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Introduction

The success of Trypanosoma cruzi infection lies mainly in
its ability to resist the oxidative attack imposed by the

Summary

Trypanosoma cruzi, the aetiological agent of Chagas disease, has a highly
efficient detoxification system to deal with the oxidative burst imposed by
its host. One of the antioxidant enzymes involved is the cytosolic trypare-
doxin peroxidase (c-TXNPx), which catalyses the reduction to hydrogen
peroxide, small-chain organic hydroperoxides and peroxynitrite. This
enzyme is present in all parasite stages, and its overexpression renders
parasites more resistant to the oxidative defences of macrophages, favour-
ing parasite survival. This work addressed the study of the specific
humoral and cellular immune response triggered by c-TXNPx in human
natural infection. Thus, sera and peripheral blood mononuclear cells
(PBMC) were collected from chronically infected asymptomatic and car-
diac patients, and non-infected individuals. Results showed that levels of
IgG antibodies against c-TXNPx were low in sera from individuals across
all groups. B-cell epitope prediction limited immunogenicity to a few,
small regions on the c-TXNPx sequence. At a cellular level, PBMC from
asymptomatic and cardiac patients proliferated and secreted interferon-y
after c-TXNPx stimulation, compared with mock control. However, only
proliferation was higher in asymptomatic patients compared with cardiac
and non-infected individuals. Furthermore, asymptomatic patients showed
an enhanced frequency of CD19" CD69" cells upon exposure to c-
TXNPx. Overall, our results show that ¢-TXNPx fails to induce a strong
immune response in natural infection, being measurable only in those
patients without any clinical symptoms. The low impact of ¢c-TXNPx in
the human immune response could be strategic for parasite survival, as it
keeps this crucial antioxidant enzyme activity safe from the mechanisms
of adaptive immune response.

Keywords: B-cell epitope prediction; chronic Chagas disease; peroxire-
doxin; T-cell and B-cell response.

host’s immune cells.”> Among the parasite’s antioxidant
defences, one of the most relevant pathways relies on the
trypanothione metabolism enzymes, the tryparedoxin per-
oxidases (TXNPx)."** As they have no homologue in the

Abbreviations: AS, asymptomatic patient; CCC, Chagasic cardiac patient; c-TXNPx, cytosolic tryparedoxin peroxidase; ELISA,
enzyme-linked immunosorbent assay; GM-CSF, granulocyte-macrophage colony-stimulating factor; ICsj, 50% of the maximum
response; IFN, interferon; IgG, immunoglobulin G; IL, interleukin; LMM, linear mixed-effects models; m-TXNPx, mitochondrial
tryparedoxin peroxidase; NI, non-infected individual; PBMC, peripheral blood mononuclear cells; PBS, phosphate-buffered
saline; Prx, peroxiredoxins; Th, helper CD4" T lymphocyte; TLR, Toll-like receptor; TNF, tumour necrosis factor

© 2018 John Wiley & Sons Ltd, Immunology


http://orcid.org/0000-0001-8115-667X
http://orcid.org/0000-0001-8115-667X
http://orcid.org/0000-0001-8115-667X
mailto:
mailto:

M. C. Girard et al.

mammal host, these enzymes constitute an attractive can-
didate as a therapeutic target. TXNPx belong to the fam-
ily of typical 2-Cys peroxiredoxins (Prx) that use
tryparedoxin as an electron donor to detoxify endogenous
peroxynitrites and macrophage-produced molecules,
hydrogen peroxide and short-chain organic hydroperox-
ides.* Structurally, TXNPx is a decamer organized as a
pentamer of symmetric dimers, with an apparent molecu-
lar weight of 166 kDa that can be found in the cytosol
(c-TXNPx) and in the mitochondria (m-TXNPx) in the
three life-cycle stages of the parasite.’ ® It was demon-
strated that c-TXNPx but not m-TXNPx is released into
the extracellular medium, and it could help the parasite
to counteract the oxygen and nitrogen reactive species
produced by the host.”

Several studies have described the role of T. cruzi
TXNPx as virulence factors.'” It is known that overex-
pression of both the cytosolic and mitochondrial forms
significantly increases the detoxification of reactive oxygen
species, which leads to an increase in parasitaemia
together with a greater number of inflammatory infiltrates
in skeletal muscle and heart.'! Data from proteomic and
biochemical analysis of the parasite in different stages of
its life cycle show that the expression of both isotypes,
among other enzymes of the antioxidant network, is
increased in metacyclic trypomastigotes compared with
the epimastigotes, which reinforces the role of this
enzyme in the survival of T. cruzi in the mammalian
host.'* ™ Even more, both TXNPx forms in trypomastig-
otes, and only c-TXNPx in epimastigotes, display major
abundance in those parasite strains that are more infec-
tive and virulent.'*'> All of these findings highlight the
importance of these enzymes in the parasite’s ability to
successfully infect host cells.

However, the functions of peroxiredoxins are not
limited to their antioxidant activity."® Recent studies
show that these enzymes are secreted by tumour and/
or infected cells and their interactions with different
receptors, such as Toll-like receptor 2 (TLR2) and
TLR4 present on the surface of host cells, modulate
inflammation, immunity and tissue-repairing reac-
tions.'®'” With regard to parasitic infections, the Prx
of the helminth Fasciola hepatica, a multicellular para-
site responsible for chronic and persistent infections,
acts on host macrophages by stimulating the secretion
of cytokines that suppress the T helper type 1 (Thl)
lymphocyte phenotype, without altering the differentia-
tion of naive T lymphocytes to Th2 phenotype.'®"”
This effect of Prx is independent of its peroxidase
activity.'"” On the other hand, the 2-Cys peroxiredoxin
(PfTPx-1) of the protozoa Plasmodium falciparum, the
causative agent of malaria, induces the secretion of
tumour necrosis factor, through binding to TLR4 and
via the activation of the transcription factor nuclear
factor-xB.>° Hence, parasite Prx seems to act in

harmony with the interplay imposed by each particular
microorganism: the Plasmodium Prx biases the
response towards an inflammatory Thl phenotype,
whereas the Fasciola Prx bends the balance towards a
Th2 response with production of interleukin-4 (IL-4),
IL-10 and prostaglandin E,.*!

In line with this, another example of Prx that favour
parasite survival by modulating the host’s immune
response are those from Toxoplasma gondii and Leishma-
nia infantum.***> The Prx of Toxoplasma gondii modu-
lates the function of the host macrophages by inhibiting
the production of IL-1f and favouring the secretion of
IL-10.%> On the other hand, the Prx of Leishmania when
secreted/excreted into the extracellular medium acts as an
activator of B lymphocytes by a T-cell-independent mech-
anism, producing not only cell proliferation but also IL-
10 secretion, which suggests that this protein may play a
role of importance in the progression of the disease.”’

Having in mind that T. cruzi, through c-TXNPx, could
modulate host immune response, this study sought to
analyse the immune response developed in the context of
parasite natural infection. For this purpose, we assessed
specific antibodies, and B-cell and T-cell response using
peripheral blood mononuclear cells (PBMC) from a
cohort of patients with chronic Chagas disease, asymp-
tomatic and with cardiac alterations, and from non-
infected individuals as the control group.

Materials and methods

Study population

The study population consisted of 32 patients (15 asymp-
tomatic and 17 cardiac) with positive serology for Chagas
disease, determined by two or more tests [indirect
immunofluorescence, enzyme-linked immunosorbent
assay (ELISA), indirect haemagglutination], and 18 non-
T. cruzi-infected individuals with negative serological tests
for Chagas disease (control group). All groups of individ-
uals were matched for age and gender (Table 1). The
exclusion criteria included no record of treatment with
benznidazole or nifurtimox, the presence of systemic arte-
rial hypertension, diabetes mellitus, thyroid dysfunction,
renal insufficiency, chronic obstructive pulmonary disease,
hydroelectrolytic disorders, alcoholism, history suggesting
coronary artery obstruction and rheumatic disease, and
the impossibility of undergoing the examinations. The
patients in the chronic phase of the infection underwent
a complete clinical and cardiological examination and
were stratified as asymptomatic (without demonstrable
pathology) or cardiac patients according to a modified
Kuschnir classification.**

The research protocols followed the tenets of the Decla-
ration of Helsinki and were approved by the Medical
Ethics Committee of the National Institute of
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Table 1. Demographic and clinical characteristics of the study population

c-TXNPx immune response in chronic Chagas disease

Non-infected (NI)

Chronic Chagas patients

Asymptomatic (AS) Cardiac (CCC)

Number of individuals (1) 18

Gender (female/male) 10/8

Age (range) 46 (30-60)
Kuschnir (grade 1-2-3) 0-0-0
Range of anti-Trypanosoma cruzi antibody titre' 10-60

15 17

8/7 9/8

60 (56-70) 54 (42-67)
0-0-0 12-1-1
169-99 407 1000-29 975

"Titre of antibodies against T. cruzi was determined as ICs, sera dilution factor.

Parasitology ‘Dr. Mario Fatala Chabén’. All enrolled
patients gave written informed consent, according to the
guidelines of the ethics committee, before blood collec-
tion and after the nature of the study was explained.

Recombinant ¢-TXNPx expression and purification

The ¢-TXNPx was expressed and purified as previously
described with modifications.” ClearColi bacterial strain,
expressing a human non-endotoxic form of lipopolysac-
charide,” was grown at 30° in LB-Miller medium.
Expression of recombinant TcH6TXNPx was induced
with 0-5 mm isopropyl-f-p-thiogalactopyranoside when
the culture reached an absorbance at 600 nm of 0-6. The
purification was performed in a 5-ml HiTrap affinity col-
umn (Amersham, Buckinghamshire, UK) charged with
Ni** and equilibrated with binding buffer (50 mm sodium
phosphate, pH 7-6, containing 20 mm imidazole, 500 mm
NaCl) at a flow rate of 3 ml/min. The His-tagged c-
TXNPx was eluted in 50 mm sodium phosphate, pH 7-6,
containing 400 mm imidazole, 500 mm NaCl. Mock con-
trol was produced from the extract of bacteria trans-
formed with the same vector used for recombinant
c-TXNPx production (without the construct) submitted
to the same purification process. Residual endotoxins
were removed from protein samples using the Thermo
Scientific Pierce High Capacity Endotoxin Removal Resin
(Thermo Scientific Pierce, Waltham, MA, USA).

Parasite lysate

Whole antigenic lysate from T. cruzi epimastigote was
prepared from axenic cultures (CL Brener strain) in liver
infusion tryptose medium as previously described.*® After
lysis, the suspension was filter-sterilized through a 0-2-um
pore size membrane, split into aliquots and stored at
—80° until use.

PBMC and serum isolation
The PBMC were isolated from whole blood by Ficoll-

Hypaque density gradient centrifugation (GE Healthcare
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Bio-Sciences AB, Uppsala, Sweden) according to manu-
facturer-provided instructions, within 4 hr after collection
in EDTA-anticoagulated tubes. Isolated PBMC were
resuspended in fetal bovine serum (Natocor, Cérdoba,
Argentina) containing 10% dimethylsulphoxide and cry-
opreserved in liquid nitrogen until used. An aliquot of
whole blood (4 ml) from each participant was separated
and centrifuged at 400 g to obtain the serum, which was
stored at —20° until use.

Anti-T. cruzi and anti-c-TXNPx antibody titre

Anti-T. cruzi and anti-c-TXNPx immunoglobulin G (IgG)
titres were determined by ELISA, as previously described,”’
in sera from Chagas patients (15 asymptomatic and 17 car-
diac) and 15 non-infected individuals. Briefly, 20 pg/ml of
T. cruzi lysate or 5 pg/ml of recombinant c-TXNPx was
coated in a 96-well flat-bottom plate overnight at 4° in
0-05 M bicarbonate—carbonate buffer (pH 9:6). Coated
wells were washed three times with 0-05% Tween-20 in
phosphate-buffered saline (PBS-T) and blocked for 1 hr
with 5% skimmed milk in PBS-T at 37°. After three more
washes in PBS-T, serial dilutions of sera from each partici-
pant were incubated in 1% skimmed milk in PBS-T at 37°
for 2 hr. All dilutions were tested in duplicate. Bound IgG
was detected with peroxidase-labelled rabbit anti-human
IgG at 37° for 1 hr (Sigma, St Louis, MO, USA.). Enzyme
activity was revealed with 3,3,5,5'-Tetramethylbenzidine
(TMB), and optical density was measured at 450 nm wave-
length with an Automated Plate Reader (Molecular
Devices, San Jose, CA, USA.). Antibody titre from each
individual was determined as the serum dilution factor that
corresponds to 50% of the maximum response (ICs,) cal-
culated by non-linear, dose-response regression analysis
using GraPHPAD Prism software (GraphPad Software, La
Jolla, CA, USA).

In silico c-TXNPx B-cell epitope prediction

The web server BepiPrep-2.0 ** was used to predict linear
B-cell epitopes within ¢-TXNPx structure from protein
data base (accession number: 4LLR). This software analyses
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each amino acid separately and assigns it a score value.
Higher scores indicate higher probability for the existing
epitope. A threshold score value of 0-53 was selected to
define epitopes. On the other hand, DiscoTore 2.0*° was
used to predict conformational B-cell epitopes. A score
threshold of —3-7 (corresponding to a sensitivity of 0-47
and a specificity of 0-75, default setting) was defined for
conformational epitope prediction. For both tools, the rep-
resentative unique chain of c-TXNPx structure (which has
a total of 10 chains) was used. Predicted linear and confor-
mational epitopes and overlap regions were plotted in
PYMOL software (DeLano Scientific LLC. Portland, OR,
USA).

PBMC stimulation and culture

Number and viability of PBMC were determined by Trypan
blue exclusion staining in a Neubauer counting chamber.
Cell suspensions were seeded in 96-well U-bottom plates at
a density of 2 x 10° cells/well in 200 pl of RPMI medium
containing 100 U/ml penicillin, 100 pg/ml streptomycin,
2 mM L-glutamine and 5% heat-inactivated male AB Rhe-
sus-positive human serum (HS; Sigma, St Louis, MO,
USA). Cells were stimulated in triplicates with recombinant
c-TXNPx (10 pg/ml) or no antigen (culture medium
alone). ‘Mock’ stimulations were included to control the
background response potentially induced by contaminants
from the recombinant protein production process. Non-
specific stimulation with 1 pg/ml phytohaemagglutinin
(Sigma, St Louis, MO, USA) and specific stimulation with
whole T. cruzi epimastigote lysate (10 pg/ml) were used as
positive control conditions. After 5 days of incubation, the
PBMC response was evaluated as proliferation, cytokine
secretion and expression of cell surface activation markers.

Proliferation assay

Culture supernatants were collected and stored at —20°
until cytokine secretion assessment. Subtracted medium
was replaced with complete RPMI medium, and cells
were pulsed for 18 hr with 0-5 pCi/well [methyl-*H]-thy-
midine (Perkin Elmer, Waltham, MA, USA) after which

they were harvested on glass-fibre filters. Proliferation was
measured as incorporated radioactivity, assessed by liquid
scintillation counting. Results were expressed as Stimula-
tion Index obtained as the mean counts per minute of
stimulated cultures divided by the mean counts per min-
ute of unstimulated cultures (culture medium only).

Cytokine quantification

Interferon-y (IFN-y), granulocyte—macrophage colony-sti-
mulating factor (GM-CSF) and IL-10 secretion were mea-
sured in culture supernatants by ELISA (OptEIA™
Human IFN-y and Human GM-CSF ELISA sets; BD
Pharmingen, San Diego, CA, USA; Human IL-10 ELISA
Ready—SET—Go!®; eBiosciences, San Diego, CA, USA)
according to the manufacturer’s instructions. Results were
expressed as Stimulation Index obtained as the mean pg/
ml of cytokine of stimulated cultures divided by the mean
pg/ml of cytokine of unstimulated cultures. In cases for
which the level of secreted IFN-y was undetectable, the
obtained value from the stimulated cultures was divided
by the lowest detectable value (2-3 pg/ml).

Assessment of PBMC activation markers

Frequency of positive cells for HLA-DR and CD69 activa-
tion markers on T (CD3* CD4" and CD3* CD8") and B
(CD3™ CD19") cells stimulated with T. cruzi lysate, c-
TXNPx or mock was evaluated by flow cytometry. One
million cells/well were seeded in a 48-well flat-bottom
plate in complete RPMI medium and stimulated with the
antigens mentioned above. After the incubation period,
cells were harvested, resuspended in ice-cold PBS and
stained for 30 min at room temperature with the fluores-
cence-labelled monoclonal antibodies shown in Table 2.
Cells were then washed once with PBS, fixed in 200 pl of
1% paraformaldehyde in PBS and kept at 4° until anal-
ysed by flow cytometry. Cells stained with fluorescence-
labelled isotype control antibodies were included in all
experiments. One hundred thousand events within lym-
phocyte population were acquired using a FACSCanto II
flow cytometer (Becton Dickinson, Franklin Lakes, NJ,

Table 2. Fluorescence-labelled antibodies and isotype controls used in FACS experiments

Antibody

Isotype control

FITC-conjugated anti-CD3 (BD Biosciences, San Diego, CA)
PE-Cy7-conjugated anti-CD4 (BioLegend, San Diego, CA)
PE-Cy5-conjugated anti-CD8 (BD Biosciences, San Diego, CA)
PE-Cy5-conjugated anti-CD19 (BD Biosciences, San Diego, CA)
PE-conjugated anti-HLA-DR (BD Biosciences, San Diego, CA)
BV510-conjugated anti-CD69 (BioLegend, San Diego, CA)

FITC-mouse IgG1 x (BD Biosciences, San Diego, CA)
PE-Cy7-Rat IgG 2b x (BioLegend, San Diego, CA)
FITC-mouse IgG1 x (BD Biosciences, San Diego, CA)
PECy5-mouse IgG1 x (BD Biosciences, San Diego, CA)
PE-mouse IgG2a x (BD Biosciences, San Diego, CA)
BV510-mouse IgG1 x (BioLegend, San Diego, CA)

Abbreviations: BV510, brilliant violet 510; Cy5, cyanine 5; FITC, fluorescein isothiocyanate; PE, phycoerythrin.

All antibodies were validated and titrated using biological and/or isotype control.

© 2018 John Wiley & Sons Ltd, Immunology



USA). Data analyses were carried out with FrowJo Soft-
ware (TreeStar Inc., Ashland, OR, USA); the gate pathway
used to determine the activation marker expression is
shown in the Supplementary material (Fig. S1). Frequency
of CD4" HLA-DR", CD8" HLA-DR", CD19*" HLA-DR",
CD4" CD69", CD8" CD69" and CD19" CD69" cells was
analysed. Results were expressed as fold change, which
was calculated by dividing the frequency of each subpop-
ulation of interest in stimulated cultures by the frequency
of each subpopulation of interest in unstimulated cultures
(culture medium only).

Statistical analysis

Normality and homoscedasticity of the data were evaluated
using the Shapiro-Wilk normality test and Bartlett test,
respectively. Data from proliferation and cytokine secre-
tion were transformed by log, to obtain a Gaussian distri-
bution of errors and homoscedasticity. Linear mixed-
effects models (LMM) fitted by maximum likelihood and
Tukey honest significant difference for post hoc compar-
isons were applied to analyse differences in PBMC prolifer-
ation, cytokine secretion and activation marker expression.
LMM were performed using group (asymptomatic, car-
diac, non-infected) and stimulation condition as fixed fac-
tors and patient as a random factor. LMM models were
fitted in R3.2.1,”° using the function Imer of the R-package
wme4.>! The average of antibody titre between groups was
compared using the non-parametric Kruskal-Wallis test. A
P-value of < 0-05 was considered statistically significant,
and the confidence interval (CI) was 95%.

Results

Humoral immune response triggered by c-TXNPx in
patients with chronic Chagas disease

With the aim of determining the presence of a specific
humoral response triggered by c-TXNPx in patients with
chronic Chagas disease, we assessed total anti-c-TXNPx
IgG in sera from asymptomatic (AS) and cardiac (CCC)
Chagas patients, and non-infected individuals (NI) by
ELISA. Total IgG antibody response against T. cruzi lysate
in the study population was also measured (range of anti-
T. cruzi antibody titre in each group is shown in
Table 1). Results showed that total anti-c-TXNPx IgG
titre ranged from 10 to 999 in asymptomatic, from 9 to
973 in cardiac patients and from 10 to 542 in non-
infected individuals. Although the titres were low across
the study population and no statistically significant differ-
ences were found between groups, the median of anti-c-
TXNPx antibody titre in chronic Chagas patients was
slightly higher (median AS: 181-5; median CCC: 225)
than in non-infected individuals (group median: 98),
(Fig. 1a). As expected, total anti-T. cruzi IgG titres in the

© 2018 John Wiley & Sons Ltd, Immunology

c-TXNPx immune response in chronic Chagas disease

asymptomatic and cardiac groups of patients were signifi-
cantly higher than those from the non-infected group
(Fig. 1b and Table 1). The non-parametric Spearman test
revealed a positive correlation between antibody titres
against T. cruzi and c-TXNPx in asymptomatic patients
(r=0-830, P =0-0004; see Supplementary material,
Fig. S2a), whereas no correlation was found between
these responses in patients with the cardiac form of
chronic Chagas disease (r = 0-125, P = 0-6322; see Sup-
plementary material, Fig. S2b). Overall, these results indi-
cate that c-TXNPx induces a poor humoral IgG response,
as the titre of antibodies produced against this protein
does not differ between chronic Chagas patients and the
non-infected control group. Furthermore, anti-c-TXNPx
IgG levels represent a very small fraction of the total anti-
T. cruzi lysate IgG.

In silico B-cell epitope prediction within ¢-TXNPx
protein sequence

BepIPrRED software was used to predict linear B-cell epi-
topes within c¢-TXNPx protein sequence. Figure 2(a)
shows the score for each amino acid in the c-TXNPx
sequence (considering only one representative chain of
the decamer), and the threshold score value is indicated
by a horizontal line. According to this threshold value,
the software predicted seven probable epitopes, which are
ranked by mean residue score in the Supplementary
material (Table S1). Predicted linear epitopes contain 4—
13 amino acids and show low score values compared with
other immunogenic proteins in T. cruzi.*>

DiscoTorE prediction showed 144 conformational B-cell
epitope residues of 1940 total residues (Fig. 2b; see Sup-
plementary material, Table S2). These residues interact as
a consequence of c-TXNPx folding and form conforma-
tional epitopes. Figure 2(a,b) shows linear and conforma-
tional residue scores, and threshold values are indicated
by a horizontal line, delimiting probable epitopes.

We found some specific regions of overlap between lin-
ear and conformational epitopes (Fig. 2¢; yellow labelled
residues).

These data suggest that linear and conformational B-
cell epitopes on ¢-TXNPx are limited to a few, relatively
small regions on the sequence of c-TXNPx.

Cellular immune response triggered by ¢-TXNPx in
patients with chronic Chagas disease

We next sought to establish whether c-TXNPx can trigger
a cellular adaptive immune response in patients with
chronic Chagas disease and whether there is a difference
in the response against c-TXNPx between patients with
the asymptomatic or cardiac form of chronic Chagas dis-
ease. Hence, we evaluated the specific proliferative
response and cytokine secretion of PBMC from patients
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Figure 1. Humoral response against cytosolic tryparedoxin peroxidase (c-TXNPx) in chronic Chagas disease patients. Anti-c-TXNPx (a) and
anti-Trypanosoma cruzi (b) antibody titration was carried out in sera from patients with chronic asymptomatic (AS; n = 14) and chronic cardiac
(CCC; n = 17) Chagas disease, and non-infected individuals (NI; # = 15) by ELISA. The titre of antibodies from each individual was expressed
as the sera dilution factor that corresponds to the ICsy value of the adjusted curve, which was calculated by non-linear regression analysis. Each
dot corresponds to the value from a single individual, and the horizontal line shows the median value for each group. Statistical analysis was per-
formed using the non-parametric Kruskal-Wallis test. Statistically significant differences are indicated (***P < 0-001).
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red line indicates the threshold score value of 0-53, from which positive epitopes are considered. (b) DiscoTope conformational B-cell epitope
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of each group and compared this response with that of
PBMC from non-infected individuals. First, different c-
TXNPx concentrations (1 and 10 pg/ml) and incubation
periods (3 days or 5 days) were tested using samples
from six chronic Chagas patients and three non-infected
donors, to optimize the in vitro stimulation conditions.
These preliminary results showed that 10 pg/ml of c-
TXNPx and 5 days of incubation with the protein were
optimal to trigger proliferative responses and cytokine
secretion, and these conditions were therefore used in the
following experiments.

After a 5-day incubation period, PBMC from all partic-
ipants proliferated in response to phytohaemagglutinin
and responses were not significantly different between
groups (data not shown), indicating that physiological
state and proliferative capacity of all samples remained
intact during the experimental procedure. Results showed

c-TXNPx immune response in chronic Chagas disease

that ¢-TXNPx stimulation induced proliferation in
asymptomatic patients and cardiac patients compared
with mock but not in non-infected donors (Fig. 3a; and
see Supplementary material, Fig. S3a—c). Similarly, levels
of IFN-y were increased upon stimulation with c-TXNPx
compared with mock in asymptomatic and cardiac
patients but not in non-infected donors (Fig. 3b; and see
Supplementary material, Fig. S4a—c). GM-CSF and IL-10
did not change in any of the groups evaluated upon stim-
ulation with ¢-TXNPx (data not shown).

When comparing the response triggered by c-TXNPx
among the groups of patients, results showed that c-
TXNPx-induced proliferation was higher in asymptomatic
patients than in non-infected participants (Fig. 3a). On the
other hand, no increase in proliferation upon exposure to
c-TXNPx was observed in cardiac patients compared with
non-infected participants and between asymptomatic and

(a) c-TXNPx (c) T. cruzi
I * * Kk N
8 - kil 50 -
- 40 - *kk
1 P
= ** = 30 -
% 6 - — o 20 4 "o
3 3 0
3 51 - 10 4 e
£ £ 4 o d —0—
S 41 é 2.0 4
g 3 - 3 15 - ‘
E L. =
177 & 10 4
1 @ 0-5 4
0 0-0
| J L J | ] L ] L ] 1 ]
AS CccC NI AS CCcC NI
(b) * (d) . ** §
1000 . 2500 - . '
800 - — 2000 - .
= 600 = 1500
2 400 - £ 1000 -
) 200 - 3 500
g 1 - - g L -
C C
s 10T S 10T
5 g £ g 1
E 6 £ 61
» 4 4 177 4 -
2 4 o | 2 .
0- 0 - -
- —_— e —
i hased 1L ) 1 T 1 T 1 ]
AS Cccc NI AS Cccc NI

_ [1 cTXNPx
=3 1 mock

Figure 3. Cellular response of peripheral blood mononuclear cells (PBMC) from chronic Chagas disease patients triggered by cytosolic trypare-
doxin peroxidase (c-TXNPx): 2 x 10> PBMC/well from asymptomatic (AS; n = 11) and cardiac (CCC; n = 11) Chagas patients and non-infected
donors (NI; n = 8) were incubated with Trypanosoma cruzi lysate, recombinant c-TXNPx and no-antigen (culture medium only) or mock as con-
trols for 5 days in complete RPMI medium. Each condition was performed in triplicate. (a, ¢) Cells were pulsed with [*H]thymidine for the last
18 hr of incubation, and PBMC proliferation was determined by [*H]thymidine uptake. (b, d) Culture supernatants were collected after 5 days
of stimulation with c-TXNPx, mock or T. cruzi lysate, and interferon-y (IFN-y) secretion was quantified by ELISA. Box and whisker plots (min
to max) show the stimulation index (SI), calculated for each readout as the mean value for triplicate stimulated cultures of each individual
divided by the mean value of triplicate non-stimulated cultures (medium only). Each dot represents data from a single individual. Statistical anal-
ysis was performed using linear mixed-effects models fitted by maximum likelihood and Tukey honest significant difference for post hoc compar-
isons. Statistically significant differences between groups are indicated (***P < 0-001, **P < 0-01, *P < 0-05).
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cardiac patients. However, although not statistically differ-
ent, there was a tendency for higher levels of IFN-y in
response to stimulation with ¢c-TXNPx in Chagas patients
compared with the non-infected group (Fig. 3b).

Furthermore, as seen in previously reported results
263 PBMC from asymptomatic and cardiac Chagas
patients proliferated (Fig. 3c; and see Supplementary
material, Fig. S3d—f) and secreted IFN-y (Fig. 3d; and see
Supplementary material, Fig. S4d-f) in response to
T. cruzi lysate, but none of these responses were observed
in PBMC from non-infected individuals. Nevertheless,
only GM-CSF, but not IL-10, secretion was increased in
both groups of Chagas patients compared with the non-
infected group (see Supplementary material, Fig. S4g—i
and j-1, respectively).

Finally, we were interested in determining the relation
between cellular response to T. cruzi lysate and c-TXNPx.
A positive correlation between proliferative response to
T. cruzi and c-TXNPx was shown in asymptomatic and
cardiac patients (AS: r = 0-81, P = 0-0039; CCC: r = 0-91,
P = 0-001, non-parametric Spearman test; see Supplemen-
tary material, Fig. S5a,b, respectively). No correlation was
found in IFN-y secretion levels in response to these anti-
genic challenges (AS r = 0-39, P = 0-2632; CCC: r = 0-49,
P = 0-1769; see Supplementary material, Fig. s5¢,d).

Expression of activation markers on PBMC
stimulated with c-TXNPx

To characterize the phenotype of stimulated cells upon a
5-day incubation with the antigens presented above, cells
from asymptomatic or cardiac patients and non-infected
individuals were stained with antibodies against popula-
tion (CD3, CD4, CD8 and CDI19) and activation (HLA-
DR and CD69) markers before being acquired in a flow
cytometer.

Interestingly, the frequency of CD19" CD69" cells was
higher in asymptomatic patients stimulated with c-
TXNPx compared with the mock stimulus (Fig. 4a).
However, no changes in CD69 expression on B cells were
observed in cardiac patients and non-infected individuals.
In addition, the frequency of CD19" CD69" cells stimu-
lated with ¢-TXNPx in asymptomatic patients was not
different from that of non-infected subjects (Fig. 4a).

On the other hand, CD69 expression was similar in T-
cell populations (CD3* CD4" and CD3" CD8") from all
groups of individuals upon exposure to c-TXNPx
(Fig. 4b,c), suggesting that this protein does not induce
T-cell activation. Frequency of HLA-DR" on T and B
cells did not change upon stimulation with ¢-TXNPx in
any of the groups evaluated (Fig. 4d—f).

Furthermore, T. cruzi stimulation increased the fre-
quency of CD8" CD69" T cells, CD19" CD69" B cells in
asymptomatic patients compared with non-infected indi-
viduals (Fig. 4g,i). No changes in the frequency of

CD4" CD69" were observed (Fig. 4h). HLA-DR activa-
tion marker expression on T and B cells was not different
between groups in T. cruzi-stimulated cultures (Fig. 4j-1).

Discussion

During cell infection, T. cruzi is exposed to reactive oxy-
gen and nitrogen species as a result of the oxidative
attack deployed by the host innate immune response.'
The relevance of T. cruzi TXNPx for the infection pro-
cess, drug resistance, and for parasite viability, virulence
and growth has been extensively studied.>®'****> All
these functions have been related to these enzymes’
detoxifying capability to cope with oxidative stress. The
fact that c-TXNPx is secreted into the extracellular med-
ium suggests that, like other parasite peroxiredoxins,> it
could have a role in the interplay between the parasite
and the host immune response.

In this sense, this work attempted to address c-TXNPx
functions on the host immune system in the context of
natural human infection, focusing on the analysis of the
specific antibody response as well as T-cell and B-cell
activation upon in vitro c-TXNPx exposure of PBMC
from patients with chronic Chagas disease.

To evaluate the presence of a specific humoral
response triggered by c-TXNPx in patients with the dif-
ferent clinical forms of Chagas disease, we determined
the titre of antibodies against this protein in sera from
asymptomatic and cardiac patients and non-infected
individuals. Results showed that the antibody response
developed against c-TXNPx in patients with chronic
Chagas is mild, and no significant differences were
observed in comparison with the control group. In addi-
tion, B-cell epitope predictions showed that probable
linear and conformational epitopes in c-TXNPx are
scarce and most of them are in structural regions not
exposed to solvent, indicating that they would be not
likely to interact with the B-cell receptor, the initial
event that triggers B-cell activation and specific antibody
response. The low antibody production observed in
chronic patients, together with the results from B-cell
epitope predictions, suggests that c-TXNPx is not a
good target for the development of a relevant humoral
response in the context of a natural infection with
T. cruzi. Another reason that could explain the poor
antibody response observed is the relatively small pro-
portion of ¢-TXNPx within total T. cruzi proteins, com-
pared with another peroxiredoxin in trypanosomatids.®
Furthermore, in agreement with this, our results show
that anti-c-TXNPx IgG represents a small fraction of
total anti-T. cruzi IgG, which may lead to a lesser
immune activation by c-TXNPx relative to that gener-
ated by other, more abundant, proteins, as anti-c-
TXNPx antibodies are diluted in the whole humoral
anti-T. cruzi response.

© 2018 John Wiley & Sons Ltd, Immunology
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Figure 4. Expression of CD69 and HLA-DR activation marker on CD19*, CD4" and CD8" lymphocytes from patients with chronic Chagas dis-
ease stimulated with cytosolic tryparedoxin peroxidase (c-TXNPx). Peripheral blood mononculear cells (PBMC) (1 x 10° cells/well) from asymp-
tomatic (AS; n =5) and cardiac (CCC; n = 5) Chagas patients and non-infected donors (NI; n = 7) were incubated with Trypanosoma cruzi
lysate, recombinant c-TXNPx and no-antigen (culture medium only) or mock as controls for 5 days in complete RPMI medium in a 48-well
plate. After the incubation period, cells were harvested, washed with phosphate-buffered saline and stained with fluorescence-labelled monoclonal
antibodies as detailed in Table 2. One hundred thousand events within lymphocyte population were acquired in a FACSCanto II Flow cytometer.
Dead cells were excluded by forward- versus side-scatter (FSC/SSC) gating. Doublets were excluded by FSC-A versus FSC-H. Singlet cells were
then determined according to the gating strategy detailed in the Supplementary material (Fig. S1). Fold change of CD19" CD69" (a and g,
CD4" CD69" (b and h), CD8" CD69" (c and i), CD19" HLA-DR" (d and j), CD4" HLA-DR" (e and k), CD8" HLA-DR" (f and I) upon stimu-
lation with ¢-TXNPx or mock and T. cruzi lysate, respectively. Statistical analysis was performed using linear mixed-effects models fitted by maxi-
mum likelihood and Tukey honest significant difference for post hoc comparisons. Statistically significant differences between groups are indicated

(*P < 0-05).

By focusing on the cellular arm of the immune
response, the majority of recombinant T. cruzi proteins
favour a Thl-type cytokine profile, which is in line with
the typical pattern of inflammatory response described
for the parasite lysate in cardiac patients.’**' However,
T. cruzi ribosomal P proteins trigger the release of IL-10,
tumour necrosis factor-o. and GM-CSF, a mixed cytokine
prolife with immunoregulatory and pro-inflammatory
potential.”® Interestingly, this study also demonstrated
that GM-CSF is also secreted at high levels by PBMC,
mostly CD4" and CD8" T cells from cardiac patients
upon stimulation with T. cruzi lysate.”® Here, we analysed
the specific cellular response against c-TXNPx in patients
with chronic Chagas disease by proliferation and secretion
of IFN-y, GM-CSF and IL-10. Results showed that c-

© 2018 John Wiley & Sons Ltd, Immunology

TXNPx induced proliferation and IFN-y, but not GM-
CSF and IL-10 secretion, in both asymptomatic and car-
diac patients, in comparison with non-infected individu-
als. However, the c-TXNPx response was remarkably low
compared with that triggered by T. cruzi lysate. In addi-
tion, unlike our previous results,”® T. cruzi lysate failed to
provoke IL-10 production. However, this discrepancy
might be explained by the different sensitivity of the assay
used to detect cytokines in the cell supernatant in each
piece of research, ELISA or multiplex technology.**
Proliferation, but not cytokine secretion, was higher in
PBMC samples from asymptomatic patients than in those
from cardiac Chagas patients and non-infected individu-
als upon its stimulation with ¢c-TXNPx, suggesting a dif-
ferential cellular immune response developed against this
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enzyme in the different clinical forms of chronic Chagas
disease. Although it is known that proliferation and the
secretion of cytokines as IFN-y are not tethered to each
other after antigen challenge,’ it can be speculated that
naive or even central memory cells are being activated by
¢-TXNPx in asymptomatic patients. When stimulated
in vitro, cells from these subsets show strong proliferation
but a low-activation onset measured as cytokine produc-
tion.** It is tempting to discard the naive population in
the response raised against c-TXNPx in asymptomatic
patients, given the lack of proliferation detected in PBMC
from non-infected individuals. In fact, an augmentation
in central memory T cells was detected within the CD4"
memory T-cell population from asymptomatic patients
not only ex vivo but also upon T. cruzi lysate stimula-
tion.*” However, it is important to mention that a switch
in memory compartment towards central but not effector
T cells is not always observed in recall responses after
in vitro stimulation with T. cruzi proteins.*®

The analysis of specific activation marker expression
(HLA-DR and CD69) on T and B cells revealed that c-
TXNPx stimulation activated CD69 expression on the
surface of B (CD19") cells from asymptomatic patients in
concordance with the proliferation increment mentioned
above. The lack of proliferation in response to c-TXNPx
in cardiac patients was associated with the absence of an
enhanced CD69 expression on lymphocyte populations.
Given that the humoral response raised against c-TXNPx
was not significant in patients with chronic Chagas dis-
ease, but a specific early activation of B cells was
observed, we hypothesize that c-TXNPx may activate B
cells to modulate the immune response, but not to exert
humoral effector functions. In addition, the fact that
CD69 is an early B-cell activation marker*”*® suggests
that c-TXNPx might mount a response that does not pro-
gress in the course of the natural infection, allowing para-
site survival. Following this idea, studies in Prxl, the
major protein in the mammalian peroxiredoxin family,
revealed that tumour cell-released Prx1 interacts with
TLR4, which triggers nuclear factor-xB activation and
stimulates inflammatory cytokine secretion from macro-
phages and dendritic cells.'"®'” The consequence of the
release of Prxl into the tumour microenvironment is
unknown, but these authors suggest that it could con-
tribute to chronic inflammation, leading to tumour
growth and immune evasion."”

Finally, our results are in agreement with studies per-
formed in animal models showing that Prx expressed by
protozoa and helminths modulates the immune response
for their persistence and progression in their host.'® 2’
However, these proteins tested as vaccine candidates,
adjuvanted with different TLR activators, induce a strong
immune response and stimulate protection against infec-
tion in mice.*>* Indeed, Toxoplasma gondii peroxire-
doxin 1 (TgPrxl) prompts the secretion of the anti-

10

inflammatory cytokine IL-10 by macrophages of infected
mice, but as an immunogen TgPrxl turns into a potent
stimulator of macrophages and spleen cells for produc-
tion of IL-12 and IFN-y, respectively. Mice immunized
with TgPrx1 exhibited certain resistance to Toxoplasma
gondii infection.®® In a similar fashion, Prx from Leishma-
nia donovani stimulates IL-10 secretion by B cells in
infected mice, but it induced a strong immunological
response with a Thl phenotype when co-administered
with different adjuvants.”® Recently, Bontempi et al.>>
demonstrated that c-TXNPx, named as CPX, emulsified
with the new-generation adjuvant ISCOMATRIX™
(IMX), prompts production of a high level of IgG anti-
bodies, mainly IgG2a over IgGl, and delayed-type hyper-
sensitivity responses, which is consistent with a Thl-
biased profile. In a challenge experiment with T. cruzi
trypomastigotes (Tulahuen strain), mice immunized with
CPX-IMX extended their survival time in comparison
with the control groups (PBS or CPX alone).”

Overall, our presented results showed that c-TXNPx
stimulate only cellular, not humoral, immune responses
during natural T. cruzi infection and induce a weak prolif-
erative response in asymptomatic patients that can be
recalled in vitro. This restrained response might help the
parasite evade the human immune system, as it avoids a
specific response towards an enzyme critical for its survival
and therefore for the establishment of chronic infection.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Gating strategy used to determine HLA-DR
and CD69 expression on T cells (CD3" CD4" or
CD3" CD8") and B cells (CD3~ CD197).

Figure S2. Relation between humoral response against
cytosolic tryparedoxin peroxidase (c-TXNPx) and Try-
panosoma cruzi in asymptomatic (a) and cardiac patients
(b).

Figure S3. Proliferation of peripheral blood mononu-
clear cells (PBMC) stimulated with cytosolic tryparedoxin
peroxidase (c-TXNPx) (circles) or mock (squares) and
Trypanosoma cruzi lysate (Tc; circles) or no-antigen (NA;
squares) in asymptomatic (n = 11, blue symbols; a,d), or
cardiac (n =11, red symbols; b,e) patients and non-
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infected individuals (n = 8, grey symbols; c,f) assessed by
[’H]thymidine uptake after 5 days incubation period for
each condition.

Figure S4. Interferon-y (IFN-y) (a—f), granulocyte—
macrophage colony-stimulating factor (GM-CSF) (g—i)
and interleukin-10 (IL-10) (j-1) secretion in supernatants
of culture upon 5 days stimulation with cytosolic trypare-
doxin peroxidase (c-TXNPx) (circles) or mock (squares)
and Trypanosoma cruzi lysate (Tc; circles) or no-antigen
(NA; squares) in asymptomatic (n = 11; blue symbols) or
cardiac (n = 11; red symbols) patients and non-infected
individuals (n = 8, grey symbols).

Figure S5. Relation between cellular response against
cytosolic tryparedoxin peroxidase (c-TXNPx) and Try-
panosoma cruzi. Correlation analysis between proliferation
or interferon-y (IFN-y) secretion, respectively upon c-
TXNPx and T. cruzi in asymptomatic (a and ¢) and car-
diac (b and d) patients.

Table S1 Linear B cell c-TXNPx epitopes predicted by
Bepipred 2.0.

Table S2 Conformational B-cell epitope prediction per-
formed by Discotope 2.0.
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