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Abstract

In chronic Chagas disease, Trypanosoma cruzi-specific T-cell function decreases over

time, and alterations in the homeostatic IL-7/IL-7R axis are evident, consistent with a pro-

cess of immune exhaustion. IL-27 is an important immunoregulatory cytokine that shares T-

cell signaling with IL-7 and other cytokines of the IL-12 family and might be involved in the

transcriptional regulation of T-cell function. Here, we evaluated the expression and function

of IL-27R in antigen-experienced T cells from subjects with chronic Chagas disease and

assessed whether in vitro treatment with IL-27 and IL-7 might improve T. cruzi-specific poly-

functional T-cell responses. In vitro exposure of PBMCs to T. cruzi induced a downregula-

tion of IL-27R in CD4+ T cells and an upregulation in CD8+ T cells in subjects without heart

disease, while IL-27R expression remained unaltered in subjects with more severe clinical

stages. The modulation of IL-27R was associated with functional signaling through STAT3

and STAT5 and induction of the downstream genes TBX21, EOMES and CXCL9 in

response to IL-27. In vitro treatment of PBMCs with IL-27 and IL-7 improved monofunctional

and polyfunctional Th1 responses, accompanied by the induction of IL-10 and Bcl-2 expres-

sion in subjects without heart disease but did not improve those in subjects with cardiomyop-

athy. Our findings support the process of desensitization of the IL-27/IL-27R pathway along

with disease severity and that the pro-inflammatory and immunomodulatory mechanisms of

IL-27 might be interconnected.

Author summary

Chagas disease, caused by the intracellular protozoan parasite Trypanosoma cruzi, affects

approximately 10 million people worldwide. In 20%–30% of infected individuals, the dis-

ease results in heart disease or mega esophagus/megacolon, making Chagas disease the

most common cause of infectious myocarditis in the world. Previous studies have shown
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that the immune response specific for this parasite becomes impaired over time. One

mechanism that could explain the loss of immune cells is the defective signaling of cyto-

kines involved in the maintenance of T cells. In this work, we evaluated the signaling path-

ways of IL-27 and IL-7, which promote T-cell differentiation, but IL-27 might also exert

immunomodulatory actions. We found alterations in the IL-27/IL-7 pathways in chronic

Chagas disease that affect not only the signal-transduction level but also the transcrip-

tional regulation level. In vitro treatment of PBMCs of patients in early clinical stages of

chronic Chagas disease could restore T-cell function, but this was not possible in cell cul-

tures from patients with severe heart disease in whom the immune system is deeply

exhausted. These findings contribute to a better understanding of the immune mecha-

nisms underlying the anti-T. cruzi response in human subjects which might be useful for

vaccine and new therapeutic interventions.

Introduction

Trypanosoma cruzi, an intracellular protozoan parasite, is the causative agent of Chagas dis-

ease, and it affects approximately six million people from the southern U.S. to South America

and Western Europe [1,2]. The persistence of parasites is regarded as the primary cause of

cumulative tissue damage in chronic Chagas disease [3]. Following an acute infection, T cells

typically coexpress multiple cytokines including interleukin-2 (IL-2), tumor necrosis factor-α
(TNF-α), interferon-γ (IFN-γ), and cytotoxic effector molecules—a phenotype that is often

described as polyfunctional [4]. However, when infections become chronic, a consecutive loss

of T-cell functions along with the expression of inhibitory receptors occurs through a process

known as T-cell exhaustion, resulting in a decrease in the levels of pathogen-specific polyfunc-

tional T cells [4]. T helper 1 (Th1) and T cytotoxic (Tc) cells are critical for T. cruzi immunity

[5] and are impaired over time [6,7]. T. cruzi-infected children, who are presumed to have

shorter-term infections compared with adults, showed a higher proportion of polyfunctional

CD4+ T cells responsive to T. cruzi antigens in their circulation [7] relative to chronic infected

adults [7–9]. The impairment of T. cruzi-specific T-cell function is more pronounced in

patients with advanced cardiomyopathy [6,8,10]. Defects in immunoregulatory pathways have

also been implicated in the progression of cardiac disease [11–13].

Defects in T-cell signaling appear as one of the mechanisms by which T-cell responses can

be abrogated during persistent infections [4]. We have shown that the levels of IFN-γ-produc-

ing cells in response to T. cruzi antigens are positively associated with the expression and func-

tion of the receptor of homeostatic IL-7 in T cells and can be augmented after in vitro
stimulation with IL-7 or IL-27 [14]. IL-27 can mediate the differentiation and proliferation of

Th1 cells [15], activation of cytotoxic CD8+ T lymphocytes [16] and NK cells [17], and sup-

pression of Th2 [18]. However, IL-27R signaling might also exert anti-inflammatory effects

during T-cell responses by inhibiting the development of Th17 cells [19,20], inducing IL-10

production by CD4+ T cells [21] and IL-10-producing regulatory T cells [22], as well as the

expression of Tim-3 and PD-L1 in CD4+ and CD8+ T cells [23]. IL-27, which belongs to the

IL-12 cytokine family, exerts its function through the heterodimeric IL-27 receptor (IL-27R)

comprising the specific IL-27Rα (WSX-1) and gp130 (CD130) proteins [24] and, similar to IL-

7, through the JAK1/2-dependent phosphorylation of STAT1, STAT3 and STAT5 [18,25,26].

IL-27 is mostly secreted by activated antigen-presenting cells, and whereas the gp130 chain is

widely expressed in all tissues, IL-27Rα is restricted mainly to lymphocytes and monocytes

[27]. After activation of T cells, the expression of IL-27R increases in CD8+ T cells [16].
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However, although it is highly expressed in naïve CD4+ T cells, WSX-1 expression declines

upon Th-cell differentiation [28]. Accordingly, TCR ligation prompts the expression of WSX-

1 by CD4+ T cells and induces the production of IL-2, a cytokine that inhibits the expression

of this receptor [29]. In experimental acute T. cruzi infection of mice, the deficiency of IL-27

or WSX-1 inhibited the control of parasite burden despite the elevated production of inflam-

matory cytokines [30–32]. Whereas previous findings of our group have shown decreased IL-

27 serum levels in patients with no signs of cardiac dysfunction [14], other authors have

reported increased levels of IL27p28 in these patients [32]. However, it is unknown whether

the signaling pathway of IL-27/IL-27R is functional in the chronic phase of Chagas disease in

humans. In this work, we sought to evaluate the expression and function of IL-27R in periph-

eral T cells in patients with chronic Chagas disease with different degrees of cardiac dysfunc-

tion and to assess whether T. cruzi-specific polyfunctional T-cell responses are modified by in
vitro treatment with IL-27 and IL-7. The gene expression of transcription factors of the IL-27

and IL-7 axis was also evaluated in response to these cytokines.

Materials and methods

Ethics statement

This study was approved by the Institutional Review Board of the Hospital Interzonal General

de Agudos Eva Perón, Buenos Aires, Argentina. All patients signed informed consent forms

prior to inclusion in the study.

Selection of study population

Subjects were recruited at the Chagas Disease Unit, Cardiology Department, Hospital Inter-

zonal General de Agudos Eva Perón, Buenos Aires, Argentina. Patients who tested positive for

two out of three serological tests for T. cruzi infection (i.e., indirect immunofluorescence

assays, hemagglutination and ELISA tests) were considered to be infected [33]. T. cruzi-
infected subjects were originally infected while living in areas endemic for T. cruzi infection

but had lived in Buenos Aires, which is a nonendemic area, for a minimum of 15 years. Sub-

jects were clinically evaluated and grouped according to a modified version of the Kuschnir

grading system [34]: group 0 (G0), seropositive individuals exhibiting a normal electrocardio-

gram (ECG) and normal echocardiograph; group 1 (G1), seropositive individuals with a nor-

mal echocardiograph but abnormalities in the ECG; group 2 (G2), seropositive individuals

with ECG abnormalities and heart enlargement; and group 3 (G3), seropositive individuals

with ECG abnormalities, heart enlargement and clinical or radiological evidence of heart fail-

ure. The study population characteristics are summarized in Table 1. Age-matched uninfected

subjects from Buenos Aires who have always resided in nonendemic areas and with negative

serological findings for T. cruzi infection served as the uninfected control group (UI).

Table 1. Characteristics of study population.

Patient group n Age range (median), years Sex

Male Female

G0 49 26–57 (41) 21 28

G1 14 30–58 (50) 5 9

G2 5 46–70 (51) 3 2

G3 8 35–67 (54) 5 3

Uninfected 23 28–61 (40) 9 14

https://doi.org/10.1371/journal.pntd.0009473.t001
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Collection of peripheral blood mononuclear cells (PBMCs)

Approximately 50 mL of blood was drawn by venipuncture into heparinized tubes (Vacutai-

ner, BD Biosciences). PBMCs were isolated by density gradient centrifugation with Ficoll-

Hypaque medium (GE Healthcare) and resuspended in a volume of RPMI 1640 medium

(ThermoFisher Scientific) supplemented with 10% heat-inactivated FBS (NATOCOR) (com-

plete RPMI). The cells were then cryopreserved with an equal volume of 20% DMSO and 80%

FBS and stored in liquid nitrogen until use. Due to sample availability the assays were not run

for all samples.

T. cruzi antigens

Amastigote-enriched protein lysate from the Brazil strain of T. cruzi was produced by four

freeze/thaw cycles followed by sonication as previously reported [10].

Monoclonal antibodies, data acquisition and gating strategies

The monoclonal anti-human antibodies and dyes used for flow cytometry experiments were

the following: Fluorescein (FITC)-conjugated anti-CD45RA (BD, 555488), FITC-conjugated

anti-Bcl-2 (BD, 340575), FITC-conjugated anti-CD154 (BD, 555699), Alexa Fluor 488

(AF488)-conjugated anti-pSTAT1 (BD, 560191), Phycoerythrin (PE)-conjugated anti-pSTAT5

(BD, 612567), PE-conjugated anti-CD130 (BD, 555757), PE-Cyanine5 (PE-Cy5) and Allophy-

cocyanin (APC)-Cyanine 7(APC-Cy7)-conjugated anti-CD8 (BD, 555636 and Biolegend,

301016), PE-Cy7-conjugated anti-PD-1 (BD, 561272), PE-Cy7-conjugated anti-MIP-1β (BD,

560687), PE-CF594-conjugated anti-CD57 (BD, 560845), peridinin-chlorophyll proteins

(PerCP)- and Pacific Blue (PB)-conjugated anti-CD4 (BD, 347324 and 558116), Alexa Fluor

647 (AF647)-conjugated anti-pSTAT3 (BD, 557815), APC-Cy7-conjugated anti-CD3 (BD,

557832), APC-conjugated anti-WSX1 (R&D Systems, FAB14791A), Brilliant Violet 421

(BV421)-conjugated anti-IL-2 (BD, 562914), BV421-conjugated anti-IL-10 (BD, 564053) and

Fixable Viability Stain 510 (FV510) (BD, 564406). Data were acquired on HyperCyAn (Beck-

man Coulter) and FACS Aria II (BD) flow cytometers and analyzed with FlowJo software

(Tree Star). Lymphocytes were gated based on forward scatter and side scatter parameters, fol-

lowed by forward scatter area vs. forward scatter height parameters and side scatter area vs.
side scatter height for doublet discrimination. The subsequent analyses were performed on via-

ble cells (FV510—) and CD3+ T cells. According to CD45RA expression in CD4+ or CD8+ T

cells, antigen-experienced (CD45RA—) T cells were gated and IL-27R expression was assessed

in these populations according to fluorescence minus one control (FMO) (S1 Fig).

Cell-surface staining for phenotypic analyses

A total of 1.5 × 106 PBMCs were stained with monoclonal antibodies and FV510 in staining

buffer (PBS with 4% fetal bovine serum- FBS) for 30 min on ice. Then, the cells were washed

and resuspended in PBS containing 2% of paraformaldehyde (PFA), incubated for 15 min and

washed again.

PBMCs and T. cruzi trypomastigote co-cultures

Two × 106 PBMCs were cocultured with Vero-cell-culture-derived trypomastigotes (Brazil

strain) at a ratio of 1:5 cells/parasites in a 24-well plate in complete RPMI at 37˚C in 5% CO2

and 99% humidity for 48 h. A range ratio of 1:1 to 1:5 cells/parasites was used to establish the

appropriate conditions for this assay [35]. When noted, human IL-2 was blocked with neutral-

izing antibodies (BD, 554562) tested at 5 and 10 μg/mL. The latter concentration was found to
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be most effective, as recommended by the manufacturers. Then, the cells were washed with

staining buffer, and cell-surface staining was performed as described above.

STATs phosphorylation assay

For setting up STAT phosphorylation assays, the IL-27 concentration was tested at 100 ng/mL

and 200 ng/mL for 10, 15, and 20 min; the concentration of 200 ng/mL for 10 min was found

to be optimum [16,36]. A total of 2 × 106 PBMCs were cultured overnight in serum-free

medium (AIM-V, Invitrogen) followed by a 10-min incubation with 200 ng/mL recombinant

human IL-27 (IL-27, R&D Systems) at 37˚C and 5% CO2. Afterwards, the cells were washed

with staining buffer, labeled with anti-cell-surface monoclonal antibodies for 20 min on ice

and immediately fixed by adding an equal volume of prewarmed 4% PFA for 10 min at 37˚C.

After centrifugation and PFA removal by aspiration, the cells were permeabilized by adding 1

mL of 90% ice-cold methanol for 30 min on ice and then washed twice with staining buffer.

Last, the cells were incubated at room temperature for 30 min with anti-pSTAT1, pSTAT3 and

pSTAT5 monoclonal antibodies. Data were acquired on a Hyper Cyan Beckman Counter flow

cytometer (Beckman Coulter) and further analyzed with FlowJo (Tree Star) software. To assess

the proportion of T cells with three, two, or one phosphorylated STAT, the Boolean gating

function in FlowJo software was used. IL-27-induced phosphorylation was considered positive

when the percentage ratios of CD4+ and CD8+ T cells with phosphorylated STAT following

stimulation with IL-27 to those in unstimulated cultures was> 50%. Subsequently, the total

positive STAT phosphorylation response was calculated for each subject, and the proportion

of each subset with three (3+), two (2+), or one (1+) phosphorylated STAT contributing to the

total response was computed.

Gene expression analysis

A total of 2 × 106 PBMCs were cultured in a 24-well plate for 24 h in AIM-V medium (Invitro-

gen). During the last 6 h of incubation, the cells were stimulated with the cytokine IL-27 or IL-

7 at a concentration of 50 ng/mL or with the mock control containing only media. For set up,

IL-27 and IL-7 were tested at 50, 100, and 200 ng/mL for 6 and 16 h [16,37]. Then, the cells

were washed three times with cold PBS, and cytoplasmic RNA was isolated using the RNeasy-

Plus Mini Kit (Qiagen). RNA (8.5 μL) was reverse transcribed into complementary DNA

(cDNA) and amplified in a total volume of 20 μL using SuperScript III First-Strand Synthesis

System (ThermoFisher Scientific) with oligo(dT) primers under standard conditions. Real-

time TaqMan polymerase chain reaction (qPCR) was performed in each sample using iQ

SYBR Green Supermix (Bio-Rad) in a total volume of 20 μL following the instructions of the

manufacturer. The relative gene expression of STAT1, STAT3, STAT5, MIG (CXCL9), Gran-

zyme B (GZMB), T-bet (TBX21), and Eomesodermin (EOMES) was normalized to the

GADPH expression. The sequences of the primers used are listed in Table 2. The data were

analyzed with Bio-Rad CFX Manager 3.0.

IFN-γ enzyme-linked immunosorbent spot (ELISPOT) assays

The number of T. cruzi-specific IFN-γ-producing T cells was determined by ex vivo ELISPOT

assays with a commercial kit (BD), as described elsewhere [14]. For set-up, IL-27 and IL-7

were tested at 25, 50, and 100 ng/mL, and the selected concentration was 50 ng/mL for both

cytokines [14].
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Intracellular staining for cytokine production

To assess IL-10 production by T cells, 4 × 106 PBMCs were incubated for 20 h in the presence

or absence of 100 ng/mL of IL-27 [21] at 37˚C in a CO2 incubator. For the set-up of the IL-10

production assay, IL-27 was tested at 25, 50, and 100 ng/mL. Brefeldin A (10 μg/mL; BD

554724) was added for the last 5 h of incubation, as previously described [38]. Stimulation

with Staphylococcal Enterotoxin B (SEB) (1 μg/mL; Sigma Aldrich) served as a positive con-

trol. The cells were then stained with a combination of FV510, anti-CD4 PerCP and CD3

APC-Cy7 monoclonal antibodies for 30 min at 4˚C followed by fixation and permeabilization

(CytoFix/CytoPerm, BD) for intracellular staining with anti-IL-10 (BD).

For the polyfunctional T-cell response assays, PBMCs were incubated with 15 μg/mL of T.

cruzi lysate preparation [6] or media alone plus 1 μg/mL CD28/CD49d (BD, 347690) in the pres-

ence or absence of 50 ng/mL IL-27 or IL-7, as previously described [14]. After fixation and per-

meabilization (CytoFix/CytoPerm, BD), the cells were stained with a combination of anti-IFN-γ,

MIP-1β, CD154, TNF-α and IL-2 monoclonal antibodies as previously described [38]. For these

assays, the lymphocytes were gated as described above and then analyzed for CD4 vs. each

marker. For the analysis of cytokine coexpression profiles with one (1+), two (2+), three (3+),

four (4+) or five (5+) functions, the Boolean gating function of FlowJo software was used

(S2 Fig). A total of 31 different T-cell populations were obtained from the combination of the

five different T-cell functions analyzed. Gating of populations was determined by the use of

FMO controls. To obtain T. cruzi-specific frequencies, the background responses detected in the

negative control samples containing only media or containing media along with IL-27 or IL-7

were subtracted from those detected in the T. cruzi-stimulated samples for each cytokine-pro-

ducing T cell or the 31 combinations. To determine the cut-off values for responses to T. cruzi
antigens, the average of T. cruzi-specific T-cell responses plus three standard deviations for three

uninfected donors was calculated. The T-cell responses for each functional combination were

considered positive when they were higher than the cut-off value, at least twice the response with

media alone and if there were at least three events for polyfunctional responses [38,39].

To analyze the phenotype of cytokine-producing T cells, the cells were also stained for anti-

PD-1 PE-Cy7 and CD57 PE-CF594 monoclonal antibodies before cell permeabilization and

anti-Bcl-2 FITC after cell permeabilization. Phenotypic analysis was only performed in cyto-

kine-producing T-cells which met the positiveness criterion for each cytokine and stimuli and

had at least 20 events in each gate.

Statistical analysis

The data in Figs 1, 3 and 5, and 6 were relativized according to the individual values of CD4+ and

CD8+ T cells to represent the frequencies. The Shapiro-Wilk test was applied to determine the

Table 2. Primers for Real Time RT-PCR.

Gene Primers

STAT1 F:GTGCCCTGTTGAAGGACCA R: TCAACCGCATGGAAGTCAGG

STAT3 F: CATCCTGAAGCTGACCCAGG R:TATTGCTGCAGGTCGTTGGT

STAT5B F: GAAGATCAAGCTGGGGCACT R: GCTTCTCGGACCAACCTCTG

TBX21 F: CCACCTGTTGTGGTCCAAGT R: CATCCTGTAGTGGCTGGTGG

EOMES F:AGGTTCTGGCTTCCGTGC R:GCAGTGGGATTGAGTCCGTT

GZMB F: GCCCAGGGCAGATGCAG R: CTCGTATCAGGAAGCCACCG

CXCL9 F:GTGGTGTTCTTTTCCTCTTGGG R: AACAGCGACCCTTTCTCACT

GADPH F: ACCCACTCCTCCACCTTTGAC R:TCCACCACCCTGTTGCTGTAG

https://doi.org/10.1371/journal.pntd.0009473.t002
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normality of data. Differences between each clinical group and the uninfected group were deter-

mined by an analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons test or

the Kruskal-Wallis test followed by Dunn’s multiple comparisons test, as appropriate, or by a test

for linear trend. A paired t test or Wilcoxon matched-pairs test was applied to determine the differ-

ences between stimulated and unstimulated cell cultures from the same donors. Only P< 0.05,

along with a median increase of at least 50% between cytokine-stimulated and unstimulated cell

cultures in STAT phosphorylation and Bcl-2 expression, was considered statistically significant. An

unpaired t-test was used when comparing cell cultures from different donors. For neutralizing

assays with IL-2, the ratio between cytokine-stimulated and unstimulated cultures in the presence

or absence of neutralizing antibodies was compared using the Mann-Whitney U test.

Results

Differential expression of the IL-27R components in CD4+ and CD8+ T

cells of subjects with chronic T. cruzi infection

The expression of the IL-27R components, WSX-1 and CD130, was evaluated in CD4+ and

CD8+ antigen-experienced (CD45RA—, S1 Fig) T cells of subjects with different clinical forms

Fig 1. Differential expression of the IL-27R components in CD4+ and CD8+ antigen-experienced T cells in chronic T. cruzi-infected

subjects with different degrees of cardiac dysfunction. PBMCs from T. cruzi-infected and uninfected subjects (UI) were stained with the dye

FV510 and the monoclonal antibodies for CD3, CD4, CD8, CD45RA, WSX-1 and CD130 and analyzed using flow cytometry. Each symbol

represents the frequency of antigen-experienced CD45RA—WSX-1+CD130+ (A, C) and CD45RA—WSX-1—CD130+ (B, D) CD4+ and CD8+

cells, relativized to the individual values of CD4+ and CD8+ for each subject. Medians are indicated by the horizontal lines; boxes indicate the

10–90 percentile range. �P< 0.05, �� P< 0.01 compared with UI by the Kruskal-Wallis test followed by Dunn’s test (A-B) or ANOVA followed

by Bonferroni’s test (C-D), as appropriate.

https://doi.org/10.1371/journal.pntd.0009473.g001
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of Chagas disease. Patients without heart disease (i.e., the G0 group) had a decreased frequency

of antigen-experienced CD4+ T cells expressing both chains of IL-27R (Fig 1A), with a recipro-

cal increase in the frequency of CD4+CD45RA—WSX-1—CD130+ T cells, (Fig 1B), compared

with uninfected subjects. In contrast, subjects in the G0 group had an increased frequency of

CD8+CD45RA—WSX-1+CD130+ T cells (Fig 1C) along with a decrease in the frequency of

CD8+CD45RA—WSX-1—CD130+ T cells (Fig 1D) compared with uninfected subjects. In con-

trast, the expression of IL-27R components in CD4+ and CD8+ T cells was unaltered in

patients with mild cardiac manifestations (G1 group) and in those with severe disease in the

G2/G3 group. CD4+ and CD8+ T cells with intermediate phenotypes of the IL-27R phenotypes

formed minor populations (S1 Fig) and did not exhibit significant differences among the clini-

cal groups (P> 0.05).

Trypanosoma cruzi triggers downregulation of IL-27R in CD4+ T cells and

upregulation in CD8+ T cells in vitro in patients without cardiac disease

To assess whether T. cruzi infection in vitro could mimic the changes in the expression of the

IL-27R components observed ex vivo, the expression of WSX-1 and CD130 was analyzed in

antigen-experienced T cells after in vitro exposure of PBMCs to T. cruzi trypomastigotes. T.

cruzi induced a downregulation of the expression of the IL-27R in CD4+ T cells (Fig 2A–2C)

along with an upregulation in CD8+ T cells of uninfected subjects and chronic Chagas disease

patients with no signs of heart disease (i.e., the G0 group) (Fig 2A and 2D–2E). The ratio of

CD4+ and CD8+ T cells expressing the IL-27R components before and after T. cruzi infection

in vitro in the group of patients with heart disease symptoms (i.e., the G1/G2 group) was signif-

icantly lower than that in G0 and uninfected subjects (Fig 2A G1/G2 vs. UI P = 0.012, G1/G2

vs. G0 P = 0.005; Fig 2D G1/G2 vs. UI P = 0.002, G1/G2 vs. G0 P = 0.005).

As IL-2 is predominantly secreted by CD4+ T cells [40] and inhibits the expression of

WSX-1 in activated CD4+ T cells in an autocrine manner [29], we also evaluated the effect of

neutralizing IL-2 on the IL-27R expression in T cells in in vitro IL-27-stimulation assays. The

downregulation of the IL-27R expression in CD4+ T cells was inhibited (Fig 2A–2C), whereas

the upregulation of the IL-27R in CD8+ T cells was not affected by IL-2 neutralization (Fig 2A

and 2D–2E). As a whole, T. cruzi induced downregulation and upregulation of IL-27R in

CD4+ and CD8+ T cells, respectively, in subjects with or without mild cardiac disease, while

IL-27R remained unaltered in patients with severe disease.

IL-27-induced STATs phosphorylation is perturbed in chronic T. cruzi-
infected subjects

A JAK-dependent event that occurs immediately after IL-27 binding to its receptor is phos-

phorylation of STAT1 (pSTAT1), STAT3 (pSTAT3), and STAT5 (pSTAT5) [41]. In response

to IL-27, the frequency of total CD4+ and CD8+ T cells with phosphorylated STAT1, STAT3,

and STAT5 were analyzed separately, and were observed to significantly increase in uninfected

subjects (Fig 3A–3F). Trypanosoma cruzi-infected subjects without heart disease (i.e., G0 clini-

cal group) also showed an increased frequency of CD4+ (Fig 3C and 3E) and CD8+ (Fig 3F) T

cells while expressing pSTAT3 or pSTAT5, but not pSTAT1, in response to IL-27. However,

the magnitude of phosphorylation of STAT5 in G0 subjects was lower than that in uninfected

subjects (P< 0.05). In contrast, in patients with heart disease (i.e., G1, G2/G3 groups), STAT

phosphorylation did not significantly increase after IL-27 stimulation. On an individual basis,

the number of subjects with augmented STAT phosphorylation in response to IL-27 was sig-

nificantly lower in the G2/G3 subject group than those in the uninfected group (S3 Fig). In

addition, simultaneous STAT1, STAT3, and STAT5 phosphorylation in response to IL-27
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Fig 2. Modulation of IL-27R components after in vitro infection of PBMCs with T. cruzi trypomastigotes. The

PBMCs of Chagas disease patients with no signs of heart disease (i.e., the G0 group) and with cardiomyopathy (i.e., the

G1/G2 groups) and uninfected subjects (UI) were co-cultivated with T. cruzi trypomastigotes for 48 h. The cells were

stained with the dye FV510 and the monoclonal antibodies for CD3, CD4, CD8, CD45RA, WSX1 and CD130 and

analyzed using flow cytometry. Representative data of the pattern of WSX-1 and CD130 expression on

CD4+CD45RA—(A, left) or CD8+CD45RA—(A, right) T cells of a G0 patient (upper panels) and an uninfected subject

(lower panels). Data are shown as dot plots of basal IL-27R expression (media, left panels), IL-27R expression after

coculture with T. cruzi trypomastigotes (T. cruzi, middle panels) and IL-27R expression after coculture with T. cruzi
trypomastigotes and with the addition of anti-IL-2 neutralizing antibodies (T. cruzi + α-IL-2, right panels). The lower

figures show the proportions of WSX-1+CD130+ (right quadrants) and WSX-1—CD130+ (left quadrants). Each symbol

represents the proportions of cells expressing both IL-27R components (WSX-1+CD130+) or with downmodulated

WSX-1 chain (WSX-1—CD130+) of each subject in CD45RA—cells in the total CD4+ (B-C) and CD8+ (D-E) T cell

compartments. � P< 0.05, �� P< 0.01, and ��� P< 0.001 compared with unstimulated cultures using paired t-test. #

P< 0.05, ## P< 0.01, and ### P< 0.001 indicate the differences in the ratio of T. cruzi-stimulated and unstimulated

cultures in the presence or absence of neutralizing IL-2 antibodies in each clinical group using the Mann Whitney U
test.

https://doi.org/10.1371/journal.pntd.0009473.g002
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decreased with disease severity (S3 Fig). The frequency of CD4+ T cells expressing IL-27R was

inversely correlated with the levels of pSTAT1, pSTAT3, and pSTAT5 (Fig 4A–4F), whereas a

positive association was observed between the frequency of CD8+ T cells expressing IL-27R

and the levels of phosphorylated STATs (Fig 4A–4F), supporting the differential regulation of

IL-27R in CD4+ and CD8+ T cells. Low levels of STAT phosphorylation in response to IL-27 in

subjects with heart disease were associated with increased constitutive STAT phosphorylation

(Fig 3) and increased constitutive gene expression of these transcription factors (S4A–S4C

Fig). STAT3 constitutive phosphorylation was higher in CD8+ T cells than that in CD4+ T cells

at all clinical stages (P< 0.05), which was associated with a lower IL-27-induced

Fig 3. IL-27-induced phosphorylation of STAT1, STAT3, and STAT5 in vitro is reduced in chronic Chagas disease

cardiomyopathy. Each symbol represents STAT1 (A-B), STAT3 (C-D) and STAT5 (E-F) phosphorylation before and

after stimulation with IL-27 of PBMCs in vitro (% pSTAT+) in CD4+ (A, C, E) and CD8+ (B, D, F) T cells as evaluated

using flow cytometry. Each symbol represents the frequency of CD4+/CD8+pSTAT1+, pSTAT3+ and pSTAT5+ for

individual subjects, relativized to the individual values of CD4+ and CD8+ for each subject. Comparisons of the

frequency of CD4+ and CD8+ T cells expressing the corresponding pSTAT in IL-27-stimulated cell cultures and that in

unstimulated cell-cultures in each group (shown as � P< 0.05; �� P< 0.01, ��� < 0.001 and ���� P< 0.0001) were

performed by paired t test. Only P< 0.05, along with a median increase of at least 50% in pSTAT+ T cells, was

considered statistically significant. Comparisons of the frequency of CD4+ and CD8+ T cells expressing the

corresponding pSTAT in unstimulated cell-cultures (full gray symbols, shown as # P< 0.05; ## P< 0.01 and ###

P< 0.001) among the clinical groups and the uninfected subjects (UI) were performed by a Kruskal-Wallis test

followed by Dunn’s test for multiple comparisons. There is a positive trend in the percentages of constitutive CD4+ or

CD8+ T cells expressing pSTAT1 (A, P = 0.025 slope (m) = 1.29 and B, P = 0.0019 m = 1.08); pSTAT3 (C, P = 0.025

m = 1.78 and D, P = 0.032 m = 1.83) and STAT5 (F, P = 0.0001 m = 1.08) as the clinical stage becomes more severe.

https://doi.org/10.1371/journal.pntd.0009473.g003
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Fig 4. Expression of unmodulated IL-27R components associates with low STAT phosphorylation and IFN-γ
production in response to T. cruzi antigens. The Spearman test was applied to assess the correlation between the

frequency of memory CD4+CD45RA—(A, C and E) and CD8+CD45RA—(B, D and F) T cells expressing both chains of

the IL-27R and the IL-27-induced STAT phosphorylation (post-stimulation/pre-stimulation ratio) in CD4+ and CD8+

T cells, respectively; the frequency of CD4+ (G) and CD8+ (H) T cells expressing both chains of the IL-27R and the

total number of IFN-γ-producing cells in response to T. cruzi antigens. Full symbols represent values from subjects

without heart disease symptoms (i.e., the G0 group); open symbols represent values from subjects with cardiac

dysfunction (i.e., the G1, G2 and G3 groups).

https://doi.org/10.1371/journal.pntd.0009473.g004
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Fig 5. Polyfunctionality of T. cruzi-specific CD4+ T cells in patients with chronic Chagas disease with no sign of cardiomyopathy is

improved after in vitro treatment with IL-27 and IL-7. PBMCs of chronic T. cruzi-infected subjects with no signs of heart disease (n = 10)

and subjects with heart disease (i.e., the G2 group, n = 4) were stimulated with a T. cruzi lysate preparation from the Brazil strain in the

presence or absence of IL-27 (red bars) or IL-7 (blue bars) and analyzed using flow cytometry for the intracellular expression of TNF-α, MIP-

1β, IL-2, IFN-γ and CD154 in CD4+ T cells. Each bar represents the frequency of total TNF-α-, MIP-1β-, IL-2-, IFN-γ- and CD154-T. cruzi-
specific CD3+CD4+ T-cell responses (A and B). For the analysis of polyfunctional T-cell responses, the cytokine coexpression profiles with

one (1+), two (2+), three (3+), four (4+) and five (5+) functions were determined using the Boolean gating function of FlowJo software. Each

bar represents the total frequency of T. cruzi-specific (i.e., values obtained in cultures with only media were subtracted) CD3+CD4+ T-cell

responses of each cytokine-producing subset relative to the individual values of CD4+ for each subject (C and D). � P< 0.05, �� P< 0.01, ���

P< 0.001 compared with T. cruzi-specific T-cell responses without the addition of cytokine (white bars) according to a paired t test. Data are

shown as the means and SD.

https://doi.org/10.1371/journal.pntd.0009473.g005
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phosphorylation in CD8+ T cells than that in CD4+ T cells (P < 0.05). Overall, downregulation

of IL-27R in CD4+ T cells and upregulation in CD8+ T cells reflected a functional IL-27R axis

with active STAT phosphorylation after IL-27 stimulation, whereas increased constitutive

phosphorylated STAT was associated with unresponsiveness to IL-27.

Downstream STATs gene expression is altered in patients with

cardiomyopathy and chronic T. cruzi infection

In response to IL-27, gene expression of TBX21, EOMES, and CXCL9, which are activated

downstream of STAT1, STAT3, and STAT5 phosphorylation, was lower in patients with car-

diomyopathy (i.e., the G1 and G2 groups) than that in uninfected subjects (S4D–S4E and S4G

Fig). Of note, although not statistically significant, EOMES expression was also low in some

patients in the G0 subject group (S4E Fig), whereas no changes were observed in GZMB
expression (S4F Fig). As IL-27 and IL-7 share signaling through these STATs [42,43], the fold

change of these transcription factors was also evaluated after IL-7 stimulation. Patients with

cardiomyopathy showed decreased expression of TBX21, EOMES, and CXCL9 (S4H–S4SI and

S4K Fig) and unaltered GZMB (S4J Fig), while no difference was observed in T. cruzi-infected

subjects without heart disease (S4H–S4K Fig) compared with uninfected subjects.

IL-27 and IL-7 improve T. cruzi-responsive polyfunctional T cells

We then evaluated whether the addition of IL-27 or IL-7 might improve CD4+ T cell polyfunc-

tional response to T. cruzi antigens, considering the simultaneous production or expression of

molecules mediating Th1 responses. Examining TNF-α, MIP-1β, IL-2, IFN-γ and CD154 indi-

vidually, the addition of IL-27 increased the frequency of IL-2 and IFN-γ-producing CD4+ T

cells in response to T. cruzi antigens, while IL-7 induced the production of MIP-1β and IFN-γ
in subjects of the G0 group (Fig 5A). Analysis of the frequencies of T. cruzi-specific T cells

with every possible combination of the five T-cell functions using the Boolean gating tool

showed that in subjects without signs of heart disease (i.e., the G0 group), IL-27 mainly

increased the frequencies of monofunctional IFN-γ-, IL-2-, and CD154-producing CD4+ T

cells, whereas IL-7 increased the frequencies of monofunctional IFN-γ+ and MIP-1β+ CD4+ T

cells (Figs 5C and S2). Among polyfunctional T cells, both IL-27 and IL-7 increased the fre-

quencies of T cells with three and two functions, mostly expressing IL-2, IFN-γ, MIP-1β, and

CD154 (Fig 5C). In contrast to that observed in subjects without cardiomyopathy, the addition

of IL-27 or IL-7 in T. cruzi-stimulated cell cultures of PBMCs derived from those with heart

disease (i.e., the G2 group) did not improve the frequencies of monofunctional or polyfunc-

tional CD4+ T-cell responses specific for T. cruzi. (Fig 5B and 5D). Although not statistically

significant, the frequency of TNF-α+ cells in single cytokine-producing T cells increased after

in vitro treatment with IL-27 (Fig 5B and 5D). In vitro culture of PBMCs from uninfected sub-

jects with the addition of IL-27 and IL-7 did not change the frequency of cytokine-producing

CD4+ T cells in response to T. cruzi antigens (S5 Fig).

The low production of polyfunctional T cells in patients with severe cardiomyopathy was

not due to enhanced IL-27-induced IL-10 production [44], but in contrast, IL-10 was only

induced in CD4+ T cells of the G0 subject group and in uninfected subjects (Figs 6 and S6).

Using the ELISPOT technique, we observed that the total number of IFN-γ-producing cells in

response to T. cruzi without the addition of cytokines was inversely associated with the fre-

quency of memory CD4+CD45RA—T cells expressing both chains of IL-27R (i.e., WSX-

1+CD130+) and positively associated with the frequency of memory CD8+ CD45RA—WSX-

1+CD130+ (Fig 4G–4H), further supporting that modulation of IL-27R is associated with para-

site-specific T-cell responses.
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IL-27 and IL-7 increase Bcl-2 expression by T. cruzi-responsive CD4+ T

cells

We further explored the phenotypic characteristics of IFN-γ- and IL-2-producing CD4+ T

cells in response to T. cruzi antigens that emerged after in vitro treatment with IL-27 and IL-7.

Stimulation with IL-27 and IL-7 significantly increased Bcl-2 expression in individual IFN-γ+-

and dual IFN-γ+IL-2+CD4+ T cells compared to that in cell cultures not stimulated with cyto-

kines (Fig 7A–7C), whereas only IL-27 induced Bcl-2 expression in individual IL-2+CD4+ T

cells (Fig 7B). In certain subjects, in whom cytokine-producing T cells formed in response to

stimulation with the T. cruzi lysate were undetectable, CD4+ T cells with individual or dual

function and expressing Bcl-2 became detectable after stimulation with T. cruzi antigens and

IL-27 or IL-7 (Fig 7A–7C, gray symbols). In contrast, no changes were observed in the expres-

sion of the inhibitory receptors PD-1 and CD57 in IFN-γ- or IL-2-producing CD4+ T cells

(Fig 7D–7L).

Discussion

Currently, as is in chronic viral infections, chronic parasitic infections can exhaust adaptive

immunity [45]. Although several studies have shown functionally defective T-cell phenotypes

with poor recall/memory abilities to T. cruzi antigens, little is known about the cell-intrinsic

mechanisms of T-cell exhaustion in chronic Chagas disease [6,10,46–50]. Herein, we showed

that the function and expression of the IL-27 receptor and the gene expression of transcription

factors involved in IL-27 signaling pathways were altered in T. cruzi-infected subjects

Fig 6. IL-10 production in response to IL-27 is impaired in Chagas disease patients with severe cardiomyopathy.

PBMCs of subjects with chronic Chagas disease with no signs of heart disease (i.e., the G0 group) or with

myocardiopathy (i.e., the G2-G3 group) and of uninfected subjects (i.e., UI) were stimulated with 100 ng/mL IL-27 for

20 h and then evaluated for IL-10 production in CD4+ T cells using flow cytometry. Each point represents the

frequency of CD4+IL-10+ T cells, relativized to the individual values of CD4+ and CD3+ for each subject. � P<0.05

compared with unstimulated cell culture according to a paired t test..# P< 0.05 between post-stimulation/pre-

stimulation ratios of the indicated subject groups. Only P< 0.05, along with a median increase of at least 50% in IL-

10+ T cells, was considered statistically significant.

https://doi.org/10.1371/journal.pntd.0009473.g006
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Fig 7. Bcl-2 expression is higher in IFN-γ- and IL-2-coproducing T cells in response to T. cruzi antigens after treatment with IL-27

and IL-7. PBMCs of chronic T. cruzi-infected subjects with no signs of heart disease (n = 10) were stimulated with a T. cruzi lysate

preparation from the Brazil strain in the presence or absence of IL-27 or IL-7. Flow cytometry analysis was applied to determine the

expression of Bcl-2 (A-C), PD-1+ (D-F), and CD57+ (G-I) or the coexpression of PD-1 and CD57 (J-L) cells in IFN-γ- and IL-

2-producing T cells. Each different symbol represents data for a specific patient. IL-27 or IL-7-stimulated and unstimulated samples are

bound by lines. Gray symbols bound by dotted lines represent data of subjects in whom T. cruzi-specific cytokine-producing T cells in
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presenting cardiac disease, and CD4+ T-cell responses to T. cruzi were improved upon the

exogenous addition of IL-27 and IL-7 only in the face of functional IL-27/IL-27R and IL-7/IL-

7R pathways. The increase in the number of T. cruzi-specific CD4+ T cells was associated with

an increase in the number of IL-10-producing CD4+ T cells after IL-27 stimulation. These

observations are in agreement with the ability of IL-27 to promote pro-inflammatory and anti-

inflammatory functions [27], as well as to regulate the Th1 response in patients without cardiac

disease to keep the parasite under control without tissue damage [13,32]. Several studies have

also shown a low expression of IL-10 produced by PBMCs from patients with cardiac Chagas

disease, reflecting an imbalanced immune response during persistent infection [11,51–53].

Our data presented here suggest a differential modulation of the expression of IL-27R

between CD4+ and CD8+ T cells in the memory T-cell compartment during T. cruzi infection

in vitro and ex vivo, which was associated with a milder cardiac disease. The in vitro assay with

IL-2 blocking antibodies indicates that these findings may be explained by the inhibition of IL-

27R expression by autocrine IL-2 regulation [29], a cytokine predominantly produced by

CD4+ rather than that by CD8+ T cells upon activation [40]. Signaling through IL-27R during

activation may also induce CD4+ T regulatory cell subsets to produce IL-10, which inhibits

macrophages and dendritic cells, abrogates CD4+ T-cell activation, and further downregulates

IL-27R expression [54]. In fact, CD4+ T cells produce IL-10 in response to IL-27 in subjects

with mild disease.

During activation, a functional IL-27/IL-27R axis is reflected by the downregulation of IL-

27R in CD4+ T cells and an upregulation in CD8+ T cells. Trypanosoma cruzi-infected subjects

without heart disease also showed decreased IL-27 levels in their circulation [14], further sup-

porting the idea that IL-27 is consumed in a functional IL-27R axis. The failure to achieve the

downregulation of IL-27R in CD4+ or upregulation in CD8+ T cells in more severe stages of

the disease was associated with deficient signaling through STAT and downstream genes, as

well as with lower production of IFN-γ, which is a key cytokine for T. cruzi immunity [5]. The

expression of the cytokine receptor without functional capacity is known as “desensitization”,

and is regarded as one of the mechanisms of alteration of T-cell signaling in chronic infections

[55–57]. A desensitization mechanism for several cytokines, including IL-7 and IL-6, has been

described in chronic infections [56,57] and inflammation [55]. In the experimental model of

T-cell exhaustion induced by infection with Lymphocytic Choriomeningitis Virus, exhausted

CD4+ T cells are subjected to ongoing chronic STAT1 activation and a desensitization of IFN-

γ pathway [56]. We have shown that a desensitization mechanism of IL-7R may occur in

chronic Chagas disease [14,35], and the present study supports a similar desensitization mech-

anism of the IL-27R pathway.

The persistent stimulation of the immune system in subjects with chronic T. cruzi infection

may induce continuous activation of IL-27/IL-27R and IL-7/IL-7R, which could lead to

increased constitutive phosphorylation and gene expression of different STAT molecules, par-

ticularly observed in patients with advanced cardiomyopathy, accounting for the low degree of

STAT phosphorylation in response to IL-27 and IL-7 [14,35] in these subjects. The increased

constitutive levels of CD4+pSTAT1+, CD4+pSTAT3+, and CD4+pSTAT5+ or the increased

constitutive gene expression of these transcription factors compensated for the signal trans-

duction defects found in cardiomyopathy patients; this was supported by the decreased gene

response to T. cruzi lysate were undetectable in the absence of IL-27 or IL-7 stimulation, which became detecs upon IL-27 or IL-7

stimulation. Data were analyzed by a paired t test. � P< 0.05; �� P< 0.01 compared with T. cruzi stimulated cell cultures without the

addition of cytokines. Only P< 0.05, along with a median increase of at least 50% in cytokine-producing cells expressing Bcl-2, PD-1 or

CD57, was considered statistically significant.

https://doi.org/10.1371/journal.pntd.0009473.g007
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expression of downstream STAT genes coding for T-bet (TBX21) and eomesodermin

(EOMES), which are expressed in T cells and mediate T-cell differentiation and several T-cell

functions, in response to IL-27 [58]. The gene expression of CXCL9, coding for MIG in mono-

cytes [59], was also low in patients with cardiomyopathy, suggesting that IL-27/IL-27R and IL-

7/IL-7R may be altered in other cell types.

Since several cytokines share signaling via STAT or JAK tyrosine kinases [60], perturbations

in the IL-7/IL-7R and IL-27/IL-27R axis might also be induced by cytokines other than IL-7

and IL-27. Activation through the T-cell receptor can also lead to modulation of IL-27R, inde-

pendent of cytokine production, which may further desensitize the IL-27/IL-7 axis [15].

T cells in subjects with a functional IL-7/IL-7R and IL-27/IL-27R axis also showed the abil-

ity to increase cytokine-producing CD4+ T cells and gene expression associated with the Th1

profile in response to IL-27. Of note, T. cruzi-responsive-IL-2-producing CD4+ T cells, which

are observed in a low proportion of subjects with chronic Chagas disease [6,61], improved

after stimulation with IL-27 and IL-7. Accordingly, in these subjects, the gene expression of T-

bet (i.e., a mediator of Th1 differentiation and Th2 suppression) and eomesodermin (a media-

tor of the differentiation of effector CD8+ T cells) was similar to that in uninfected subjects.

This is also in agreement with the higher frequencies of polyfunctional Th1-biased CD4+ and

CD8+ T cells specific for T. cruzi observed in subjects with milder forms of chronic Chagas dis-

ease than in those with more severe forms [6–8]. A recent study demonstrated that IL-27 is an

upstream regulator of polyfunctional CD4+ T-cell responses to pathogens [62]. Stimulation of

PBMCs with IL-27 also induced gene expression of transcription factors that mediate T-cell

migration [59].

The loss of parasite-specific polyfunctional T-cell responses, which are not only capable of a

broader repertoire of functions, but also produce a nearly 10-fold higher level of cytokines on

a per-cell basis than that do monofunctional CD4+ T cells [63], might give rise to a compensa-

tory, less efficient inflammatory response that is able to keep the parasite under control, but at

the expense of inducing tissue damage. Although a cause-effect link between T-cell exhaustion

and disease progression cannot be ascertained, they are likely to be interconnected. Adult sub-

jects, even in the G0 group, displayed signs of T-cell exhaustion, including lower frequency

and magnitude of polyfunctional T cells compared with T. cruzi-infected children [7], expres-

sion of inhibitory receptors on T. cruzi-specific T cells [14,64] and total T cells [8,9], and high

levels of terminal, differentiated, and apoptotic T cells [65]; all of which worsen in more severe

clinical stages. CD4+ T cell responses improved after in vitro treatment with IL-27 and IL-7

only in subjects without signs of heart disease who have a more functional IL-27 and IL-7 axis

and less exhausted immune system compared with those in patients with severe cardiomyopa-

thy. Importantly, IL-2 production, which plays an important role in the proliferation and sur-

vival of Th1 cells [66], increased following in vitro treatment with IL-27 and IL-7.

The recovery of co-stimulation properties through CD154 expression is important for the

development of Th1 cells because it activates dendritic cells and promotes cytokine production

by CD4+ T cells [67], whereas the capacity to produce IFN-γ and TNF-α is critical for T. cruzi
immunity [5,13]. In addition, the expression of Bcl-2, a molecule involved in the rescue of apo-

ptotic cells, also increased, supporting an improvement in the survival capabilities of T cells

that arose after cytokine stimulation. It has been shown that IL-27 also inhibits cleaved cas-

pase-3 expression and downregulates the proapoptotic protein Bax through activation of

STAT3 [68]. Notably, not only were the polyfunctional CD4+ T cells not improved following

in vitro treatment with IL-27 and IL-7 in cardiomyopathy patients, but a skewed enrichment

in TNF-α-producing CD4+ T cells in response to T. cruzi was also observed, which has been

associated with more severe stages of chronic Chagas disease [69].
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One limitation to this study is that it was not possible to ascertain whether the impairment

of the IL-27R axis is a cause or a consequence of disease progression and, since T. cruzi lysate

mainly induces CD4+ T-cell responses, information regarding CD8+ T-cell responses after in
vitro cytokine treatment is lacking.

Altogether, the work presented here supports a possible dual role of the IL-27R signaling

pathway in promoting T. cruzi-specific T-cell responses while limiting T-cell responses by

inducing IL-10 production. Improvement in the frequency of parasite-specific T-cells was only

achieved in the face of a functional cytokine signaling pathway when the T-cell compartment

was not deeply exhausted. These findings contribute to a better understanding of the immune

mechanisms underlying the anti-T. cruzi response in human subjects, which may be useful for

developing vaccines and new therapeutic interventions.

Supporting information

S1 Fig. Gating strategy and fluorescence minus one control for WSX-1 and CD130. PBMCs

were stained for FV510, CD3/CD4/CD8, CD45RA, CD130, and WSX-1 and analyzed using

flow cytometry. Lymphocytes were gated based on forward scatter and side scatter parameters,

followed by forward scatter area vs. forward scatter height parameters and side scatter area vs.
side scatter weight for doublet discrimination. The subsequent analyses were performed on

viable cells (FV510—) and CD3+ T cells. According to CD45RA expression in CD4+ or CD8+ T

cells, antigen-experienced (CD45RA—) T cells were gated. WSX-1+CD130+ T cells were deter-

mined according to fluorescence minus one (FMO) control for CD130 (left panel) and WSX-1

(right panel). The numbers in each dot plot indicate the percentage of the gated T-cell popula-

tion.

(TIF)

S2 Fig. Representative Boolean gating strategy for the analysis of the cytokine co-expres-

sion profiles of CD4+ T cells after stimulation with T. cruzi antigens. The lymphocytes

were gated as described in S1 Fig and then analyzed for CD4 vs. each cytokine. The five popu-

lations were selected, and the Boolean gating function of Flow Jo software (Tree Star) was

applied to generate data for 31 different cytokine-producing T-cell populations (lower panels).

The upper panels show representative dot plots for CD154, IL-2, IFN-γ, MIP-1β, and TNF-α
in the CD4+ T cells of the FMO controls, of samples stimulated with the T. cruzi lysate without

the addition of cytokines and of samples stimulated with the T. cruzi lysate with the addition

of IL-27 or IL-7 at a final concentration of 50 ng/mL, as described in the Materials and Meth-

ods.

(TIF)

S3 Fig. Simultaneous phosphorylation of STAT1, STAT3 and STAT5 in response to IL-27

decreased with disease severity. PBMCs were stimulated with IL-27 and analyzed for STAT1,

STAT3, and STAT5 phosphorylation in CD4+ (upper panels) and CD8+ T cells (lower panels).

The Boolean gating function in FlowJo software was used to determine the proportion of T

cells with three (3+), two (2+), or one (1+) phosphorylated STATs. IL-27-induced phosphory-

lation was considered positive when the ratio of stimulated/unstimulated was> 50%. The pro-

portion of each subset with three, two, or one phosphorylated STAT contributing to the total

response was calculated. The average for each combination was assessed for all subjects in the

group, and the data were summarized in pie charts, where each slice of the pie represents the

fraction of the total response that consists of CD4+ or CD8+ T cells positive for one to three

phosphorylated STATs (violet, green, and red, respectively). � P< 0.05, compared with those
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of uninfected subjects (UI) using Fisher’s exact test.

(TIF)

S4 Fig. STAT constitutive gene expression and cytokine-induced gene expression of IL-27

and IL-7-mediated functions are altered in chronic Chagas disease. PBMCs were incubated

for 24 h in AIM-V medium and subsequently subjected to 6 h of incubation in the presence or

absence of 50 ng/mL IL-27 (D-G) or IL-7 (H-K). The total RNA was then isolated, cDNA was

synthesized, and quantitative PCR was performed in all samples. Each symbol represents the

constitutive gene expression of STAT1 (A), STAT3 (B) and STAT5 (C) or relative gene expres-

sion in unstimulated cells or after IL-27 or IL-7 in vitro stimulation of TBX21 (D, H), EOMES
(E, I), GZMB (F, J), and CXCL9 (G, K), previously normalized to GADPH expression. Full

black symbols represent data from subjects in the G1 clinical group. Medians are indicated by

the horizontal lines; boxes indicate the 10–90 percentile range. � P< 0.05, �� P < 0.01 com-

pared with uninfected subjects (UI) by Mann-Whitney test (A-C) # P < 0.05 show the differ-

ence between the ratio of cytokine-stimulated and unstimulated cultures by Mann-Whitney

test.

(TIF)

S5 Fig. No increase in the frequency of polyfunctional CD4+ T cells in uninfected subjects

after in vitro treatment with IL-27 and IL-7. PBMCs of uninfected subjects (i.e., the UI

group, n = 3) were stimulated with T. cruzi lysate preparation from the Brazil strain in the

presence or absence of IL-27 (red bars) or IL-7 (blue bars) and analyzed using flow cytometry

for the intracellular expression of TNF-α, MIP-1β, IL-2, IFN-γ and CD154 in CD4+ T cells.

The cytokine coexpression profiles with one (1+), two (2+), three (3+), four (4+) and five (5+)

functions were determined using the Boolean gating function of FlowJo software. Each bar

represents the frequency of T. cruzi-specific (i.e., values obtained in cultures with only media

were subtracted) CD3+CD4+ T-cell responses of each cytokine-producing population relative

to the individual values of CD3+CD4+ for each subject. Data are shown as the mean and SD.

(TIF)

S6 Fig. IL-10 secretion in response to IL-27 stimulation is impaired in subjects with cardiac

disease. PBMCs collected from subjects with chronic Chagas disease with no signs of cardiac

disease (i.e., the G0 group) or with myocardiopathy (i.e., the G3 group) were stimulated with

100 ng/mL of IL-27 or with media alone for 20 h, following which IL-10 production by CD4+

T cells was evaluated using flow cytometry. Representative dot plots for a G0 subject (upper

panels) and a G3 subject (lower panels) are shown. IL-10+CD4+ T cells were gated according

to FMO controls (upper left panel).

(TIF)
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treatment on the functional response of Trypanosoma cruzi antigen-specific CD4+CD8+T cells in

chronic Chagas disease patients. PLoS Negl Trop Dis. 2018; 12: e0006480. https://doi.org/10.1371/

journal.pntd.0006480 PMID: 29750791

51. Amaral Villani FN, Da Costa Rocha MO, Pereira Nunes MDC, Do Valle Antonelli LR, Dias Magalhães

LM, Coelho Dos Santos JS, et al. Trypanosoma cruzi-induced activation of functionally distinct αβ and

γδ CD4- CD8- T cells in individuals with polar forms of Chagas’ disease. Infect Immun. 2010; 78: 4421–

4430. https://doi.org/10.1128/IAI.00179-10 PMID: 20696836
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64. Argüello RJ, Albareda MC, Alvarez MG, Bertocchi G, Armenti AH, Vigliano C, et al. Inhibitory receptors

are expressed by Trypanosoma cruzi-specific effector T cells and in hearts of subjects with chronic Cha-

gas disease. PLoS One. 2012; 7: e35966. https://doi.org/10.1371/journal.pone.0035966 PMID:

22574131

PLOS NEGLECTED TROPICAL DISEASES Immunomodulatory action of IL-27 in chronic Chagas disease

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009473 June 1, 2021 23 / 24

https://doi.org/10.1371/journal.pntd.0003432
http://www.ncbi.nlm.nih.gov/pubmed/25569149
https://doi.org/10.1371/journal.pntd.0002038
http://www.ncbi.nlm.nih.gov/pubmed/23383358
https://doi.org/10.3389/fimmu.2016.00626
http://www.ncbi.nlm.nih.gov/pubmed/28066435
https://doi.org/10.1371/journal.pntd.0006480
https://doi.org/10.1371/journal.pntd.0006480
http://www.ncbi.nlm.nih.gov/pubmed/29750791
https://doi.org/10.1128/IAI.00179-10
http://www.ncbi.nlm.nih.gov/pubmed/20696836
https://doi.org/10.1016/j.imbio.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22672991
https://doi.org/10.3389/fimmu.2019.00001
https://doi.org/10.3389/fimmu.2019.00001
http://www.ncbi.nlm.nih.gov/pubmed/30723466
https://doi.org/10.1146/annurev-immunol-032414-112134
http://www.ncbi.nlm.nih.gov/pubmed/25861977
https://doi.org/10.1093/rheumatology/keu430
http://www.ncbi.nlm.nih.gov/pubmed/25406356
https://doi.org/10.1016/j.immuni.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24530057
https://doi.org/10.1086/598858
https://doi.org/10.1086/598858
http://www.ncbi.nlm.nih.gov/pubmed/19432535
https://doi.org/10.1038/ni1268
http://www.ncbi.nlm.nih.gov/pubmed/16273099
https://doi.org/10.1084/jem.182.5.1301
https://doi.org/10.1084/jem.182.5.1301
http://www.ncbi.nlm.nih.gov/pubmed/7595201
https://doi.org/10.1101/cshperspect.a028555
https://doi.org/10.1101/cshperspect.a028555
http://www.ncbi.nlm.nih.gov/pubmed/28620095
https://doi.org/10.1172/jci.insight.87499
https://doi.org/10.1172/jci.insight.87499
http://www.ncbi.nlm.nih.gov/pubmed/28194431
https://doi.org/10.1038/nri2274
http://www.ncbi.nlm.nih.gov/pubmed/18323851
https://doi.org/10.1371/journal.pone.0035966
http://www.ncbi.nlm.nih.gov/pubmed/22574131
https://doi.org/10.1371/journal.pntd.0009473


65. Albareda MC, Olivera GC, Laucella SA, Alvarez MG, Fernandez ER, Lococo B, et al. Chronic human

infection with Trypanosoma cruzi drives CD4+ T cells to immune senescence. J Immunol. 2009; 183:

4103–4108. https://doi.org/10.4049/jimmunol.0900852 PMID: 19692645

66. Waldmann TA, Dubois S, Tagaya Y. Contrasting roles of IL-2 and IL-15 in the life and death of lympho-

cytes: Implications for immunotherapy. Immunity. 2001; 14: 105–110. https://doi.org/10.1016/S1074-

7613(09)00091-0 PMID: 11239443

67. Cron RQ. CD154 transcriptional regulation in primary human CD4 T cells. Immunol Res. 2003; 27:

185–202. https://doi.org/10.1385/IR:27:2-3:185 PMID: 12857968

68. Zhou P, Deng B, Wu M, Ding F, Wang L. Interleukin-27 Ameliorates Renal Ischemia-Reperfusion Injury

through Signal Transducers and Activators of Transcription 3 Signaling Pathway. Kidney Blood Press

Res. 2019; 44: 1453–1464. https://doi.org/10.1159/000503923 PMID: 31722339

69. Ferreira RC, Ianni BM, Abel LCJ, Buck P, Mady C, Kalil J, et al. Increased Plasma Levels of Tumor

Necrosis Factor-α in Asymptomatic/"Indeterminate" and Chagas Disease Cardiomyopathy Patients.

Mem Inst Oswaldo Cruz. 2003; 98: 407–411. https://doi.org/10.1590/s0074-02762003000300021

PMID: 12886425

PLOS NEGLECTED TROPICAL DISEASES Immunomodulatory action of IL-27 in chronic Chagas disease

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009473 June 1, 2021 24 / 24

https://doi.org/10.4049/jimmunol.0900852
http://www.ncbi.nlm.nih.gov/pubmed/19692645
https://doi.org/10.1016/S1074-7613%2809%2900091-0
https://doi.org/10.1016/S1074-7613%2809%2900091-0
http://www.ncbi.nlm.nih.gov/pubmed/11239443
https://doi.org/10.1385/IR%3A27%3A2-3%3A185
http://www.ncbi.nlm.nih.gov/pubmed/12857968
https://doi.org/10.1159/000503923
http://www.ncbi.nlm.nih.gov/pubmed/31722339
https://doi.org/10.1590/s0074-02762003000300021
http://www.ncbi.nlm.nih.gov/pubmed/12886425
https://doi.org/10.1371/journal.pntd.0009473

