] were used.
PCR was carried out by initial denaturation step of 10min at 94°C followed by 40 cycles of
30sec at 94°C, 30sec at 60°C, 30sec at 72°C, with a final extension step of 7min at 72°C (S1B
Fig). For the mini-exon locus, we used the primers and multiplex approach described in Fer-
nandes et al. [20], and a PCR program consisting of an initial denaturation step of 10min at
94°C followed by 40 cycles of 30sec at 94°C, 15sec at 54°C, 30sec at 72°C, with a final extension
step of 7min at 72°C (S1C Fig). The amplified/digested products were detected by electropho-
resis on 1.5% (GPI) or 2.5% (18S rRNA and mini-exon) agarose gels in TBE 0.5X (45mM Tris-
borate, ImM EDTA) and staining with ethidium bromide. Reference TcI and TcIV T. cruzi
strains isolated from infected baboons from SNPRC and negative controls were included on
each PCR batch.

Tcland TclV T. cruzi antigen preparations

The Tcl and TcIV T. cruzi strains used in this study were obtained from naturally infected
baboons (Papio hamadryas) maintained at SNPRC. The TcI and TcIV T. cruzi epimastigote
organisms were isolated by hemocultures according to Luz et al. [17]. Epimastigote forms were
harvested at the stationary growth phase in LIT (Liver Infusion Tryptose) culture medium and
the viability tested by trypan blue-exclusion staining under light microscopy. Epimastigote
forms were washed twice with PBS at 800xg, for 10 min at 4°C and the parasites suspension
was adjusted to 1x10° cells/mL. Parasites were stored as pellets at -80°C until use. The soluble
T. cruzi antigens were prepared by three thawing/freezing steps (37°C for 10 min and -80°C
for 2 min) followed by a 30 sec sonication process in a tissue homogenizer with a teflon piston
(The VirTis Company, Gardiner NY, USA). The parasite lysates were centrifugated at
37.000xg for 90 min at 4°C to obtain the soluble fractions. The supernatant was collected, dia-
lyzed against PBS for 72 h at 4°C, and filtered through 0,22um membranes (Filter milex HA,
USA): the resulting protein concentration was determined by the Lowry method. The soluble
Tcl and TcIV T. cruzi antigens were stored in 250ug/mlL aliquots at -80°C until use for short-
term whole blood cultures in vitro.

Short-term whole blood cultures in vitro

Short-term whole blood cultures in vitro were performed as previously described by Vitelli-
Avelar et al. [15]. Briefly, two distinct culture platforms referred to as: “control” and “antigen-
stimulated” cultures were carried out in parallel for each blood sample.

Triplicates of “control” cultures were performed in 14mL polypropylene tubes (BD Phar-
mingen, San Diego, CA, USA), using 500uL aliquots of heparinized whole blood samples,
incubated in the presence of 500uL of RPMI-1640 (GIBCO, Grand Island, NY, USA) plus Bre-
feldin A (BFA) (Sigma, St Louis, MO, USA) at a final concentration of 10ug/mL for 4 h at
37°Cin a 5% CO, humidified incubator. The “control” culture condition was referred to as
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“ex vivo”, which is expected to reflect the dynamic of events taking place in vivo, particularly in
the absence of exogenous stimuli.

Triplicates of “antigen-stimulated” cultures were also performed in 14mL polypropylene
tubes (BD Pharmingen, San Jose, CA, USA) and consisted of pre-incubation of 500pL aliquots
of heparinized whole blood samples in the presence of 400uL of RPMI-1640 (GIBCO, Grand
Island, NY, USA) plus 100uL of T¢I or T¢IV T. cruzi soluble antigens preparations at a final
concentration of 20pg/mL, for 1 h at 37°C in a 5% CO, humidified incubator. Following T.
cruzi antigen recall in vitro, samples were re-incubated in the presence of BFA at 10pug/mL for
an additional period of 4 h at 37°C in a 5% CO, humidified incubator.

Following the short-term stimulation in vitro, all the cultures were treated with 100uL of
20mM EDTA final concentration (Sigma, St Louis, MO, USA), followed by incubation at
room temperature for 10 min to stop the activation process.

The triplicates of each culture condition were pooled together prior to immunostaining for
intracellular cytokine analysis by flow cytometry.

Immunostaining for intracellular cytokine analysis by flow cytometry

After short-term culture in vitro, whole blood samples were immunostained as previously
described by Vitelli-Avelar et al. [15]. Briefly, cultured samples were washed once with FACS
buffer—PBS 0.5% of bovine serum albumin and 0.1% sodium azide (Sigma, St Louis, MO,
USA) by centrifugation at 400xg, for 10 min at 4°C. Following, the cells were re-suspended
1.5mL of FACS buffer and 100puL aliquots were transferred to 5mL polystyrene tubes (BD
Pharmingen, San Jose, CA, USA) containing FITC-labeled (BD Pharmingen, San Diego, CA,
USA) or TC-labeled (Caltag, Burlingame, CA, USA) anti- CD14, HLA-DR, CD16, CD3, CD4,
CD8 or CD20 mAbs. Aliquots were incubated 30 min at room temperature, in the dark. Fol-
lowing incubation, erythrocytes were lysed and leukocytes were fixed using 2mL of FACS lys-
ing solution (BD Pharmingen, San Diego, CA, USA) for 20 min at room temperature, in the
dark. The fixed membrane-stained leukocytes were then permeabilized with FACS perm-
buffer, (FACS buffer supplemented with 0.5% of saponin purchased from Sigma, St Louis,
MO, USA) by incubation for 30 min at room temperature, in the dark. Following permeabili-
zation, the cells were stained with PE-labeled anti-cytokine (TNF, IEN-y and IL-10) mAbs and
incubated for 30 min at room temperature, in the dark. After intracytoplasmic cytokine stain-
ing, the cells were washed once with FACS perm-buffer and once with FACS buffer and then
fixed in 200pL of FACS FIX Solution (10g/L paraformaldehyde, 10.2g/L sodium cacodylate,
6.65g/L sodium chloride, pH 7.2). The fixed cells were stored at 4°C up to 24 h until flow
cytometry was conducted. A total of 30,000 events per sample were run in a CyAn ADP flow
cytometry analyzer (Beckman Coulter, Inc., Brea, CA, USA). The Summit software 4.3.01
(Beckman Coulter, Inc., Brea, CA, USA) was used for data acquisition and storage. The Flow]Jo
software (version 9.4.1, TreeStar Inc. Ashland, OR, USA) was applied for data analysis, using
distinct gating strategies, as proposed by Vitelli-Avelar et al. [15]. The results were obtained as
the percentage of cytokine™ cells (TNF", IFN-y" and IL-10") within a given leukocyte subpop-
ulation (CD14", CD14"HLA-DR™", CD16", CD3", CD4", CD8" or CD20").

Data analysis

Comparative analysis of cytokine-producing cells. The percentage of cytokine™ cells
from innate and adaptive immunity was compared by Student’s t-test to identify significant
differences between T. cruzi-naturally infected hosts and non-infected controls at p<0.05. The
GraphPad Prism software (version 5.03, San Diego, California, USA) was used for statistical
analysis, scattering plots assembling and final graphical art.
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Frequency of high cytokine producers. The frequency of high cytokine producers was
calculated as previously proposed by Luiza-Silva et al. [21]. Briefly, the global median value of
cytokine™ cells was calculated for each leukocyte subpopulation, using the entire data universe
(NI+CH, n = 26 monkeys) and used to categorize each animal as a “low” (below or equal to
the global median) or “high” (higher then global median) cytokine producer. Diagrams were
used to compile the number of high cytokine producers for each group and column statistics
were run to quantify the percentage of animals classified as high producers within NI and CH.
Microsoft Excel Software was used for diagram compilation and column statistics.

Establishing the overall cytokine signatures. The use of this approach was adapted from
a pioneering study published by Luiza-Silva et al. [22], which allows the identification of subtle
differences usually not detectable by conventional statistical approaches, but relevant to under-
standing patho-physiologic microenvironments. For this purpose, initially, the percentage of
high producers calculated for each cytokine™* leukocyte subset was compiled on radar charts to
create the overall cytokine signatures. Thereafter, the members of the cytokine* leukocyte sub-
set with frequencies above the 50 percentile were highlighted and considered to be a relevant
biomarker to interpret the overall cytokine signature. The relevant biomarkers are under-
scored by bold underline formats in all figures. Microsoft Excel Software was used for radar
chart arts and the GraphPad Prism software (version 5.03, San Diego, California, USA) was
used for bar charts and continuous line assembling and graphic art.

Ascendant cytokine signatures. Ascendant cytokine signatures curves were assembled to
identify the leukocyte subset with the most prominent contribution for the high cytokine pro-
ducers, as previously proposed by Campi-Azevedo et al. [22]. The biomarkers with frequencies
above the 50™ percentile were considered relevant results and were highlighted by bold under-
line format or tagged by rectangles to highlight the pro-inflammatory (black rectangle) and
modulatory (gray rectangle) cytokine-producing leukocyte subset. The GraphPad Prism soft-
ware (version 5.03, San Diego, California, USA) was used for bar charts and continuous line
assembling, overlaying plots and graphic art.

Biomarker network analyses. Systems biology tools were applied to construct biomarker
networks and to assess the association between cytokine™ leukocyte subsets, their cross-talk
and neighborhood connections for each clinical group. Conventional statistical analysis was
performed by Spearman’s correlation test using the GraphPad Prism software (version 5.03,
San Diego, California, USA). A matrix composed of all cytokine® leukocyte subsets evaluated
in this study was created and column statistics were applied to identify the significant correla-
tions at p<0.05. Correlation matrices for cytokine™ cells were built using Microsoft Excel Soft-
ware and the file was imported to the open source software Cytoscape (version 3.1.1) to create
circular layouts biomarker networks as previously reported Shannon et al. [23]. Biomarker
networks are displayed by node sizes reflecting the number of neighborhood connections
from 0 to 8, according to the scale provided in the figure. Black and gray nodes were used to
identify pro-inflammatory (TNF and IFN-y) and regulatory (IL-10) cytokines respectively.
Connecting edges are displayed with distinct thickness, representing the correlation scores,
categorized as strong positive (r > 0.68; thick black line), moderate positive (0.36 < r < 0.68;
thin black line), strong negative (r < -0.68; thick gray dashed line), moderate negative (-0.68 <
r <-0.36; thin gray equal dashed line) as proposed by Taylor [24].

Results
Ex vivo functional profile of peripheral blood leukocytes

The frequency of ex vivo high cytokine producers and the overall ex vivo cytokine signatures of
healthy and monkeys naturally infected with TcI T. cruzi are shown in Fig 1. Data analyses
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Fig 1. Ex vivo frequency of high cytokine producers and overall signatures in macaques naturally infected with Tcl T. cruzi. (A) Gray-scale
diagrams were used to compile the ex vivo frequency of high modulatory (gray square) and pro-inflammatory (black square) cytokine producers within T.
cruzi-infected cynomolgus macaques (CH) and non-infected controls (NI). The global median values of cytokine™ cells were calculated, taken from the whole
data universe (NI+CH, n = 26 non-human primates) and used as the cut-off mark to categorize each animal as “low” (white square) or “high” (gray square,
black square) cytokine producers among NI and CH. Column statistics were run to quantify the frequency of high producers in each group. The biomarkers
with frequencies above the 50" percentile are highlighted by bold undetline format. (B) Radar charts summarizing the modulatory (gray area) and pro-
inflammatory (black area) cytokine signatures in a range of leukocyte subsets (monocytes, NK-cells, T-cells and B-cells) were plotted to evaluate the
proportion of high producers within a given cell subpopulation. The frequencies of high producers confined outside the inner circle (50" percentile) are

underscored by bold underline format.

doi:10.1371/journal.pntd.0005233.9001

demonstrated that while non-infected primates displayed a baseline cytokine signature,
infected macaques displayed an overall pro-inflammatory response with prominent levels of
CD4*-derived IFN-y, regulated by IL-10 which is produced by T-cells (CD4" and CD8") and
B-cells (Fig 1).

Noteworthy was the shift of IFN-y"CD4" cells from the lowest position in the cytokine sig-
nature of non-infected monkeys to the highest point in the ascendant cytokine signature of
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CH hosts. It is important to highlight that monkeys naturally infected with TcI T. cruzi also
displayed a prominent ex vivo regulatory pattern mediated by IL-10 derived from monocytes,
and T- and B-cells (Fig 2A). Additional analyses of overlaid ascendant ex-vivo cytokine signa-
tures (Fig 2B) demonstrate that the frequency of high cytokine producers among non-infected
monkeys are all confined below the 50 percentile cut-off point. Remarkably, the CH hosts
presented high frequencies of pro-inflammatory cytokine producers, including TNF from
monocytes, NK-cells, T-cells and B-cells and IFN-y from NK-cells and T-cells (Fig 2B).

Data analyses performed using the original dataset, expressed as percentage cytokine" cells
from innate and adaptive immunity, confirmed all significances mentioned above (S2 Fig).
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Fig 2. Ascendant ex-vivo cytokine signatures and overlaid comparative analyses of macaques naturally infected with Tcl T. cruziand non-
infected macaques. (A) Ascendant ex vivo cytokine signatures assembled to characterize the frequency of high producers within infected monkeys (CH)
and non-infected controls (NI). Data are presented by bar charts and continuous lines (NI = circle symbols; CH = Square symbols). The biomarkers with
frequencies above the 50™ percentile are highlighted by bold underline format and the ascendant construction was used to identify the biomarkers with the
most prominent contribution for high cytokine producers. (B) Overlaid cytokine signature curves were plotted for comparative analyses of the overall ex
vivo ascendant cytokine pattern of CH and NI. The frequencies of high producers confined above the 50" percentile line were tagged by rectangles to
highlight the pro-inflammatory (black rectangle) and modulatory (gray rectangle) cytokine-producing leukocyte subset.

doi:10.1371/journal.pntd.0005233.9002
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doi:10.1371/journal.pntd.0005233.9003

Impact of Tcl and TclV T. cruziantigen priming/recall in vitro on the
overall cytokine signature of peripheral blood leukocytes

The analyses of in vitro overall cytokine signature of peripheral blood leukocytes from healthy
primates upon T. cruzi antigen priming/recall in vitro are shown in Fig 3A (TcI antigen) and
Fig 3B (TcIV antigen). Data analyses demonstrated that the TcI antigen-priming in vitro was
able to trigger, in non-infected monkeys, a modest pro-inflammatory response provided by
TNF'CD8" T-cells along with a prominent IL-10-modulated cytokine microenvironment sup-
ported by HLA-DR™ monocytes and T-cells (Fig 3A). On the other hand, the TcIV antigen-
priming in vitro induce a prominent pro-inflammatory response characterized by enhanced
frequency of TNF* T-cells and IFN-y* CD8" cells with minor IL-10 production derived from
CD4" and CD8" T-cells (Fig 3B).

The impact of T. cruzi antigen-recall in vitro overall cytokine signature of peripheral blood
leukocytes from CH is shown in Fig 3A (TcI) and 3B (TcIV). The results demonstrate that the
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homologous T. cruzi antigen (TcI) triggers a broad pro-inflammatory response supported by

TNF and IFN-y from innate/adaptive immunity cells counterbalanced by IL-10 produced by

monocytes and B-cells (Fig 3A). Conversely the heterologous TcIV antigen induced a slighter
pro-inflammatory response provided by TNF from monocytes, NK-cells and B-cells together

with IFN-y from NK-cells and T-cells, modulated by IL-10 derived from monocytes, T and B-
cells (Fig 3B).

Changes on the ascendant cytokine signature pattern of peripheral
blood leukocytes elicited by Tcl and TclV T. cruzi antigen priming/recall
in vitro

The analysis of ascendant cytokine signatures upon antigen recall represents a useful tool to
identify functional biomarkers that can be applied to characterize microenvironment mediat-
ing the T. cruzi-specific immune response. Fig 4 shows the ascendant signature of circulating
monocytes and lymphocytes from CH in response to homologous (Fig 4A) and heterologous
(Fig 4B) T. cruzi antigens as well as the cytokine pattern of NI controls (Fig 4A and 4B). Results
showed that TcI antigens trigger a predominantly regulatory cytokine profile in NT hosts,
mainly orchestrated by IL-10 from T-cells and monocytes with minor TNF production by
CD8" T-cells (Fig 4A). On the other hand, TcIV antigen trigger a robust pro-inflammatory
response in NI hosts mediated by TNF and IFEN-y produced by T-cells counterbalanced by IL-
10 derived from CD4" and CD8" T-cells (Fig 4B).

It was noteworthy that Chagas disease hosts develop, upon homologous T. cruzi antigen
recall in vitro, a prominent pro-inflammatory response involving IFN-y (NK-cells and T-cells)
together with TNF (monocytes, NK-cells, T-cells and B-cells) modulated by IL-10 from mono-
cytes and B-cells (Fig 4A). In an opposite way, the heterologous T. cruzi antigens triggered a
moderate cytokine pattern with modest frequencies of high cytokine producers (Fig 4B).

Cytokine networks connecting peripheral blood leukocytes upon Tcl and
TclV T. cruzi antigen priming/recall in vitro

Systems biology approaches were applied to construct cytokine networks based on the overall
correlation between cytokine producing cells in order to better understand the functional prop-
erties and cross-talk among circulating leukocytes in CH primates. Correlation indexes and
neighborhood connections were considered to assemble circular network layouts presented in
Fig 5. Regardless of the T. cruzi genotype used for antigen priming in vitro, NI primates pre-
sented a cytokine network comprised by small number of neighborhood connections with strong
correlation edges (Fig 5A Fig 5B). Remarkably, CH hosts displayed a more complex cross-talk
amongst network elements, with enlarged nodes representing higher number of neighborhood
connections (Fig 5A). Noteworthy was the ability of homologous T. cruzi antigen-recall to drive
an outstanding pro-inflammatory response strongly linked to IL-10, whereas the heterologous
antigen triggered a more modest network with lower number of edges (Fig 5B).

Discussion

In this study we presented additional evidence that cynomolgus macaques, naturally infected
with T. cruzi exhibit an overall immune response resembling that observed in human Chagas
disease, characterized by a mixed pro-inflammatory/modulated cytokine signature. These
findings further validate this monkey species as a valuable primate model for pre-clinical
research on drug development for human Chagas disease. It is well known that the diversity of
T. cruzi genotypes are not only associated with distinct patterns of Chagas disease morbidity
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Ascendant Cytokine Signature upon T. cruzi antigen recall in vitro
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Fig 4. Ascendant cytokine signatures of T. cruzi-infected and non-infected macaques upon (Tcl/TclV)/T. cruzi-antigen recall in vitro. Bar charts
and continuous lines were assembled together to characterize the differential impact of (A) Tcl (NI = circle symbols; CH = Square symbols) and (B) TclV
(NI = triangle symbols; CH = inverted triangle symbols) T. cruzi antigen recall in vitro on the pro-inflammatory (black rectangle) and modulatory (gray
rectangle) cytokine pattern of cynomolgus macaques naturally infected with T. cruzi (CH) and non-infected controls (NI). The ascendant constructions
were used to identify the biomarkers with the most prominent contribution for high cytokine producers. The biomarkers with frequencies above the 50™
percentile line were tagged by rectangles to highlight the pro-inflammatory (black rectangle) and modulatory (gray rectangle) cytokine-producing
leukocyte subset.

doi:10.1371/journal.pntd.0005233.g004

but also with extent of drug resistance and susceptibility, where T¢I strains are particularly
resistant to chemotherapy by comparison with T¢Il [25,26,27]. Moreover, the parasite-host
interfaces, especially the antigen-specific immune response, play a role determining drug
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Fig 5. Systems biology analysis of cytokine network upon (Tcl/TclV)/T. cruzi antigen recall in vitro. Correlation matrices for cytokine™ cells were
built with significant indexes and circular layouts to characterize the differential impact of (A) Tcl and (B) TclV T. cruziantigen recall in vitro. Biomarker
networks for cynomolgus macaques naturally infected with T. cruzi (CH) and non-infected controls (NI) are displayed by clustered distribution of nodes for
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neighborhood connections from 0 to 8, according to the scale provided in the figure. Significant correlations (p<0.05) were represented by connecting
edges to underscore strong positive (r > 0.68; thick black line), moderate positive (0.36 < r < 0.68; thin black line), strong negative (r < -0.68; thick gray
dashed line), moderate negative (-0.68 < r <-0.36; thin gray equal dashed line), as proposed by Taylor [23].

doi:10.1371/journal.pntd.0005233.9005

activity of distinct compounds against T. cruzi organisms. In this sense, it is mandatory that in
vivo studies, describing immunomodulatory effects of in silico/in vitro pre-selected hits, be car-
ried out during pre-clinical research prior to approval of clinical trials or any drug intended
for human use [12].

The murine experimental models for T. cruzi infection are usually employed in the field of
drug discovery and development, mainly due to relative low cost, easy handling procedures,
and rapid data output. Moreover, the availability of standardized protocols for post-therapeu-
tic cure assessment, including protocols involving immunosuppression, contribute to the
choice of mice to serve as the frontline models for drug discovery for Chagas disease [28].

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005233  February 22, 2017

13/18



@' PLOS NEGLECTED
Z) : TROPICAL DISEASES Cytokine signature in cynomolgus macaques naturally infected with Trypanosoma cruzi

However, one of the major concerns of using murine models as an isolated approach dur-
ing pre-clinical research is that they do not reproduce several aspects of human illnesses, nei-
ther the precise physio-pathological features nor the complexity of the immune response.
Therefore, non-human primate experimental models have been considered fundamental
for pre-clinical research and development of medical products and devices [13]. We have pre-
viously reported that cynomolgus macaques naturally infected with T. cruzi display a pheno-
typic profile of circulating leukocytes similar to that observed in human Chagas disease. In the
present study, we further characterized the functional aspects of circulating leukocytes from
cynomolgus macaques using ex vivo and in vitro perspectives that simulate the parasite-host
interface in three distinct situations, including: i) the first parasite-host contact, ii) the consoli-
dated immunological events during chronic infection, and iii) the putative immune response
triggered by T. cruzi antigen-recall, resembling endogenous antigen release.

Deciphering the differential impact of TcI and TcIV antigen priming in vitro on circulating
leukocytes from non-infected monkeys, we intended to provide insights pertinent to the
higher prevalence of TcI natural infection observed among the non-human primates at the
SNPRC. Noteworthy was the distinct immunological profile observed for NI monkeys upon
TcI and TcIV antigenic stimulation in vitro. While TcIV induced a prominent pro-inflamma-
tory pattern mediated by TNF' T-cells and IFN-y" CD8" cells with minor IL-10 production
derived from CD4" and CD8" T-cells, Tcl antigen-priming was able to trigger a prominent IL-
10-modulated cytokine microenvironment supported by HLA-DR™" monocytes and T-cells
with a modest pro-inflammatory response provided by TNF'CD8" T-cells. These findings
support the general hypothesis that the strong pro-inflammatory response mounted by NI ani-
mals upon T¢IV priming in vitro may play a protective role against this T. cruzi strain. The rel-
evance of TNF as a protection-related biomarker has already been demonstrated; it elicits
trypanocidal events mediated by activated macrophages and enhanced nitric oxide production
[29]. Moreover, the higher frequency of IFN-y* T-cells with minor IL-10 also represents an
additional trypanocidal pathway that contributes for TcIV clearance. On the other hand, the
IL-10-modulated pattern elicited by TcI-derived antigen provides evidence of susceptibility to
infection with this genotype. These proposals agree with the fact that TclI infection was pre-
dominant amongst the cynomolgus macaques, regardless of the fact that both genotypes are
present among these and other non-human primates at the SNPRC.

Characterizing the ex vivo cytokine pattern of CH group, we observed an overall mixed
pro-inflammatory/regulatory cytokine signature, mediated by IFN-y from CD4" T-cells coun-
terbalanced by IL-10 produced by CD4" T-cells and B-cells. This microenvironment resembles
that previously described for chronic Chagas disease in humans. There are several lines of evi-
dence that IFN-y plays a dual role during T. cruzi infection, being involved in both protective
and deleterious immune responses. Although, the IFN-y production by NK-cells and T-lym-
phocytes is crucial for parasite clearance, activating macrophages and cytotoxic T-cells, it can
also lead to tissue damage if an uncontrolled pro-inflammatory response takes place during
chronic infection [30]. Therefore, the establishment of an IL-10-modulated immune response
plays an essential role in containing any putative deleterious pro-inflammatory response
[31,32]. Previous studies have investigated the cytokine profile triggered during the course of
T. cruzi infections in Cebus apella monkeys [33]. It has been observed that chronically infected
C. paella expressed a non-polarized immune response in the cardiac tissue, characterized by
elevated levels IL-1B, IL-6, TNF-o along with TGF- and IL-10.

Considering that the in vitro Tcl T. cruzi-antigen recall approach to simulating the endoge-
nous antigen release resultant of both parasite killing during chronic infection or massive
parasite destruction triggered by therapeutic intervention, we observed a balanced pro-inflam-
matory/regulatory cytokine signature. This mixed microenvironment was created by TNF and
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IFN-y derived from innate/adaptive cells, counterbalanced by monocytes/B-cells/CD8" T-
cells-derived IL-10. As mentioned above, the establishment of a balanced TNF/IFN-y/IL-10
pattern is critical to control parasite growth with simultaneous maintenance of tissue integrity
around inflammatory sites during chronic infection [30,34]. Moreover, the data regarding TcI-
antigen recall in vitro further contributes to understanding the immunological events that may
be elicited upon the massive endogenous antigen release that occurs during therapeutic drug
treatment. There is evidence that an immune response mediated by high levels of IFN-vy acts syn-
ergistically with the drug treatment on trypanocidal events [31,35]. In fact, Sathler-Avelar et al.
[31,36,37] suggested that the establishment of a type 1-modulated immune profile, with IFN-y-
mediated pro-inflammatory response together with high levels of IL-10 are key elements for par-
asite clearance in the absence of deleterious tissue damage that eventually might occur during
Chagas disease treatment. These data reinforce the notion that non-human primates naturally
infected with T. cruzi serve as an excellent model to test the hypothesis that the host immune
response plays a synergistic role with therapeutic drugs in determining efficacy of treatment.

In summary, our data showed that monkeys naturally infected with TcI presented a mixed
pro-inflammatory/regulatory response which resembled the immunological findings observed
in humans Chagas disease. Taking into consideration the natural resistance of T¢I to currently
available drugs and the physiological and immunological similarities that non-human pri-
mates share with humans, our results further support the use of these animals as an experi-
mental model that is uniquely suited for research on Chagas disease.

Supporting information

S1 Checklist. STROBE Checklist. The ChecKklist for a cross-sectional study was fulfilled and
added in the online submission system as Vitelli-Avelar et al STROBE checKklist file.
(PDF)

S1 Fig. Molecular characterization of T. cruzi isolates from Cynomolgus macaques. (A)
PCR-RFLP characterization of the T. cruzi isolates from seropositive cynomolgus macaques
(CH20857, CH20575, CH21268, CH20567, CH20445, CH20657, CH20476, CH20281, CH21221
and CH20443) using the GPI locus digested with the BstEII restriction enzyme as described in
Material and Methods. (B) Characterization of the T. cruzi isolates from seropositive cynomolgus
macaques (CH20857, CH20575, CH21268, CH20567, CH20445, CH20657, CH20476, CH20281,
CH21221 and CH20443) using length variation at the 18S ribosomal RNA locus. (C) Characteri-
zation of the T. cruzi isolates from seropositive cynomolgus macaques (CH20857, CH20575,
CH21268, CH20567, CH20445, CH20657, CH20476, CH20281, CH21221, CH20443, CH20564,
CH21395, CH20805 and CH20787) using the combination of mini-exon primers Tc1, Tc3 and
ME, previously described by Fernandes et al. [20]. Reference Tcl and TcIV T. cruzi strains iso-
lated from infected baboons from SNPRC and negative controls were included in the PCR
batches.

(TIF)

S2 Fig. Ex vivo profile of cytokine-producing cells from innate and adaptive immunity in
TclI T. cruzi-naturally infected macaques. (A) Pro-inflammatory and (B) modulatory cyto-
kine-producing cells in Chagas disease Cynomolgus hosts (CH, black circles) and non-infected
controls (NI, white circles). The results are expressed as mean values and scattering distribu-
tion of cytokine+ cells (percentage of gated cell subset) for each individual. Significant differ-
ences between groups, identified at p<0.05 by unpaired Student’s t-test, are underscored by
connecting lines.

(TIF)

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005233  February 22, 2017 15/18


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005233.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005233.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005233.s003

@‘ PLOS NEGLECTED
Z) : TROPICAL DISEASES Cytokine signature in cynomolgus macaques naturally infected with Trypanosoma cruzi

Author contributions

Conceptualization: RSA DMVA SMES ATC OAMF JEV JLV.

Data curation: RSA DMVA.

Formal analysis: RSA DMVA AMMB MPdO LVdR RPC OAMF MdSG LRdA.
Funding acquisition: OAMF JEV JLV.

Investigation: RSA DMVA EJD GBH NG.

Methodology: RSA DMVA AMMB MPdO LVdR RPC OAMF MdSG LRdA.
Project administration: JEV JLV.

Resources: JEV JLV.

Supervision: OAMF JEFV JLV.

Visualization: RSA DMVA.

Writing - original draft: RSA DMVA AMMB MPdO LVdR RPC SMES OAMF JEV JLV.
Writing - review & editing: RSA DMVA AMMB ATC OAMF JEV JLV NG.

References

1. Poveda C, Fresno M, Gironés N, Martins-Filho OA, Ramirez JD, Santi-Rocca J, et al. Cytokine profiling
in Chagas disease: towards understanding the association with infecting Trypanosoma cruzidiscrete
typing units (a BENEFIT TRIAL sub-study). PLoS One. 2014; 9(3): €91154. doi: 10.1371/journal.pone.
0091154 PMID: 24608170

2. Teixeira ARL, Hecht MM, Guimaro MC, Sousa AO, Nitz N. Pathogenesis of Chagas’ disease: parasite
persistence and autoimmunity. Clin Microbiol Rev. 2011; 24(3): 592—-630. doi: 10.1128/CMR.00063-10
PMID: 21734249

3. WHO. Chagas disease (American trypanosomiasis) Fact sheet 340. 2015. Available from: http://www.
who.int/mediacentre/factsheets/fs340/en/

4. Basile L, Jansa JM, Carlier Y, Salamanca DD, Angheben A, Bartoloni A, et al. Chagas disease in Euro-
pean countries: the challenge of a surveillance system. Euro Surveill. 2011; 16(37): pii = 19968.

5. Tenney TD, Curtis-Robles R, Snowden KF, Hamer SA. Shelter dogs as sentinels for Trypanosoma
cruzitransmission across Texas. Emerg Infect Dis. 2014; 20(8): 1323-6. doi: 10.3201/eid2008.131843
PMID: 25062281

6. Coura JR, Vifas PA, Junqueira ACV. Ecoepidemiology, short history and control of Chagas disease in
the endemic countries and the new challenge for non-endemic countries. Mem Inst Oswaldo Cruz.
2014; 109(7): 856—-862. doi: 10.1590/0074-0276140236 PMID: 25410988

7. LanaM, Martins-Filho OA. Revisiting the posttherapeutic cure criterion in Chagas disease: time for new
methods, more questions, doubts, and polemics or time to change old concepts? Biomed Res Int. 2015;
2015: 652985. doi: 10.1155/2015/652985 PMID: 26583124

8. Toledo MJO, Bahia MT, Carneiro CM, Martins-Filho OA, Tibayrenc M, Barnabé C, et al. Chemotherapy
with benznidazole and itraconazole for mice infected with different Trypanosoma cruziclonal geno-
types. Antimicrob Agents Chemother. 2003; 47(1): 223-30. doi: 10.1128/AAC.47.1.223-230.2003
PMID: 12499195

9. Molina J, Martins-Filho OA, Brener Z, Romanha AJ, Loebenberg D, Urbina JA. Activities of the triazole
derivative SCH 56592 (Posaconazole) against drug-resistant strains of the protozoan parasite Trypano-
soma (Schizotrypanum) cruziin immunocompetent and immunosuppressed murine hosts. Antimicrob
Agents Chemother. 2000; 44(1): 150-5. PMID: 10602737

10. Araujo GL, Vieira AE, Barreiro EJ, Lima LM, Cardoso CN, Emiliano NF, et al. Toxicological in vitroand
subchronic evaluation of LASSBio-596. Food Chem Toxicol. 2014; 73: 148-56. doi: 10.1016/j.fct.2014.
07.037 PMID: 25139121

11.  Gomez-Lechdn MJ, Tolosa L, Conde |, Donato MT. Competency of different cell models to predict
human hepatotoxic drugs. Expert Opin Drug Metab Toxicol. 2014; 10(11): 1553—-68. doi: 10.1517/
17425255.2014.967680 PMID: 25297626

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005233  February 22, 2017 16/18


http://dx.doi.org/10.1371/journal.pone.0091154
http://dx.doi.org/10.1371/journal.pone.0091154
http://www.ncbi.nlm.nih.gov/pubmed/24608170
http://dx.doi.org/10.1128/CMR.00063-10
http://www.ncbi.nlm.nih.gov/pubmed/21734249
http://www.who.int/mediacentre/factsheets/fs340/en/
http://www.who.int/mediacentre/factsheets/fs340/en/
http://dx.doi.org/10.3201/eid2008.131843
http://www.ncbi.nlm.nih.gov/pubmed/25062281
http://dx.doi.org/10.1590/0074-0276140236
http://www.ncbi.nlm.nih.gov/pubmed/25410988
http://dx.doi.org/10.1155/2015/652985
http://www.ncbi.nlm.nih.gov/pubmed/26583124
http://dx.doi.org/10.1128/AAC.47.1.223-230.2003
http://www.ncbi.nlm.nih.gov/pubmed/12499195
http://www.ncbi.nlm.nih.gov/pubmed/10602737
http://dx.doi.org/10.1016/j.fct.2014.07.037
http://dx.doi.org/10.1016/j.fct.2014.07.037
http://www.ncbi.nlm.nih.gov/pubmed/25139121
http://dx.doi.org/10.1517/17425255.2014.967680
http://dx.doi.org/10.1517/17425255.2014.967680
http://www.ncbi.nlm.nih.gov/pubmed/25297626

@ PLOS | RSHEAE Biseases

Cytokine signature in cynomolgus macaques naturally infected with Trypanosoma cruzi

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,
25.

26.

27.

28.

29.

30.

31.

Pellegatti M. Preclinical in vivo ADME studies in drug development: a critical review. Expert Opin Drug
Metab Toxicol. 2012; 8(2): 161-72. doi: 10.1517/17425255.2012.652084 PMID: 22248306

't Hart BA, Bogers WM, Haanstra KG, Verreck FA, Kocken CH. The translational value of non-human
primates in preclinical research on infection and immunopathology. Eur J Pharmacol. 2015; 759: 69—
83. doi: 10.1016/j.ejphar.2015.03.023 PMID: 25814254

Sathler-Avelar R, Vitelli-Avelar DM, Mattoso-Barbosa AM, Perdigdo-de-Oliveira M, Costa RP, Eloi-San-
tos SM, et al. Phenotypic features of circulating leukocytes from non-human primates naturally infected
with Trypanosoma cruziresemble the major immunological findings observed in human Chagas dis-
ease. PLoS Negl Trop Dis. 2016; 10(1): e0004302. doi: 10.1371/journal.pntd.0004302 PMID:
26808481

Vitelli-Avelar DM, Sathler-Avelar R, Teixeira-Carvalho A, Dias JCP, Gontijo ED, Faria AM, et al. Strat-
egy to assess the overall cytokine profile of circulating leukocytes and its association with distinct clinical
forms of human Chagas disease. Scand J Immunol. 2008; 68(5): 516—25. doi: 10.1111/j.1365-3083.
2008.02167.x PMID: 18803607

Dias JC. The indeterminate form of human chronic Chagas’ disease: A clinical epidemiological review.
Rev Soc Bras Med Trop. 1989; 22(3):147—-156). PMID: 2486527

Luz ZM, Coutinho MG, Cangado JR, Krettli AU. Hemoculture: sensitive technique in the detection of
Trypanosoma cruzi in chagasic patients in the chronic phase of Chagas disease. Rev Soc Bras Med
Trop. 1994; 27(3): 143-8. PMID: 7972943

Broutin H, Tarrieu F, Tibayrenc M, Oury B, Barnabe C. Phylogenetic analysis of the glucose-6-phos-
phate isomerase gene in Trypanosoma cruzi. Exp Parasitol. 2006; 113(1):1-7. doi: 10.1016/j.exppara.
2005.11.014 PMID: 16410006

Brisse S, Verhoef J, Tibayrenc M. Characterization of large and small subunit rRNA and mini-exon
genes further supports the distinction of six Trypanosoma cruzilineages. Int J Parasitol. 2001; 31(11):
1218-1226. PMID: 11513891

Fernandes O, Santos SS, Cupolillo E, Mandonca B, Derre R, Junqueira ACV, Santos LC, Sturn NR,
Naiff RD, Barret TV, Campbell DA, Coura JR. A mini-exon multiplex polymerase chain reaction to distin-
guish the major groups of Trypanosoma cruziand T. rangeliin the Brazilian Amazon. Trans Roy Soc
Trop Med & Hyg. 2001; 95: 97-99.

Luiza-Silva M, Campi-Azevedo AC, Batista MA, Martins MA, Sathler-Avelar R, Lemos D, et al. Cytokine
signatures of innate and adaptive immunity in 17DD yellow fever vaccinated children and its association
with the level of neutralizing antibody. J Infect Dis. 2011; 204(6): 873—83. doi: 10.1093/infdis/jir439
PMID: 21849284

Campi-Azevedo AC, Araujo-Porto LP, Luiza-Silva M, Batista MA, Martins MA, Sathler-Avelar R. 17DD
and 17D-213/77 yellow fever substrains trigger a balanced cytokine profile in primary vaccinated chil-
dren. PLoS One. 2012; 7(12): e49828. doi: 10.1371/journal.pone.0049828 PMID: 23251351

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: a software environ-
ment for integrated models of biomolecular interaction networks. Genome Res. 2003; 13(11): 2498—
504. doi: 10.1101/gr.1239303 PMID: 14597658

Taylor R. Interpretation of the correlation: a basic review. J. Diagn Med Sono. 1990; 6(1): 35-39.

Filardi LS, Brener Z. Susceptibility and natural resistance of Trypanosoma cruzi strains to drugs used
clinically in Chagas disease. Trans R Soc Trop Med Hyg. 1987; 81(5): 755-9. PMID: 3130683

Murta SM, Romanha AJ. In vivo selection of a population of Trypanosoma cruziand clones resistant to
benznidazole. Parasitology. 1998; 116(Pt2): 165-71.

Toledo MJ, Bahia MT, Veloso VM, Carneiro CM, Machado-Coelho GL, Alves CF, Martins HR, Cruz RE,
Tafuri WL, Lana M. Effects of specific treatment on parasitological and histopathological parameters in
mice infected with different Trypanosoma cruziclonal genotypes. J Antimicrob Chemother. 2004; 53
(6): 1045-53. doi: 10.1093/jac/dkh224 PMID: 15102747

Chatelain E, Konar N. Translational challenges of animal models in Chagas disease drug development:
a review. Drug Design, Development and Therapy. 2015, 9: 4807—4823. doi: 10.2147/DDDT.S90208
PMID: 26316715

Pissetti CW, Correia D, De Oliveira RF, Llaguno MM, Balarin MAS, Silva-Grecco RL, et al. Genetic and
functional role of TNF-alpha in the development Trypanosoma cruziinfection. PLoS Negl Trop Dis.
2011, 5(3): €976. doi: 10.1371/journal.pntd.0000976 PMID: 21408088

Ferreira LRP, Frade AF, Baron MA, Navarro IC, Kalil J, Chevillard C, et al. Interferon-y and other inflam-
matory mediators in cardiomyocyte signaling during Chagas disease cardiomyopathy. World J Cardiol.
2014, 6(8): 782—790. doi: 10.4330/wjc.v6.i8.782 PMID: 25228957

Sathler-Avelar R, Vitelli-Avelar DM, Massara RL, Borges JD, Lana M de, Teixeira-Carvalho A, et al.
Benznidazole treatment during early-indeterminate Chagas’ disease shifted the cytokine expression by

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005233  February 22, 2017 17/18


http://dx.doi.org/10.1517/17425255.2012.652084
http://www.ncbi.nlm.nih.gov/pubmed/22248306
http://dx.doi.org/10.1016/j.ejphar.2015.03.023
http://www.ncbi.nlm.nih.gov/pubmed/25814254
http://dx.doi.org/10.1371/journal.pntd.0004302
http://www.ncbi.nlm.nih.gov/pubmed/26808481
http://dx.doi.org/10.1111/j.1365-3083.2008.02167.x
http://dx.doi.org/10.1111/j.1365-3083.2008.02167.x
http://www.ncbi.nlm.nih.gov/pubmed/18803607
http://www.ncbi.nlm.nih.gov/pubmed/2486527
http://www.ncbi.nlm.nih.gov/pubmed/7972943
http://dx.doi.org/10.1016/j.exppara.2005.11.014
http://dx.doi.org/10.1016/j.exppara.2005.11.014
http://www.ncbi.nlm.nih.gov/pubmed/16410006
http://www.ncbi.nlm.nih.gov/pubmed/11513891
http://dx.doi.org/10.1093/infdis/jir439
http://www.ncbi.nlm.nih.gov/pubmed/21849284
http://dx.doi.org/10.1371/journal.pone.0049828
http://www.ncbi.nlm.nih.gov/pubmed/23251351
http://dx.doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://www.ncbi.nlm.nih.gov/pubmed/3130683
http://dx.doi.org/10.1093/jac/dkh224
http://www.ncbi.nlm.nih.gov/pubmed/15102747
http://dx.doi.org/10.2147/DDDT.S90208
http://www.ncbi.nlm.nih.gov/pubmed/26316715
http://dx.doi.org/10.1371/journal.pntd.0000976
http://www.ncbi.nlm.nih.gov/pubmed/21408088
http://dx.doi.org/10.4330/wjc.v6.i8.782
http://www.ncbi.nlm.nih.gov/pubmed/25228957

@ PLOS | RSHEAE Biseases

Cytokine signature in cynomolgus macaques naturally infected with Trypanosoma cruzi

32.

33.

34.

35.

36.

37.

innate and adaptive immunity cells toward a type 1-modulated immune profile. Scand J Immunol. 2006;
64(5): 554—63. doi: 10.1111/j.1365-3083.2006.01843.x PMID: 17032249

Roffé E, Rothfuchs AG, Santiago HC, Marino APMP, Ribeiro-Gomes FL, Eckhaus M, et al. IL-10 limits
parasite burden and protects against fatal myocarditis in a mouse model of Trypanosoma cruziinfec-
tion. J Immunol. 2012, 188(2): 649-660. doi: 10.4049/jimmunol. 1003845 PMID: 22156594

Samudio M, Montenegro-James S, Kasamatsu E, Cabral M, Schinini A, Rojas De Arias A, James MA.
Local and systemic cytokine expression during experimental chronic Trypanosoma cruziinfectionin a
Cebus monkey model. Parasite Immunol. 1999; 21(9):451-60. PMID: 10476054

Souza PEA, Rocha MOC, Menezes CAS, Coelho JS, Chaves ACL, Gollob KJ, et al. Trypanosoma
cruziinfection induces differential modulation of costimulatory molecules and cytokines by monocytes
and T cells from patients with indeterminate and cardiac Chagas’ disease. Infect Immun. 2007, 75(4):
1886—94. doi: 10.1128/IA1.01931-06 PMID: 17283096

Bahia-Oliveira LMG, Gomes JAS, Cancado JR, Ferrari TC, Lemos EM, Luz ZMP, et al. Immunological
and clinical evaluation of chagasic patients subjected to chemotherapy during the acute phase of Trypa-
nosoma cruziinfection 14-30 Years ago. J Infect Dis. 2000; 182(2): 634—8. doi: 10.1086/315743

PMID: 109151083

Sathler-Avelar R, Vitelli-Avelar DM, Massara RL, Lana M de, Dias JC, Teixeira-Carvalho A, et al. Etio-
logical treatment during early chronic indeterminate Chagas disease incites an activated status on
innate and adaptive immunity associated with a type 1-modulated cytokine pattern. Microbes Infect.
2008; 10(2): 103—13. doi: 10.1016/j.micinf.2007.10.009 PMID: 18248755

Sathler-Avelar R, Vitelli-Avelar DM, Santos SME, Gontijo ED, Teixeira-Carvalho A, Martins-Filho OA.
Blood leukocytes from benznidazole-treated indeterminate Chagas disease patients display an overall
type-1-modulated cytokine profile upon short-term in vitro stimulation with Trypanosoma cruzi antigens.
BMC Infec Dis. 2012, 12: 123.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005233  February 22, 2017 18/18


http://dx.doi.org/10.1111/j.1365-3083.2006.01843.x
http://www.ncbi.nlm.nih.gov/pubmed/17032249
http://dx.doi.org/10.4049/jimmunol.1003845
http://www.ncbi.nlm.nih.gov/pubmed/22156594
http://www.ncbi.nlm.nih.gov/pubmed/10476054
http://dx.doi.org/10.1128/IAI.01931-06
http://www.ncbi.nlm.nih.gov/pubmed/17283096
http://dx.doi.org/10.1086/315743
http://www.ncbi.nlm.nih.gov/pubmed/10915103
http://dx.doi.org/10.1016/j.micinf.2007.10.009
http://www.ncbi.nlm.nih.gov/pubmed/18248755

