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Deficiency in memory formation and increased immunosenescence are pivotal features of Trypanosoma cruzi infection proposed to play a role in parasite persistence and disease development. The vaccination protocol that consists in a prime with plasmid DNA followed by the boost with a deficient recombinant human adenovirus type 5, both carrying the ASP2 gene of T. cruzi, is a powerful strategy to elicit effector memory CD8+ T-cells against this parasite. In virus infections, the inhibition of mTOR, a kinase involved in several biological processes, improves the response of memory CD8+ T-cells. Therefore, our aim was to assess the role of rapamycin, the pharmacological inhibitor of mTOR, in CD8+ T response against T. cruzi induced by heterologous prime-boost vaccine. For this purpose, C57BL/6 or A/Sn mice were immunized and daily treated with rapamycin for 34 days. CD8+ T-cells response was evaluated by immunophenotyping, intracellular staining, ELISpot assay and in vivo cytotoxicity. In comparison with vehicle-injection, rapamycin administration during immunization enhanced the frequency of ASP2-specific CD8+ T-cells and the percentage of the polyfunctional population, which degranulated (CD107a+) and secreted both interferon gamma (IFNγ) and tumor necrosis factor (TNF). The beneficial effects were long-lasting and could be detected 95 days after priming. Moreover, the effects were detected in mice immunized with ten-fold lower doses of plasmid/adenovirus. Additionally, the highly susceptible to T. cruzi infection A/Sn mice, when immunized with low vaccine doses, treated with rapamycin, and challenged with trypomastigote forms of the Y strain showed a survival rate of 100%, compared with 42% in vehicle-injected group. Trying to shed light on the biological mechanisms involved in these beneficial effects on CD8+ T-cells by mTOR inhibition after immunization, we showed that in vivo proliferation was higher after rapamycin treatment compared with vehicle-injected group. Taken together, our data provide a new approach to vaccine development against intracellular parasites, placing the mTOR inhibitor rapamycin as an adjuvant to improve effective CD8+ T-cell response.
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Introduction

The immunization regimen known as heterologous prime-boost vaccination uses two distinct vectors for priming and boosting, both carrying the target antigen. Different combinations of vectors have been tested and the application of this strategy has promoted an immune response against several experimental infections, such as simian immunodeficiency virus (SIV), malaria, Ebola, tuberculosis, Chagas disease, toxoplasmosis and COVID-19 (Li et al., 1993; McConkey et al., 2003; Wilson et al., 2006; Zhang et al., 2007; De Alencar et al., 2009; Elvang et al., 2009; Hensley et al., 2010; Hill et al., 2010; Martins et al., 2010; Chuang et al., 2013; Graham et al., 2020). This regimen began to be studied more than 20 years ago and has shown excellent protective responses both to intracellular pathogens and neoplastic cells due to the induction of cytotoxic CD8+ T-cells (Zavala et al., 2001; Gilbert et al., 2002; Ranasinghe and Ramshaw, 2009).

Chagas disease, caused by the intracellular protozoan Trypanosoma cruzi, is an endemic disease in Latin America and considered a neglected one by the World Health Organization (WHO), as it affects approximately 6-7 million people worldwide (World Health Organization, 2016). The clinical course of Chagas disease generally comprises acute and chronic phases and affects mainly the heart and the digestive system. Currently, the treatment consists of administering the chemotherapeutic benznidazole or nifurtimox, but these drugs have limited efficacy when started late, and there are still no vaccines for the disease (Pérez-Molina and Molina, 2017).

The heterologous prime-boost vaccination protocol, capable of conferring a significant degree of protection against experimental T. cruzi infection, consists of priming immunization with plasmid DNA, followed by boosting with replication-defective human recombinant adenovirus type 5, both vectors expressing the amastigote surface protein-2 (ASP2) (De Alencar et al., 2009; Haolla et al., 2009; Dominguez et al., 2011; Rigato et al., 2011; Vasconcelos et al., 2012; Ferreira et al., 2017). Previously, we demonstrated that this prime-boost protocol generates a high frequency of effector CD8+ T cells (CD44High, CD11aHigh, CD62LLow, CD127Low and KLRG1High), which subsequently acquire an effector memory phenotype (CD44High, CD11aHigh, CD62LLow, CD127+ and KLRG1High) (Rigato et al., 2011). These phenotype and cytotoxic effector activity were long-lasting, being detected 98 days after boosting (De Alencar et al., 2009; Rigato et al., 2011). Moreover, the effector memory CD8+ T-cells (TEM) induced by heterologous prime-boost immunization are polyfunctional, since express IFNγ , TNF and CD107a, and play cytotoxic activity simultaneously (De Alencar et al., 2009; Rigato et al., 2011).

During the specific immune response development, several signaling pathways are required to activate T-cells and initiate their differentiation. The highly conserved kinase called mammalian target of rapamycin (mTOR) is a key regulator of essential cellular processes such as cell growth, autophagy, survival, proliferation, and metabolism in response to environmental factors, including levels of cellular energy, insulin, cytokines and amino acids, through the complexes mTORC1 and mTORC2, that contain different scaffold associated proteins, Raptor and Rictor, respectively, which define their downstream targets pathways (Dennis et al., 2001; Wullschleger et al., 2006; Thomson et al., 2009; Powell et al., 2012). In CD8+ T-cells, mTORC1 controls, for example, glucose uptake and glycolysis during activation and effector phases and also participates in the signaling generated by the antigen recognition receptor (TCR) and cytokines (Jacobs et al., 2008; Buck et al., 2015; Chang and Pearce, 2016). Even though rapamycin has been commonly used in organ transplantation to prevent graft rejection (Augustine et al., 2007), several studies have reported that mTOR inhibition by treatment with low and continuous doses of rapamycin during the immune challenge of CD8+ T cells could improve the function and memory formation following viral infections or tumor challenges (Araki et al., 2009; Rao et al., 2010; Li et al., 2011; Turner et al., 2011; Bassett et al., 2012; Mattson et al., 2014; Shrestha et al., 2014).

The transcriptome of activated CD8+ T cells treated with rapamycin revealed that most genes modulated by mTOR inhibitor are associated with apoptosis, survival, maintenance, and cell migration, which take part in the CD8+ T cell programming after activation (Mattson et al., 2014; Borsa et al., 2019). Moreover, a clinical trial found that elderly people immunized against influenza and treated with rapamycin had a response 20% higher in antibody titer than the placebo group, paralleled by increased T cells life span, improving immune function and reducing infections (Mannick et al., 2014; Mannick et al., 2018).

Based on these findings, here we tested the role of the mTOR inhibitor rapamycin combined with heterologous prime-boost immunization against T. cruzi during CD8+ T-cell activation. For this purpose, C57BL/6 and AS/n mice were immunized and daily treated with rapamycin. The inflammatory and cytolytic immune responses were analyzed. Additionally, mice were challenged with the highly infective trypomastigote forms of Y strain.



Methods


Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory mice of the Brazilian National Council of Animal Experimentation (http://www.sbcal.org.br/) and Federal Law 11.794 (October 8, 2008). The project was approved by the Ethical Committee for Animal Experimentation at the Federal University of Sao Paulo, registered under number 9959021014.



Mice and Parasites

Male and female 8-week-old C57BL/6 and A/Sn mice were supplied by the Center for the Development of Experimental Models for Medicine and Biology (CEDEME) from the Federal University of São Paulo. Blood trypomastigotes of Y type II strain of T. cruzi were maintained by weekly passages in A/Sn mice at the Xenodiagnostic Laboratory of Dante Pazzanese Institute of Cardiology. For in vivo experiments, the challenge was performed with 150 or 1 x 104 trypomastigotes diluted in PBS (0.2 mL) in A/Sn and C57BL/6 mice, respectively, administered subcutaneously (s.c.) in the tail. Parasitemia was monitored after the 6th day of infection until day 15. A blood sample (5 μl) was collected from the tail for parasite quantification on the light microscope.



Immunization Protocol

The heterologous prime-boost immunization protocol previously described by Rigato and group (Rigato et al., 2011) was used in this study. The protocol consists of a dose of plasmid DNA, with the vectors pcDNA3 (control) or pIgSPClone9, at 10 or 100 μg/mouse. Three weeks after the first immunization, mice were immunized with 2 x 107 or 2 x 108 pfu of the adenoviral vectors Adβ-Gal (control) or AdASP-2. Both immunizations were performed by intramuscular route in the Tibialis anterior muscle. Experimental groups were delineated as follows: 1) Control: immunized with the control vectors pcDNA3 and Adβ-Gal; 2) ASP2: immunized with pIgSPCl.9/AdASP-2 and vehicle-injected (PBS); 3) ASP2/rapamycin: immunized with pIgSPCl.9/AdASP-2 and rapamycin-treated.



Treatment With Rapamycin

Mice were treated every 24 hours with 2 μg rapamycin (Sigma Aldrich) per mouse (0.075 mg/kg/day), diluted in 0.2 mL PBS via intraperitoneal (i.p.) for 34 days, starting at priming (Li et al., 2011; Bassett et al., 2012). Control mice were treated with the vehicle (PBS). To assess mTOR inhibition, phospho-S6 ribosomal protein conjugate antibody (Ser235/236) from Cell Signaling Technology was used. This antibody binds to the PS6 protein only in its phosphorylated form, indicating whether mTOR was activated. For phospho-S6 ribosomal protein staining, the protocol was performed according to Ersching and group (Ersching et al., 2017).



Peptides and Multimers

The ASP2 synthetic peptides VNHRFTLV and TEWETGQI were synthesized by GenScript with purity greater than 95%. The peptides were used during in vivo and ex vivo assays to stimulate specific CD8+ T-cells.

H2Kb-VNHRFTLV multimer was purchased from ProImmune Inc., and H2KK-TEWETGQI multimer, labeled with allophycocyanin, was purchased from Immudex. Both were used for labeling TCR-specific CD8+ T-cells.



Flow Cytometry Analysis

Splenocytes were treated with ACK buffer (NH4Cl, 0.15 M, KHCO3, 10 mM, 0.1 mM Na2-EDTA, pH 7.4) for osmotic lysis of red cells and washed with RPMI supplemented with 10% fetal bovine serum (FBS). After lysis, cells were labeled with the multimers for 10 minutes at room temperature. The cell surface was stained for 30 min at 4°C with the following antibodies: anti-CD8 (clone 53-67); anti-CD11a (clone 2D7), anti-CD11c (clone HL3), anti-CD25 (clone 7D4), anti-CD27 (clone LG.7F9), anti-CD31 (clone MEC13.3), anti-CD43 (clone Ly 48), anti-CD43 (clone 1B11), anti-CD44 (clone IM7), anti-CD49d (clone R-12), anti-CD62L (clone MEL-CD70 (clone FR70), anti-CD95 (clone Jo2), anti-CD95L (MFL3), anti-CD122 (clone TM-b1), anti-CD127 (Clone J43), anti-PDL-1 (clone MIH5), anti-CCR-5 (clone HM-CCR5), anti-CCR-7 (clone 4B12), anti-KLRG-1 (clone 2F1 and anti-CD183 (CXCR3-clone 173). At least 500,000 events were acquired on FACS Canto II flow cytometer (BD). The results were analyzed with FlowJo software version 9.9.6 (FlowJo, LLC).



Intracellular Cytokine Staining

Two million splenocytes were incubated in the presence or absence of the peptides VNHRFTLV or TEWETGQI (10 μg/mL or 10 μM) in supplemented RPMI medium with CD107a FITC antibody (clone 1D4B, BD), anti-CD28 (clone 37.51, BD Bioscience), BD Golgi-Plug (1 µL/mL, BD Bioscience) and monensin (5 µg/mL, Sigma Aldrich) no longer than 12 hours in V-bottom 96-well plates (Corning) in a final volume of 200 µL, at 37°C containing 5% CO2. After incubation, cells were labeled with anti-CD8 antibody PerCP (clone 53-6.7, BD) for 30 minutes at 4°C. For cellular fixation and permeabilization, the Cytofix/Cytoperm kit (BD Biosciences) was used according to the supplier’s instructions. For intracellular staining, was used the following antibodies: anti-IFNγ APC (clone XMG1.2, BD Biosciences) and anti-TNF PE (clone MPC-XT22, BD Biosciences). At least 700,000 events were acquired using a FACSCanto II flow cytometer (BD Biosciences).



Enzyme-Linked-Immunospot Assay (ELISpot)

The IFNγ secretion was measured by ELISpot as described previously (Ferreira et al., 2017). Briefly, 105 responder cells (represented by splenocytes from mice previously immunized) were incubated with 3 x 105 antigen-presenting cells (represented by splenocytes from naive mice) on nitrocellulose 96-wells flat-bottom plates (Millipore) in the presence or absence of the specific ASP2 peptides VNHRFTLV or TEWETGQI for CD8+ T cells for 24 hours. The number of IFNγ-producing cells was determined using a stereoscope. The final value refers to the numeric average of spots of stimulated wells minus the numeric average of spots of unstimulated wells. The result is multiplied by 10 to display the data by spot forming cells (SFC) in million units.



Cytokine Determination

One million splenocytes were incubated for 48 hours in the presence or absence of the peptide VNHRFTLV in a final concentration of 10 μg/mL. Culture supernatants were harvested and stored at −80°C until analysis. IL-2, IL-4, IL-6, IL-10, IL-17, IFNγ, and TNF cytokines were detected simultaneously using mouse Th1/Th2/Th17 cytokine bead array (CBA) kit (BD Pharmingen), according to the manufacturer’s instructions. After acquiring samples on a flow cytometer, the data were analyzed in FCAP Array™ software to generate results in graphical and tabular format. The data are expressed in pg/mL and the values correspond to the number of the value of stimulated samples minus the value of unstimulated ones.



In Vivo Cytotoxicity Assay

Splenocytes from naive mice were divided into two populations stained with carboxyfluorescein succinimidyl ester (CFSE - Molecular Probes) at a final concentration of 10 μM (CFSEHigh) and 1 μM (CFSELow). PKH26 Red Fluorescent Cell Linker (Sigma-Aldrich) was also used at a final concentration of 20 μM. The target cells labeled with CFSEHigh or PKH were pulsed with peptide VNHRFTLV or TEWETGQI for 40 minutes at 37°C according to each experiment’s concentration. CFSELow cells remained uncoated. Subsequently, all stained populations were counted and mixed at the same proportion. 4 x 107 cells were transferred via intravenous into mice and after 14 hours, the spleens of recipient mice were collected to CFSELow, CFSEHigh and PKH+ detection by flow cytometry using FACS Canto II. The percentage of specific lysis was determined by this formula:

	



BrdU Proliferation Assay

For in vivo proliferation, A/Sn mice were treated with 2 mg of BrdU (SIGMA) (i.p.) after boosting for 14 days every 48 hours. Then, the splenocytes were purified for staining with anti-CD8 and BrdU detection according to the manufacturer’s instructions (BrdU Flow Kit APC or FITC - BD Pharmingen). At least 100,000 cells were obtained in low flow rate on a BD FACSCanto II flow cytometer (BD Bioscience), and then analyzed with FlowJo software (FlowJo, LLC).



BMDC Generation, Immunophenotyping Antigen-Presentation Capacity

Bone marrow dendritic cells (BMDC) were generated as described earlier (Ersching et al., 2016). Overall, cells removed from the femurs were cultured with 20 ng/ml of recombinant granulocyte–macrophage colony-stimulating factor (rGM-CSF- RD System) for 7 days. The medium was replaced on the fourth day. In some conditions, BMDC were matured with 200 ng/ml of LPS from E. coli (Sigma-Aldrich) for 3 hours, resulting in a population that comprises around 80% of CD11c+ cells. For in vitro antigen presentation capacity assay, BMDC were incubated with AdASP-2 (MOI = 50) for 24 hours, or with VNHRFTLV peptide (10 μg/mL) for 1 hour. Rapamycin was used in a final concentration of 1 μM. The frequency of IFNγ-producing by CD8+ T cells was detected by ELISpot. Additionally, BMDC were stained with the following antibodies for flow cytometry analysis: anti-CD11c, anti-CD40, anti-CD86 and anti-MHC class I (H2Kb).



Statistical Analysis

Groups were compared using One-way ANOVA followed by Tukey’s HSD test on Vassarstats (http://vassarstats.net). Before performing parametric tests, the normal distribution was analyzed by Shapiro-Wilk test and residuals distribution in QQ-plots on GraphPad Prism 8.0. Survival analysis by Log-rank was also performed on GraphPad Prism 8.0. Because the variances were similar, values were expressed as mean ± standard deviations (SD). The expression of the receptors was compared by MFI (mean fluorescence intensity), and the MFI of naive group was taken as a baseline. Differences were considered significant when the p value was <0.05.




Results


Rapamycin Treatment Enhances the Number and Quality of Specific CD8+ T-Cells

Initially, the blockade of mTOR by rapamycin was confirmed by ribosomal protein S6 staining, which is a target of mTOR kinase. The detection antibody used binds to S6 ribosomal protein only in its phosphorylated form (Ser235/236), indicating whether there was mTOR activity. CD8+ T cells from splenocytes of C57BL/6 mice incubated with rapamycin for 1 hour showed a lower expression of phosphorylated S6K than untreated or concavalin A stimulated cells (Supplementary Figure 1).

T lymphocytes perform a strong antiparasitic role mediated by the secretion of IFNγ and other mediators that also participate in the parasite dissemination control. The CD8+ T-cells induced by heterologous prime-boost regimen are polyfunctional, as they exhibit cytotoxic activity and secrete the cytokines IFNγ and TNF simultaneously (De Alencar et al., 2009; Rigato et al., 2011). Based on these findings, we evaluated the production of cytokines IFNγ and TNF, as well as the degranulation by the expression of the CD107a molecule (LAMP-1) in VNHRFTLV peptide-specific CD8+ T-cells obtained from splenocytes of immunized mice. Experimental groups were delineated as follows: 1) Control: immunized with the control vectors pcDNA3 and Adβ-Gal; 2) ASP2: immunized with pIgSPCl.9/AdASP-2 and vehicle-injected (PBS); 3) ASP2/rapamycin: immunized with pIgSPCl.9/AdASP-2 and rapamycin-treated.

After ex vivo stimulation with the peptide VNHRFTLV and intracellular staining (gates strategy showed in Supplementary Figure 2), the number of CD8+ T-cells that simultaneously express IFNγ, TNF and CD107a, named polyfunctional subpopulation, were increased in rapamycin-treated mice (Gr.3), compared with vehicle-injected mice (Gr.2), after Boolean analysis (Figures 1B, C). In addition, the magnitude of responding CD8+ T-cells (frequency of cells that express at least one of the three molecules IFNγ or TNF or CD107a after ex vivo stimulus with the specific peptide) was also higher in Gr.3 (Figure 1A), at 35 days after priming. The differences between Gr.2 (vehicle-injected) and Gr.3 (rapamycin-treated) were more evident at 95 days after priming (Figures 1D–F).




Figure 1 | Specific CD8+ T cell-mediated immune responses was higher in rapamycin-treated mice, after 35 or 95 days from priming. C57BL/6 mice were immunized via i.m. with plasmid (100 µg) and adenovirus (2 x 108 pfu) according to the experimental groups described in the Methods section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days. On days 35 or 95 after priming, splenic cells were collected and cultured ex vivo in the presence of anti-CD107a and anti-CD28, with or without the VNHRFTLV peptide. After 12 hours, the cells were labeled with anti-CD8, anti-IFNγ and anti-TNF antibodies. (A, D) Frequencies of CD8+ T cell that express CD107a or IFNγ or TNF after stimulation. (B, E) Subpopulations of CD8+ T cells expressing each individual molecule or the combinations between CD107a, IFNγ and TNF. (C, F) Pie charts show the fraction of specific cells expressing the indicated molecules. The results correspond to the mean values of 4 mice per group, with standard deviation. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as *P<0.05, **P < 0.01, and ***P < 0.001. The experiments were repeated four times, and representative results are shown. N.S, non-significant. Boolean analysis was performed using FlowJo Software.



In order to measure the frequency of ASP2 specific CD8+ T-cells, the splenocytes were labeled with the H2Kb-VNHRFTLV pentamer and anti-CD8. We found that the frequency and absolute number of specific CD8+ T-cells were significantly higher in Gr.3 after 35 days and sustained after 95 days after priming (Figures 2A–C). These results demonstrate that treatment with rapamycin enhances the response generated by immunization and memory formation, confirming that inhibition of mTOR modulates T-lymphocyte differentiation during adaptive immunity to T. cruzi antigens, as previously proposed in other conditions (Araki et al., 2009; Nam, 2009).




Figure 2 | Frequency and absolute number of specific CD8+ T cells were higher in rapamycin-treated group, after 35 or 95 days from priming. C57BL/6 mice were immunized via i.m. with plasmid (100 µg) and adenovirus (2 x 108 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days. After 35 or 95 days of priming, the splenic cells were labeled with anti-CD8 and H2Kb-VNHRFTLV pentamer for flow cytometry analysis. (A) Dot-plots charts correspond to the representative mouse (median) from 4 mice. Numbers represent frequencies of splenic cells. (B, C) The total number of specific lymphocytes was estimated. The bars indicate the group mean ± SD. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as *P < 0.05, **P < 0.01, and ***P < 0.001. Data referring to 4 mice per group and representing 4 independent experiments. (D) Splenic cells were labeled with anti-CD8, H2Kb-VNHRFTLV multimer and the molecules indicated above for flow cytometric analysis. Histograms show the expression of the markers in CD8+ H2Kb-VNHRFTLV+ cells in Gr.2 (blue lines) and Gr.3 (green lines). Analyses were performed using cells pools of 4 mice and they are representative of two independent experiments. The numbers indicate the mean fluorescence intensity (MFI). The individual analysis of mice from each group presented similar results.





Specific CD8+ T-Cells Phenotype Remains Unchanged After Treatment With Rapamycin

Traditionally, antigen-specific CD8+ T-cells are divided into three major groups according to their markers of activation, homing, migration, proliferation capacity and effector functions: i) effectors (TE): effector cells that control the infection (CD44High, CD11aHigh, CD62LLow, CD127-, KLRG1High); ii) central memory (TCM): long-lasting memory cells with high proliferative potential after antigen stimulation and reside in secondary lymphoid organs (CD44High, CD11aHigh, CD62LHigh,CD127+, KLRG1High); iii) effector memory (TEM): transitional cells that exist for a shorter time, present high effector activity and express TE surface markers (CD44High, CD11aHigh, CD62LLow, KLRG1High) and a TCM marker (CD127+). They home primarily in peripheral tissues and rapidly produce effector cytokines upon antigenic stimulation (Wherry et al., 2003; Lanzavecchia and Sallusto, 2005; Wirth et al., 2009; Wirth et al., 2010; Angelosanto and Wherry, 2010; Cui and Kaech, 2010; Ahmed and Akondy, 2011; Sheridan and Lefrançois, 2011).

Previously, it has been shown that heterologous prime-boost regimen induces a strong response of effector CD8+ T-cells, which develop into an effector memory (TEM) population (Rigato et al., 2011). Here, we challenged the hypothesis that mTOR inhibition changes the profile of CD8+ T-cells generated by vaccination as, for example, into a TCM phenotype, as described in other experimental models combined with rapamycin (Araki et al., 2009; Pearce et al., 2009; Turner et al., 2011). To this end, we performed the phenotypic characterization of specific CD8+ T-cells from the spleen of C57BL/6 mice immunized and treated with rapamycin or vehicle.

Specific CD8+ T-cells were stained with H2Kb-VNHRFTLV multimer and anti-CD8. The expression pattern of the molecules CD11a, CD44, CD62L, CD127, KLRG-1 and CCR7 on specific CD8+ T-cells was similar between Gr.2 and Gr.3, at 35 and 95 days after priming (Figure 2D), showing that rapamycin, all in all, did not modify the TE(M) profile of CD8+ T-cells generated by vaccination. In both ASP2 immunized groups, differently from the expected, an increase in CD127 expression on specific memory CD8+ T cells was not found after 95 days. Other markers involved with activation and migration were not altered either. The complete immunophenotyping, where twenty-four surface markers associated with activation, regulation, migration, and cell death were used, is shown in Supplementary Figures 3 and 4.



Cellular Response Remained High Even With Reduced Doses of Immunization in Rapamycin-Treated C57BL/6 Mice

Next, we evaluated the role of rapamycin during vaccination with reduced doses, to highlight the adjuvant effect of rapamycin. For that purpose, C57BL/6 mice were vaccinated with 10-fold lower doses of plasmid/adenovirus, treated with rapamycin or vehicle and the immune response was assessed by the standard protocol. On days 35 and 95, splenocytes were isolated, and specific CD8+ T-cells were stained using H-2Kb-restricted VNHRFTLV multimer. Splenocytes were stimulated with VNHRFTLV specific ASP-2 peptide for ELISpot anti-IFNγ. The increase in the number of VNHRFTLV-specific CD8+ T cells was replicated with 10-fold lower doses since the rapamycin-treated mice showed a higher frequency of specific CD8+ T cells (Gr.3L), both on days 35 and 95 after priming (Figures 3A, B). Later, when we analyzed the IFNγ secretion by CD8+ T-cells after ex vivo stimulation with the VNHRFTLV peptide, rapamycin-treated group (Gr.3L) was superior in both analyses (Figures 3C–E).




Figure 3 | Rapamycin increased the frequency of specific CD8+ T cells and IFNγ production from mice immunized with reduced doses, after 35 or 95 days from priming. C57BL/6 mice were immunized via i.m. with plasmid (10 µg) and adenovirus (2 x 107 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days. On days 35 or 95 after priming, splenic cells were collected for surface staining of anti-CD8 and H2Kb-VNHRFTLV+ pentamer or cultured with the specific peptide VNHRFTLV for ELISpot or CBA assay. (A) FACS charts show the frequency of CD8+ and H2Kb-VNHRFTLV+ cells in the spleen. The dot-plots correspond to the representative mice (median) of the group. Numbers represent the frequencies of CD8+ H2Kb-VNHRFTLV+ cells in the spleen. (B, D) The total number of specific CD8+ T cells was estimated. (C, E) Number of IFNγ producing cells by ELISpot. SFC: Spot-forming cells. (F) The supernatant of splenocytes from mice immunized for 95 days cultured for 48 hours was used to measure the indicated cytokines by flow cytometry. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as *P < 0.05, **P < 0.01, and ***P < 0.001. Data referring to 4 mice per group and representing 4 independent experiments. N.S, Non-significant.



In addition, we determined the concentration of cytokines in the supernatant of VNHRFTLV-stimulated splenocytes from mice immunized 95 days after priming using Th1/Th2/Th17 CBA kit. IFNγ was the predominant cytokine after VNHRFTLV stimulation and the splenocytes from rapamycin-treated mice (Gr.3L) presented the highest IFNγ concentration in the supernatants (Figure 3F). As previously shown, heterologous prime-boost vaccination induces predominantly a Th1 profile response (De Alencar et al., 2009). Thus, the present findings enable us to adopt a protocol with reduced doses of vaccine formulation, which were able to induce a strong and potentially CD8+ T response.



Higher In Vivo Cytotoxicity of Specific CD8+ T After the Rapamycin Treatment

Another essential effector function involved in intracellular pathogens dissemination control is the direct cytotoxicity performed by NK and CD8+ T cells, releasing cytotoxic granules, such as perforins, granzymes B and granulysin, which are responsible for forming pores on the plasma membrane of target infected cells as well as inducing apoptosis. Thus, the cytotoxic activity of VNHRFTLV-specific CD8+ T-cells in C57BL/6 mice immunized with 10-fold lower doses of plasmid/adenovirus and treated with rapamycin or vehicle was analyzed at 35 days after priming. The in vivo cytotoxicity assay was evaluated using adoptive transfer of labeled cells with two concentrations of CFSE dye, CFSEHigh and CFSELow. Only the CFSEHigh population was pulsed with 2,5 μM of the VNHRFTLV ASP2 peptide. Both populations were transferred to recipient mice of the experimental groups (Gr.1L, Gr.2L and Gr.3L) and, after 15 hours, we analyzed the percentage of lysis in CFSEHigh cells. The cytotoxic activity of VNHRFTLV-specific CD8+ T-cells was similar in both immunized groups, e.g., 97,6% in Gr.2L and 95,07% in Gr.3L (Supplementary Figure 5), which corroborates with our previous findings showing a strong cytotoxic activity induced by heterologous prime-boost immunization using the ASP2 (De Alencar et al., 2009).

Therefore, we performed another cytotoxicity assay lowering the concentrations of VNHRFTLV peptide, trying to reveal any beneficial effect of rapamycin treatment on cytotoxic activity. For that, two dyes were used to sort 3 different populations: CFSELow, CFSEHigh and PKH+. Both CFSEHigh and PKH+ populations were pulsed with the peptide at a final concentration of 500 nM and 50 nM, respectively (Figure 4). After 15 hours, rapamycin-treated mice (Gr.3L) exhibited a higher percentage of cytotoxic activity against VNHRFTLV+ target cells of CFSEHigh (500 nM peptide) and PKH+ (50 nM peptide) populations compared with the cytotoxic activity observed in vector control Gr.1L and vehicle-injected Gr.2L mice (Figures 4A, B). Similar results were found at 95 days after priming. As expected, the main difference between the two immunized groups was the cytotoxic activity of CD8+ T-cells on the PKH+ target cell population, pulsed with the lowest concentration (50 nM) of the specific VNHRFTLV peptide (Figure 4B).




Figure 4 | In vivo cytotoxicity of specific CD8+ T cells was higher in rapamycin-treated mice. C57BL/6 mice were immunized via i.m. with plasmid (10 µg) and adenovirus (2 x 107 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days. Splenocytes from naive mice were stained with CFSE or PKH. CFSEHigh and PKH+ populations were pulsed with peptide VNHRFTLV at a final concentration of 500 nM or 50 nM, respectively. CFSELow was the negative control. Stained cells were transferred to the experimental groups and, after 14 hours, spleens were harvested to quantify the frequency of stained cells. Histograms represent the frequencies of CFSEHigh, CFSELow and PKH+ cells in each group, after 35 days (A) or 95 days from priming (B). Percentage of cytotoxicity, with mean ± SD. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as *P < 0.05, and ***P < 0.001. Results from 2 experiment and 4 mice per group. N.S, Non-significant.





Treatment With Rapamycin Increased the Survival of the Highly Susceptible A/Sn Mice Immunized With Low Doses After Challenge

Once the putative protective profiles of CD8+ T-cells induced by vaccination have been improved when combined with rapamycin treatment, we challenged highly susceptible A/Sn mice with T. cruzi and survival was registered. Since heterologous prime-boost immunization can induce a protective response, mice groups were immunized with 10-fold lower doses of plasmid/adenovirus and treated with rapamycin or vehicle. Thirty-five days after priming, mice were challenged with 150 trypomastigotes forms of the Y strain of T. cruzi. The parasitemia and survival ratio were monitored daily.

Parasitemia (Figure 5A) was followed from day 5 post infection, and no significant difference were detected between Gr.2L and Gr.3L. Suprisingly, as shown in the survival curve (Figure 5B), 42.8% of mice from Gr.2L survived, while the rapamycin-treated mice (Gr.3L) showed 100% of survival rate (Log-rank p = 0.0218). In an independent experiment, rapamycin alone was not able to protect A/Sn mice from the experimental challenge (Supplementary Figure 6). These results demonstrate the adjuvant effect of rapamycin when combined with the vaccination, even with 10-fold lower concentrations of plasmid/adenovirus, inducing a protective immune response generated by prime-boost ASP2 immunization.




Figure 5 | Rapamycin improved the protection of A/Sn mice immunized with reduced doses in experimental challenge with T. cruzi. A/Sn mice were immunized via i.m. with plasmid (10 µg) and adenovirus (2 x 107 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days. Fifteen days after boosting, mice were infected with 150 blood trypomastigotes of Y strain of T. cruzi. (A) Parasitemia was monitored daily between days 5 and 16 after challenge. The parasitemia values were log transformed and groups 2 and 3 were compared on day 11 (parasitemia peak) by One-Way ANOVA and Tukey’s HSD tests (*p<0,0001). (B) The survival rate was also followed and analyzed by Log-rank (Mantel-Cox) test (all groups p = 0.0001; groups 2 and 3 p = 0.0218). Results from 7 mice per group.





Rapamycin Improved the Protective Immune Response Generated by Heterologous Prime-Boost Protocol in A/Sn Mice

To verify whether the CD8+ T-cell response in A/Sn mice was also favored by the immunization combined with the rapamycin treatment, we performed the ex vivo assays. Splenocytes from A/Sn mice, immunized with 10-fold lower doses and treated with rapamycin or vehicle, were collected on days 35 or 95 after priming to measure the number of specific CD8+ cells labeled with the multimer H2KK- restricted TEWETGQI peptide. In addition, we performed the intracellular staining to label CD107a, IFNγ and TNF, and ELISpot to measure the number of TEWETGQI-specific IFNγ producing CD8+ T-cells.

Initially, to quantify TEWETGQI-specific CD8+ T-cells, pools of splenocytes and lymph node cells from 4 mice per group were prepared. After labeling the cells with the multimer and anti-CD8, our data show that the frequency and absolute number of TEWETGQI-specific CD8+ T-cells increased in the rapamycin-treated mice (Gr.3L) (Figures 6A, B). Further, 35 after priming both ASP2-immunized groups (Gr2.L and Gr3L) presented a population of TEWETGQI-specific CD8+ T-cells with an activated phenotype, characterized by expression of the cell markers CD44High, CD62LLow, KLRG1High and CD127Low (Figure 6C). At 95 days after priming, the TEWETGQI-specific CD8+ T-cells presented a reduced expression of CD127 and KLRG-1 (Figure 6C).




Figure 6 | Rapamycin increased the frequency of specific CD8+ T cell and immune responses from A/Sn mice, after 35 or 95 days after priming. A/Sn mice were immunized via i.m. with plasmid (10 µg) and adenovirus (2 x 107 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days. 35 or 95 days from priming, cells from spleen or lymph nodes were collected for surface staining or ex vivo assays. (A) Absolut number of specific CD8+ T H2Kk-TEWETGQI+ cells from spleen’s pool of each group. (B) Frequency of specific CD8+ T H2Kk-TEWETGQI+ cells from lymph node’s pool of each group. (C) Histograms show the expression of the markers cited above in CD8+ H2Kk-TEWETGQI+ cells from Gr.2 (blue lines) and Gr.3 (green lines), or in CD8+ H2Kk-TEWETGQI- from naïve mice (red lines). (D, G) CD8+ T cell frequencies in percentage expressing CD107a, IFNγ or TNF after stimulation. (E, H) Subpopulations of CD8+ T cells expressing each individual molecule or combinations (CD107a, IFNγ and/or TNF). (F, I) ELISpot assay plots shows mean ± SD of IFNγ producing cells. SFC: Spot-forming cells. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as *P < 0.05, **P < 0.01, and ***P < 0.001. Data referring of 2 experiments and 4 mice per group. N.S., Non-significant.



At 35 days and 95 days after priming, the frequencies of polyfunctional CD8+ T cells (CD107a+, IFNγ+ and TNF) (Figures 6D–E, G–H), and the absolute number of IFNγ+ CD8+ T cells, as revealed by ELISpot assay (Figures 6F, I), were significantly higher in splenocytes obtained from Gr.3L mice, compared to Gr.1L and Gr.2L, after ex vivo stimulation with the specific peptide. Altogether, these findings corroborate the improvement of vaccination after rapamycin treatment and explain the protective profile found after the challenge with the virulent T. cruzi Y strain, as described above.



Treatment With Rapamycin Increased In Vivo CD8+ T-Cell Proliferation

Since the number of ASP2-specific CD8+ T-cells increased in the rapamycin-treated mice (Gr.3 and Gr3L), we hypothesized that CD8+ T-cells might show a differential proliferate response and clonal expansion after activation. Hence, the proliferation of CD8+ T-cells was analyzed in vivo using the BrdU incorporation approach. For that, A/Sn mice were immunized and treated with rapamycin or vehicle. After boosting, mice were treated every 48 hours with BrdU (2 mg/dose) until day 35 after priming.

According to Figure 7, ASP2-specific CD8+ T-cells from rapamycin-treated mice (Gr.3L) showed a higher incorporation of BrdU compared to Gr.1L and Gr.2L, due to the number of precursors activated by the boost. Therefore, during the expansion phase induced by vaccination, rapamycin treatment potentiated proliferative response of ASP2-specific CD8+ T-cells.




Figure 7 | In vivo proliferation of specific CD8+ T cells was higher in rapamycin-treated group during immunization. A/Sn mice were immunized via i.m. with plasmid (10 µg) and adenovirus (2 x 107 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days. Mice were also treated with BrdU after boosting, every 48 hours (2 mg) via i.p. (A) Fifteen days after boosting, the splenocytes were collected and labeled with anti-CD8, H2Kk-TEWETGQI+ multimer and anti-BrdU to quantify the frequency of incorporating-BrdU cells during immunization. (B) Frequencies of BrdU incorporation in CD8+ H2Kk-TEWETGQI+ cells with mean ± SD. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as **P < 0.01 and ***P < 0.001. Data referring of 3 mice per group.





Dendritic Cells Activated in the Presence of Rapamycin Lack Improvement in the Antigenic Presentation Capacity of ASP2-Specific CD8+ T-Cells

Dendritic cells are specialized in antigen processing and presentation, capable of inducing the initial activation of T lymphocytes. The study performed by Amiel et al. (2012) showed that inhibition of mTOR during activation of dendritic cells derived from bone marrow (BMDC) prolonged their useful life and increased the expression of costimulatory molecules, essential for the antigen presentation. In addition, a tuberculosis vaccine (BCG) study that employed the stimulation of dendritic cells in the presence of rapamycin led to an increase in T cell activation (Jagannath et al., 2009). Hence, analyzing the role of dendritic cells antigen presentation for CD8+ T-cells during immunization appeared to be important. For that purpose, BMDC of C57BL/6 mice were generated in vitro for 7 days, incubated with the ASP2-carrying adenovirus vector (MOI = 50) or the VNHRFTLV peptide (10 μg/ml) in the presence or absence of rapamycin (1 μM). In some conditions, BMDC were primed/matured with LPS (200 ng/mL) for 3 hours. As shown in Figures 8A, B, the expression level of costimulatory molecules (CD86 and CD40) and MHC class I (H2Kb) in CD11c+ cells were analyzed. We observed that expression levels of these markers were similar in dendritic cells stimulated in the presence or absence of rapamycin.




Figure 8 | Rapamycin did not affect the MHC-I expression and costimulatory molecules in BMDC, but impaired antigen presentation capacity to CD8+ T cells. In vitro-generated BMDC from C57BL/6 mice strain were incubated with VNHRFTLV peptide (1 hour), AdASP-2 (24 hours) (blue curves) or left untreated (red curves). Some conditions were treated with rapamycin (1 μM) during stimulation. The same experiment was performed with LPS-primed BMDC (200 ng/mL for 3 hours). The surface expression of CD40, CD86 and MHC class I (H2Kb) molecules were analyzed by flow cytometry. (A) Gate strategy used to select BMDCs CD11c+. (B) Histograms with the fluorescence intensities (MFI) of the markers in CD11c+ cells in unstimulated (red lines) or stimulated (blue lines). (C) Purified CD8+ T cells were obtained from the spleens of C57BL/6 mice immunized with AdASP-2 (2x107 pfu) 15 days earlier. The purified CD8+ T cells were co-cultured with loaded-BMDC and incubated overnight. The frequency of IFNγ-producing cells was detected by ELISpot. The results correspond to the mean ± SD of triplicate values of one experiment. For negative control, CD8+ T cells from naive mice were also incubated, but did not produce spots.



Next, we evaluated the antigenic presentation capacity of BMDC stimulated in the presence of rapamycin to activate ASP2-specific CD8+ T-cells. Purified CD8+ cells from mice previously immunized with AdASP-2 were co-cultured with antigen-loaded BMDC under the same conditions as described above, for 24 hours. The frequency of IFNγ-producing cells was detected by ELISpot. Interestingly, unlike expected, the in vitro antigenic presentation by BMDC in the presence of rapamycin decreased CD8+ T-cell activation, since the number of IFNγ secreting cells was lower with the VNHRFTLV peptide or AdASP-2 and rapamycin (Figure 8C).




Discussion

The heterologous prime-boost strategy is a well-established protocol capable of generating an effective response by inducing specific CD8+ T-cells against T. cruzi. The characterization of the phenotype and function of specific CD8+ T-lymphocytes show that these cells secrete IFNγ and TNF, express CD107a and are highly cytotoxic in vivo (De Alencar et al., 2009). Furthermore, this protocol was able to protect highly susceptible mice in experimental challenges with T. cruzi (De Alencar et al., 2009; Dominguez et al., 2011; Rigato et al., 2011). However, we showed here that treatment with rapamycin during immunization was able to potentiate the response of -specific CD8+ T-cells.

The number and frequency of immunization-specific CD8+ T-cells increased significantly in the rapamycin-treated mice, even after 95 days after priming. It implies that cell contraction was delayed, and rapamycin treatment elicited memory precursor CD8+ T-cells rather than short-lived cells. In addition, specific CD8+ T-cells generated by immunization and rapamycin treatment showed a TE phenotype after 35 days from priming, and acquire subsequently a TEM profile, which was previously characterized in studies by our group (Rigato et al., 2011). Although rapamycin treatment has been reported to modulate the transition from effector to memory cells, especially to TCM after viral infections and tumors (Araki et al., 2009; Li et al., 2011; Turner et al., 2011; Li et al., 2012; Mattson et al., 2014; Shrestha et al., 2014), this modulation was not detected in our model. However, similar to our results, rapamycin combined with OX-40 stimulation induced a CD8+ memory population with a TEM profile following immunization with AdHu5 against LCMV (33), as well as found during the treatment with rapamycin in a carcinoma model (Jung et al., 2018).

The superiority between the TEM and TCM memory profiles is not yet fully established. Although TCM cells have been reported to provide superior long-term protection against systemic infections (Zaph et al., 2004; Klebanoff et al., 2005; Angelosanto and Wherry, 2010), this memory phenotype does not necessarily represent higher quality (Lanzavecchia and Sallusto, 2005). Indeed, CD8+ TEM cells generated by heterologous prime-boost immunization protocol confer immunity and protection against T. cruzi in acute and chronic infections (De Alencar et al., 2009; Haolla et al., 2009; Rigato et al., 2011; Araújo et al., 2014). TEM CD8+ T cells can respond fast during recall and this quality is crucial for protection of individuals in endemic areas.

Additionally, the analysis of the functional response performed by specific CD8+ T-cells showed that rapamycin-treated mice had an increased CD8+ T response, with greater magnitude and number of polyfunctional cells (IFNγ+, TNF+, CD107a+), especially 95 days after priming. Similar results in CD8+ T cell polyfunctionality improvement was found after rapamycin-treatment of rhesus macaques immunized against vaccinia, up to 140 days after immunization, as well as following infection with LCMV (Turner et al., 2011). These results were found here also in mice immunized with 10-fold lower doses of plasmid/adenovirus lasting up to 95 days after priming. Regarding the cytotoxic function, after in vivo challenge, CD8+ T-cells cytotoxic activity was higher in the rapamycin-treated mice with both peptides concentrations, which enriches the adjuvant potential of rapamycin treatment during the immune challenge of CD8+ T-cells, generating functional cells and memory precursors (Araki et al., 2009; Pearce et al., 2009; Mannick et al., 2014; de Souza et al., 2016).

We described for the first time the treatment with rapamycin was able to improve the protection of susceptible A/Sn mice immunized with 10-fold lower doses of plasmid/adenovirus in the experimental challenge with T. cruzi. Surprisingly, the rapamycin-treated mice resisted the experimental challenge and showed maximum survival, while only 42.8% of the vehicle-injected mice (Gr.2L) resisted. Immune response assays performed in A/Sn mice also showed that specific CD8+ T-cell frequency was higher in the rapamycin-treated group in the spleen and lymph node, as well as the production of IFNγ and the number of polyfunctional cells. Taken together, these results strongly confirm the positive effect of rapamycin during immunization, as differences were found in distinct mouse strains up to 95 days after the priming.

Related to the increase in specific CD8+ T population, the results obtained here suggest that rapamycin induced a higher proliferation rate of specific CD8+ T-cells during differentiation and expansion phase, which occurs concurrently with in vivo rapamycin treatment. Although it was reported by Araki (Araki et al., 2009) that after 30 days of viral challenge and rapamycin treatment there was minimal incorporation of BrdU into DNA of specific CD8+ T-cells in all groups, showing that the decrease in T-cell contraction was not due to increase of cell proliferation but probably by survival, our data indicate that modulation exerted by rapamycin may inhibit cell contraction by different mechanisms, depending on the infection model and vaccine protocol used.

By investigating the effect of rapamycin on dendritic cells and how it would influence cellular response, the treatment suppressed CD8+ T-cell presentation and activation ability. This result corroborates previous studies showing that inhibition of mTOR appears to suppress DCs differentiation and maturation, so the cells exposed to rapamycin have an impaired ability to stimulate T-cells and cytokine production (Hackstein et al., 2003; Araki et al., 2010). Another in vitro study showed a suppressive effect on some aspects of DCs function at high doses of rapamycin, while at decreasing doses this effect was reversed, promoting the inflammatory function of cytokines (Gammon et al., 2017). Taken together, these data suggest that mTOR signaling has several effects on both inhibitory and stimulatory dendritic cells.

It is important to mention that our results presented some limitations, including the small sample size used in both in vivo and in vitro experiments as well as the use of splenocyte’s pools instead of individual splenocytes in the multimer experiments with A/Sn mice. Despite that, our findings are exciting and open new approaches to understand and validate the modulation made by rapamycin in vaccine context.

By knowing this, it is not clear how the blockage by rapamycin and mTOR pathways may interact synergistically to improve CD8+ T-cell memory. Several published studies have demonstrated that autophagy and metabolic switches are important for memory development (Araki et al., 2009; Pearce et al., 2009; Jagannath and Bakhru, 2012; Puleston et al., 2014; Xu et al., 2014; Chang and Pearce, 2016). Following activation, CD8+ T-cells increase their glucose uptake and produce ATP by glycolysis through mTORC1 signaling. After the contraction phase, the memory population acquires a catabolic metabolism based on oxidative phosphorylation by the oxidation of fatty acids (FAO) and amino acids (Jones and Thompson, 2007). Pearce (Pearce et al., 2009) demonstrated that fat acid oxidation regulates memory development of CD8+ T-cells. Additionally, autophagy has been also described as important to memory formation of CD8+ T-cells due to the molecules recycling, damage repairing and product substrates for oxidative phosphorylation and FAO (Puleston et al., 2014; Xu et al., 2014). Since activation and other cellular processes lead to activation of mTOR, which induces glycolysis to support cell growth, proliferation and cell function (Chang and Pearce, 2016), it will be necessary to examine whether mTOR inhibition during immunization could interfere with T cell metabolism and bioenergetic capacity, polarizing the response to a metabolic profile similar to long-term memory cells.

The induction of memory cells is important due to long-lasting persistence, but also due to the ability to respond in the antigen recall. A catabolic capacity and greater mitochondrial mass confer the ability to respond fast and powerfully against the antigen, providing long-lasting protection (van der Windt et al., 2013). Therefore, the interest in generating a functional memory population through modulating their metabolic profile and energy capacity, will have more concern in the vaccine development field against chronic diseases and tumors.

Although rapamycin inhibition of mTOR has been reported to impair the differentiation of effector CD8+ T-cells, lead to loss of function, failure to control viral infections and cellular anergy (Araki et al., 2010; Yao et al., 2013; Goldberg et al., 2014), this was not observed in this study. Indeed, it was evident that treatment with rapamycin in our vaccination model does not impair the differentiation of the specific CD8+ T population, cytokine production and cytotoxic activity, both in the effector and memory phases, which culminates in increased protection after challenge with T. cruzi.

Importantly, the dose of rapamycin used in our study and others cited was suboptimal, since low doses were used compared to treatments aimed an immunosuppression effect (Araki et al., 2009; Araki et al., 2010; Gammon et al., 2017). In vivo drug’s administration was unable to completely block mTOR signaling and this inhibition occurs in a dose-dependent manner (Araki et al., 2009; Gammon et al., 2017), as observed in CD8+ T-cells when mTOR expression was decreased by RNAi, suggesting that rapamycin stimulates the formation of memory CD8+ T-cells by incompletely inhibition of mTOR signaling. Higher doses of rapamycin may result in suppression of CD8+ T cell expansion (Araki et al., 2009).

Given that mTOR signaling plays a central role in regulating cellular responses, this appears to be a potential pathway to be explored for modulating immune responses induced by vaccines (Sallusto et al., 2010). Here, we have shown for the first time the use of rapamycin improves functional qualities as well as the frequency of specific CD8+ T-cells generated by heterologous prime-boost immunization against T. cruzi. This adjuvant effect was seen during the effector and memory phase, even with low immunogenic doses induced by the vaccination, besides promoting protection after experimental challenge. We speculate that mTOR inhibition by rapamycin is acting synergistically on CD8+ T-cells, modulating their activation, proliferation, differentiation and possibly their metabolism. Although some mechanisms need to be further elucidated, these findings suggest that strategic rapamycin treatment may improve effector and memory cell development in response to vaccine protocols, offering a new method for adjusting the desired immune response as well as plasticity, phenotype and cellular function.

In order to induce a population with a phenotype that provides optimal protection and functional qualities of memory CD8+ T-cells against the target pathogen, we provided herein a novel approach to upgrade the efficacy of genetic vaccines against intracellular infections, such as Chagas disease.
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Supplementary Figure 1 | Expression of Ribosomal Phospho-S6 (PS6) protein in CD8+ T cells after treatment with rapamycin. Splenocytes from naïve mice were incubated with Concavalin A (2 mg/mL) or rapamycin (100 nM) for one hour. Then, cells were stained with anti-CD8, fixed and permeabilizated to anti-pS6K staining. (A) Dot-plots show the frequency of pS6K in singlets in each condition. (B) Histograms indicate the mean of fluorescence intensity of cells in medium (red line), treated with rapamycin (green line) or stimulated with ConA (blue line).

Supplementary Figure 2 | Strategy used for analysis of intracellular staining of cytokines in CD8+ T cells. Splenocytes were treated conform described in the methods section. (A) Gate strategy used for positive selection of CD8+ cells. (B) Dot-plots represent the frequencies of CD107a, IFNg and TNF in CD8+ T cells from immunized mice after stimulation with the specific peptide in vitro. Data correspondent to a representative mouse.

Supplementary Figure 3 | Immunophenotyping of specific CD8+ T cells from C57BL/6 mice immunized and treated with rapamycin or diluent after 35 days from priming. C57BL/6 mice were immunized via i.m. with plasmid (100 µg) and adenovirus (2 x 108 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days.  After 35 days from priming, splenocytes were labeled with anti-CD8, H2Kb-VNHRFTLV multimer and with the specific markers indicated above for flow cytometric analysis. Histograms show the expression of the markers in CD8+ H2Kb-VNHRFTLV+ cells (blue and green lines) or CD8+ cells of naive as control (red lines). Analyses were performed using cells pools of 4 mice and they are representative of two independent experiments. The numbers indicate the mean fluorescence intensity (MFI). The individual analysis of mice from each group presented similar results.

Supplementary Figure 4 | Immunophenotyping of specific CD8+ T cells of C57BL/6 mice immunized and treated with rapamycin or diluent after 95 from priming. C57BL/6 mice were immunized via i.m. with plasmid (100 µg) and adenovirus (2 x 108 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days.  After 35 days from priming, splenocytes were labeled with anti-CD8, H2Kb-VNHRFTLV multimer and with the specific markers indicated above for flow cytometric analysis. Histograms show the expression of the markers in CD8+ H2Kb-VNHRFTLV+ cells (blue and green lines) or CD8+ cells of naive as control (red lines). Analyses were performed using cells pools of 4 mice and they are representative of two independent experiments. The numbers indicate the mean fluorescence intensity (MFI). The individual analysis of mice from each group presented similar results.

Supplementary Figure 5 | In vivo cytotoxicity of specific CD8+ T cells of C57BL/6 mice immunized and treated with rapamycin or diluent. C57BL/6 mice were immunized via i.m. with plasmid (100 µg) and adenovirus (2 x 108 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days.  Splenocytes from naive mice were stained with CFSE in 2 different concentrations. CFSEHigh population was pulsed with peptide VNHRFTLV at a final concentration of 2 mM. CFSELow was the negative control. Stained cells were transferred to the experimental groups and, after 14 hours, spleens were harvested to quantify the frequency of stained cells. (A) Histograms represent the frequencies of CFSEHigh and CFSELow in each group. (B) Percentage of CD8+ T mediated cytotoxicity, with mean ± SD. Results from one experiment and 4 mice per group. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as *P < 0.05, **P < 0.01, and ***P < 0.001. N.S., Non-significant.

Supplementary Figure 6 | Experimental challenge of A/sn mice after treatment with rapamycin or vehicle. A/Sn mice were treated daily with rapamycin or vehicle (PBS) for 34 days. On the last day, mice were infected with 150 blood trypomastigotes of Y strain of T. cruzi. (A) Parasitemia was monitored daily between days 6 and 15 after challenge. The parasitemia values were log transformed. (B) The survival rate was also followed and analyzed by Log-rank (Mantel-Cox) test (all groups p = 0,0285). Results from 4 mice per group.
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Introduction

Chagas disease (CD) is a chronic systemic vector-borne infection caused by the protozoan Trypanosoma cruzi. It has spread from Latin America through migration, becoming a global issue (Pérez-Molina and Molina, 2018). Its prevalence is ∼7 million people worldwide, of whom 30-40% will develop severe chronic complications such as cardiomyopathy or megaviscerae, with a considerable impact on morbimortality (WHO, 2020; WHO, 2021).

The parasite is transmitted after metacyclic trypomastigotes in the feces of a triatomine insect enter the host through the bite wound. They penetrate cells and transform into amastigotes, where they multiply by binary fission and differentiate again into circulating trypomastigotes after rupture of the host cell. The triatomine vector ingests them from an infected individual and they replicate in its intestine in the form of epimastigotes. The cycle closes after the epimastigotes differentiate again into metacyclic trypomastigotes (Pérez-Molina and Molina, 2018).

Chronic clinical manifestations in CD have been associated with a disproportionate inflammation compared to the parasitic burden (Cunha-Neto et al., 2011), driven by direct parasitic invasiveness (Bonney and Engman, 2008; Epting et al., 2010), damage to bystander cells (De Bona et al., 2018), cellular injury due to non-specific immune responses (Bellotti et al., 1996; Zhang and Tarleton, 1999; Bonney and Engman, 2015; De Bona et al., 2018), autoimmunity (Leon et al., 2001; Engman and Leon, 2002; Bonney and Engman, 2015; De Bona et al., 2018), and vasculitis (Roffê et al., 2016; Weaver et al., 2019).

Herein, we review the autoimmune mechanisms behind chronic CD and, particularly, the knowledge gaps in the immunopathogenesis of vasculitis developed in patients with CD.



What We Know About Autoimmunity in Chronic Chagas Disease

Since the first insights into the pathophysiology of CD, autoimmunity has been attributed a potential key role in the development of chronic complications of the disease. The scarcity of viable parasites in chronic Chagas cardiomyopathy (CCC) contrasts with the severity of the disease (Cunha-Neto et al., 2011). Some studies have not found a correlation between the parasitic burden and the degree of tissue inflammation (Dias et al., 1956; Todorov et al., 2003). The identification of a relatively large number of autoantibodies, autoreactive T cells, and myocardial specific antigens as targets of autoreactive responses (Rizzo et al., 1989; Leon et al., 2001; Engman and Leon, 2002) suggests that the immune response is not completely pathogen-specific. However, despite the presence of diverse autoimmunity processes has been extensively described in several studies, their pathogenic role has yet to be clarified.

The current autoimmune hypothesis suggests that the initial parasite-triggered cardiac damage leads to a release of self-antigens within an inflammatory environment (Engman and Leon, 2002), which leads to a breakdown of self-tolerance as a consequence of the potent immune stimuli. Owing to molecular mimicry between parasite and host protein epitopes within the microinflammatory environment caused by parasitic invasion (Cunha-Neto et al., 1996), polyclonal B cell and bystander activation (De Bona et al., 2018) and cross-activation of autoreactive T or B cells to host proteins is produced (Iwai et al., 2005). This triggers the synthesis of autoantibodies targeted to multiple antigens (De Bona et al., 2018). The parasite persistence in chronic stages of the infection causes a certain degree of myocytolysis and oxidative stress (Wen et al., 2004). Furthermore, toxin and bioactive lipids release, microvascular changes, and T cell-mediated delayed-type hypersensitivity, perpetuate the damage and the immune vicious circle (Leon et al., 2001; Engman and Leon, 2002; Bonney and Engman, 2015). Recently, important local structural and functional alterations have been described as a consequence of thymic infection by T. cruzi, which produces abnormal thymocyte migration and a disrupted negative selection of the T-cell repertoire (Pérez et al., 2020). Secondarily, abnormal activated double-positive and double-negative lymphocytes with a proinflammatory phenotype have been found in patients with CD. This has been proposed to contribute to dysimmunity as a pathogenic determinant of chronic T. cruzi cardiac infection (Morrot et al., 2011; Flávia Nardy et al., 2015; Passos et al., 2017).

Several T. cruzi antigens have been demonstrated to cross-react with human molecules and generate autoantibodies that may be implicated in CCC, as seen in Table 1. Furthermore, in patients with CCC, the presence of anti-β1-adrenergic receptors and anti-M2 receptors has been associated with progression (Retondaro et al., 1999; Labovsky et al., 2007); and, in the last, to electrical instability and sudden death (Medei et al., 2007). The existence a robust autoreactive T cell reaction feeds back the production of autoantibodies and suggests that autoimmune and dysimmune processes play a significant role in the pathogenesis.


Table 1 | Cross-reactivity between T. cruzi and human antigens with possible implications in Chagasic cardiomyopathy.



Inflammatory responses mediated both by T CD4+ and CD8+ cells (Tarleton, 2001; Cunha-Neto et al., 2011), antibody-dependent cell-mediated cytotoxicity (ADCC) (Bonney and Engman, 2008) and complement activation with formation of the membrane attack complex (MAC) (Aiello et al., 2002) are proposed factors for autoimmune-induced cell damage. After bystander activation and release of proinflammatory cytokines and mediators (such as tumor necrosis factor (TNF), interferon-gamma (IFN-γ), bradykinin, prostaglandins, endothelin, or nitric oxide, among other) and reactive oxygen species (ROS) by cells of the innate immune system, these specific autoantibodies interact with neutrophils, eosinophils, and NK cells via CD16, and perforins, proteolytic enzymes or TNF are released (De Bona et al., 2018). Furthermore, the complement system becomes activates and the MAC is assembled on cardiomyocytes and endothelial cells, which result in muscle injury and vasculitis (Aiello et al., 2002). Interestingly, significantly increased levels of circulating activated T cells and CD5+ B cells have been found in patients with CCC. This pattern has also been described in patients with rheumatoid arthritis and multiple sclerosis, where autoimmune, polyclonal and hyperimmune responses are responsible for the pathogeny of the disease (Dutra et al., 1994).

However, whether autoimmunity is determinant for the pathophysiology of chronic complications of the disease or is just an epiphenomenon is not clear. Some studies advocate the idea that autoimmune responses may be present in absence of inflammation, or be a consequence and not a cause of tissue injury (Leon and Engman, 2003). Others state pathogen-specific type 1 immune responses and not autoimmunity could be related to tissue injury (Roffê et al., 2016), and many keep the debate and controversy about the autoimmune hypothesis due to experimental limitations, low result reproducibility, and lack of persuasive evidence that autoreactive responses truly effect the observed injury in the multifaceted pathogeny of CCC (Levin, 1996; Kierszenbaum, 2003; Girones et al., 2007; Bonney and Engman, 2008; Tanowitz et al., 2009; Cunha-Neto et al., 2011). Interestingly, some of the antigens which have shown cross-reactivity with human epitopes, such as cruzipain as the most important one, are candidates for vaccine against T. cruzi (Bivona et al., 2020). Despite vaccine promotion was limited for years because of the possibility to induce autoimmunity, posterior evidence suggested autoimmunity as a consequence of parasite persistence and prioritized the parasite clearance to avoid it (Bonney and Engman, 2015; Bivona et al., 2020). In fact, immunization with different cruzipain analogues has demonstrated protective immunity without causing cardiac abnormalities (Cazorla et al., 2015).



Vasculitis in the Pathophysiology of Chronic Chagas Disease: The Great Forgotten?

Different pathogenic mechanisms have been described to explain the large variability in the clinical outcome of T. cruzi infection. In addition to direct parasite damage (Bonney and Engman, 2008; Epting et al., 2010), bystander effect (De Bona et al., 2018), autoimmunity (Leon et al., 2001; Engman and Leon, 2002; Bonney and Engman, 2015; De Bona et al., 2018), and non-specific immune responses (Bellotti et al., 1996; Zhang and Tarleton, 1999; Bonney and Engman, 2015; De Bona et al., 2018), the presence of vasculitis in chronic CD has long been reported. However, contrarily to the previous factors, the immune mechanisms driving vasculitis and its pathogenic implications have hardly been studied.

T. cruzi infection has been found to cause vasculitis, perivascular inflammation, vascular necrosis, and endothelitis affecting both macrovasculature and microvasculature of several organs and tissues (Dias et al., 1956; Okumura et al., 1960; Cossermelli et al., 1978; Sunnemark et al., 1998; Petkova et al., 2001; Tanowitz et al., 2009; Prado et al., 2011; Roffê et al., 2016; Weaver et al., 2019). Coronary vessels (Petkova et al., 2000; Petkova et al., 2001), aorta (Petkova et al., 2000; Petkova et al., 2001, liver (Mukherjee et al., 2003), skeletal muscle (Roffê et al., 2016; Weaver et al., 2019), and nerves blood vessels (Said et al., 1985; González Cappa et al., 1987) are involved as demonstrated by studies in several animal models, including mice, pigs, and dogs. Recent works in murine models have demonstrated that its implication in the pathogeny of T. cruzi infection might be determinant, with low-level parasite persistence driving severe paralyzing systemic necrotizing vasculitis (Roffê et al., 2016; Weaver et al., 2019).

In humans, the first description of vasculitis was in 1911 (Vianna, 1911). Cerebral vasculitis (Petkova et al., 2001), muscle vasculitis (Laguens et al., 1975; Cossermelli et al., 1978), and obliterative coronary vasculitis (Dias et al., 1956) have been reported. Moreover, recently, our group published the first case of a patient with anti-neutrophil cytoplasmic antibody-positive (ANCA) vasculitis and chronic CD (Garcia-Bustos et al., 2020a). This case was also a highly atypical presentation of ANCA-associated vasculitis, as presented with periaortitis, possibly due to vasa vasorum vasculitis, and muscle vasculitis, as described in the murine model. This again raises the dilemma of the pathophysiology of vasculitis in chronic CD and the potential role and implication of autoimmunity in its development.

Some studies reported endothelial invasion by amastigotes of T. cruzi in the very early stages of infection, even before parasitemia occurs (Factor et al., 1985). However, this does not explain the inflammatory involvement of many vascular beds in the late stages of the disease when the parasite burden is practically non-existent. Nevertheless, parasitic endothelial invasion has been demonstrated to induce expression of proinflammatory cytokines, nitric oxidase synthases, and adhesion molecules (Tanowitz et al., 1992; Sunnemark et al., 1998; Campos-Estrada et al., 2015). Some vasoactive mediators such as bradykinin, endothelin-1, and thromboxane A2 (Prado et al., 2011; Garcia-Bustos et al., 2020b) have also been implicated in the inflammatory process. These findings would make us hypothesize whether the interaction between the endothelium and effector immune cells within an inflammatory environment may induce bystander activation mechanisms, molecular mimicry, and development of autoreactive T cells and antibodies.

Despite the many advances made in the cellular and molecular immune mechanisms of chronic CD during the 80s and 90s, only recently have we been able to know the first glimpses of the immunological mechanisms underlying the development of Chagas vasculitis. In a murine model, Roffê, Weaver, and coworkers (2016 and 2019, respectively) described systemic necrotizing vasculitis with histological findings resembling human polyarteritis nodosa (PAN), with skeletal muscle arteries being the most severely affected. The presence of large inflammatory infiltrates composed by F4/80+ myeloid cells and T. cruzi tetramer-specific CD8+ T lymphocytes producing tumor necrosis factor-alpha (TNF-α), interferon-gamma (IFN-γ) but not interleukin 17 (IL-17) without neutrophils or immune complexes, advocates for a pathogen-specific type 1 immune response and not autoimmunity as the pathogenic mechanism. In concordance with other findings (González Cappa et al., 1987), no parasites were observed, so the severity of vasculitis is highly disproportionate to the low parasite burden. Hence, whether the recruitment of autoreactive responses after a parasite-induced breakdown of self-tolerance triggers or contributes to the Chagas vasculitis immunopathology is yet to be determined.



Autoimmunity and Chagas Vasculitis. What if…?

There is a large variability in the outcomes of CD due to its possibility to infect several hosts and diverse behavior within, parasite diversity, and different immunopathogenic mechanisms of disease (De Bona et al., 2018). In the same way, different vasculitis patterns have been described both in animal models and humans associated with CD.

Primary systemic vasculitides have been traditionally classified according to the main vessels’ caliber involved: large-vessel, such as giant cell arteritis or Takayasu arteritis; medium-vessel, such as PAN or Kawasaki disease, and small-vessel vasculitides. The latter can be subdivided into ANCA-associated vasculitis (AAV) and immune complex small vessel vasculitis (Shavit et al., 2018). Their pathogenesis is complex and diverse, and genetic and immunological determinants have been identified (Ozen and Batu, 2018). However, a key feature of AAV which is not present in other vasculitides is the presence of ANCA directed against myeloperoxidase (MPO) or proteinase-3 (PR3), which are determinants for their pathogenesis (Leacy et al., 2020). In CD, many vascular beds are affected, with histology mainly showing mononuclear and macrophage infiltration, fibrinoid necrosis, and necrotizing vasculitis (Petkova et al., 2001; Roffê et al., 2016; Weaver et al., 2019).

In humans, Laguens et al. (1975) described immunoglobulins bound to the plasma membrane of both muscle fibers and endothelial cells in muscle biopsies of patients with CD. Similarly, Cossermelli et al. (1978) reported perivascular mononuclear infiltrate with deposition of IgM and C3 in the arterial wall in a patient with muscle vasculitis. Necrotizing arteritis has been reported in arteries of patients with megaesophagus (Brito and Vasconcelos, 1959), similar to that reported in mice by Roffê (Roffê et al., 2016; Weaver et al., 2019) and findings in PAN (Ozen, 2017). Our case, nonetheless, is the only one in the literature showing an AAV with autoantibodies against myeloperoxidase with documented presence of aortitis, muscle vasculitis, and probable renal involvement (Garcia-Bustos et al., 2020a). Mainly all reports share in common the predominance of mononuclear and macrophage cells, fibrinoid necrosis, and, in some cases, necrotizing vasculitis (Dias et al., 1956; Okumura et al., 1960; Cossermelli et al., 1978; Sunnemark et al., 1998; Petkova et al., 2001; Tanowitz et al., 2009; Prado et al., 2011; Roffê et al., 2016; Weaver et al., 2019). The organ involvement partially mimics that of medium and small vessel primary systemic vasculitides, including PAN or, to a lesser extent, AAV. However, there is a disagreement between human and animal studies on the importance of autoantibodies or the role of immune complexes.

As we can see, evidence on Chagas vasculitis immunopathogenesis is scarce and practically absent in humans. The role of autoreactive responses or autoantibodies is, hence, yet to be determined. Interestingly, one study found that cutaneous vasculitis in patients with systemic lupus erythematosus (SLE) was significantly associated with the presence of anti-ribosomal P protein antibodies (Shinjo and Bonfá, 2011), a commonly found autoantibody in patients with chronic CD (Mesri et al., 1990; Bonfa et al., 1993; Kaplan et al., 1997; Abraham and Derk, 2015). To date, this is the only common autoantibody in vasculitis and CD, which makes us hypothesize about its implications in the pathogeny of vasculitis associated with chronic infection by T. cruzi, especially after immunoglobulin deposits have been found in the vascular walls of affected patients.



Conclusions

During the 80s and 90s, the role of autoimmunity in the pathophysiology of chronic CD was deeply studied. Whilst it is indisputable that autoimmune responses are present in patients with chronic T. cruzi infection mainly due to bystander activation and molecular mimicry, whether they play a key role in its pathogeny is still controversial. Vasculitis of many vascular beds is also present in these patients. However, there are practically no data on the immune processes triggering its development and we do not know if autoimmunity is present. Further studies are needed to characterize vasculitis in patients with CD and explore its underlying immune cellular and molecular pathways.
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Trypanosoma cruzi (T. cruzi) is a hemoflagellate protozoan parasite that causes Chagas disease, a neglected tropical disease that affects more than 6 million people around the world, mostly in Latin America. Despite intensive research, there is no vaccine available; therefore, new approaches are needed to further improve vaccine efficacy. It is well established that experimental T. cruzi infection induces a marked immunosuppressed state, which includes notably increases of CD11b+ GR-1+ myeloid-derived suppressor cells (MDSCs) in the spleen, liver and heart of infected mice. We previously showed that a trans-sialidase based vaccine (TSf-ISPA) is able to confer protection against a virulent T. cruzi strain, stimulating the effector immune response and decreasing CD11b+ GR-1+ splenocytes significantly. Here, we show that even in the immunological context elicited by the TSf-ISPA vaccine, the remaining MDSCs are still able to influence several immune populations. Depletion of MDSCs with 5 fluorouracil (5FU) at day 15 post-infection notably reshaped the immune response, as evidenced by flow cytometry of spleen cells obtained from mice after 21 days post-infection. After infection, TSf-ISPA-vaccinated and 5FU-treated mice showed a marked increase of the CD8 response, which included an increased expression of CD107a and CD44 markers in CD8+ cultured splenocytes. In addition, vaccinated and MDSC depleted mice showed an increase in the percentage and number of CD4+ Foxp3+ regulatory T cells (Tregs) as well as in the expression of Foxp3+ in CD4+ splenocytes. Furthermore, depletion of MDSCs also caused changes in the percentage and number of CD11chigh CD8α+ dendritic cells as well as in activation/maturation markers such as CD80, CD40 and MHCII. Thus, the obtained results suggest that MDSCs not only play a role suppressing the effector response during T. cruzi infection, but also strongly modulate the immune response in vaccinated mice, even when the vaccine formulation has a significant protective capacity. Although MDSC depletion at day 15 post-infection did not ameliorated survival or parasitemia levels, depletion of MDSCs during the first week of infection caused a beneficial trend in parasitemia and mice survival of vaccinated mice, supporting the possibility to target MDSCs from different approaches to enhance vaccine efficacy. Finally, since we previously showed that TSf-ISPA immunization causes a slight but significant increase of CD11b+ GR-1+ splenocytes, here we also targeted those cells at the stage of immunization, prior to T. cruzi challenge. Notably, 5FU administration before each dose of TSf-ISPA vaccine was able to significantly ameliorate survival and decrease parasitemia levels of TSf-ISPA-vaccinated and infected mice. Overall, this work supports that targeting MDSCs may be a valuable tool during vaccine design against T. cruzi, and likely for other pathologies that are characterized by the subversion of the immune system.
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Introduction

The protozoan parasite Trypanosoma cruzi (T. cruzi) is the etiological agent of Chagas disease. More than 6 million people are infected and 65-100 million people live in areas at risk of T. cruzi infection worldwide (Lidani et al., 2019). In addition, there are 8000 to 15000 annual cases of vertical transmission (Picado et al., 2018) and 50000 annual deaths (Lidani et al., 2019).

Since the available treatment options for chronic patients have limited efficacy and present significant side effects (Sales Junior et al., 2017), Chagas disease remains a serious health problem not only in Latin America but also in non-endemic countries as a consequence of increasing international migration of infected individuals (Pérez-Molina and Molina, 2018). In addition, although notable progress has been made in vaccinology during the last decades (Koff et al., 2013; Amanna and Slifka, 2018), T. cruzi is one of the pathogens for which a vaccine is still not available. One striking characteristic shared among several microorganisms of this group is the ability to subvert the host immune system (Koff et al., 2013; Eberhardt and Barry, 2014; Flávia Nardy et al., 2015; Cardillo et al., 2015; Cabrera and Marcipar, 2019). In the particular case of T. cruzi, it has been shown that it possesses several strategies to generate an immunosuppressed state during acute experimental infection (Tarleton, 1988; Abrahamsohn and Coffman, 1995; DosReis et al., 1995; Michelin et al., 2005; Flávia Nardy et al., 2015; Cardoso et al., 2016; Morrot et al., 2016). Cells like CD11b+ GR-1+ myeloid-derived suppressor cells (MDSCs) (Goñi et al., 2002; Cuervo et al., 2011; Arocena et al., 2014; Fresno and Gironès, 2018), CD4+ Foxp3+ regulatory T cells (Tregs) (Mariano et al., 2008; Araújo et al., 2011; González et al., 2015; Prochetto et al., 2017; Araujo Furlan et al., 2018; Cabrera and Marcipar, 2019), regulatory dendritic cells (Van Overtvelt et al., 1999; Poncini et al., 2008; Poncini et al., 2015; Poncini and González-Cappa, 2017), γδ T cells (Cardillo et al., 2015), and suppressive IL-10-producing neutrophils (Tosello Boari et al., 2012) have been mentioned among the cellular components with regulatory/suppressor capacity that may play a role during the infection process.

We recently reviewed the studies that addressed the involvement of MDSCs and Tregs during acute experimental T. cruzi infection (Cabrera and Marcipar, 2019). Currently, MDSCs are considered a heterogeneous population of myeloid origin and immature state that has remarkable ability to suppress T-cell responses (Gabrilovich and Nagaraj, 2009). In mice, these cells are generally defined by the expression of both CD11b and Gr-1 markers with suppressor capacity, and two subpopulations are generally identified: G-MDSCs (CD11b+ Ly6G+ Ly6Clow/+, also called granulocytic (G-MDSCs), and M-MDSCs (CD11b+ Ly6G- Ly6C+, also called monocytic-MDSCs) (Gabrilovich and Nagaraj, 2009). Several molecules and mechanisms have been associated with suppression by MDSCs, including at least arginase, nitric oxide (NO), reactive oxygen species (ROS), transforming growth factor-β (TGF-β), and interleukin-10 (IL-10) (Condamine and Gabrilovich, 2011).

To date, reports addressing MDSCs indicate that this population plays a notable role during acute T. cruzi infection. For instance, the percentage of CD11b+ GR-1+ (Ly6G+/Ly6C+) cells in total spleen cells may increase from 2-5% to nearly 20-30% in acutely infected mice (Goñi et al., 2002; Arocena et al., 2014; Prochetto et al., 2017; Poncini and González-Cappa, 2017). Moreover, it has been shown that depletion of MDSCs using 5-fluorouracil (5FU) at day 10 or 15 of post-infection (p.i.) reduced mice survival to nearly 0% at day 21 p.i., strongly supporting that MDSCs plays a critical role in the control of inflammation, as previously suggested (Arocena et al., 2014).

Notably, despite ample evidence supporting that the regulatory/suppressor arm of the immune system is involved during the acute phase of T. cruzi infection, almost no vaccine study has addressed the utility to target the regulatory/suppressor axis in order to improve the vaccine efficacy against this parasite (Prochetto et al., 2017). Similarly, no studies have explored if MDSCs affect the immune response during the assessment of vaccine candidates against T. cruzi. This approach has special interest, since MDSCs may also decrease the expected effector response that should be elicited by any vaccine candidate. We reported that immunization with a trans-sialidase-based vaccine (TSf-ISPA) was able to decrease spleen MDSCs (mainly G-MDSCs) while the number of Tregs in the spleen was increased, a result that correlated with a significant increase of mouse survival against T. cruzi infection (Prochetto et al., 2017). These data are in line with studies performed in other infection models also showing improved protection with the use of vaccines associated with decreased levels of MDSCs after pathogen challenge (Heithoff et al., 2001; Sui et al., 2014). In addition, in the field of cancer study, ongoing clinical trials attempt to improve vaccine efficacy by targeting MDSCs (Fleming et al., 2018; Liu et al., 2018).

Thus, according to the data that show the importance of immunosuppression and MDSCs during T. cruzi infection, the aim of this work was to analyze whether MDSCs could modulate the immune response even in the context of the TSf-ISPA vaccine and assess the potential use of MDSCs as an additional target to improve rational vaccine design against T. cruzi.



Material and Methods


Mice

BALB/c female mice (6-8 weeks old) used in all experimental procedures were obtained from the Centro de Medicina Comparada, Instituto de Ciencias Veterinarias del Litoral (ICIVET-CONICET) Universidad Nacional del Litoral (UNL), Argentina. All protocols for animal studies were approved by the Animal Care & Use Committee of the Facultad de Bioquímica y Ciencias Biológicas, UNL, according to the Institutional guidelines that are based on international ethical guidelines for biomedical research involving animals.



Immunization Schedules, Infection Protocol, and 5FU Treatment

BALB/c mice (n =5-6/group) were immunized with three subcutaneous doses, one every two weeks, containing 10 μg of a fraction of the trans-sialidase protein (TSf) (Prochetto et al., 2017) with 3 ul of ISPA as adjuvant. ISPA adjuvant is composed of liposomes with cage like structures of 73,0 ± 1,5 nm as assessed by dynamic light scattering. The components of the particles are phosphatidylcholine (DPPC), cholesterol (CHOL), sterylamine (STEA), tocopherol (TOCOP) and saponin, as previously described (Bertona et al., 2017).

Control groups were immunized with phosphate buffered saline (PBS) solution, following the same protocol. For infection, mice were challenged intraperitoneally with 900 or 1500 bloodstream trypomastigotes of Tulahuen strain, as indicated, 15 days after the last immunization. Parasites employed belong to the discrete typing unit VI (DTU VI) and were maintained by serial passages in Cbi suckling mice. Cbi mice were bred in the animal facilities of School of Medicine of Rosario, following protocols for animal studies approved by the Institutional Bioethics and Biosecurity Committees (Resolution N 3913/2008). According to the experiment, mice were treated intraperitoneally with 5FU (Sigma Aldrich) 50mg/kg, a dose previously described in a similar model of infection (Arocena et al., 2014). 5FU treatment was administered one day before vaccine (group TSf-ISPA Tc+ 5FU pre-vaccine); one day before infection together with a dose at day 5 p.i. (group TSf-ISPA Tc+ 5FU -1 and 5 p.i.), or at day 15 p.i. (group TSf-ISPA Tc+ 5FU).

Other authors and us have previously reported that 5FU administration with the dose employed did not affect significantly the numbers of B cells, T cells, or dendritic cells (DC) in treated mice (Vincent et al., 2010; Arocena et al., 2014; Poncini and González-Cappa, 2017; Khosravianfar et al., 2018). We also described that 5FU did not affect the parasite T. cruzi with the dose employed (Poncini and González-Cappa, 2017).



Parasitemia and Survival

Parasitemia was monitored at day 20 p.i. by examining 5 μl of blood directly under microscope (Leica Microsystems), as previously described (Prochetto et al., 2017). Survival was recorded until day 21 of infection or until day 35 p.i., according to the experiment. Previously we showed that treatment with TSf alone or ISPA alone does not confer protection in terms of parasitemia and survival (Prochetto et al., 2017).



Flow Cytometry and Cell Culture

Groups of mice were immunized with TSf-ISPA or PBS and treated or not with 5FU as described above. At day 21 p.i., mice were sacrificed and spleens were aseptically harvested and homogenized. Absolute numbers of spleen were determined by counting cells in Neubauer chamber using Turk solution and then red blood cells were eliminated by lysis with a solution of NH4Cl. Then, splenocytes were re-suspended in PBS with 3% fetal bovine serum (Gibco) and 0,1% azide for direct flow cytometry, or in RPMI1640 medium (Gibco) supplemented with 10% fetal bovine serum, 2% penicillin (100 μg/mL) and streptomycin (100 U/mL) (Gibco) and 0.4 mM 2-mercaptoethanol for in vitro culture.

For flow cytometry, 1×106 cells were first incubated with anti-FcγIII/II receptor antibody and then stained with appropriate combinations of the following antibodies from BD-Pharmingen: anti-CD11b, anti-Ly6G, anti-Ly6C, anti-CD4, anti-CD11c, anti-CD80, anti-CD40, anti-MHCII, and anti-CD8α according to the manufacturer´s instruction in appropriate combinations of fluorophores for posterior analysis. The MFI index of CD40 in CD11chigh dendritic cells was calculated by dividing the MFI of CD40 in each group of mice/MFI of CD40 in non-infected mice. A similar formula was used to calculate the MFI index for CD80 and MHCII.

Intranuclear staining with anti-Foxp3 from Miltenyi Biotec was used following the manufacturer´s instruction.

For in vitro culture, 1×106 cell/mL/well were cultured in 24 or 48-well plates (Nunc) in supplemented RPMI. Splenocytes were stimulated with concanavaline A (ConA) (Sigma-Aldrich) (5ug/ml) and T. cruzi homogenate or RPMI as control. After 72 hours at 37°C and 5% CO2, cells were harvested, incubated with anti-FcγIII/II receptor antibody and then stained with anti-CD8α, anti-CD107a and anti-CD44 in appropriate combinations of fluorophores for posterior analysis (Supplementary Table I shows the panel of antibodies, fluorochromes and combinations used).

For Ki-67 assay, splenocytes were cultured as previously described, and after CD4 surface staining, intranuclear staining of Ki-67 cells was performed using the Ki-67 antibody and the staining kit from BD-Pharmingen. The proliferation ratio was measured by dividing the percentage of Ki-67+ in CD4+ cells in each group/Ki-67+ in CD4+ cells in non-infected mice.

Samples were acquired on an Attune NxT cytometer (Invitrogen, Thermofisher) and analyses were performed using FlowJo software.

For MTT assay, splenocytes (1×106 cell/mL/well) from each experimental group (non-infected; PBS Tc+; TSf-ISPA Tc+ and TSf-ISPA Tc+ 5FU) were cultured in 24 or 48-well plates (Nunc) in supplemented RPMI. Cells were stimulated with ConA (5ug/ml) and T. cruzi homogenate or RPMI as control. In addition, aminoguanidine 0.5 mM, a well-known iNOS inhibitor, was added to some wells as indicated in the Figures. After 72 hours 0.5 mg/ml MTT (Invitrogen, Thermofisher) was added to each well. After 4 additional hours, culture media were removed and 100 ul DMSO was added to each well. Finally, optical density (OD) was measured as previously reported (Mosmann, 1983). Relative increase in proliferation was measured by dividing OD of each group treated with aminoguanidine by the OD of the same group without aminoguanidine treatment.



IFN-γ Determination From Plasma and In Vitro Culture

Groups of mice were immunized with TSf-ISPA or PBS and treated or not with 5FU as described above. At day 21 p.i., plasma samples were collected and IFN-γ, IL-10 and GM-CSF plasma levels were measured using ELISA kits from BD-biosciences, according to manufacturer´s instruction.

In addition, the levels of IFN-γ and IL-10 were measured in supernatants from cell cultures.



Statistical Analyses

Multiple groups were first analyzed using non-parametric tests: Kruskall-Wallis test for k samples and then Mann-whitney test was employed to analyze differences between two particular groups. Mantel-Cox Long rank test was used to evaluate survival curves. All analyses were performed using GraphPad Prisma 6.0 software (GraphPad, California, USA). Significance is indicated with (*) when p<0.05 between the indicated groups.




Results


TSf-ISPA Immunization Allows MDSC Depletion Using 5FU in the Acute Phase of T. cruzi Infection

Numerous studies have used the model of BALB/c mice infection by T. cruzi of Tulahuen strain. Notably, similar results have been obtained concerning the increase in parasitemia and mortality from day 15 to day 21 p.i. (Arocena et al., 2014; Bontempi et al., 2015; Prochetto et al., 2017; Bontempi et al., 2017; Stempin et al., 2017). According to these data and considering that we and others have reported that spleen MDSCs increases mainly after day 15 p.i. (Arocena et al., 2014; Prochetto et al., 2017), we sought to analyze the in vivo influence of MDSCs on the immune response at the moment of their significantly highest increase. For this purpose, 5-fluorouracil (5FU) was used to selectively deplete MDSCs, as previously shown in several models, including models of T. cruzi infection (Arocena et al., 2014; Poncini and González-Cappa, 2017). Since we have previously described that TSf-ISPA immunization increased mouse survival, notably decreasing G-MDSCs (Prochetto et al., 2017), we speculated that TSf-ISPA immunization would allow mice to tolerate an almost complete depletion of MDSCs during the acute T. cruzi infection. In addition, a slightly lower dose of 900 Tulahuen trypomastigotes was selected for these experiments in an attempt to maintain some level of survival of the control group. Interestingly, despite the lower infective dose employed, 100% of PBS-treated and infected mice that received 5FU (PBS Tc+ 5FU) succumbed to the parasite challenge before day 21 p.i., likely as a consequence of an exacerbated immune response, as previously suggested (Arocena et al., 2014). In contrast, 60-100% of immunized and 5FU-treated mice (TSf-ISPA Tc+ 5FU) survived to the challenge at day 21 p.i. (Figure 1A and Supplementary Table II). Concerning the groups of mice that did not received 5FU, 60-100% of PBS-treated mice (PBS Tc+) survived to the parasite challenge, whereas 100% of immunized mice (TSf-ISPA Tc+) were alive at day 21 p.i. (Figure 1A and Supplementary Table II). Parasitemia assessment showed that PBS Tc+ mice had more parasites than TSf-ISPA Tc+ mice, whereas PBS Tc+ 5FU mice had more parasites than TSf-ISPA Tc+ 5FU mice (Figure 1B and Supplementary Table II).




Figure 1 | 5FU treatment at day 15 p.i. strongly affects MDSCs and clinical parameters of T. cruzi infection. Mice immunized with TSf-ISPA or PBS were treated or not with 5FU and challenged with 900 trypomastigotes of the Tulahuen strain. (A) Survival rates are shown for TSf-ISPA immunized and infected mice (TSf-ISPA Tc+), PBS-inoculated and infected mice (PBS Tc+), TSf-ISPA immunized, infected and 5FU-treated mice (TSf-ISPA Tc+ 5FU) and PBS-inoculated, infected and 5FU-treated mice (PBS Tc+ 5FU). (B) Parasitemia from PBS Tc+ mice, PBS Tc+ 5FU mice, TSf-ISPA Tc+ mice and TSf-ISPA Tc+ 5FU at day 20 p.i. At 21 day p.i., mice were sacrificed to analyze the efficacy of MDSC depletion and the expression of Ly6C, Ly6G and CD11b were assessed by flow cytometry (FACS) in control non-infected (NI), PBS Tc+, TSf-ISPA Tc+ and TSf-ISPA Tc+ 5FU. (C) Representative picture of the size of the spleens from experimental groups of mice at day 21 p.i. (Mice from the PBS Tc+ 5FU group died before day 21 p.i. when spleens were extracted). (D) Representative dot plots of the expression of Ly6G and Ly6C in mouse spleen from each experimental group. (E) Percentage of CD11b+ Ly6G+ Ly6C+/low cells. (F) Absolute number of CD11b+ Ly6G+ Ly6C+/low cells (x106), (G) Percentage of CD11b+ Ly6G- Ly6C+ cells. (H) Absolute number of CD11b+ Ly6G- Ly6C+ cells (x106). Data are expressed as means + standard deviations. The results are representative of two independent experiments (n=5 mice per group), *p < 0,05, Mantel–Cox Long rank test was used for survival analysis between all groups vs PBS Tc+ 5FU in Figure (A) *p < 0,05, Mann-Whitney test was used for comparison between indicated groups in graphics (B, E, F, H).



At day 21 p.i., mice were sacrificed to check splenomegaly and MDSC depletion. A progressive increase of spleen size was observed as follow: non-infected mice (NI)<TSf-ISPA Tc+ 5FU mice<TSf-ISPA Tc+ mice< PBS Tc+ mice (Figure 1C). In strong correlation with spleen size, flow cytometry showed that the percentage and absolute number of G-MDSCs (CD11b+ Ly6G+ Ly6C+/low cells) increased in a manner that correlated with the spleen size of the groups analyzed: NI<=TSf-ISPA Tc+ 5FU<TSf-ISPA Tc+< PBS Tc+ mice (Figures 1E, F). Figure 1D shows representative dot plots of Ly6C and Ly6G expression in all experimental groups. On the other hand, the percentage of M-MDSC cells (CD11b+ Ly6G- Ly6C+) was similar in all groups of infected mice, whereas the absolute number changed with the same trend as G-MDSCs: NI<TSf-ISPA Tc+ 5FU<TSf-ISPA Tc+< PBS Tc+ mice (Figures 1G, H) (Supplementary Figure 1 shows the gating strategy).

Taken together, these results show that PBS-treated mice do not tolerate a challenge with 900 Tulahuen T. cruzi parasites if MDSCs are depleted by 5FU treatment at day 15 p.i. In contrast, a proportion of TSf-ISPA-immunized and infected mice tolerated and survived infection allowing the in vivo study of the influence of MDSCs on several components of the effector and regulatory immune response during the acute phase of T. cruzi infection.



iNOS Expression and Immunosuppressive Capacity of MDSCs

It has been shown that CD11b+ GR-1+ cells from T. cruzi infected mice expressed iNOS and were able to inhibit T cell proliferation (Goñi et al., 2002; Arocena et al., 2014).

Although the suppressive capacity of MDSCs and iNOS expression have already been demonstrated in similar models of T. cruzi infection (Goñi et al., 2002; Arocena et al., 2014), we also assessed the suppressive capacity (Supplementary Figure 2) and iNOS expression to confirm the similarity of our model with Tulahuen T. cruzi infection to those previously reported.

As expected, PBS Tc+ mice showed a notable increase in the percentage and absolute number of spleen G-MDSCs cells expressing iNOS (CD11b+ Ly6G+ iNOS+) as compared to non-infected mice. In addition, TSf-ISPA Tc+ mice showed lower levels of spleen G-MDSCs expressing iNOS than PBS Tc+ mice, a result that correlates with the decrease of G-MDSCs observed in TSf-ISPA mice, as previously reported (Prochetto et al., 2017). Finally, depletion of G-MDSCs in TSf-ISPA Tc+ 5FU mice caused a marked decrease in the percentage and absolute number of spleen G-MDSCs expressing iNOS that almost reached the basal levels of non-infected mice (Figures 2A, B, D). In addition, similar changes were observed concerning the cells that include the M-MDC population (CD11b+ Ly6G- iNOS+), as shown in Figures 2A, C, E. Additionally, the functional relevance of iNOS in the suppression capacity of MDSCs was also assessed. For this purpose, splenocytes from each experimental group were ConA stimulated in vitro in the presence of aminoguanidine (AG), a selective iNOS inhibitor. Figure 2F shows that addition of AG to the cultures caused an increase in the proliferation of the splenocytes from both PBS Tc+ and TSf-ISPA Tc+ mice, as measured by a standard MTT assay.




Figure 2 | iNOS expression by MDSC splenocytes. Mice immunized with TSf-ISPA or PBS were treated or not with 5FU and challenged with 900 trypomastigotes of the Tulahuen strain. At 21 days p.i., mice were sacrificed to analyze the expression of iNOS in CD11b+ Ly6G+ (G-MDSCs) and CD11b+ Ly6G- (which include M-MDSCs) cells by FACS in control non-infected (NI), PBS-inoculated and infected mice (PBS Tc+), TSf-ISPA immunized and infected mice (TSf-ISPA Tc+) and TSf-ISPA immunized, infected and 5FU treated mice (TSf-ISPA Tc+ 5FU). (A) Representative dot plots of the expression of CD11b vs side scatter and of iNOS vs Ly6G expression in the region indicated. (B) Percentage of CD11b+ Ly6G+ iNOS+ cells. (C) Percentage of CD11b+ Ly6G- iNOS+ cells, (D) Absolute number of CD11b+ Ly6G+ iNOS+ cells (x106). (E) Absolute number of CD11b+ Ly6G- iNOS+ cells (x106). (F) Splenocytes from NI, PBS Tc+ and TSf-ISPA Tc+ mice were cultured and stimulated with ConA, T. cruzi homogenate and aminoguanidine (AG), or with ConA, T. cruzi homogenate and without AG, an iNOS inhibitor. After 72 hs, MTT was used to measure proliferation increase using the formula explained in materials and methods. (G) Splenocytes from each experimental group were cultured and stimulated with conA and T. cruzi homogenate. After 72 hs, proliferation was measured by FACS using the Ki-67 proliferation marker and the formula detailed in materials and methods. Data are expressed as means + standard deviations. Results are representative of two independent experiments (n = 3-5 mice per group, according to the survival of the experiment) *p < 0,05 Mann-Whitney test was used for comparison between indicated groups.



Results presented herein show that both G-MDSC and cells that include M-MDSC splenocytes from T. cruzi infected mice express iNOS, which is a feature of MDSC cells and has been involved as an important mechanism of suppression by these cells during acute T. cruzi infection. In addition, the depletion of MDSCs almost overlapped with iNOS+ expressing cells reduction, strongly suggesting that MDSCs largely accounts for the increase of iNOS+ splenocytes after T. cruzi infection. Moreover, the addition of AG to splenocytes cultured with ConA increased proliferation, which strongly supports the immunosuppressor role of MDSC iNOS+ cells in our experimental condition. Additionally, splenocytes from TSf-ISPA Tc+ and TSf-ISPA Tc+ 5FU mice, (which have lower and almost complete depletion of MDSCs, respectively) showed higher expression of Ki-67 in CD4+ cells than splenocytes from PBS Tc+ mice, after in vitro culture with ConA (Figure 2G), showing that lower levels of MDSCs allow higher CD4+ cell proliferation.



MDSC Depletion Notably Potentiates the CD8 Effector Response Elicited by TSf-ISPA Formulation

It was reported that 5FU treatment not only causes a marked increase of mortality of T. cruzi-infected mice, but also has an important influence on the effector immune response, increasing the number of CD8+ CD107a+ spleen cells and the level of plasma cytokines, such as IFN-γ, IL-6 and TNF-α (Arocena et al., 2014). Since we have previously shown that TSf-ISPA formulation increased several immune parameters related to the effector immune response (Prochetto et al., 2017), we sought to evaluate whether MDSC depletion could potentiate the effector response elicited by the TSf-ISPA vaccine.

In the setting of our experimental model, the level of plasma IFN-γ at day 21 p.i. increased progressively in the following trend: NI<PBS Tc+ mice<TSf-ISPA Tc+ mice<TSf-ISPA Tc+ 5FU mice (Figure 3A). The same trend of IFN-γ production was observed in culture supernatants of splenocytes stimulated with ConA and T. cruzi homogenate, as shown in Figure 3B.




Figure 3 | MDSC depletion notably potentiates the CD8 effector response elicited by TSf-ISPA formulation. Mice immunized with TSf-ISPA or PBS were treated or not with 5FU and challenged with 900 trypomastigotes of the Tulahuen strain. (A) At 21 day p.i. plasma was obtained and the levels of IFN-γ was measured by ELISA in control non-infected (NI), PBS-inoculated and infected mice (PBS Tc+), TSf-ISPA immunized and infected mice (TSf-ISPA Tc+) and TSf-ISPA immunized, infected and 5FU treated mice (TSf-ISPA Tc+ 5FU). (B) Mice were sacrificed at day 21 p.i. and splenocytes were cultured with conA and T. cruzi homogenate for analyzing the levels of IFN-γ by ELISA in culture supernantant of each experimental group. (C) Plasma obtained at 21 p.i. was used to measure GM-CSF by ELISA in NI, PBS Tc+ and TSf-ISPA Tc+ mice. Finally, splenocytes cultured for 72 h were harvested and the expression of CD8, CD107a and CD44 were analyzed by FACS. (D) Percentage of CD8+ CD107a+ cells. (E) MFI of CD107a in CD8+ cells. (F) Percentage of CD8+ CD44+ cells, (G) MFI of CD44 in CD8+ cells. Data are expressed as means + standard deviations. Results are representative of two independent experiments (n = 3-5 mice per group, according to the survival of the experiment).*p < 0,05 between indicated groups of mice.



It has been reported that MDSC increases is dependent on IFN-γ during T. cruzi infection, since no increases in that population was observed in IFN-γ KO mice (Goñi et al., 2002). Interestingly, TSf-ISPA immunized mice showed higher levels of IFN-γ, but lower levels of spleen MDSCs than PBS-treated and infected mice. The trends found in plasma and in culture supernatants in these results are in line with our previous report showing that IFN-γ production is significantly increased in CD8+ T cells in vaccinated and infected mice (Prochetto et al., 2017). To explain this observation, we measured the levels of plasma GM-CSF, since this growth factor has been reported to be involved in T. cruzi infection (Olivares Fontt et al., 1996) and in the induction of MDSCs (Gabrilovich and Nagaraj, 2009). GM-CSF levels were found to be lower in TSf-ISPA Tc+ mice than PBS Tc+ mice (Figure 3C), suggesting that through the induction of GM-CSF T. cruzi is able to take advantage of the INF-γ production to induce a high increase of MDSCs. In contrast, TSf-ISPA-vaccinated mice seems to avoid the high increase of plasma GM-CSF allowing a higher increase of IFN-γ, which does not result in a correlated increase of MDSCs. The possibility that other cytokines or mediators also influence MDSCs increases during T. cruzi infection cannot be discarded. In addition, after in vitro culture, an increase in the percentage of CD8+ CD107a+ splenocytes was recorded in the TSf-ISPA Tc+ 5FU treated group (Figure 3D), as compared with all the other experimental groups. A similar result was observed regarding the MFI of CD107a in CD8+ (Figure 3E). In the same line, an increase of CD8+ CD44+ splenocytes were recorded in the TSf-ISPA Tc+ 5FU group of mice with respect to all the other groups (Figure 3F). Finally, similar results were observed regarding the MFI of CD44 in CD8+ cells (Figure 3G) (Supplementary Figure 3 shows the gating strategy used). These data strongly suggest that the decrease of immunosuppressive MDSCs caused by 5FU treatment allows an enhanced effector response in TSf-ISPA vaccinated mice.



MDSC Depletion Increases CD4+ Foxp3+ (Tregs)

We have previously shown that TSf-ISPA vaccination not only induces a decrease of CD11b+ GR-1+ spleen cells after T. cruzi infection, but also causes a simultaneous increase in the number of spleen Tregs. According to our previous result, we speculated that if a decrease of MDSCs correlated with an increase of Tregs, an almost complete depletion of MDSCs should cause a higher increment of Tregs. In line with this hypothesis, TSf-ISPA Tc+ 5FU mice (which were depleted of MDSCs) showed a marked increase in Foxp3+ expression in CD4+ cells and in the percentage of Tregs, compared to PBS Tc+ and TSf-ISPA Tc+ mice (Figures 4A–C). In addition, an increase in the absolute number of Tregs was observed in the spleen of TSf-ISPA Tc+ 5FU group with respect to all other experimental groups (Figure 4D).




Figure 4 | MDSC depletion increases Tregs. Mice immunized with TSf-ISPA or PBS were treated or not with 5FU and challenged with 900 trypomastigotes of the Tulahuen strain. At 21 day p.i., mice were sacrificed to analyze the expression of Foxp3 and CD4 by FACS in control non-infected (NI), PBS-inoculated and infected mice (PBS Tc+), TSf-ISPA immunized and infected mice (TSf-ISPA Tc+) and TSf-ISPA immunized, infected and 5FU treated mice (TSf-ISPA Tc+ 5FU). (A) Representative dot plots of the expression of CD4 vs forward scatter and CD4 vs Foxp3 expression in the indicated region of experimental groups under study: (B) Percentage of Foxp3+ expression in CD4+ cells. (C) Percentage of CD4+ Foxp3+ cells, (D) Absolute number of CD4+ Foxp3+ cells x106. Data are expressed as means + standard deviations. The results are representative of three independent experiments (n = 3-5 mice per group, according to the survival of the experiment). *p < 0,05 between indicated groups of mice.



Thus, our results show that the depletion of MDSCs in TSf-ISPA immunized and T. cruzi infected mice results in a striking increase of spleen Tregs.



G-MDSC Depletion Influences the Spleen Dendritic Cell Population

Since DCs are key players in the immune system, influencing both immunity and tolerance, we sought to evaluate whether TSf-ISPA immunization and depletion of MDSCs may also affect DCs.

We first assessed whether TSf-ISPA immunization and 5FU-treatment would influence maturation/activation markers in CD11chigh spleen DCs. For that purpose, the expression of CD80, CD40 and MHCII was measured and relativized against the NI mice, as detailed in material and methods.

Figures 5A, D shows that the MFI of CD80 in CD11chigh DCs from infected mice increased in the following order: PBS Tc+<TSf-ISPA Tc+<TSf-ISPA Tc+ 5FU, suggesting that TSf-ISPA immunization increases CD80 expression in CD11chigh DCs, compared to PBS Tc+. In addition, 5FU-treatment increased CD80 expression in CD11chigh DCs even more than immunization alone.




Figure 5 | MDSC depletion and dendritic cells. Mice immunized with TSf-ISPA or PBS were treated or not with 5FU and challenged with 900 trypomastigotes of the Tulahuen strain. At day 21 p.i., mice were sacrificed to analyze the expression of CD11c, CD80, CD40, MHCII and CD8α by FACS in control non-infected (NI), PBS-inoculated and infected mice (PBS Tc+), TSf-ISPA immunized and infected mice (TSf-ISPA Tc+) and TSf-ISPA immunized, infected and 5FU treated mice (TSf-ISPA Tc+ 5FU). (A) Index of MFI CD80/MFI CD80 of non-infected mice in CD11chigh cells. (B) Index of MFI CD40/MFI CD40 of non-infected mice in CD11chigh cells. (C) Index of MFI MHCII/MFI MHCII of non-infected mice in CD11chigh cells. (D) Representative histograms of the expression of CD80, CD40 and MHCII in CD11chigh cells in the experimental groups of mice under study: (E) Representative dot plots of the expression of CD11c and CD8 in the experimental groups of mice. (F) Percentage of CD11c+ CD8α+ DCs. (G) Absolute number of CD11c+ CD8α+ cells in the spleen x106. Data are expressed as means + standard deviations. The results are representative of two independent experiments (n = 3-5 mice per group, according to the survival of the experiment). *p < 0,05 between indicated groups of mice.



Moreover, MFI of CD40 in CD11chigh DCs increased significantly only in TSf-ISPA Tc+ 5FU as compared to PBS Tc+ and TSf-ISPA Tc+ mice (Figures 5B, D), whereas the MFI of MHCII in CD11chigh DCs increased significantly in TSf-ISPA Tc+ mice as compared to PBS Tc+ mice (Figures 5C, D). In the case of MHCII expression, it is noteworthy that in all infected groups the index is lower than 1, showing that the MHCII expression is decreased with respect to non-infected mice (Supplementary Figure 4 shows the gating strategy).

It was described that the CD8α+ subtype of CD11c conventional DCs, expressing a dimer of CD8α, are particularly suited for eliciting a response of T CD8 cells that express a dimer CD8αβ (Heath et al., 2004; Merad et al., 2013). Since the CD8 response is critical to cope with T. cruzi infection (Martin et al., 2006; Acosta Rodríguez et al., 2019), the influence of MDSC depletion on the CD8α+ subtype of DCs was assessed. Regarding the absolute numbers and according to the splenomegaly, all groups of infected mice showed an increase in the absolute number of CD11c+ CD8α+ DCs as compared to non-infected mice (Figures 5E, G). In addition, PBS Tc+ and TSf-ISPA Tc+ mice showed an increase in the percentage of CD11c+ CD8α+ DCs in the spleen as compared to non-infected mice, and TSf-ISPA Tc+ 5-FU mice showed a higher increase in the percentage of those cells as compared to PBS Tc+ and TSf-ISPA Tc+ mice (Figure 5F) (Supplementary Figure 4 shows the gating strategy).



Effect of 5FU Treatment During the First Week of T. cruzi Infection

MDSC depletion of vaccinated mice at day 15 p.i. allowed us to study the alterations that occur in the percentage, absolute number and phenotype of several immune populations in the absence of MDSCs. However, this late depletion did not improve mouse survival, which might be related to an exacerbated inflammation, as previously suggested (Arocena et al., 2014). Thus, to assess whether MDSCs could be targeted by a different strategy that could cause a potential and beneficial effect on the outcome of infection, 5FU was administered one day before infection (-1) and at day 5 p.i. and mice were challenged with a higher dose (1500 parasites) to reduce the survival of TSf-ISPA-vaccinated mice to a useful range.

Figure 6A shows that a higher dose of the virulent T. cruzi Tulahuen strain notably affected mouse survival. All PBS-treated mice as well as the PBS-treated mice that received 5FU at day -1 and 5 p.i. succumbed to the challenge before day 21 p.i. Survival of TSf-ISPA-vaccinated mice ranged between 20-40%, whereas that of TSf-ISPA mice that received 5FU at day -1 and 5 p.i ranged between 40-80% range. Thus, although late depletion of MDSCs caused a decrease in the survival of vaccinated mice, early MDSC depletion caused a slight increase of survival of TS-ISPA vaccinated mice against a lethal dose of T. cruzi Tulahuen. In line with this result, the parasitemia analysis showed that TSf-ISPA-vaccinated mice that received 5FU had the lowest parasitemia level at day 20 p.i (Figure 6B). Since mortality increased at the dose employed, more animals would be needed to achieve statistical significance in these experiments, which show a trend suggesting that MDSC depletion causes a beneficial effect on TSf-ISPA-vaccinated and infected mice.




Figure 6 | 5FU treatment at day -1 and 5 p.i. and the protective capacity of TSf-ISPA vaccine. Mice immunized with TSf-ISPA or PBS were treated or not with 5FU at day -1 and 5 p.i. and challenged with 1500 trypomastigotes of the Tulahuen strain. (A) Survival rates are shown for PBS-inoculated and infected mice (PBS Tc+), PBS Tc+ treated with 5FU at day -1 and 5 p.i. (PBS Tc+ 5FU -1 and 5 p.i.), TSf-ISPA immunized and infected mice (TSf-ISPA Tc+) and TSf-ISPA Tc+ treated with 5FU at day -1 and 5 p.i (TSf-ISPA Tc+ 5FU -1 and 5 p.i.); (B) Parasitemia at day 20 p.i. of PBS Tc+, TSf-ISPA Tc+ and TSf-ISPA Tc+ 5FU at day -1 and 5 p.i. (PBS Tc+ 5FU -1 and 5 p.i. mice were dead at day 20 p.i.) Data are expressed as means + standard deviations. The results are representative of two independent experiments (n=5 mice per group).



Interestingly, early 5FU administration of PBS-treated mice did not improve survival nor parasitemia levels of that group of mice, suggesting that the vaccine is necessary to prime the immune system before infection, in order to allow a beneficial effect of MDSC depletion.



Effect of MDSC Depletion Before TSf-ISPA Immunization

Although the present results are useful to support that MDSCs are able to modulate the immune response even in the context of a vaccine candidate, the depletion of those cells after infection is an approach that cannot be used in next steps of preclinical or clinical vaccine assessment. Thus, to conclude this study we sought to analyze the usefulness of depleting MDSCs at the stage of immunization. This approach is of particular interest, since we previously showed that TSf-ISPA vaccine caused a slight but significant increase of spleen CD11b+ Gr-1+ cells during the immunization process (Prochetto et al., 2017). For this purpose, a group of mice were treated with 5FU one day before each dose of the TSf-ISPA vaccine.

Strikingly, after a lethal dose of 1500 parasites that caused 0% survival of PBS Tc+ mice and 20-40% survival of TSf-ISPA Tc+ mice (non 5FU-treated), an important percentage of survival, of between 80-100% was obtained for the TSf-ISPA Tc+ 5FU-treated (pre-vaccine) mice (Figure 7A). TSf-ISPA 5FU pre-vaccine mice showed decreased parasitemia levels as compared to TSf-ISPA Tc+ mice and PBS-treated and infected mice (PBS Tc+) at day 20 p.i. (Figure 7B). Taken together, these results strongly suggest that MDSCs could represent a relevant target to be considered during rational vaccine design against T. cruzi.




Figure 7 | 5FU treatment one day before each dose of TSf-ISPA vaccine. Mice immunized with TSf-ISPA or PBS were treated or not with 5FU one day before each dose of TSf-ISPA vaccine and then were challenged with 1500 trypomastigotes of the Tulahuen strain. (A) Survival rates are shown for PBS-inoculated and infected mice (PBS Tc+), TSf-ISPA immunized and infected mice (TSf-ISPA Tc+), and TSf-ISPA mice that received 5FU one day before each dose of the vaccine (TSf-ISPA Tc+ 5FU pre-vaccine), (B) Parasitemia at day 20 p.i. from PBS Tc+, TSf-ISPA Tc+, and TSf-ISPA Tc+ 5FU pre-vaccine. The results are representative of two independent experiments (n =5 mice per group. *p < 0,05 between indicated groups of mice.






Discussion

The aim of any vaccine candidate should include the elicitation of a proper immune response able to control the mechanisms used by pathogens to infect their hosts. This task could be difficult to achieve when pathogens are able to manipulate the immune response. Since it is well-known that T. cruzi is able to induce a marked immmunosuppressive state (Mariano et al., 2008; Arocena et al., 2014; Cardillo et al., 2015; González et al., 2015; Poncini et al., 2015; Prochetto et al., 2017), it is striking that very few vaccine studies have addressed simultaneously alterations of the effector and the regulatory/suppressor arm of the immune system during the assessment of a vaccine candidate against T. cruzi. Thus, given the lack of this kind of information, the aim of this work was to study whether MDSCs modulate the immune response against T. cruzi, even in the context of a vaccine with protective capacity, and the potential use of those cells as a vaccine target to enhance protection against T. cruzi.

In line with previous reports, MDSC depletion at day 15 p.i of PBS-treated mice resulted in severe mortality and 100% of depleted mice succumbed by day 21 p.i. with a dose of 900 parasites. Nonetheless, TSf-ISPA immunization allowed us to achieve 60-100% of mouse survival at day 21 p.i. after the almost complete depletion of G-MDSCs and partial depletion of M-MDSCs. In mice that were not treated with 5FU, spleen MDSCs expressed high levels of iNOS in vivo, a useful marker that has been described to be useful to distinguish MDSCs from neutrophils (Veglia et al., 2018). Noteworthy, after MDSC depletion, spleen iNOS expression was almost completely abolished, strongly supporting that MDSCs account for an important part of iNOS expression in the spleen. Although other studies showed and confirmed in vitro that spleen MDSCs from T. cruzi-infected mice have suppressive capacity related to iNOS (Goñi et al., 2002; Arocena et al., 2014), a broader study concerning the influence of MDSCs on other immune populations has scarcely been addressed, particularly, during the assessment of a vaccine candidate. The present results show that MDSC depletion notably reshaped the in vivo immune response of vaccinated and infected mice, influencing CD8 effector T cells, Tregs, and even the activation status of CD11chigh DCs.

Numerous reports, including vaccines studies, have highlighted the critical relevance of the CD8 response to control T. cruzi infection (Martin et al., 2006; Acosta Rodríguez et al., 2019). The present results show that MDSC depletion at day 15 p.i. highly increased the CD8 response in TSf-ISPA-vaccinated mice, even compared to vaccinated mice that were not treated with 5FU, strongly suggesting that MDSCs play an important role in suppressing CD8 cells, benefiting the parasite even in vaccinated mice. Remarkably, MDSC depletion resulted in an increased percentage and number of spleen Tregs. We have recently reviewed the reports addressing the role of Tregs during T. cruzi infection (Cabrera and Marcipar, 2019). Despite some discrepancies, a consensus may be formulated that Tregs play a limited or moderate role in increasing mouse survival, even if they restrain the CD8+ response and benefits parasite persistence. Taken together, the present results suggest that the marked increase of MDSCs plays a major biological role, even more notable than that of Tregs, since depletion of MDSCs results in a higher CD8 response in the context of an increased number of Tregs.

Although there is ample evidence of the mechanisms employed by MDSCs to suppress effector T cells, little is known about the potential interaction of MDSCs and Tregs. Since Foxp3 expression by CD4+ T cells correlates with suppressor activity irrespective of CD25 expression (Komatsu et al., 2009), first we addressed potential interactions between MDSCs and Tregs by studying alterations in the frequency and number of CD4+ Foxp3+ Tregs. According to the present results further research is in progress to study the mechanisms involved as well as the phenotype, specificity and suppressor capacity of the Tregs that increase after MDSC depletion. On the other hand, despite the role of Tregs during the acute phase of infection remains to be completely elucidated, most of the studies concerning the role of Tregs during the chronic phase support the beneficial role of these cells for the host (Araújo et al., 2011). In this sense, a vaccine that decreases parasitemia and increases Tregs may represent a valuable tool to control pathology, similarly to other vaccines that are already in use, such as BCG.

It has been described that T. cruzi is able to influence DC maturation, impairing the development of an efficient immune response (Van Overtvelt et al., 1999; Poncini et al., 2008; Poncini et al., 2015; Poncini and González-Cappa, 2017). Moreover, a recent study has proposed that MDSCs are able to kill DCs in a NO-dependent manner (Ribechini et al., 2019). In our experimental condition, where a high increase of MDSCs iNOS+ cells occur during acute T. cruzi infection, we observed that CD11chigh DCs from PBS-treated mice did not increase the expression of activation/maturation markers, like CD80, CD40 and MHCII, as compared to non-infected mice. In contrast, vaccinated mice (which have lower levels of MDSCs than PBS), as well as vaccinated and MDSC depleted mice, showed a significant increase in some of those activation markers, which correlated with protection capacity and the elicitation of an increased effector response.

An interesting point considering T. cruzi infection is the dual role attributed to several components of the immune system. For instance, it has been reported that DCs are a double-edged sword (Gil-Jaramillo et al., 2016), and in the particular case of monocyte-derived DCs, it has been described that those cells play a role in controlling parasite multiplication but also in interfering with the development of the immune response (Poncini and González-Cappa, 2017). Tregs could also play opposite roles during acute T. cruzi infection, increasing mouse survival but allowing parasite persistence (Cabrera and Marcipar, 2019). Reactive oxygen species (ROS), TGF-β and INF-γ may also play dual roles (Bahia-Oliveira et al., 1998; Hall and Pereira, 2000; Goñi et al., 2002; Ferreira et al., 2014; Goes et al., 2016; Paiva et al., 2018). INF-γ is a critical component of the Th1 profile, necessary to cope with infection, but this cytokine is also involved in immunosuppressive MDSCs induction during T. cruzi infection (Goñi et al., 2002). Thus, in a setting where the parasite subverts the immune system and forces its components to play dual roles, a vaccine candidate should be able to reestablish the subverted mechanisms, allowing a proper effector response. In our model, a better immune response would require the increase of IFN-γ levels but avoiding its dual role of increasing MDSCs. According to the “two-signal” model of MDSCs accumulation and activation (Condamine and Gabrilovich, 2011), an increase of immunosuppressive MDSCs is dependent on growth factors (signal 1) and proinflammatory cytokines (signal 2). Since in the context of T. cruzi infection, an increase of IFN-γ is absolutely necessary (signal 2), a vaccine should be able to decrease the signal 1 of growth factors to avoid an increase of MDSCs. This hypothesis and the “two-signal” model were supported by the finding that TSf-ISPA-vaccinated group of mice has lower levels of plasma GM-CSF, which correlated with lower levels of MDSCs, allowing an increase in the levels of plasma IFN-γ.

Taken together, the studies performed by depleting MDSCs at day 15 p.i. suggest that those cells are strongly beneficial for parasite persistence, allowing the survival of its host and widely influencing the immune response, even when the mice were previously immunized with a vaccine with a significant protective capacity. The fact that MDSC depletion at day 15 p.i. increased the CD8 effector response but did not cause an improvement in the survival of vaccinated and infected mice, suggests that other strategies would be needed to support the targeting of MDSCs as a valuable tool to enhance the protective capacity of a vaccine candidate. For this purpose, TSf-ISPA vaccinated mice were early treated with 5FU one day before infection and at day 5 p.i. TSf-ISPA-vaccinated mice that were treated with 5FU at the beginning of infection showed higher survival against a high dose of T. cruzi than vaccinated mice that did not receive 5FU, supporting that MDSCs could be targeted in a beneficial manner to enhance the protective capacity of a vaccine candidate.

At present, various approaches are under study to delete or inhibit the immunosuppressor arm of the immune system that may act decreasing the efficacy of a vaccine. For instance, molecular inactivators of Tregs or blockers of immunosuppressive cytokines are two strategies under study (Bayry, 2014; Batista-Duharte et al., 2018). In addition, in the field of cancer study, ongoing clinical trials attempt to deplete MDSCs in order to increase vaccine efficacy (Fleming et al., 2018; Liu et al., 2018). However, the strategy to target MDSCs to enhance a vaccine against a pathogen has not been previously addressed. Since we have previously reported that TSf-ISPA immunization caused a slight but significant increase of CD11b+ GR-1+ cells in the spleen (Prochetto et al., 2017), to conclude our study, we sought to evaluate whether 5FU administration at the stage of immunization may enhance our vaccine candidate. TSf-ISPA-immunized mice that were 5FU-treated before each vaccine dose showed a significant increase of survival against a lethal dose of T. cruzi, improving the survival of TSf-ISPA-vaccinated mice that were not treated with 5FU. In line with these results, parasitemia levels were also decreased in TSf-ISPA mice that were pretreated with 5FU as compared to immunized mice that did not received 5FU. Although survival is likely the most clear and relevant parameter of protection, parasitemia levels may also have important implications in the context of T. cruzi infection. In this sense, a vaccine that decreases parasite load could be useful to avoid the development of chronic Chagas disease and to reduce potential vertical transmission (Bustos et al., 2019).

Several vaccines may cause increases in CD11b+ GR-1+ cells, decreasing the efficacy of the immunization; however, this aspect has received little attention. For instance, it has been reported that the BCG vaccine, the most widely used human vaccine, causes increases in those cells with potential to decrease the vaccine efficacy and even with the capacity to kill DCs (Ribechini et al., 2019). MDSC increases have also been reported in models of Salmonella and Simian Immunodeficiency Virus (Cabrera and Marcipar, 2019). Moreover, better protection has also been obtained in those vaccine candidates that decreases MDSCs after immunization or after pathogen challenge, also supporting that MDSCs may be used as a valuable target to be addressed during rational vaccine design (Cabrera and Marcipar, 2019).

Overall, throughout this study we have shown that: a) MDSCs have a wide in vivo influence during the acute phase of T. cruzi infection, even affecting the immune response of vaccinated mice, influencing DC phenotype as well as cells of both the effector (CD8) and the regulatory arm of the immune system (Tregs); b) although MDSC depletion at day 15 of infection supports that those cells are absolutely necessary for mouse survival, benefiting the parasite, the present results suggest that in the context of vaccination, MDSC could be removed during early infection improving the host survival; c) 5FU treatment at the stage of immunization enhanced the protective capacity of the TSf-ISPA vaccine, supporting the possibility to use this strategy in rational vaccine design not only against T. cruzi but also in other pathologies that are characterized by the subversion of the immune system.
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Chronic Chagas cardiomyopathy (CCC) is the most frequent and severe form of Chagas disease, a neglected tropical illness caused by the protozoan Trypanosoma cruzi, and the main cause of morbimortality from cardiovascular problems in endemic areas. Although efforts have been made to understand the signaling pathways and molecular mechanisms underlying CCC, the immunological signaling pathways regulated by the etiological treatment with benznidazole (Bz) has not been reported. In experimental CCC, Bz combined with the hemorheological and immunoregulatory agent pentoxifylline (PTX) has beneficial effects on CCC. To explore the molecular mechanisms of Bz or Bz+PTX therapeutic strategies, C57BL/6 mice chronically infected with the T. cruzi Colombian strain (discrete typing unit TcI) and showing electrocardiographic abnormalities were submitted to suboptimal dose of Bz or Bz+PTX from 120 to 150 days postinfection. Electrocardiographic alterations, such as prolonged corrected QT interval and heart parasite load, were beneficially impacted by Bz and Bz+PTX. RT-qPCR TaqMan array was used to evaluate the expression of 92 genes related to the immune response in RNA extracted from heart tissues. In comparison with non-infected mice, 30 genes were upregulated, and 31 were downregulated in infected mice. Particularly, infection upregulated the cytokines IFN-γ, IL-12b, and IL-2 (126-, 44-, and 18-fold change, respectively) and the T-cell chemoattractants CCL3 and CCL5 (23- and 16-fold change, respectively). Bz therapy restored the expression of genes related to inflammatory response, cellular development, growth, and proliferation, and tissue development pathways, most probably linked to the cardiac remodeling processes inherent to CCC, thus mitigating the Th1-driven response found in vehicle-treated infected mice. The combined Bz+PTX therapy revealed pathways related to the modulation of cell death and survival, and organismal survival, supporting that this strategy may mitigate the progression of CCC. Altogether, our results contribute to the better understanding of the molecular mechanisms of the immune response in the heart tissue in chronic Chagas disease and reinforce that parasite persistence and dysregulated immune response underpin CCC severity. Therefore, Bz and Bz+PTX chemotherapies emerge as tools to interfere in these pathways aiming to improve CCC prognosis.
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Introduction

Chagas disease (CD) or American trypanosomiasis is an infectious disease caused by the protozoan parasite Trypanosoma cruzi, responsible for an estimated 6 to 7 million people infected and approximately 75 million at risk of infection (World Health Organization, 2021). Chagas disease was originally endemic in rural areas of Latin American countries, where Argentina, Brazil, Mexico, and Bolivia remain with the highest prevalence of infected people (Alarcón de Noya and Jackson, 2020). However, as globalization and migration mobility accelerated over the years, CD has disseminated to countries not originally endemic, such as United States, Spain, Japan, and Australia (Rassi et al., 2012; Antinori et al., 2017; Nunes et al., 2018; Bern et al., 2019; Alarcón de Noya and Jackson, 2020). Health care of currently infected individuals entails an expense of $7 billion annually, which poses as an enormous economic burden on global public health (Lee et al., 2013; Alarcón de Noya and Jackson, 2020). Chagas disease has a 4- to 8-week acute phase, characterized by patent parasitemia and inflammation due to tissue parasitism (Nunes et al., 2018), usually asymptomatic or causing broad symptoms manifestations as fever, enlargement of lymph nodes, and subcutaneous edema, which jeopardize a clear diagnosis (Rassi et al., 2012). Trypanocidal pharmacotherapy at this point is effective with a cure rate of 60% to 85% (Bern, 2011); the main problem, however, lies in diagnosing the disease and treating it at the right time. Untreated patients progress to the chronic phase after 2 to 3 months of infection, when parasitemia is mostly undetectable and, subsequently, most patients (60–70%) develop the indeterminate form and may show no clinical signs of CD throughout their lifespan. On the other hand, it is suggested that up to 5% of patients evolve each year to a clinical determinate form of CD, with 30% to 40% of the patients progressing to the chronic determinate forms of CD, with cardiac, digestive, or cardio-digestive manifestations (Sabino et al., 2013; Nunes et al., 2018).

The cardiac form, also known as chronic Chagas cardiomyopathy (CCC) is the most frequent and severe form of CD, being one of the main causes of morbidity and mortality due to heart diseases in endemic areas (Rassi et al., 2012). CCC onset may rely on unbalanced T. cruzi parasite-host immune response and disruption of intrinsic heart factors (Nunes et al., 2018), as CCC establishment and severity are characterized by the presence of inflammatory process associated with parasite persistence, leading to tissue injury, remodeling, and fibrosis, causing progressive alterations on cardiac rhythm, ventricular dysfunction, aneurysms, and thromboembolic events (Cunha-Neto and Chevillard, 2014; Nunes et al., 2018). In CD, inflammatory processes have been associated with alterations of cardiac electrophysiological properties, leading to changes in the electrocardiogram (ECG) records, such as increased corrected QT interval (QTc) (Eickhoff et al., 2010), leading to a condition known as prolonged QTc interval syndrome (Salles et al., 2003; Lazzerini et al., 2015). The prolonged QTc and most of the abnormalities associated with this syndrome are detected in the murine CCC model we used in the present study (Pereira et al., 2014a; Pereira et al., 2014b), making it attractive to investigate new therapeutic approaches and elucidate the molecular mechanisms and signaling pathways that might underpin the CCC onset and severity progression.

The two drugs currently used for the etiological treatment of CD, benznidazole (Bz) and nifurtimox, are effective when administered in the acute phase of infection (Dias et al., 2016). However, Bz has considerably reduced efficacy in the chronic phase, and controversial data support or do not support the efficacy of Bz in increasing negative seroconversion therefore interrupting the progression of ongoing CCC (Viotti et al., 2006; Bern, 2011; Machado-de-Assis et al., 2013; Morillo et al., 2015; Rassi et al., 2017). Benznidazole, a nitroimidazole derivative, has been used for CD treatment in the last 70 years, but relevant studies concerning its pharmacokinetics and biodistribution in humans and mice emerged only in the last decade (Soy et al., 2015; Perin et al., 2017; Perin et al., 2020), showing how we still lack information regarding its mechanism of action and triggered pathways. It is known that Bz is a prodrug, which exerts its effect after activation by the type I trypanosomal nitro-reductase enzyme, inherent to T. cruzi and other protozoa, thus producing reactive metabolites that have trypanocidal effect in the intracellular and extracellular forms of the parasite (Bern, 2011; Kratz et al., 2018). In addition, Bz is usually associated to a high rate of adverse events and lack of compliance with the 60-day standard-of-care (SoC) treatment, leading to permanent interruption of treatment in 20% to 30% of patients (Bern, 2011; Urbina, 2015). The BENEFIT study, the most extensive clinical trial with patients with CCC performed to date, showed that 192 (13.4%) of patients interrupted treatment during the study due to drug adverse events (AEs) (Morillo et al., 2015). Thus, in recent years, new clinical studies are making efforts to find new strategies to decrease Bz dosage and even increase its efficacy (Almeida et al., 2019; Molina-Morant et al., 2020a; Torrico et al., 2021) to reduce the occurrence of adverse events, thus enhancing treatment compliance (Ciapponi et al., 2020). On the other hand, efficacy of Bz treatment in progression of severity of CCC is still on debate (Rassi et al., 2017). Thus, further understanding of Bz molecular mechanisms and signaling pathways, especially in lower doses or dosing frequencies, is a matter of urgency in the field of CD translational research aiming to attain novel, safer, and more efficacious therapeutic strategies. Pentoxifylline (PTX) is a methylxanthine derivative with phosphodiesterase inhibitor activity, used on the treatment of peripheral vascular diseases, such as claudication, improving rheological properties of the blood (McCarty et al., 2016). Additionally, PTX has shown immunomodulatory and cardioprotective activities (Shaw et al., 2009). Treatment regimens with PTX, associated with traditional leishmanicidal drugs, have been studied on other parasites, such as Leishmania spp., mainly because development of cutaneous and mucosal leishmaniasis has been associated with immune dysregulation, with increased IFN-γ and TNF production (Brito et al., 2017; Faria et al., 2019). PTX has been explored by our group in the treatment of experimental CCC, and previously, we have shown that PTX reversed ECG abnormalities, reduced myocarditis and remodeling process, preventing progression of heart tissue injury and systemic immunological abnormalities (Pereira et al., 2015b). Moreover, we have proposed the Bz+PTX combined therapy, showing that it was able to reduce parasitemia, reverse ECG alterations and expression of tumor necrosis factor (TNF) in heart tissue, and its type-1 receptor (TNFR1) on T cells, as well as inducible nitric oxide synthase (iNOS/NOS2) in cardiac tissue, and NO concentrations in serum. Most importantly, the combination Bz+PTX sustained the beneficial effects in controlling parasitic load and reducing electrical abnormalities even after therapy discontinuation (Vilar-Pereira et al., 2016). However, the molecular mechanisms supporting these beneficial effects remain to be unveiled.

Previous investigations in gene expression profiling of transplanted human hearts with CCC identified immune response as one of the most upregulated pathways consistent with myocarditis and showed that IFN-γ was responsible in inducing several of the upregulated genes found dysregulated on CCC (Cunha-Neto et al., 2005). Conversely, expression profile in murine model of CCC revealed upregulation on genes mainly related to transcription factors, heart metabolism, energetics, and genes related to immune response included mainly secretory leukocyte protease inhibitor (SLPI), growth factor genes, extracellular matrix components, as well as adhesion molecule ICAM2 and CD24 (Mukherjee et al., 2003). Another study also investigating the expression profile of genes in the cardiac tissue of chronically T. cruzi–infected C57BL/6 mice showed that genes related to immune/inflammatory response and chemokine/cytokine receptor activity were the most activated pathways (Soares et al., 2010). Lastly, a recent phosphoproteomic study of heart tissue of experimental CCC showed that one of the most activated pathways was related to secreted immune effectors (Wozniak et al., 2020). Altogether, these findings support that genes associated with the immune response may play a pivotal role in the onset and progression of CCC.

Since molecular mechanisms in the immune response play an important part in CD, in the present study, using a well-described experimental model reproducing pivotal aspects of the cardiac form of CD in C57BL/6 mice infected with the T. cruzi Colombian (TcI) strain (Zingales, 2018), we investigate the immune molecular mechanisms involved in the CCC, using a RT-qPCR TaqMan array to evaluate the expression of 92 genes related to the immune response. Moreover, the immune mechanisms triggered by T. cruzi infection and reversed by treatment using a suboptimal dose Bz and the Bz+PTX combined therapy were explored.



Materials and Methods


Ethical Statements

This study was carried out in strict accordance with recommendations in the Guide for the Care and Use of Laboratory Animals of the Brazilian National Council of Animal Experimentation (https://www.mctic.gov.br/mctic/opencms/institucional/concea) and the Federal Law 11.794 (8 October 2008). The Institutional Committee for Animal Ethics of Fiocruz (CEUA-Fiocruz L004/09 and LW10/14) approved all experimental procedures used in the present study. All presented data were obtained from two independent experiments (Experiment Register Book #49, #53, and #57, LBI/IOC-Fiocruz).



Experimental T. cruzi Infection and Drug Treatment

Mice obtained from the animal facilities of the Oswaldo Cruz Foundation (ICTB/Fiocruz, Rio de Janeiro, Brazil). Immediately after arrival, mice were housed in polypropylene cages under specific pathogen-free, randomly grouped in three mice per cage. The cages were maintained in microisolators, in standard conditions (with temperature and relative humidity of ~22°C ± 2°C and 55% ± 10%, respectively), noise and light (12-h light-dark cycle) control, and mice received grain-based chow food and water ad libitum. To minimize stress, mice were kept in adaptation for 10 to 14 days in a plastic igloo-enriched cage. After adaptation, 5- to 7-week-old female C57BL/6 (H-2b) mice were intraperitoneally infected with 100 blood-derived trypomastigotes (BDTs) of T. cruzi Colombian strain (DTU TcI) in 0.2 ml of vaccine-grade sterile buffered saline (BioManguinhos/Fiocruz, Brazil). After 120 days postinfection (120 dpi), all animals were in the chronic phase and presenting clinical signs of CCC (Silverio et al., 2012; Pereira et al., 2014a; Vilar-Pereira et al., 2016), receiving intraperitoneal injection with apyrogenic saline (non-infected, vehicle-treated group) or saline-containing PTX (Trental, Sanofi-Aventis) at 20 mg/kg and/or one quarter of Bz therapeutic dose (¼ Bz; 25 mg/Kg/day; LAFEPE) by gavage using apyrogenic water (BioManguinhos/Fiocruz, Brazil), daily, for 30 days. Cardiac alterations were monitored by electrocardiogram (ECG), before (120 dpi) and after (150 dpi) therapy. After euthanasia, cardiac tissues were collected in RNA later stabilization solution (Invitrogen, USA) for processing before molecular assays.



ECG Registers

Mice were tranquilized with diazepam (10 mg/kg), and transducers were placed subcutaneously (DII). The traces were recorded for 2 min using a digital Power Lab2/20system connected to a bio-amplifier at 2 mV for 1 second (PanLab Instruments, Spain). The filters were standardized between 0.1 and 100 Hz, and the traces were analyzed using Scope software for Windows V3.6.10 (PanLab Instruments, Spain). The ECG parameters were analyzed as previously described (Silverio et al., 2012).



Immunohistochemistry

At 150 dpi, mice were euthanized under anesthesia (ketamin 300 mg/kg + xilazin 30 mg/kg), and the hearts were removed, embedded in tissue-freezing medium (Tissue-Tek, Miles Laboratories, USA), and stored in liquid nitrogen. Serial cryostat sections, 3-μm thick, were fixed in cold acetone and subjected to polyclonal rabbit antibody recognizing mouse fibronectin (FN) (Gibco-BRL, USA) used at the dilution of 1:800 followed by indirect immunoperoxidase anti-rabbit immunoglobulin and peroxidase-streptavidin complex (Amersham, UK) staining revealed with liquid DAB+substrate chromogen system (DAKO, USA). Appropriate controls were prepared by replacing primary antibodies with immunoglobulin or normal rabbit serum. All antibodies and reagents were utilized in compliance with the manufacturer’s instructions. Images were digitized using a color view XS digital video camera adapted to a Zeiss microscope and analyzed with the Nis-Elements BR 4.0 software (Nikon Corporation, Tokyo, Japan). The FN-positive areas in 25 fields (12.5 mm2) per section (three sections per heart) were evaluated as previously described (Pereira et al., 2015a).



DNA Extraction and T. cruzi Parasite Load Quantification by Quantitative Real-Time PCR

Genomic DNA was extracted from 10 to 20 mg of mouse hearts using High Pure PCR Template Preparation Kit (Roche Diagnostics, Indianapolis, IN), following the manufacturer’s instructions. Before extraction, tissues were withdrawn from RNA later and disrupted in 500 µl of tissue lysis buffer, using a TissueRuptor II (QIAGEN, USA) on maximal speed for 30 s. This homogenate was submitted to DNA extraction, according to the manufacturer’s recommendations. At the last step of the protocol, DNA was eluted from the silica column in 100 µl of elution buffer and stored at −20°C until further analysis. Amplification of T. cruzi satellite DNA was done by using the specific primers (Piron et al., 2007; Duffy et al., 2013) Cruzi1 (5′-ASTCGGCTGATCGTTTTCGA-3′) and Cruzi2 (5′-AATTCCTCCAAGCAGCGGATA-3′), both at 750 nM, and the TaqMan probe Cruzi3 (6FAM–CACACACTGGACACCAA–NFQ–MGB) at 50 nM. As an endogenous internal control, the predesigned TaqMan assay targeting mouse GAPDH gene (Cat no Mm99999915-g1, Applied Biosystems) was used. Standard curves were done spiking 1 × 106 BDTs (Colombian strain), obtained from VERO cells infection, in 30 mg of non-infected heart tissue, proceeding DNA extraction, and making a 1:10 serial dilution of the eluted DNA in TE buffer, ranging from 106 to 0.1 parasite equivalents. Real-time PCR reactions were carried out on Applied Biosystems ViiA 7 real-time PCR (Thermo Fisher, USA) thermocycler, using the cycling conditions: 50°C for 2 min, 94°C for 10 min, followed by 40 cycles at 95°C, and 58°C for 1 min, where fluorescence was collected after each cycle. All samples were run in duplicate, and threshold was set at 0.02 for both targets.



Total RNA Extraction

Mouse hearts were withdrawn from RNA later and disrupted in 500 µl of lysis buffer using TissueRuptor II (QIAGEN, USA) on maximal speed for 30 s. Total RNA was extracted using mirVana™ miRNA Isolation Kit (Life Technologies), according to the manufacturer’s recommendations. Total RNA quantification and purity were assessed in a NanoDrop® ND2000 (ThermoFisher), and integrity was analyzed in a Bioanalyzer 2100 (Agilent, USA) using RNA Nano 6000 kit. Only samples with RIN ≥ 7.5 were used in this study.



Immune Response mRNAs Expression Profiling by Quantitative Real-Time PCR

A pool of three total RNA, extracted from cardiac tissue of infected and treated mice per group (non-infected, vehicle-treated, and Bz and Bz+PTX), were used for the gene expression analysis of 92 immune response and 4 endogenous genes according to the Applied Biosystems protocols. Reverse transcription was performed from 2.5 µg of total RNA using SuperScript™ IV VILO™ Master Mix with ezDNase (Invitrogen, USA), according to manufacturer’s instructions. Quantitative real-time RT-qPCR was done in 96-well pre-made TaqMan™ Array Mouse Immune Response (Applied Biosystems, ThermoFisher Scientific, USA/Cat no. 4414079). Each plate contained FAM/NFQ-MGB labeled TaqMan probes specific to 92 immune response genes and 4 endogenous reference gene candidates for data normalization and relative quantification. Ten microliters of Mastermix and 2 µl sample were loaded on each well, sealed, and centrifuged at 500g for 2 min. Real-time PCR reactions were carried out on Applied Biosystems ViiA 7 Real-Time PCR (Thermo Fisher, USA) thermocycler, using the cycling conditions: 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Fluorescence was collected after each cycle, at the annealing/extension step. Raw data files were pre-processed using QuantStudio™ Real-Time PCR Software (Applied Biosystems, USA) with threshold and baseline corrections for each sample, and gene expression results were analyzed using Expression Suite v1.0.3 (Applied Biosystems, USA). Threshold was set at 0.01 for all targets. After the stability score analysis of the reference gene candidates, using the Expression Suite Software, GAPDH and HPRT targets were selected as the most-stable reference gene pair. Gene expression was estimated by the ΔΔCt method (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008), using uninfected samples as calibrators.



Network Pathway Analysis

QIAGEN’s Ingenuity® Pathway Analysis (IPA) software (build version 389077M, released 2019-08-30, content version 27821452, Qiagen, Redwood City, CA) (Inada et al., 2008; Helleman et al., 2010; Ngwa et al., 2011) was used for pathway analysis. IPA is a web-based application for data analysis in pathway context. Lists of differentially expressed genes and their respective fold change values were uploaded and used as input for the QIAGEN IPA. Genes were mapped to the IPA knowledgebase using the gene ids, and core analysis was performed to identify canonical pathways and top diseases and functions. “Ingenuity Knowledge Base (Genes + Endogenous chemicals)” was used as the reference set for “Expression analysis.” The analysis was based on “Expr fold change.” The default maximum and minimum values selected by IPA were used. Expression analyses were run with all analysis-ready molecules to identify important canonical pathways. Once a pathway is selected, IPA offers several options to view different items within the top significant pathways, such as horizontal and vertical bar charts. Top five gene networks for “Diseases and Functions” based on network score and focus molecules from the “Expression analyses” were identified. Bar graphs for activated and inhibited canonical pathways, diagrams for relevant pathways, and lists of molecules associated with the canonical pathways and diseases and functions were downloaded directly from the IPA network visualization tool.



Analysis of Individual Gene Expression by RT-qPCR

For gene expression assessment of individual mRNA targets, predesigned TaqMan® Assays were used, according to the manufacturer’s recommendations: IFN-γ (assay ID Mm00801778_m1), CD3e (assay ID Mm00599683_m1), IL-2 (assay ID Mm00434256_m1), CSF2 (assay ID Mm00438328_m1), IL-7 (assay ID Mm00434291_m1), C3 (assay ID Mm00437858_m1), CD19 (assay ID Mm00515420_m1), and Selectin (assay ID Mm00441278_m1). As reference genes, GAPDH (assay ID Mm99999915_g1) and HPRT (assay ID Mm00446968_m1) were used. Two µg of total RNA was treated with DNAse I (Sigma) following manufacturer’s recommendations, and reverse transcription was subsequently performed using Superscript IV (Invitrogen) with random primers. Real-time quantitative RT-PCR was carried out in a 10-µl reaction containing 5 µl 2× TaqMan Universal PCR Master Mix (Applied Biosystems), 0.5 µl 20× TaqMan probe, 2 µl cDNA (at the concentration of 1 ng/µl), and 2.5 µl of nuclease-free water. Real-time PCR reactions were carried out on Applied Biosystems ViiA 7 Real-Time PCR System (Thermo Fisher, USA) using the cycling conditions: 10 min at 95 °C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Fluorescence was collected after each cycle at the annealing/extension step. All samples were run in duplicate, and threshold was set at 0.02 for all targets. Results were analyzed using ExpressionSuite v1.0.3 (Applied Biosystems, USA), GAPDH and HPRT targets were selected as endogenous controls, and gene expression was estimated using the ΔΔCt method (Livak and Schmittgen, 2001; Schmittgen and Livak, 2008). Relative quantification was estimated using NI animals as calibrators, except for the cytokine IL-2, because there was no amplification for the NI group, an animal of NI+Bz group was used as a calibrator.



Statistical Analysis

Apart from the RT-qPCR TaqMan array, which was run only once using blood pooled from three mice, all experiments were performed at least in three technical replicates. The threshold cycle method was used to calculate the relative mRNA expression after global normalization. The hierarchical clustering was performed using squared Euclidean as distance measure and Ward’s method for linkage analysis and z-score normalization. For gene expression analysis by RT-qPCR, normality test was done by Shapiro-Wilk test followed by one-way ANOVA (two-tailed hypothesis test) all pairwise multiple comparison (Tukey, Bonferroni or Dunn’s test) with SigmaPlot for Windows version 12.0 (Systat Software, Inc). Results were expressed as means and standard deviations (SDs), differences were considered significant if p < 0.05 as described in each figure legend.




Results


Chronic Model of CD Following Bz and/or PTX Treatment

To determine the effect of suboptimal dose of Bz and/or PTX on the molecular pattern of immune response in experimental CD heart disease, C57BL/6 mice were intraperitoneally infected with 100 BDTs (Colombian strain), which is a highly pathogenic parasite strain. This mouse model of CCC was first established by Silverio et al. (2012) and successfully reproduced in several studies (Pereira et al., 2014a; Pereira et al., 2014b; Pereira et al., 2015a; Pereira et al., 2015b; Vilar-Pereira et al., 2016; Vilar-Pereira et al., 2021). After 120 dpi, when electrical abnormalities and heart injury were already installed, mice were treated with vehicle (saline injection/water gavage), Bz (25 mg/kg/day), PTX (20 mg/kg/day), or the combined dose of Bz and PTX (Bz+PTX) for 30 consecutive days (Figure 1A). At 150 dpi, relevant electrical abnormalities could be observed in vehicle-treated animal group that presented bradycardia (Figure 1B), arrythmias shown in altered P duration and PR interval (Figures 1C, D), and a prolonged QTc interval when compared with the non-infected (NI) mice group (Figure 1E). Parasites could also be detected by RT-qPCR in the peripheral blood of vehicle-treated group (Figure 1F) and in the heart tissue (Figure 1G). After 30 days of drug therapy, treatments with Bz, PTX, or Bz+PTX partially reversed electrical abnormalities found in the vehicle-treated group and notably, no parameter was aggravated by the three therapeutic schemes used (Figures 1B–E). Bz treatment alone was effective, partially reversing arrythmias as shown in P duration (Figure 1C) and QTc interval (Figure 1E) and controlling T. cruzi growth even in a suboptimal dose, as shown by the reduced parasite load in the blood (Figure 1F) and heart tissue (Figure 1G). However, this same outcome could not be seen for PTX therapy alone, which failed in controlling parasite load in peripheral blood (Figure 1F) and heart tissue (Figure 1G). Crucially, the combined therapy with Bz+PTX was also effective in controlling the parasite load in both blood and heart tissue (Figures 1F, G), indicating that associated PTX did not abrogate the trypanocidal effect of Bz and could potentially be used in a combined chemotherapy strategy to hamper CCC progression. The deposition of the extracellular matrix component FN in the cardiac tissue reveals fibrosis, a feature of chronic Chagas heart disease (Rassi et al., 2012). At 150 dpi, compared with non-infected controls, chronically infected C57BL/6 mice showed increased deposition of FN in the heart tissue and crucially, the overdeposition of FN reduced after therapies with Bz, PTX, and Bz+PTX (Figures 1H, I).




Figure 1 | Chronic Chagas cardiomyopathy model and treatment with suboptimal dose of benznidazole (Bz), pentoxifylline (PTX), or benznidazole and pentoxifylline (Bz + PTX). (A) Experimental design of infection and treatment. Mice were infected and treated daily from 120 to 150 dpi with vehicle, suboptimal dose of Bz (¼ dose, 25 mg/kg), PTX (20 mg/kg), a combined therapy of Bz+PTX and analyzed at 150 dpi. (B) Average heart rate (vs. non-infected: vehicle: p = 0.001; Bz: p = 0.047). (C) Average P duration (vs. non-infected: vehicle: p < 0.001; Bz: p = 0.021; vs. vehicle: Bz: p = 0.010; PTX: p < 0.001; Bz+PTX: p = 0.003). (D) Average PR interval (vs. non-infected: Vehicle: p < 0.001; Bz: p = 0.008). (E) Average QTc interval (vs. Non-infected: Vehicle: p < 0.001; Bz: p < 0.001; Bz+PTX p = 0.006; vs. vehicle: Bz: p = 0.008; PTX: p < 0.001; Bz+PTX: p < 0.001). (F) Parasitemia levels (vs. non-infected: vehicle: p < 0.05). (G) Parasite load based on qPCR detection of T. cruzi satellite DNA on mice heart tissue (vs. Non-infected: Vehicle: p < 0.05). (H) Percentage of fibronectin+ area (vs. non-infected: vehicle: p < 0.001; vs. vehicle: Bz: p < 0.001; Bz+PTX p < 0.001; Bz+PTX: p < 0.001). (I) Immunohistochemical staining of fibronectin in the cardiac tissue. Number of mice per group: non-infected = 5; Vehicle = 4; Bz = 5; PTX = 5; Bz+PTX = 5. For all graphs, significance was determined using one-way ANOVA all pairwise multiple comparison vs. non-infected (*p < 0.05, **p < 0.01, ***p < 0.001) and vs. Vehicle (#p < 0.05, ##p < 0.01, ###p < 0.001).





Overview of Immune Array Results

Our applied RT-qPCR TaqMan array workflow (Figure 2A) assessed 92 immune response genes in RNA of mouse hearts pooled from three sorted mice/group by RT-qPCR. Of 92 genes, 80 showed amplification on every group, and 12 showed no amplification in any of the groups analyzed. Genes altered by at least two-fold change were selected, revealing an intensely dysregulated immune response for the vehicle-treated group, which showed 61 altered genes (30 up and 31 downregulated; Table S1) and 19 unaltered genes (Figures 2B and S1A). Therapy with Bz showed 55 (25 up and 30 downregulated) altered and 25 unaltered immune genes (Figures 2B and S1B), whereas Bz+PTX revealed 56 (18 up and 38 downregulated) altered genes with 24 unaltered ones (Figures 2B and S1C). Overall, we found altered expression for 71 immune genes in either T. cruzi infection or drug therapies groups, and they showed high overlap, with 41 altered genes being shared in between groups (Figure 2C). Hierarchical clustering revealed that the gene expression profiles for each one of the groups clustered independently (Figure 2D), specially the non-infected and vehicle-treated groups.




Figure 2 | Overview and characterization of immune array analysis. (A) Schematic design of array workflow. Mice cardiac tissues were harvested 30 days after therapy and ½ of the heart was submitted to total RNA extraction, subsequent reverse transcription, and RT-qPCR of 92 immune-related genes (92 targets + 4 endogenous controls). (B) Number of altered genes in each group. (C) Venn diagram showing the number of altered expressed genes in each group. (D) Heatmap and hierarchical clustering. The color scale illustrates gene’s fold change after global normalization; red represents −1 to 0 and green is 0 to 1. Clustering was performed using average linkage distance measurement method: Spearman Rank correlation. #: number.





Chronic CD Cardiomyopathy Induces a Dysregulated and Persistent Immune Response

The analysis of altered genes in the vehicle-treated group of mice was performed in comparison to the non-infected controls. Genes presenting two-fold change (up- or downregulated) from T. cruzi–infected group (Figure 3A) were analyzed using Ingenuity Pathway Analysis Software (QIAGEN, USA). Meaningful interpretation of gene-expression data is facilitated by prior biological knowledge. Expression changes observed in data sets can be explained by causal networks constructed from individual relationships curated from prior knowledge (Krämer et al., 2014). The application of causal networks integrating previously observed cause–effect relationships reported in the literature have become common (Pollard et al., 2005; Kumar et al., 2010; Chindelevitch et al., 2012; Martin et al., 2012; Felciano et al., 2013). Thus, molecular pathway analysis revealed that regarding diseases and disorders pathways, most genes were associated with “inflammatory response,” followed by “organismal injury and abnormalities” (Figure 3B), which appears to be driven mainly by the T-cell growth promoter cytokine IL-2 (18.2-fold change) and the pro-inflammatory cytokines IL-12b and IFN-γ (44.3- and 126.5-fold change, respectively), the most altered cytokines in the heart tissue of vehicle-treated group (Table S1). The T-cell CC chemoattractants CCL3 and CCL5 (23.4- and 15.7-fold change, respectively) may also contribute to the “inflammatory response” activated pathway (Figure 3B). As to molecular and cellular functions, pathways related to “cellular development,” “cellular growth and proliferation,” “cell-to-cell signaling and interaction,” “cellular movement and cell death and survival” are the most activated pathways (Figure 3C). Among physiological system development and function related pathways “hematological system development and function” and “tissue development and immune cell trafficking” were the most important pathways to be activated (Figure 3D). These were possibly driven by the increased expression of CSF2 (granulocyte-macrophage colony-stimulating factor), controlling the production, differentiation, and function of granulocytes and macrophages, and thereby increasing activation of hematopoiesis. Analysis of the pathways related to the top diseases and functions revealed an activation of “Th1/Th2 pathway,” followed by “type I diabetes mellitus signaling,” “altered T and B cell signaling in rheumatoid arthritis,” and “T helper cell differentiation” (Table 1).




Figure 3 | Characterization of immune response expression profile for the chronically infected group. (A) Overall expression of the altered immune response genes found in this study. Results were expressed as Log2 (Fold Change) and genes with fold change values under -1 (fold change 0.5) and over 1 (fold change 2) were considered altered and used for further analysis on IPA software. (B) Diseases and disorders pathway analysis. (C) Molecular and Cellular Function pathway analysis. (D) Physiological System Development and Function pathway analysis. Significance interval of enrichment is shown on the right of the bars. #: number.




Table 1 | Top disease and functions gene networks on regulated immune genes for the chronically infected group identified by the IPA software.



The canonical pathways revealed a long list of significant activated pathways for the vehicle-treated group based of the expression profile of immune genes. Among the most upregulated pathways (orange-shade bars), we can highlight “Th1 pathway,” “type I diabetes mellitus signaling,” “crosstalk between dendritic and natural killer cells,” “dendritic cell maturation,” and at a lower degree, “natural killer cells signaling,” “apoptosis signaling,” and “cytotoxic T lymphocyte apoptosis of target T-cells and interferon signaling” (Figure S2). This analysis also revealed downregulated pathways (blue-shade bars) that can be represented by “T-cell exhaustion signaling pathway,” “role of pattern recognition receptors of bacteria and viruses,” and at a lower degree “IL-15 signaling” (Figure S2). To represent one of the several upregulated pathways of this study, we are highlighting the Th1 pathway, which is highly activated during T. cruzi chronic infection (Figure 4), based on a previous study (Chevillard et al., 2018). In the schematic figure, we can see that antigen presentation by dendritic cells or macrophages, by priming Th1 cells via CD40/CD40L, CD80/CD28, and MHC-IIβ/CD4 (all with increased expression in this study) induce the production of pro-inflammatory cytokine IL-12 contributing to an amplification of Th1 activation by inducing the production of IFN-γ. IFN-γ production is also induced by transcription factors T-bet, Stat1, and Stat4 in the nucleus. Notably, increased expression IFN-γ by distinct molecular mechanisms can be associated with upstream regulators found in this study.




Figure 4 | Th1 activation pathway representation. In silico analysis done using IPA software (QIAGEN, USA) showing a signaling pathway built with: IFN-γ, CD3, CD4, CD8α, CD28, CD40, CD40L, CD80, ICAM1, CXCR3, MHCIIβ, IL-12, IL-10, IL-6, IL-2, Socs1, Stat1, Stat3, Stat4, NFATϵ, NFκB, and T-bet. The molecules are highlighted with fuschia/pink outlines and filled with different shades of red or green color which indicate up and down-regulation, respectively, based on their fold change values from the infected group compared to the non-infected group. Direct line: direct activation; dashed line: indirect activation.



Finally, regarding top diseases and functions, it was observed that most molecules from this study were associated with “cell-to-cell signaling and interaction, hematological system development and function, lymphoid tissue structure and development.” Ten molecules were related to “cell death and survival, free radical scavenging, molecular transport,” “Cardiovascular disease, organismal injury and abnormalities, renal and urological disease” with seven molecules, “connective tissue disorders, inflammatory disease, inflammatory response” also with seven molecules, and “cell signaling, cell-to-cell signaling and interaction, hematological system development and function” with six relevant molecules were the other top diseases and functions (Table 1).



Bz and PTX Combined Therapy Restores Expression of Relevant Immune Genes and Regulate Cell Survival Pathways

Following the immune molecular characterization of vehicle-treated group, we focused on the assessment of genes controlled by Bz or Bz+PTX therapies aiming to dissect the most relevant signaling pathways affected by the proposed treatments. For that, we selected the genes that had their expression restored upon therapy, meaning, the genes that were altered during T. cruzi infection (fold change of 2.0 or above) but had their expression restored (fold change below 2.0) with therapy using Bz or Bz+PTX. We were able to identify 13 genes that fulfill this criterion in the Bz-treated group (Figure 5A) and 13 genes in the Bz+PTX combined therapy group (Figure 5B). When subjected to pathway analysis, the Bz therapy revealed that most altered genes were regulating pathways mainly related to “inflammatory response/disease” and “organismal injury and abnormalities” (Figure 5C). Regarding molecular and cellular functions, Bz was acting on genes involved mostly in “cell-signaling, cellular development, growth and proliferation” and “cellular movement pathways” (Figure 5E). Physiological system development and function analysis revealed regulation of “hematological system development/function,” “immune cell trafficking,” and “tissue development/morphology” (Figure 5G). Finally, among the top canonical pathways, “T helper cell differentiation,” “B cell development,” “Th1 and Th2 activation,” and “hematopoiesis from pluripotent stem cells” seems to be the most regulated pathways upon Bz therapy (Figure S3A). Conversely, the Bz+PTX combined therapy showed few different regulated pathways, as it also acts regulating “organismal injury and abnormalities” and “inflammatory response” pathways (Figure 5D), followed by “cellular movement,” “cell-to-cell signaling and interaction,” “cellular development,” and “cellular growth and proliferation” (Figure 5F). Additionally, among physiological system development and function pathways, in addition to the pathways that were already identified in the Bz therapy, the combined therapy also revealed the “organismal survival” pathway, corroborating the role of PTX in cell death signaling pathways (Figure 5H). Ultimately, in top canonical pathways, besides acting on “T helper cell differentiation” and “Th1/Th2 activation pathways,” the “crosstalk between dendritic cells and natural killer cells” and “T-cell exhaustion” appeared as new activated pathways, showing the significance of PTX therapy to reverse this phenomenon triggered by the long-lasting T. cruzi infection, mainly by antigenic long stimulation. In the schematic figure for this pathway (Figure S4), based on the immune genes regulated by Bz+PTX in the vehicle-treated group, it is suggested that the upregulation of IL-12, CD28, CD80, STAT 1/2, and STAT 4, reversed by the combined therapy, is promoting a decrease in T-cell exhaustion and stimulating a more effective T-cell response.




Figure 5 | Characterization of immune response expression profile for the Bz and Bz + PTX group. (A) Expression of immune genes increased in the infected group and with restored expression with Bz therapy or (B) Bz+PTX therapy. Relative expression was expressed as fold change (2-ΔΔCt). Genes with values under 0.5 and over 2 in the infected group and in between 0.5 and 2 in Bz or Bz+PTX therapies group were considered as restored expression and selected for further analysis on IPA software. The graphs show the activated pathways in the infected group that are regulated with therapy. (C, D) IPA analysis with top significantly associated to Disease and Disorders to the Bz or Bz+PTX groups, respectively. (E, F) IPA analysis with top significantly associated to Molecular and Cellular Functions to the Bz or Bz+PTX groups, respectively. (G, H) IPA analysis with top significantly associated to Physiological System Development and Function to the Bz or Bz+PTX groups, respectively. The significance interval of enrichment is shown on the right of the bars.





IFN-γ, CD3ε, IL-2, CSF2, and C3 Are Regulated Upon Etiological Therapy

Aiming to validate the regulation of gene expression observed using the RT-qPCR TaqMan array, we selected eight genes to explore further on individual samples, based on the importance to T. cruzi infection establishment and on restored expression upon both therapies Bz and Bz+PTX on the TaqMan array (Figure 6). Based on available literature exploring the relationship of these genes with T. cruzi chronic infection, we first selected IFN-γ, IL-2, and CD3ε to validate and strengthen the reliability in our data. The expression of IFN-γ, a key inflammatory cytokine in CD (Cunha-Neto et al., 2009), was increased (144.40 ± 55.66) in the vehicle-treated group when compared with the non-infected mice (1.13 ± 1.31). Therapy with Bz was able to ease this alteration, decreasing at least three times the expression of IFN-γ (33.99 ± 30.02) and a trend to reduction of IFN-γ expression was also detected when mice were treated with PTX (26.95 ± 30.45) and Bz+PTX (58.84 ± 41.81) (Figure 6A). IL-2, a broad pro-inflammatory cytokine studied in CD (Briceño and Mosca, 1996; Abel et al., 2001; Mengel et al., 2016), showed a significant increase upon T. cruzi infection (24.27 ± 8.76) when compared to the non-infected group (not-detected), which was partially abrogated after Bz (5.66 ± 4.28), PTX (6.90 ± 4.16), and Bz+PTX therapies (10.88 ± 8.24) (Figure 6B). CD3ε, a subunit of T-cell receptor CD3 was also investigated and showed significant increase in the vehicle-treated group (54.35 ± 19.46) compared to the non-infected group (1.02 ± 0.45), which was partially abrogated upon Bz therapy (18.50 ± 10.42), PTX (20.92 ± 19.03), and Bz+PTX (24.74 ± 17.18) therapies (Figure 6C). For these three genes, the previous results using the RT-qPCR TaqMan array in the vehicle-treated group matched the validation results using the individual assays, corroborating the strength of our analysis.




Figure 6 | Validation of selected immune response genes on individual samples. (A) IFN-γ (vs. non-infected: vehicle: p < 0.001; Bz: p < 0.001; PTX: p < 0.001; Bz+PTX: p < 0.001), (B) IL-2 (vs. non-infected: vehicle: p < 0.001; Bz: p = 0.013; PTX: p = 0.047; Bz+PTX: p = 0.005; vs. vehicle: Bz: p = 0.030), (C) CD3ε (vs. non-infected: vehicle: p < 0.001; Bz: p < 0.001; PTX: p < 0.001; Bz+PTX: p < 0.001), (D) CSF2 (vs. non-infected: vehicle: p < 0.001; Bz+PTX: p = 0.028; vs. vehicle: Bz: p = 0.027; PTX: p = 0.042), (E) IL-7 (vs. non-infected: vehicle: p < 0.001; Bz: p < 0.001; PTX: p < 0.001; Bz+PTX: p = 0.001), (F) C3 (vs. non-infected: vehicle: p < 0.001; Bz: p < 0.001; PTX: p = 0.007; Bz+PTX: p < 0.001), (G) CD19 (vs. non-infected: ns; vs. vehicle: ns), and (H) selectin (vs. non-infected: vehicle: p = 0.013; Bz: p < 0.001; PTX: p = 0.034; Bz+PTX: p = 0.001) were assessed by real-time RT-qPCR in each group of the experiment. Number of mice per group: non-infected = 3/group; vehicle = 4; Bz = 5; PTX = 3; Bz+PTX = 5. The expression is shown as mean ± SD for each group by 2-ΔΔCt relative quantification method. For all graphs, significance was determined using one-way ANOVA all pairwise multiple comparison vs. non-infected (*p < 0.05, **p < 0.01, ***p < 0.001; ns, non-significant) and vs. vehicle (#p < 0.05; ns, non-significant).



Additionally, we selected five genes that were restored upon Bz and Bz+PTX therapies to validate our findings. CSF2 showed a significant increase (9.71 ± 4.21) compared with the non-infected group (0.68 ± 0.21). Interestingly, CSF2 expression was reversed through therapy with Bz (2.57 ± 1.51), PTX (2.18 ± 1.50) and partially reversed by Bz+PTX combined therapy (4.15 ± 2.12) (Figure 6D). IL-7 expression was also increased in chronically T. cruzi–infected mice (6.15 ± 1.29) when compared with the non-infected control (1.24 ± 0.42). In this situation, therapies with Bz (4.41 ± 2.08), PTX (4.42 ± 1.67), and Bz+PTX (4.72 ± 1.684) were unable to down-regulate the expression of this cytokine (Figure 6E). The complement protein C3 showed significantly increased expression in the vehicle-treated group (8.50 ± 2.00) compared with the non-infected control group (1.06 ± 0.37). Again, treatment with Bz (5.06 ± 2.40) and Bz+PTX (5.08 ± 2.83) was unable to down-modulate or restore C3 expression, although PTX (4.01 ± 1.30) therapy decreased C3 expression (Figure 6F). CD19, a B-lymphocyte antigen, had shown decreased expression in our RT-qPCR TaqMan array profiling for the vehicle-treated group. However, it was not confirmed by the validation of individual samples, as the vehicle-treated group (0.74 ± 0.32) showed no alterations in CD19 expression compared with non-infected control (0.83 ± 0.42). Moreover, Bz (0.63 ± 0.30), PTX (0.69 ± 0.47), and Bz+PTX (1.37 ± 0.28) therapeutic strategies showed no regulation of CD19 expression (Figure 6G). Selectin, a glycoprotein from the cell adhesion molecules family (Marchini et al., 2021), had shown decreased expression in our RT-qPCR TaqMan array profiling for the vehicle-treated group compared with the non-infected group. However, in the validation of individual samples, the expression of selectin increased in the vehicle-treated group (1.53 ± 0.25), when compared with the non-infected control (0.89 ± 0.15), and therapy with Bz (2.00 ± 0.42), PTX (1.48 ± 0.16) or the combined therapy with Bz+PTX (1.70 ± 0.22) have no impact in selectin expression in the heart tissue of chronically infected mice (Figure 6H).




Discussion

Chronic Chagas cardiomyopathy is the most frequent and severe form of CD, causing high rates of morbidity in endemic and non-endemic areas (Pérez-Molina and Molina, 2018). There is a considerable amount of evidence supporting that dysregulation of the immune response in the chronic phase of infection improves risk of complications in CD (Perez-Fuentes, 2003; Guedes et al., 2016) is associated with the onset and severity of CCC (Cunha-Neto et al., 2005; Cunha-Neto et al., 2009; Cunha-Neto and Chevillard, 2014) and parallels with cardiac abnormalities related to a poor prognosis (Lazzerini et al., 2015; Chevillard et al., 2018). Although efforts have been made to understand the signaling pathways and molecular mechanisms underpinning CCC onset and progression to more severe stages (Mukherjee et al., 2003; Cunha-Neto et al., 2005; Soares et al., 2010; Ferreira et al., 2017), to date, there is no study showing the main immunological signaling pathways regulated by the trypanocidal drug Bz or other associated treatment. Our well-established experimental murine model reflects pivotal alterations found in human CCC (Brito and Ribeiro, 2018; Nunes et al., 2018), such as bradycardia, arrythmias, and prolonged PR and QTc intervals. Furthermore, the prolonged QTc interval, which reflects the duration of the conduction action potential in the ventricles (depolarization and repolarization), has been described as a mortality risk predictor in CCD patients (Salles et al., 2003). More recently, the prolonged QTc has been associated with a pro-inflammatory-enriched cardiac inflammatory process in several heart illnesses, supporting the proposal of a prolonged QTc syndrome (Lazzerini et al., 2015). Crucially, both prolonged PR and QTc intervals are reproduced in our experimental model of infection of C57BL/6 mice with the Colombian strain and, as predicted, associated with the presence of pro-inflammatory cytokines and chemokines in the heart tissue (Gibaldi et al., 2020).

Our data showed that suboptimal dose of Bz decreased parasitemia and heart parasite load, corroborating previous findings (Vilar-Pereira et al., 2016). Indeed, compared with the therapeutic dose (100 mg/kg/day), lower doses of Bz are able to control parasite burden in vivo and in vitro (Cevey et al., 2016), raising the question that the Bz dosing regimen currently used should be revised and optimized (Almeida et al., 2019; DNDi, 2019; Molina-Morant et al., 2020a; Torrico et al., 2021). Although Bz therapy has controversial data as a therapeutic approach to hamper progression of Chagas heart disease when used in chronically infected patients (Machado-de-Assis et al., 2013; Morillo et al., 2015; Rassi et al., 2017; Nunes et al., 2018), our data support that therapy with the suboptimal Bz dose, which was able to partially reverse pivotal electrical abnormalities (bradycardia, P duration, QTc). Therapy with PTX showed no effect on T. cruzi replication, but, crucially, did not interfere with the role played by the immune system in parasite control, reinforcing previous studies (Pereira et al., 2015b; Vilar-Pereira et al., 2016). Furthermore, PTX and Bz+PTX therapies also improved electrical abnormalities as previously shown (Vilar-Pereira et al., 2016), and the addition of PTX to Bz chemotherapy did not interfere with the beneficial effects of Bz controlling parasite load. Crucially, Bz, PTX, and the Bz+PTX combined therapy reduced cardiac fibrosis, which was reproduced in Bz-treated mice in previous studies (Andrade et al., 1991), showing that etiological treatment was effective in regressing inflammatory lesions, including FN deposition, and here, we showed that this is possible using an suboptimal dose of Bz. Altogether, these data support that CCC pathogenesis is complex with contribution of parasite persistence and endogenous host factors, yet to be clarified. Moreover, our findings support a complementary effect of these drugs on the treatment of CCC, opening opportunities to unveil molecular mechanisms and signaling pathways underpinning Chagas heart disease.

Transcriptome profiling have been performed in heart samples of patients (Cunha-Neto et al., 2005; Deng et al., 2013) and mice (Mukherjee et al., 2003; Soares et al., 2010) with CCC, and proteomic studies have been done using collected samples obtained by in vivo or in vitro experimental studies (Hennig et al., 2019; Nisimura et al., 2020; Wozniak et al., 2020). However, these studies focused on the global expression profiling of the affected heart, and specific immune response gene profiling, specially upon therapy, has not been done to date. Thus, we analyzed the expression of a panel of 92 immune response genes in the heart tissue of chronically infected mice, aiming to identify players of the immune response associated with CCC, exploring the effects of therapeutic strategies in this scenario. Taken together, our immune response gene assessment has revealed that chronic infection caused by experimental T. cruzi infection was able to induce a vast change in the immune molecular profile in the affected cardiac tissue. These findings corroborate an intense systemic immune dysregulation shown in several other studies (Machado et al., 2000; Perez-Fuentes, 2003; Pérez et al., 2011; Ferreira et al., 2017; Wozniak et al., 2020), where researchers have found cytokine and chemokine activity to be one of the main altered pathways in the chronic Chagas heart (Soares et al., 2010; Wozniak et al., 2020). Increased IFN-γ expression during CCC was already validated by several studies (Talvani et al., 2000; Abel et al., 2001; Medeiros et al., 2009; Junqueira et al., 2010; Cunha-Neto and Chevillard, 2014; Natale et al., 2018), and functionally, IFN-γ has long been shown to play a pivotal role in parasite replication control and establishment of a Th1-driven immune response (Abrahamsohn and Coffman, 1996; Gomes et al., 2003). In T. cruzi infection, treatment of IL-10–deficient mice with anti–IL-12 monoclonal antibody increased parasitemia, showing that IL-12, together with IFN-γ and TNF produced by innate immune cells, plays a pivotal role in controlling the parasitemia in early stages of infection (Abrahamsohn and Coffman, 1996). More recently, high levels of IL-12 have been found in the sera of cardiopathic CD patients (Poveda et al., 2014), and it is known to enhance T. cruzi antigen-specific stimulation of peripheral blood mononuclear cells, helping to establish a more oriented and specific immune response, also stimulating IFN-γ and IL-2 production (de Barros-Mazon et al., 1997; Meyer Zum Büschenfelde et al., 1997). Levels of IL-2 were previously found increased in the experimental acute CD (Mateus et al., 2019) and serum of cardiopathic CD patients (Poveda et al., 2014), corroborating our finding for the vehicle-treated group. Moreover, granzyme B (GZMB), secreted by NK cells and cytotoxic T-cells, is a well-known T-cell mechanism in killing intracellular parasites through granulysin, perforin, and granzyme production (Dotiwala et al., 2016). Interestingly, granzyme A+ CD8+ T lymphocytes were detected in cardiac lesions CD patients (Reis et al., 1993), and patients with advanced CCC show higher proportion of CD8+ cytotoxic T cells producing granzyme B and perforin than patients in early stages of the heart disease (Lasso et al., 2015), suggesting a dysfunctionality in T lymphocyte response as disease progresses (Mateus et al., 2019). Indeed, previous study has shown accumulation of perforin+ CD8+ T cells in the heart tissue associated with progression of cardiomyocyte lesion (Silverio et al., 2012) in the experimental model we used, raising the possibility that the increased cytotoxic activity may involve GZMB activity.

There are no previous studies showing augmented expression for CD3ϵ chain in CD, a chain of the CD3/T-cell receptor complex (TCR) responsible for antigen recognition and T-cell activation, although previous study expression profiling of hearts obtained of transplanted CCC patients found TCR upregulation (Cunha-Neto et al., 2005). These data suggest that the strong Th1-type response we found in the heart tissue of chronically infected mice could be due to CD3/TCR+ antigen-specific Th cells response, the most important source of cytokine production found in CCC (Abrahamsohn and Coffman, 1996; Gomes et al., 2003). In the myocardium of CCC patients, increased expression of CCR4 and CCL5 was detected using immunofluorescence (Bilate and Cunha-Neto, 2008), and CCR4 and CXCR3 by RT-qPCR (Cunha-Neto and Chevillard, 2014), corroborating our findings. Further, as expected by the cell populations and the Th1-enriched cytokines found in the heart tissue, the CC and CXC ligands and receptors gene expression have previously been detected in acute and chronically T. cruzi–infected mice (Talvani et al., 2000). Moreover, CCR-mediated cell migration has been shown to be crucial for acute and chronic experimental Chagas cardiomyopathy, as CCL5/CCR5- and CCL3-driven cell migration has been found crucial for inflammatory Th1-cell invasion of tissue, cardiac injury, and electrical abnormalities, such as prolonged QTc (Batista et al., 2018; Gibaldi et al., 2020).

Altogether, the upregulation found for these genes in the present study might substantiate the main controlled pathways found for the vehicle-treated group, such as “inflammatory response,” “organismal injury and abnormalities,” “connective tissue disorders,” “cellular development,” “cellular growth and proliferation,” “tissue development,” and “immune cell trafficking” associated with the upregulation of several Th1-driven response molecules, and the lack of regulatory pathways to oppose this strong pro-inflammatory response thereof culminating in tissue remodeling causing the establishment of CCC as extensively shown in previous studies, (Cunha-Neto et al., 2005; Bilate and Cunha-Neto, 2008; Cunha-Neto and Chevillard, 2014), strengthening the molecular findings for our murine CCC model. The proposed molecular signaling pathway, based on our findings, suggests a self-sustaining Th1 immune response marked by the continuous production of the pro-inflammatory cytokine IFN-γ. Despite the limitations on the number of RT-qPCR TaqMan array replicates, our findings here are very well supported by the data in the literature, corroborating an ongoing Th1-driven immune response when the CCC is already installed. These findings are in accordance with previous studies comparing relevant cardiopathy-related microRNAs in CCC and dilated cardiomyopathy where they also found some of these same activated pathways, such as “cardiovascular disease, connective tissue disorders, dermatological diseases” (Ferreira et al., 2014), corroborating a global dysregulation of the immune response caused by T. cruzi infection.

Benznidazole treatment regimen for chronic CD has been center of debate in the past few years, as it is associated with numerous adverse effects being an obstacle for patient compliance in endemic areas (Ciapponi et al., 2020). Thus, some clinical trials have been performed or are underway, aiming to reduce Bz dosing or dosing frequency and proposing new treatment protocols, such as MULTIBENZ (Molina-Morant et al., 2020b), BENDITA (Torrico et al., 2021), and TESEO (Almeida et al., 2019). Here, we used a suboptimal dose of Bz (¼ of the usual dose) and our analysis revealed that mice under Bz therapy were able to control the expression of several pivotal genes of immune response. Immunological properties of Bz have been described in other studies (Michailowsky et al., 1998; Sathler-Avelar et al., 2006; Laucella et al., 2009; Ronco et al., 2011; Albareda and Laucella, 2015; Cevey et al., 2016; Vilar-Pereira et al., 2016; Lambertucci et al., 2017); however, in the treatment of CD, specially CCC, the observation of an antiparasitic agent also as an immunomodulatory agent was not yet explored. By killing the parasite subsequently reducing parasite load, the availability of antigen to maintain the T. cruzi-specific effector T cells also diminishes, therefore, causing a rearrangement in Th1-driven immunological response contributing to a more regulatory milieu in humans (Albareda and Laucella, 2015). Previous studies aimed to explore the suboptimal dose of Bz alone or in combination with other drugs (Strauss et al., 2013; Khare et al., 2015; Francisco et al., 2016; Hernández et al., 2021; Martins and Sampaio, 2021), and it has been shown that it is effective in decreasing parasite load, attenuating inflammation in the cardiac tissue, and reducing pro-inflammatory cytokines in T. cruzi-infected mice and cultured cardiomyocytes (Cevey et al., 2016). Apart from all the modulated immune genes following Bz treatment, another notable finding was the increase in the production of IL-10 by two-fold compared with the vehicle-treated group. Increase in IL-10 production following Bz therapy was previously documented, as CD4+ T-cells compartment showed high IL-10 levels in infected children 1 year following Bz treatment (Sathler-Avelar et al., 2008). Furthermore, peripheral blood monocytes obtained from cardiopathic CD patients 1 year after treatment showed an ability to produce regulatory cytokines, such as IL-10, suggesting a shift in immune response balance from a traditional pro-inflammatory response toward a more beneficial and regulatory microenvironment (Campi-Azevedo et al., 2015).

The suboptimal dose of Bz was able to decrease the upregulated IFN-γ, IL-2, CD3ε, and CSF in our validation on individual samples corroborating the findings from the RT-qPCR TaqMan array, which are powerful pro-inflammatory mediators and pivotal contributors for disease progression and CCC onset (Bahia-Oliveira et al., 1998; Cunha-Neto and Chevillard, 2014). Decrease in IFN-γ production has been demonstrated in other studies, in early treatment of T. cruzi–infected children, Bz was able to decrease circulating levels of IFN-γ 6 months after therapy discontinuation (Cutrullis et al., 2011), also declining in peripheral IFN-γ-producing T-cells after 12 months, falling below detection levels 36 months after treatment discontinuation of CD patients (Laucella et al., 2009). There is no evidence regarding decrease in IL-2 production after Bz therapy, making this finding unprecedented in our study. In previous studies, Bz treatment did not alter the reported detection of IL-2–producing T-cells responsive to T. cruzi in CD patients (Laucella et al., 2009). The expression of CD3 has also not been widely studied in Bz therapy, but it can mean a broad downregulation on activation of cytotoxic T-cells (CD8+ naive T-cells) and T helper cells (CD4+ naive T-cells) reinforcing that upon elimination of the etiologic agent, i.e., T. cruzi, there are less antigens available to trigger immune response (Cunha-Neto and Chevillard, 2014). Furthermore, another main gene that showed regulation upon Bz therapy was CSF2, and studies have not explored yet the production of CSF2 after Bz treatment, but CSF1 when used as a therapy for CCC in mice, induced a mixed Treg/Th1/Th2 immune response that contributed to a persistent cardiac inflammation (González et al., 2013), implying that the role of CSF2 deserves to be further investigated. Crucially, it is important to highlight that even though the Bz therapy was able to regulate the expression of relevant genes, approximately 50 immune-related genes remained dysregulated, corroborating that CD has a strong underlying immune component even in the chronic phase, supporting the lack of efficiency of Bz treatment in some clinical trials carried out in the chronic phase as the BENEFIT trial (Morillo et al., 2015) that did not showed reduction in cardiac clinical deterioration through 5 years of follow-up. Thus, this result supports the need of an associated treatment that could potentially ameliorate the CCC’s cardiac impairment, improving patient’s quality of life.

On the other hand, combined Bz+PTX therapy was also able to modulate relevant genes, and this therapeutic strategy revealed two additional controlled pathways related to “cell death and survival” and “organismal survival” mostly related to the regulation of the PRF1 gene. In addition to PTX traditional mechanism of action on increasing blood flow improving its rheological properties, PTX also has anti-inflammatory and antioxidant effects (Pereira et al., 2015b; McCarty et al., 2016; Vilar-Pereira et al., 2016). PTX can inhibit a wide range of cytotoxic responses, either in a directly, decreasing expression of perforin/granzymes, or indirectly manner, acting on cytokine production dynamics, which helps to explain the results we have here (Shaw et al., 2009). Indeed, PTX-treated chronically infected mice has reduced numbers of perforin+ cells infiltrating the heart tissue (Pereira et al., 2015b). PTX therapy has shown attenuation of cell surface expression of IL-2 receptor in human lymphocytes (Rao et al., 1991), but its effect on IL-2 cytokine expression has not been shown to date, especially in CD. Furthermore, PTX also contributed to downregulation of GM-CSF, TNF, and IFN-γ in CD8+ HIV-specific cytotoxic T lymphocytes (Heinkelein et al., 1995). C3, a key protein in the complement system, had allotypes related to the susceptibility to CD and the development of cardiomyopathy (Messias-Reason et al., 2003), suggesting that PTX might act in the complement signaling pathway and reversion of C3 expression might slow down CCC progression, a matter to be further investigated. Chronic CD patients display deterioration of T-cell function, exhaustion caused by low production of cytokines, and augmented expression/co-expression of inhibitory receptors, such as programmed cell death-1 (PD-1), CTLA-4/CD152, T-cell Ig mucin-3 (TIM-3), CD160, and CD244 (2B4) (Lasso et al., 2015). Our group has evaluated the immunomodulatory properties of PTX in the progression of CCC in mice, showing a repositioned CD8+ T-cell response toward homeostasis, which corroborates our finding of Bz+PTX acting on the T-cell exhaustion pathway (Pereira et al., 2015b; Vilar-Pereira et al., 2016).

Among the study main limitations, we include the lack of the echocardiogram exam, as was done in previous studies using the same model (Pereira et al., 2014a; Pereira et al., 2015b), for evaluation of cardiac cavities and LVEF (Gibaldi et al., 2020). CK-MB levels for characterization of cardiac damage was also not evaluated; however, the establishment of the cardiomyopathy was very well characterized through electrocardiogram, parasite load, and fibronectin assessment. There is also the limitation of only one replicate per TaqMan array, done with a pool of total RNA of three different mice from each experimental group. The TaqMan array was used as a global assessment of the immune response genes to orientate the selection of genes for further validation in individual samples under therapy, which was done to validate further selected genes of interest.

Overall, it is important to highlight that therapy with suboptimal dose of Bz brings back the discussion of dose optimization and, moreover, showed exceptional immunomodulatory properties of Bz in the cardiac tissue. Thus, this result reinforces the need of etiological therapy to promote T. cruzi control, and consequently decrease the availability of antigens, contributing to repositioning of the immune response. Although Bz therapy had impacted, only the combined Bz+PTX therapy ameliorated all analyzed electrical abnormalities, hampering the progression of CCC. In summary, our findings reinforce that parasite persistence and dysregulated immune response underpin CCC severity, and therefore, Bz and Bz+PTX emerge as rational tools to interfere in these targets, aiming to improve CCC prognosis in chronic CD.
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We performed a detailed analysis of immunophenotypic features of circulating leukocytes and spleen cells from cynomolgus macaques that had been naturally infected with Trypanosoma cruzi, identifying their unique and shared characteristics in relation to cardiac histopathological lesion status. T. cruzi-infected macaques were categorized into three groups: asymptomatic [CCC(-)], with mild chronic chagasic cardiopathy [CCC(+)], or with moderate chronic chagasic cardiopathy [CCC(++)]. Our findings demonstrated significant differences in innate and adaptive immunity cells of the peripheral blood and spleen compartments, by comparison with non-infected controls. CCC(+) and CCC(++) hosts exhibited decreased frequencies of monocytes, NK and NKT-cell subsets in both compartments, and increased frequencies of activated CD8+ T-cells and GranA+/GranB+ cells. While a balanced cytokine profile (TNF/IL-10) was observed in peripheral blood of CCC(-) macaques, a predominant pro-inflammatory profile (increased levels of TNF and IFN/IL-10) was observed in both CCC(+) and CCC(++) subgroups. Our data demonstrated that cardiac histopathological features of T. cruzi-infected cynomolgus macaques are associated with perturbations of the immune system similarly to those observed in chagasic humans. These results provide further support for the validity of the cynomolgus macaque model for pre-clinical research on Chagas disease, and provide insights pertaining to the underlying immunological mechanisms involved in the progression of cardiac Chagas disease.
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Introduction

Chagas disease is caused by the flagellate protozoan T. cruzi, and affects approximately 6-7 million people worldwide (World Health Organization, 2020). The disease typically has a short acute phase, which may or may not proceed to a long-lasting chronic disease. Most individuals with chronic Chagas disease remain asymptomatic, but 20 to 40% of patients develop clinical illness with digestive or cardiac pathologies (Prata, 1990; Dias, 1995; Rassi et al., 2010). The prognosis of patients who have cardiac disease caused by T. cruzi infection is worse than that of patients whose cardiac disease has other etiologies, and frequently leads to death from sudden cardiac arrest (Bocchi et al., 2017; Bonney et al., 2019).

Several ethiopathogenic bases have been proposed for the cardiac damage caused by Chagas disease, including direct parasite-induced damage, neurogenic events, microvascular circulation disorders and inflammatory/autoimmune tissue injury (Higuchi et al., 2003; Bocchi et al., 2017). Some studies have shown that parasite genotype and host genetic background may be associated with distinct clinical manifestations of Chagas disease (Macedo and Pena, 1998; Macedo et al., 2004).

Chronic Chagas cardiomyopathy (CCC) may involve a complex variety of immunological events leading to distinct histopathological features (Reis et al., 1993; Higuchi et al., 2003; Fonseca et al., 2007). Many specific cell populations and cytokines involved in the immunopathological mechanisms underlying cardiac Chagas disease have been identified (Reis et al., 1993; Higuchi et al., 2003; Fonseca et al., 2007; Costa et al., 2009; Cunha-Neto and Chevillard, 2014; Ferreira et al., 2014; Roffe et al., 2019). Despite the many well-described immunological factors involved in CCC, their hypothetical interactions that might lead to different cardiac pathologies are still not well understood. Additional characterization of the immunological events that take place in distinct compartments where immunity cells congregate may contribute to a better understanding of the interactions involved in the multifactorial nature of myocarditis caused by Chagas disease. In this regard, analysis of distinct immunological compartments in experimental models that exhibit histopathological and immunological characteristics likewise those observed in human Chagas disease may provide novel insights.

Here, we present a comprehensive assessment of several phenotypic and functional immune characteristics in peripheral blood leukocytes and spleen cells from cynomolgus macaques that had become naturally infected with T. cruzi, aiming to determine their unique and shared characteristics in relation to cardiac histopathological disease status. Our findings demonstrated significant alterations in innate and adaptive immunity cells of peripheral blood and spleen compartments of T. cruzi-infected macaques by comparison with non-infected animals. The results provide further confirmation of the similarities between cynomolgus macaques naturally infected with T. cruzi and humans with Chagas disease. Our detailed assessment of immunological events associated with distinct patterns of chagasic cardiac disease provides a basis for further pre-clinical research with non-human primate models, as well as for clinical research with human subjects.



Material and Methods


Study Population and Ethics Statement

Twenty-six cynomolgus macaques were enrolled in this cross-sectional investigation. The diagnosis of natural T. cruzi infection was performed by serological tests, including anti-T. cruzi antibody detection by enzyme-linked immunoassay (ELISA) and immuno-chromatographic assay. All animals were infected with TcI genotype, identified by molecular characterization of T. cruzi isolated from peripheral blood samples as previously described (Vitelli-Avelar et al., 2017). The group of naturally infected macaques (CH for “Chagas”, n=15) comprised 3 males and 12 females with median body weight of 3.5kg and median age of 12 years. All CH macaques were in the chronic phase of disease determined by the absence of patent parasitemia and further supported by histopathological analysis performed during necropsies. Based on cardiac histopathologic features, the CH macaques were divided into three subgroups: asymptomatic [CCC(-), n=5], mild chronic chagasic cardiopathy [CCC(+), n=4] and moderate chronic chagasic cardiopathy [CCC(++), n=6]. Although the duration of time that each animal was infected with the parasite is not known, most of these animals were young to middle-aged adults. A 12-year-old macaque is approximately equivalent in age to a 36-year-old human. Therefore, the absence of severe chagasic cardiopathy among the 15 infected macaques may be a consequence of insufficient duration of infection to have resulted in severe cardiac pathology. These macaques were group-housed and highly active in their social environment, it is likely that animals with severe cardiac pathologies died spontaneously from acute cardiac episodes or were culled as a consequence of poor health status. The non-infected controls (NI, n=11), which included 2 males and 9 females with a median body weight of 4.9kg and a median age of 13 years, displayed negative results in both serological tests.

This study was approved by the Texas Biomedical Research Institute Animal Care and Use Committee (#1050MF), and was conducted in accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the U.S. Animal Welfare Act. Animal care was provided according to the Guide for the Care and Use of Laboratory Animals. The animals received commercial chow and water ad libitum, supplemented with fruits and vegetables.



Biological Samples

Ten mL of heparinized blood was drawn from the femoral vein after general anesthesia by intra-muscular injection of ketamine hydrochloride (10mg/kg) and valium (5mg/kg), and inhalation of isofluorane (1.5%). The blood samples were used for ex vivo immunophenotypic and functional analysis by flow cytometry.

Spleen specimens were collected from each animal during necropsy, and splenocytes were isolated for ex vivo immunophenotypic analysis by flow cytometry. The specimens were immersed in cold RPMI‐1640 in a Petri dish placed on ice. The spleen fragments were processed according to Teixeira-Carvalho et al. (2002). Heart specimens also were collected during necropsy for histopathologic analysis.



Ex Vivo Immunophenotypic Analysis of Peripheral Blood and Spleen Cells by Flow Cytometry

Immunophenotypic analysis of leukocytes and spleen cells was carried out as follows: aliquots of heparinized whole peripheral blood (100μL) or splenocyte suspensions (5x105 cells in 50μL) were incubated with mixtures of undiluted fluorescent labeled monoclonal antibodies (5μL) for 30 min at room temperature, in the dark. Mouse monoclonal antibodies, specific for human cell surface markers and with cross-reactivity to the same non-human primate markers, were used in this study: FITC α-CD4, α-CD14, α-CD16, α-CD32, α-CD64, α-GranA, α-GranB and α-Perforin; PE α-CD4, α -CD14, α-CD54, α-CD56, α-CCR5, α-CD25 and α-CD69; PerCP-Cy5.5 α-CD4, α-CD8 and α-HLA-DR; APC α-CD8, α-CD16 and α-CD20; Alexa fluor 700 α-CD3. After incubation, erythrocytes were lysed by adding 2mL of Lysing Solution, followed by incubation for 10 min at room temperature, in the dark. The stained leukocyte and splenocyte suspensions were washed twice with phosphate-buffered saline (PBS) supplemented with 0.01% sodium azide. Cells were then fixed with 200μL of Fixing Solution (10g/L of paraformaldehyde, 10.2g/L of sodium cacodylate, 6.65 g/L of sodium-chloride, pH 7.2) and stored at 4°C.

Intracellular staining was performed to quantify GranA+, GranB+ and Perf+ within CD16+ and CD8+ cells. Aliquots of blood (100μL) or splenocyte suspensions (5x105 cells in 50μL) were first incubated with 5μL of anti-CD16 or anti-CD8, for 30 min at room temperature, in the dark. Following erythrocyte lysis and pre-fixation with Lysing Solution, the remaining cells were permeabilized with 2mL of Perm-Buffer (PBS supplemented with 0.5% bovine serum albumin, 0.5% saponin, 0.01% sodium azide), for 10 min at room temperature, in the dark. Fixed/permeabilized cells were then incubated with 5μL of anti-GranA, anti-GranB or anti-Perf for 30 min at room temperature, in the dark. Stained cells were washed once with Perm-Buffer and then with Buffer (PBS supplemented with 0.5% bovine serum albumin, 0.01% sodium azide) and fixed in 200μL of Fixing Solution and stored at 4°C.

A total of 30,000 events were acquired per sample using a CyAn-ADP Flow Cytometer. Summit software 4.3.01 was used for data acquisition and analysis. The FlowJo software 9.4.1 was used for data analysis. Distinct gating strategies were employed to select specific cell populations. Monocytes were first gated as CD14High+ cells with subsequent analysis of CD32 and CD64 expression. After lymphocyte gating, combined gating strategies were used to analyze NK (CD3-CD16+), NKT (CD3+CD16+), T (CD3+, CD4+, CD8+) and B-cells (CD20+) for subsequent analysis of complementary immunophenotypic features. The results were expressed as percentage (%) or mean fluorescence intensity (MFI) within specific whole blood or spleen cell subsets. Representative flow cytometric gating strategies employed for phenotypic analysis are provided in the Supplementary Figure 1.



Ex Vivo Functional Analysis of Peripheral Blood Cells by Flow Cytometry

The ex vivo functional analysis of peripheral blood leukocytes was performed as described previously by Vitelli-Avelar et al. (2008). Briefly, 500μL aliquots of heparinized whole blood samples were diluted 1:1 with 500μL of RPMI-1640 plus Brefeldin-A at a final concentration of 10μg/mL and incubated in triplicate for 4 hours at 37°C, in a 5% CO2 humidified atmosphere. Following incubation, cells were treated with 100μL of 200mM EDTA, and then incubated at room temperature for 10 min. The triplicates were pooled prior to immunostaining for intracytoplasmic cytokine analysis by flow cytometry. The immunostaining procedure was carried out as described previously by Vitelli-Avelar et al. (2008). Briefly, cells were washed once and re-suspended in Buffer, and 100μL aliquots were transferred to 5mL polystyrene tubes containing 5µL of FITC or TC monoclonal antibodies (α-CD14, α-HLA-DR, α-CD16, α-CD3, α-CD4, α-CD8 or α-CD20). Following incubation in the dark for 30 min at room temperature, erythrocytes were lysed with 2mL of Lysing Solution, and the remaining cells were fixed in Fixing Solution for 10 min at room temperature, in the dark. The membrane-stained fixed cells were permeabilized with Perm-Buffer for 30 min at room temperature, in the dark. Fixed/Permeabilized cells were then incubated with 5μL of PE-labeled monoclonal antibodies (α-TNF, α-IFN-γ and α-IL-10) for 30 min at room temperature, in the dark. Stained cells were washed once with Perm-Buffer and then with Buffer prior to fixation with 200μL of Fixing Solution. Cells were stored at 4°C.

A total of 30,000 events were acquired per sample using a CyAn-ADP Flow Cytometer. Summit software 4.3.01 was used for data acquisition and analysis. Monocytes were gated as CD14High+ cells followed by CD16+/HLADR++ events, with subsequent analysis of cytokine+ cells (TNF+ and IL-10+). Combined gating strategies were used to analyze NK, T and B-cells. After gating, CD16+, CD3+, CD4+, CD8+ or CD20+ were gated for subsequent analysis of cytokine+ cells. The results were expressed as per-mille (‰) of cytokine+ cells within specific cell subsets. Representative flow cytometric gating strategies employed for functional analysis are provided in the Supplementary Figure 1.



Heart Histopathological Analysis

The heart specimens used for histopathological analysis were fixed in 10% neutral buffered formalin, dehydrated in alcohol, cleared in xylene and embedded in paraffin blocks. Sections of 5µm thickness were cut and stained with hematoxylin and eosin.

Histopathological analysis was carried out by (MAXP), using conventional optical microscopy. The histopathological findings were categorized in relation to the distribution and intensity of inflammatory infiltrates. The Distribution of Inflammatory Infiltrate (DII) was classified as absent/focal (0) or multifocal/diffuse (1), and the Intensity of Inflammatory Infiltrate (III) was classified as basal (0) or elevated (1). Based on the histopathological results, the T. cruzi-infected macaques were categorized into three subgroups, referred as: asymptomatic [CCC(-), n=5; DII(0) and III(0)], mild chronic chagasic cardiopathy [CCC(+), n=4; DII(1) and III(0)] and moderate chronic chagasic cardiopathy [CCC(++), n=6; DII(1) and III(1)].



Data Analysis

Descriptive statistical analyses were performed for multiple comparisons among groups using the Kruskal-Wallis test followed by Dunn’s post-test for sequential pairwise comparisons. GraphPad Prism Software 6.0 was used for descriptive statistical analysis. In all cases, significant differences were considered at p<0.05.

Additionally, analysis of phenotypic signatures of peripheral blood leukocytes and splenocytes, as well as the cytokine signatures of peripheral blood leukocytes, were carried out by first converting the ex vivo immunophenotypic results from continuous variables into categorical data. The global median values of each cell phenotype were calculated from the values of all 26 macaques. Phenotypic signatures of the innate immunity biomarkers and the adaptive immunity biomarkers in the NI group were developed by creating bar graphs showing, for each biomarker, the proportion of animals with values higher than the global median, arranged with the biomarkers in ascending order of those values (see Figures 1 and 2, graphs labeled NI). Bar graphs for the biomarkers of the three infected groups were developed with the biomarkers arranged in the same orientation as for the NI group, and statistical analyses were conducted to identify significant differences between the NI group and each of the other groups. Radar charts were used to compile the cytokine signatures of peripheral blood leukocytes of T. cruzi-infected cynomolgus macaques and NI controls. The biomarkers with frequencies significantly above the global 50th percentile were highlighted for each group for comparative analysis. Venn diagram analysis were performed to identify sets of common and unique biomarkers for comparisons of CCC(–) vs CCC(+) vs CCC(++) vs NI, using online software, available at http://bioinformatics.psb.ugent.be/webtools/Venn/.




Figure 1 | Ex-vivo phenotypic signatures of peripheral blood leukocytes from T. cruzi-infected cynomolgus macaques classified according to histopathological features of chronic chagasic cardiopathy. The phenotypic signatures were constructed based on the proportion of subjects in each cell subpopulation with biomarker levels above the global median cut-off, calculated from data from the entire study population. Ascendant curves were assembled from non-infected controls (NI) to draw the reference curves for innate and adaptive immunity cells, used for comparative analysis of results from T. cruzi-infected cynomolgus macaques. Data are displayed by bar charts (NI =  ) and continuous ascendant lines (NI = ○). The T. cruzi-infected macaques were classified according to histopathological features of cardiac biopsies and referred to as CCC(–) for absence of chronic chagasic cardiopathy (); CCC(+) for mild chronic chagasic cardiopathy () and CCC(++) for moderate chronic chagasic cardiopathy (). Comparative analyses between T. cruzi-infected subgroups and non-infected controls were carried out considering the ascendant biomarker signature of non-infected controls as the reference curve. The differences between groups were considered for biomarkers with proportions confined to distinct 50th percentiles as compared to the reference curve. The biomarkers with lower frequencies in T. cruzi-infected macaques were underscored by # and bold underline format. Those biomarkers with higher frequencies in T. cruzi-infected macaques were highlighted by *, bold underline format and color background.






Figure 2 | Ex-vivo phenotypic signatures of splenocytes from T. cruzi-infected cynomolgus macaques classified according to histopathological features of chronic chagasic cardiopathy. See legend to Figure 1 for details.



Graphical arts were performed using Microsoft Excel and GraphPad Prism Softwares.




Results


Analyses of Peripheral Blood Leukocytes From T. cruzi-Infected Cynomolgus Macaques Classified According to Histopathological Features of Chronic Chagasic Cardiopathy

Detailed flow cytometric results expressed as percentage or mean fluorescence intensity (MFI), along with descriptive statistical analysis for the phenotypic features of peripheral blood leukocytes from T. cruzi-infected macaques, by comparison with non-infected controls, are presented in Table 1. Data analysis demonstrated significant differences in phenotypic features of innate (NK and NKT-cell subsets) and adaptive immunity (CD4+ and CD8+ T-cells) of T. cruzi-infected cynomolgus macaques as compared to non-infected controls. Of note, higher levels of GranA+ NK-cells and CD8+ T-cells were observed in hosts with mild/CCC(+) or moderate/CCC(++) chronic chagasic cardiopathy ad compared to asymptomatic/CCC(-) hosts (Table 1).


Table 1 | Phenotypic features of peripheral blood and spleen leukocytes from T. cruzi-infected cynomolgus macaques.



The phenotypic profiles of innate and adaptive immunity cells in peripheral blood from T. cruzi-infected cynomolgus macaques and non-infected controls were further analyzed as biomarker signatures according to Luiza-Silva et al. (2011) and data are presented in Figure 1. For this purpose, the original flow cytometric measurements expressed in percentage or mean fluorescence intensity (MFI) were converted into categorical data and the results expressed as proportion of cynomolgus macaques with biomarker levels above the global median cut-off as described in Methods. The results are presented in Figure 1. Comparative analyses were carried out to identify in infected groups those biomarkers with significantly increased (*) or decreased (#) proportion, in relation to the proportions observed in non-infected controls (NI).

The results revealed lower proportion of several innate immunity cell phenotypes in peripheral blood of T. cruzi-infected macaques, by comparison with non-infected controls. However, higher frequency of monocytes (CD14+CD32+), NK-cells (CD16+CD54+) and NKT-cell subsets (CD3+CD16+CD56+; CD3+CD16-CD56+) were observed in asymptomatic/CCC(-) hosts; and higher frequencies of CD16+GranA+ cells were observed in hosts with mild/CCC(+) or moderate/CCC(++) chronic chagasic cardiopathy. In addition, a higher frequency of CD14+CD32+ cells was observed in hosts with moderate/CCC(++) chronic chagasic cardiomyopathy (Figure 1).

The analyses of the adaptive immunity in the peripheral blood also revealed significant reductions in frequencies of some cell phenotypes in T. cruzi-infected macaques as compared to controls, particularly in those hosts with moderate/CCC(++) chronic chagasic cardiopathy. Conversely, increased frequencies of some T-cell subsets (CD3+CD8+; CD3+CD54+; CD3+CCR5+; CD3+HLA-DR+; CD4+CD54+; CD4+CCR5+; CD4+CD25++; CD8+Perf+; CD8+GranB+) and B-cells (CD20+; CD20+CD32+) were observed in asymptomatic/CCC(-) hosts. Noteworthy was the increase in frequencies of activated T-cells (CD3+CD54+; CD3+HLA-DR+; CD3+CCR5+; CD4+CD54+; CD8+CD54+; CD8+ HLA-DR+; CD8+GranA+), along with CD20+ B-cells, in hosts with mild/CCC(+) chronic chagasic cardiopathy. Increased frequencies of T-cell subsets (CD3+CD8+; CD4+CD54+; CD4+CD25++; CD8+CD54+), along with CD20+CD32+ B-cells, were observed in hosts with moderate/CCC(++) chagasic cardiopathy (Figure 1).



Analyses of Splenocytes From T. cruzi-Infected Cynomolgus Macaques Classified According to Histopathological Features of Chronic Chagasic Cardiopathy

Detailed flow cytometric results expressed as percentage or mean fluorescence intensity (MFI), together with descriptive statistical analysis for the phenotypic features of splenocytes from T. cruzi-infected macaques as compared to non-infected controls are presented in Table 1. Data analysis did not demonstrate any significant differences amongst groups based on conventional statistical analysis.

The phenotypic profiles of innate and adaptive immunity cells in peripheral blood from T. cruzi-infected cynomolgus macaques and non-infected controls were further analyzed as biomarker signatures according to Luiza-Silva et al. (2011) as described in Methods and data are presented in Figure 2. The phenotypic profiles of innate and adaptive immunity cells in the spleen compartment from T. cruzi-infected cynomolgus macaques and non-infected controls are presented in Figure 2. As for the analyses of peripheral blood leukocytes, the results are presented as biomarker signatures and comparative data analyses that indicate significantly increased (*) or decreased (#) proportion, in relation to the proportions in non-infected controls (NI).

As observed in peripheral blood biomarker signatures, the spleen compartment also displayed perturbations in frequencies of innate immunity cells in T. cruzi-infected macaques. Increased frequencies of NK-cells (CD3-CD16+; CD16+CD56+; CD16+CD56-; CD16+CD69+), and NKT-cell (CD3+CD16+CD56+) subsets were observed in asymptomatic/CCC(-) hosts. Increased frequencies of CD16+CD69+, CD16+CD56-, CD16+GranA+, and CD14+CD32+ cells were observed in hosts with mild/CCC(+) or moderate/CCC(++) chronic chagasic cardiopathy, respectively (Figure 2).

The adaptive immunity cell profile of the spleen compartment, like that of the biomarkers signature of blood compartment, also was perturbed in T. cruzi-infected macaques. Increased frequencies of T-cell subsets (CD3+; CD3+HLA-DR+; CD4+CD54+; CD4+CCR5+; CD4+CD25++) and B-cells (CD20+CD32+) were observed in asymptomatic/CCC(-) hosts. Increased frequencies of activated T-cells (CD3+CD69+; CD4+CD69+; CD8+CD69+; CD8+GranA+) were observed in hosts with mild/CCC(+) chronic chagasic cardiopathy. Noteworthy, increased frequencies of activated T-cell subsets (CD3+CD69+; CD3+HLA-DR+; CD4+CD25++; CD8+HLA-DR+; CD8+GranA+; CD8+GranB+), along with CD20+CD32+ B-cells, were observed in hosts with moderate/CCC(++) chagasic cardiopathy (Figure 2).



Ex Vivo Cytokine Signatures of Peripheral Blood Leukocytes From T. cruzi-Infected Cynomolgus Macaques Classified According to Histopathological Features of Chronic Chagasic Cardiopathy

Detailed flow cytometric results expressed as per mile, together with descriptive statistical analysis for the functional cytokine profile of peripheral blood from T. cruzi-infected macaques as compared to non-infected controls are presented in Table 2. Data analysis demonstrated significant differences in cytokine profile of innate (Monocytes and NK-cells) and adaptive immunity (CD4+ T-cells, CD8+ T-cells and B-cells) of T. cruzi-infected cynomolgus macaques as compared to non-infected controls. Of note, higher levels of cytokine+ cells were observed in hosts with moderate/CCC(++) chronic chagasic cardiopathy ad compared to asymptomatic/CCC(-) hosts and non-infected controls (Table 2).


Table 2 | Ex vivo cytokine profile of peripheral blood leukocytes from T. cruzi-infected cynomolgus macaques.



The ex vivo functional profiles of innate and adaptive immunity cells from peripheral blood from T. cruzi-infected cynomolgus macaques and non-infected controls were further analyzed as biomarker signatures according to Luiza-Silva et al. (2011) and data are presented in Figure 3. The results are presented in radar charts as cytokine signatures depicting the proportion of subjects with intracytoplasmic cytokine levels above the global median cut-off calculated for each cell subset.




Figure 3 | Ex vivo cytokine signatures of peripheral blood leukocytes from T. cruzi-infected cynomolgus macaques classified according to histopathological features of chronic chagasic cardiopathy. The functional cytokine signatures were constructed based on the proportion of subjects with intracytoplasmic cytokine levels above the global median cut-off defined for each cell subset, calculated for the entire study population. Radar charts were built to obtain the overall profile of pro-inflammatory (left side) and regulatory (right side) cytokines for innate and adaptive immunity cells. Distinct color backgrounds were used to tag the non-infected controls (NI =  ) and the subgroups of T. cruzi-infected cynomolgus macaques, classified according to histopathological features of cardiac biopsies and referred to as CCC(–) for absence of chronic chagasic cardiopathy (); CCC (+) for mild chronic chagasic cardiopathy () and CCC (++) for moderate chronic chagasic cardiopathy (). The biomarkers with frequencies above the 50th percentile were highlighted for each group by bold underline format.



Data analyses demonstrated that a balanced cytokine microenvironment mediated by TNF-α (TNFCD14; TNFCD16; TNFCD8; TNFCD19) and IFN-γ (IFNCD16) counterbalanced by IL-10 (IL10CD14; IL10CD8; IL10CD19) was the hallmark of asymptomatic/CCC(-) hosts. On the other hand, a predominant pro-inflammatory profile triggered by TNF-α (TNFCD14; TNFCD14/16/DR; TNFCD4; TNFCD8; TNFCD19) and IFN-γ (IFNCD16; IFNCD4; IFNCD8) with minor increased production of IL-10 (IL10CD14/16/DR; IL10CD19) was observed in hosts with mild/CCC(+) chagasic cardiopathy. Furthermore, a prominent pro-inflammatory profile generated by TNF-α (TNFCD14; TNFCD14/16/DR; TNFCD19) and IFN-γ (IFNCD4; IFNCD8) with a slight contribution of IL-10 (IL10CD14) was identified in hosts with moderate/CCC(++) chagasic cardiopathy (Figure 3).



Set of Phenotypic/Functional Biomarkers Useful to Depict the Cardiac Lesion Status in T. cruzi-Infected Cynomolgus Macaques

Venn diagram analyses were carried out to identify sets of biomarkers differentially observed in T. cruzi-infected cynomolgus macaques and non-infected controls, as well as sets differentially observed among subgroups of T. cruzi-infected animals classified according to histopathological features of cardiac biopsies. The data are presented in Figure 4 and Supplementary Table 1.




Figure 4 | Set of phenotypic/functional biomarkers useful to depict the cardiac lesion status in T. cruzi-infected cynomolgus macaques. (A) Venn diagram analyses were carried out to identify common and selective phenotypic biomarkers in peripheral blood and spleen samples from T. cruzi-infected cynomolgus macaques (CH =  ) and non-infected controls (NI = ), and subsequently among subgroups of T. cruzi-infected macaques, classified according to histopathological features of cardiac biopsies and referred as CCC (–) for absence of chronic chagasic cardiopathy (); CCC (+) for mild chronic chagasic cardiopathy () and CCC (++) for moderate chronic chagasic cardiopathy (). (B) Venn diagram analyses were performed to select, within the intracytoplasmic cytokine profile of peripheral blood leukocytes upon TcI-Ag recall in vitro, the common and unique functional biomarkers for T. cruzi-infected cynomolgus macaques (CH) and non-infected controls (NI) and subsequently among the CCC (–), CCC (+) and CCC (++) groups. The selected sets of biomarkers are shown in the figure. Detailed data and conventional statistical analysis is presented in Supplementary Table 1.



Analysis of peripheral blood leukocytes revealed 11 biomarkers common to T. cruzi-infected cynomolgus macaques (CH) and non-infected controls (NI), 7 biomarkers that were distinct for the NI group, and 18 biomarkers that were distinct for the CH group (Supplementary Table 1). Four biomarkers were the hallmark of asymptomatic/CCC(-) hosts (CD3+CD16+CD56+; CD3+CD16-CD56+; CD16+CD54+; CD4+CCR5+); two biomarkers were commonly observed in hosts with chronic chagasic cardiopathy, including CD16+GranA+ and CD8+CD54+; and CD8+HLA-DR+ and CD8+GranA+ were selectively observed in hosts with mild/CCC(+) chronic chagasic cardiopathy.

In the spleen compartment, Venn Diagram analysis demonstrated that 8 common biomarkers were identified in T. cruzi-infected cynomolgus macaques (CH) and non-infected controls (NI). Sets of 19 and 8 biomarkers were discriminatory for CH and NI, respectively (Supplementary Table 1). Six biomarkers were selectively found in asymptomatic/CCC(-) hosts (CD16+CD56+; CD3+CD16+; CD3+CD16+CD56+; CD3+; CD4+CD54+; CD4+CCR5+). Two phenotypic feature were commonly observed in hosts with chronic chagasic cardiopathy, including CD3+CD69+ and CD8+GranA+ while CD4+CD69+ and CD8+CD69+ were observed in hosts with mild/CCC(+) chronic chagasic cardiopathy. Furthermore, four biomarkers (CD14+CD32+; CD16+GranA+; CD8+GranB+; CD8+HLA-DR+) were selectively found in hosts with moderate/CCC(++) chronic chagasic cardiopathy (Figure 4A and Supplementary Table 1).

Sets of functional biomarkers were also identified to depict the cardiac lesion status in T. cruzi-infected cynomolgus macaques. Data demonstrated that 12 functional features were able to discriminate T. cruzi-infected cynomolgus macaques (CH) from non-infected controls (NI) (Supplementary Table 1). Two biomarkers were selectively observed in asymptomatic/CCC(-) hosts (TNF+CD16+; IL10+CD19+), underscoring a balanced cytokine profile. On the other hand, a clear pro-inflammatory profile was observed in hosts with chronic chagasic cardiopathy, mediated by TNF+CD14+CD16+HLA-DR++. Additionally, TFN+CD4+ counts for the pro-inflammatory milieu observed in hosts with mild/CCC(+) chronic chagasic cardiopathy, whereas INF+CD4+; INF+CD8+ further contribute for the exacerbated inflammatory microenvironment in hosts with moderate/CCC(++) chronic chagasic cardiopathy (Figure 4B and Supplementary Table 1).




Discussion

Non-human primates are recognized models for studying a wide range of human infectious diseases. In fact, the study of natural or experimental infectious diseases in non-human primates has enabled the development of improved vaccines, diagnostic tools, and therapeutic strategies for human diseases (Gardner and Luciw, 2008). Cynomolgus macaques have been suggested as useful models for studies on Chagas disease, based on PCR assessment of T. cruzi in cardiac tissue, histopathological features, and electrocardiograms (Zabalgoitia et al., 2003; Williams et al., 2009; Padilla et al., 2021), as well as phenotypic and functional features of immune response that these animals share in common with humans after natural infection with T. cruzi (Sathler-Avelar et al., 2016; Vitelli-Avelar et al., 2017; Padilla et al., 2021). Aiming at further understanding the immune response of cynomolgus macaques that were naturally infected with T. cruzi, the present investigation enabled a detailed immunophenotypic and functional analysis of peripheral blood and spleen cells, and identification of their unique and shared features in relation to cardiac histopathological lesion status. For this purpose, the animals were classified as CCC(-), CCC(+) and CCC(++), designating their diagnosis of asymptomatic, mild or moderate chronic chagasic cardiopathy, respectively. Overall, our data demonstrated that CCC(-) macaques displayed increased levels of circulating and splenic monocytes, NK cells and NKT cells, by comparison with non-infected animals, suggesting that these cells may play a role in protecting against heart disease. These findings are in agreement with those previously reported by Vitelli-Avelar and co-workers (Vitelli-Avelar et al., 2005; Vitelli-Avelar et al., 2006), showing that asymptomatic, indeterminate Chagas disease patients exhibited an immune response profile characterized by increased levels of circulating proinflammatory monocytes (CD14+CD16+HLA‐DR++), and a high frequency of NKT-cells (CD3+CD16-CD56+) along with an elevated frequency of NK-cells (CD3-CD16+CD56+ and CD3-CD16+CD56dim). A comparative analysis of these immunophenotypes in asymptomatic children (Vitelli-Avelar et al., 2006) and patients with late chronic indeterminate form of Chagas disease (Vitelli-Avelar et al., 2005) suggested that a shift of circulating leukocytes toward high values of macrophage‐like cells as well as a high frequency of NK-cells and NKT-cells are associated with limited tissue damage and the establishment/maintenance of a lifelong stable and asymptomatic form of chronic Chagas disease. The protective role of monocytes in asymptomatic Chagas disease has been already postulated. It has been shown that in vitro T. cruzi-infection of monocytes from indeterminate patients led to a decreased expression of HLA-DR, but increased expression of CD80 (Souza et al., 2004). While lower HLA-DR expression contributes to maintain T-cell activation at low levels, the increased level of CD80, a ligand for CTLA-4 which is up-regulated on T-cells from indeterminate patients, is likely to contribute for the modulation of T-cell response in asymptomatic patients (Dutra et al., 2009).

Our results also demonstrated that a robust adaptive cell‐mediated inflammatory response, characterized by increased levels of CD8+ activated T-cells, along with a high frequency B-cells, are the hallmarks of hosts with mild/CCC(+) and moderate/CCC(++) chronic chagasic cardiopathy. High levels of circulating activated CD8+ T-cells have been reported in patients with late cardiac Chagas disease. These data re-enforce that strong activation of CD8+ T-cells could lead to tissue damage and the development of cardiomyopathy in Chagas disease. In fact, Reis and colleagues (Reis et al., 1993) have shown that these cells, many of which express Granzyme A, are predominant in cardiac tissues from patients with severe chronic chagasic cardiomyopathy. Only a few macrophage-like monocytes and small numbers of NK-cells or B lymphocytes were reported in cardiac lesions (Reis et al., 1993). These findings in human Chagas disease support the hypothesis that CD8+ T-cells play an immunopathological role in Chagas disease. Previous studies have demonstrated that activated CD8+ T-cells can also be observed in some patients with indeterminate Chagas disease (Dutra et al., 1994). However, it has been shown that CD8+ T-cells from indeterminate patients displayed an up-regulated expression of CTLA-4 (Souza et al., 2007), suggesting that these cells may be self-regulated, possibly due to intrinsic regulation via CTLA-4 (Dutra et al., 2009).

Increased levels of CD4+CCR5+ T-cells were observed in the asymptomatic/CCC(-) macaque hosts. CCR5 is considered to be a classic pro-inflammatory chemokine receptor, preferentially expressed by NK-cells, macrophages, antigen-presenting cells, activated and effector memory T-cells, but also expressed by regulatory T-cells (Bonecchi et al., 1998; Huehn and Hamann, 2005; Scurci et al., 2018). It has been shown that, at sites of infection or tissue damage, CCR5 ligands recruit the ingress and activation of effector cells to release chemokines and to further amplify the pro-inflammatory cascade (Bachelerie et al., 2014). However, CCR5 stimulation may also modulate the activation, behavior and survival of immunity cells in tissues (Kohlmeier et al., 2011). Therefore, the involvement of CCR5 in the recruitment of regulatory T-cells (Huehn and Hamann, 2005) indicates a dual role for this receptor, not only inducing but also resolving inflammatory response. Previous studies have tried to decipher whether CCR5 plays a role in the development of cardiac injuries or if it is a protective biomarker in Chagas disease (Talvani et al., 2004; Nogueira et al., 2012; de Oliveira et al., 2016; Miranda et al., 2017; Roffe et al., 2019). CCR5+ T-cells have been found in association with T. cruzi nests and antigens in heart tissue during murine acute infection, suggesting a direct anti-parasitic role (Marino et al., 2004) as well as its involvement in immunopathological mechanisms (Marino et al., 2005). Nogueira and colleagues (Nogueira et al., 2012) demonstrated CCR5 expression on mononuclear cells in the myocardium of cardiac patients, but a comparative analysis was not carried out on biopsies from indeterminate asymptomatic patients. Miranda and colleagues (Miranda et al., 2017) did not find differences in the percentages of CCR5+ T-cells, both CD4+ and CD8+, in peripheral blood from patients with different clinical forms of Chagas disease. Consistent with our findings, a previous study has shown a correlation between the CCR5 expression and the degree of heart function, such that the more severe the chronic chagasic cardiomyopathy, the lower the expression of CCR5 by circulating CD4+ and CD8+T-cells (Talvani et al., 2004). The expression of CCR5 by T-cells has been recently addressed by Roffe and colleagues (Roffe et al., 2019) showing that the percentage of effector and effector memory CCR5+ T-cells, both CD4+ and CD8+, were increased in patients with cardiac Chagas disease. Being somewhat controversial, the role of chemokine receptor CCR5 in the pathogenesis of cardiac Chagas disease needs to be investigated further. More studies are required to identify the exact role of this chemokine receptor in T. cruzi-induced heart injury and also in distinct clinical forms of Chagas disease.

The immunophenotypic profiles associated with histopathological characteristics in T. cruzi-infected cynomolgus macaques resemble those observed in human Chagas disease, demonstrating that besides developing comparable histopathological features (Gardner and Luciw, 2008; Williams et al., 2009), these animals also have a similar immune response in relation to the distinct clinical forms (Vitelli-Avelar et al., 2005; Vitelli-Avelar et al., 2006; Dutra et al., 2009). It is well established that T. cruzi infection simultaneously elicits multiple functional events of innate and adaptive immunity, leading to systemic production of pro-inflammatory and regulatory cytokines. This complex microenvironment requires the participation of distinct cell phenotypes throughout the activation of innate immune responses, mediated by NK-cells and macrophages in conjunction with adaptive immunity, involving distinct T-cell subsets (Dutra et al., 2009; Dutra et al., 2014). In this sense, our results demonstrated that there was a typical pro-inflammatory/anti-inflammatory immune-modulated profile in CCC(-) hosts, mediated by a mixed TNF/IFN/IL-10 cytokine milieu. Conversely, hosts with mild/CCC(+) or moderate/CCC(++) chronic chagasic cardiopathy exhibited a predominant pro-inflammatory profile, with prominent production of TNF and IFN. These findings are in agreement with those previously reported for human patients with distinct clinical forms of Chagas disease (Teixeira-Carvalho et al., 2002; Gomes et al., 2003; Dutra et al., 2009; Sathler-Avelar et al., 2012; Dutra et al., 2014), demonstrating that this pattern characteristic in Chagas disease of primate species.

The functional aspects of distinct cell subsets have been extensively investigated in regard to the induction or modulation of immunopathology in clinical forms of Chagas disease (Reis et al., 1993; Corrêa-Oliveira et al., 1999; Vitelli-Avelar et al., 2005; Dutra et al., 2009; Dutra et al., 2014; Acevedo et al., 2018). Dutra and colleagues (Dutra et al., 2014) have published an extensive review of the immunoregulatory mechanisms involved in human T. cruzi infection, discussing the predominance of an anti-inflammatory milieu in indeterminate patients while an inflammatory profile is typically observed in the cardiac form of Chagas disease. It has been shown that different kinetics of cytokine production is relevant for determining the fate of Chagas disease. It is well known that, while pro-inflammatory cytokines, such as TNF and IFN-γ, are relevant to trigger immunological mechanisms to control the parasite growth; the establishment of immunomodulatory events, mediated by IL-10, is essential to prevent disease morbidity. In fact, this balance requires fine tuning between the over production of pro-inflammatory cytokines and the production of IL-10 to prevent an immunosuppressive effect on the cellular response, enough to allow the control of the parasite, but not so much as to cause tissue damage (Dutra et al., 2014).

Classical studies have proposed that the phenotypic and functional aspects of peripheral blood leukocytes population observed in T. cruzi-infected hosts are similar to those found at the tissue level (Reis et al., 1993; Higuchi et al., 2003; Fonseca et al., 2007; Vitelli-Avelar et al., 2008; Dutra et al., 2009; Cunha-Neto and Chevillard, 2014). In the present study we did not have the opportunity to characterize the cardiac inflammatory infiltrate by Immunohistochemistry analysis. However, it has been previously demonstrated that cynomolgus macaques naturally infected with T. cruzi exhibited mild to moderate multifocal areas of inflammatory infiltrates that were composed mainly of mononuclear cells with fewer neutrophils. The immunohistochemistry revealed that the mononuclear cells were predominantly CD8+ and CD68+ with fewer CD4+ lymphocytes (Pisharath et al., 2013), indicating an inflammatory profile similar to that observed in humans (Reis et al., 1993; Higuchi et al., 2003).

In summary, we have presented a broad analysis of several phenotypic and functional aspects of peripheral blood leukocytes and spleen cells from cynomolgus macaques that were naturally infected with T. cruzi, in relation to cardiac histopathological characteristics. Altogether our data revealed that cynomolgus macaques display histological features that are associated with particular profiles of immune response similarly to those observed in humans. These similarities further sustain the employment of cynomolgus macaques in pre-clinical research on Chagas disease and provide insights about the mechanisms implicated in the development and maintenance of chagasic heart disease.
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Supplementary Figure 1 | Flow cytometry gating strategy. Ex vivo immunophenotypic analysis of peripheral blood leukocytes (A) and splenocytes (B) were carried out by flow cytometry as described in Material and Methods. Lymphocytes were first gated based on their size and granularity properties using pseudocolor plots of Forward Scatter (FSC) vs Side Scatter (SSC). CD3+ T-cells were further selected within gated lymphocytes. Following, CD4+ and CD8+ T-cells were gated within CD3+ T-cells. Phenotypic features of CD4+ and CD8+ T-cells were then analyzed on bidimensional pseudocolor plots (e.g. CCR5+, Gran-A+, CD69+ and Gran-B+). Ex vivo functional analysis strategy of peripheral blood leukocytes (C) were also assessed by intracytoplasmic immunophenotyping. Total lymphocytes were first gated on a Forward Scatter (FSC) vs Side Scatter (SSC) plot, followed by CD3+ T-cells and CD4+ and CD8+ T-cell subsets gating. Selection of CD20+ B-cells was also carried out within gated lymphocytes. Functional features cell subsets were quantified as cytokine+ events on bidimensional pseudocolor plots (e.g. TNF-α+, IFN-γ+, and IL-10+).
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Resistance or susceptibility to T. cruzi infection is dependent on the host immunological profile. Innate immune receptors, such as Toll-like receptors (TLRs/TLR2, TLR4, TLR7, and TLR9) and Nod-like receptors (NLRs/NOD1 and NLRP3 inflammasome) are involved with the resistance against acute experimental T. cruzi infection. Here, we evaluated the impact of T. cruzi virulence on the expression of innate immune receptors and its products in mice. For that, we used six T. cruzi strains/isolates that showed low (AM64/TcIV and 3253/Tc-V), medium (PL1.10.14/TcIII and CL/TcVI), or high (Colombian/Tc-I and Y/TcII) virulence and pathogenicity to the vertebrate host and belonging to the six discrete typing units (DTUs)—TcI to TcVI. Parasitemia, mortality, and myocarditis were evaluated and correlated to the expression of TLRs, NLRs, adapter molecules, cytokines, and iNOS in myocardium by real time PCR. Cytokines (IL-1β, IL-12, TNF-α, and IFN-γ) were quantified in sera 15 days after infection. Our data indicate that high virulent strains of T. cruzi, which generate high parasitemia, severe myocarditis, and 100% mortality in infected mice, inhibit the expression of TLR2, TLR4, TLR9, TRIF, and Myd88 transcripts, leading to a low IL-12 production, when compared to medium and low virulent T. cruzi strains. On the other hand, the high virulent T. cruzi strains induce the upregulation of NLRP3, caspase-1, IL-1β, TNF-α, and iNOS mRNA in heart muscle, compared to low and medium virulent strains, which may contribute to myocarditis and death. Moreover, high virulent strains induce higher levels of IL-1β and TNF-α in sera compared to less virulent parasites. Altogether the data indicate that differential TLR and NLR expression in heart muscle is correlated with virulence and pathogenicity of T cruzi strains. A better knowledge of the immunological mechanisms involved in resistance to T. cruzi infection is important to understand the natural history of Chagas disease, can lead to identification of immunological markers and/or to serve as a basis for alternative therapies.
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Introduction

The experimental infection of mice with different strains of Trypanosoma cruzi (T. cruzi) can range from asymptomatic to lethal infections. The susceptibility or resistance is determined by characteristics inherent to the parasite and host. Tropism, virulence, inoculation, and genetics are important characteristics of the parasite (Dias et al., 2000; Guedes et al., 2007; Gutierrez et al., 2009). T. cruzi strains are grouped in seven discrete type units (DTU) TcI–TcVI and TcBat, which present great variability in virulence and pathogenicity in the vertebrate host (Zingales et al., 2009; Zingales et al., 2012; Zingales, 2018).

Initial activation of immune response against T. cruzi occurs through the recognition of molecular patterns present in parasites by pattern recognition receptors (PRRs) (Bartholomeu et al., 2008; Oliveira et al., 2010; Rodrigues et al., 2012). Toll-like receptors (TLRs) and Nod-like receptors (NLRs) are important PRRs and play a fundamental role in modulating the immune response against T. cruzi (Dutra et al., 1994; Teixeira et al., 2002; Gomes et al., 2003). Several T. cruzi molecules have been identified as TLR agonists, such as, glycosylphosphatidinositol (GPI) which anchors activating TLR2 (Campos et al., 2001); glycoinositolphospholipid (GIPL) which induces the NF-κB (nuclear factor-κB) via TLR4 activation (Oliveira et al., 2004); RNA and DNA which can induce the activation of TLR7 and TLR9 (Koga et al., 2006; Caetano et al., 2011). The molecules present in T. cruzi that would be NLR agonists have not been identified yet. Parasite is recognized by different receptors and will be phagocytosed by macrophages, leading to the production of inflammatory cytokines such as interleukin-12 (IL-12) (Silva et al., 1995; Aliberti et al., 1996), which acts on natural killer (NK) cells, activating the production of more IL-12 and IFN-γ. The IFN-γ (Silva et al., 1992; Abrahamsohn and Coffman, 1996) produced, together with tumor necrosis factor alpha (TNF-α) (Silva et al., 1995; Bahia-Oliveira et al., 1998), activates the enzyme inducible nitric oxide synthase (iNOS), leading to nitric oxide (NO) synthesis, which acts to limit the intracellular multiplication of the parasite (Reis et al., 1997). On the other hand, cytokines, such as IL-10 and TGF-β inhibit iNOS, restricting the inflammation but allowing parasite replication (Silva et al., 1991; Holscher et al., 1998).

Trypanosoma cruzi experimental infection in TLR-deficient mice showed that TLR2 (Bafica et al., 2006), TLR4 (Oliveira et al., 2010), TLR7 (Caetano et al., 2011), and TLR9 (Bartholomeu et al., 2008) play a role in host resistance (Oliveira et al., 2010; Rodrigues et al., 2012). Some receptors, such as TLR2 and TLR9, act synergistically in helping to control the infection (Bafica et al., 2006). TLR3 does not appear to be involved in resistance in experimental models (Caetano et al., 2011), but TRIF−/− and MyD88−/− mice exhibit increased parasitism and mortality to T. cruzi infection (Campos and Gazzinelli, 2004; Koga et al., 2006; Bafica et al., 2006; Oliveira et al., 2010). Bone marrow-derived macrophages from NOD1 knockout mice exhibited reductions in NF-κB and its products, failing to control the parasite even in the presence of IFN-γ (Silva et al., 2010). NLRP3 inflammasome is also important in resistance to T. cruzi infection (Silva et al., 2013).

Although the role of TLRs and NLRs in murine T. cruzi infection is clear, the influence of T. cruzi strains with different virulence and pathogenicity profiles on the expression of these molecules and on the modulation of the host immune response leading to asymptomatic infection or mortality is still unknown. Here we showed that the increase in virulence of T. cruzi strains is related to TLR2, TLR4, TLR9, TRIF, and Myd88 inhibition and NLRP3, caspase-1, IL-1β, TNF-α overexpression. A better understanding of the immunological mechanisms involved in the resistance to different strains of T. cruzi can lead to the identification of immunological markers and serve as a basis for therapies and prophylaxis studies.



Materials and Methods


Biosecurity, Animals, and Ethics Statement

All experiments were conducted according to the standard biosafety and institutional security procedures established by the Internal Biosafety Commission of the Federal University of Rio Grande do Norte (CIBio-UFRN).

Male Swiss Webster mice, 6–8 weeks old, were cared for according to institutional ethical guidelines and the Ethics Committee on Animal Use (CEUA) of the Federal University of Rio Grande do Norte (UFRN). All experiments were previously approved by protocol number 017/2012 CEUA/UFRN.

Ten animals for each T. cruzi strain were used for parasitemia and mortality. Another 10 animals for each group were used to determine myocarditis and cardiac parasitism, to quantify innate immunity receptors and cytokines in the myocardium by PCR, and to evaluate the levels of seric cytokines. Uninfected control group was also composed of 10 mice. Experiments were carried out in duplicate.



Parasites and Infection

Mice were infected intraperitoneally with 1 × 104 trypomastigote blood forms of T. cruzi strains/isolates belonging to the six genetic groups (Discrete Typing Units-DTU): Colombian—TcI, isolated from blood culture from a human case in Colombia (Federici et al., 1964); Y—TcII, isolated from an acute case of human Chagas disease in city of Marilia, state of Sao Paulo, Brazil (Silva and Nussenzweig, 1953); PL 1.10.14—TcIII, isolated by xenoculture of a Panstrongylus lutzi in Serra Negra do Norte, state of Rio Grande do Norte, Brazil (Martins et al., 2015); AM64—TcIV, isolated from a patient in acute phase, state of Amazonas, Brazil (Teston et al., 2013); 3253—TcV, isolated from a human case in the state of Rio Grande do Norte, Brazil (Martins et al., 2015); and CL—TcVI, isolated from Triatoma infestans found naturally infected in the state of Rio Grande do Sul, Brazil (Brener and Chiari, 1963).

Blood trypomastigote forms of all T. cruzi strains used in this research were frozen in liquid nitrogen (−196°C), defrosted, inoculated, and maintained for five successive passages in Swiss mice prior to the experiments. All strains were obtained at the Laboratory of Biology of Trypanosoma cruzi and Chagas disease at the Federal University of Rio Grande do Norte-UFRN coordinated by professor AC. The AM-64 strain was previously obtained from Professor Max Jean de Ornelas Toledo at the Maringa State University (UEM) and the Colombian, Y, and CL strains were previously obtained from Professor Egler Chiari at the Federal University of Minas Gerais (UFMG). The PL 1.10.14 and 3253 strains were isolated by the laboratory of the Biology of Trypanosoma cruzi and Chagas disease—UFRN.



Parasitemia, Survival, and Myocarditis

The parasitemia was performed using Prager (1952) and Pizzi (1953) methods modified by Brener (1962). Parasitemia was determined microscopically by examining daily the fresh blood from the tail vein of mice infected with high virulent strains (Colombian/n = 10 and Y/n = 10), medium virulent strains (PL 1.10.14/n = 10 and CL/n = 10), low virulent strains (3252/n = 10 and AM64/n = 10) from day 5 post infection during 30 days. Animal survival was monitored daily for 60 days post infection.

Myocarditis and cardiac parasitism were determined in animals infected with high virulent strains (Colombian/n = 5 and Y/n = 5), medium virulent strains (PL 1.10.14/n = 5 and CL/n = 5), low virulent strains (3252/n = 5 and AM64/n = 5) and non-infected mice (n = 10) 15 days after infection. Tissue fragments of the heart were fixed in a 10% buffered formalin solution, dehydrated, cleared, and embedded in paraffin. Mononuclear inflammatory cells and amastigote nests were counted in thirty microscopic fields of 53,333.4 μm2/image, 4 μm-thick sections and stained with hematoxylin–eosin (HE) from each mouse, giving a total of 1.6 × 106 μm2 of myocardium analyzed area. Images were obtained in an optical microscope (Olympus BX51), at a final magnification of ×400 and analyzed using the ImageJ program.



Real Time PCR

Fragments of the heart tissue from mouse infected with each T. cruzi strain (n = 10), 15 days after inoculation, were collected, and total RNA was extracted using TRIzol reagent (Invitrogen™, Carlsbad, CA, USA) and SV Total RNA Isolation System kit (Promega, Madison, WT, USA). Purified RNA was stored at −80°C. RNA concentration and quality were analyzed using Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA). cDNA was synthesized from 2 μg of total RNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, USA). The mRNA expression levels were detected by real-time PCR (qPCR) using Fast SYBR Green® Master Mix (Applied Biosystems, USA) according to the instructions of the manufacturer and specific primers (Table 1), which were obtained by the Primer Express software (Applied Biosystems, USA). Cycles of amplification were performed in a 7500 Fast Real-Time PCR System (Applied Biosystems) using 96 well plates (MicroAmp®, Applied Biosystems, USA) and the standard PCR conditions consisted in an initial denaturation for 2 min at 50°C and at 95°C for 10 min followed by 40 cycles at 94°C for 30 s, variable annealing primer temperature (Table 1) for 30 s, and 72°C for 1 min. The determination of mRNA expression levels of innate immune receptors (TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9, NOD1, NOD2, and NLRP3), signaling molecules (Myd88, TRIF, RIP2, ASC, and Caspase-1), cytokines (IL-1β, IL-6, IL-10, IL-12p35, IL-12p40, IL-18, IFN-γ, and TNF-α) and iNOS was carried out from the normalization of the result compared to the expression of the constitutive gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the 2–ΔΔCt formula.


Table 1 | Sequence of the used specific starters in the reactions of PCR in real time.





Cytokine Quantification

Cytokine production was assayed in mice sera infected with high virulent strains (Colombian/n = 5 and Y/n = 5), medium virulent strains (PL 1.10.14/n = 5 and CL/n = 5), low virulent strains (3252/n = 5 and AM64/n = 5) 15 days after infection and a non-infected control group (n = 10). The ELISA sets were IL-1β, IL-12 (p70), IFN-γ, and TNF-α (BD OpTEIA, BD Bioscience, San Diego, CA), and procedures were performed according to the instructions of the manufacturer. Briefly, microwells were coated with 100 μl of Capture Antibody (anti-IL-1β, anti-IL-12, anti-IFN-γ, and anti-TNF-α) and incubated overnight at 4°C. Plates were washed three times and blocked with assay diluent at room temperature for 1 h. Microplates were washed three times and 100 μl of each standard, sample, and control were pipetted into appropriate wells, incubated for 2 h at room temperature. Three washes were performed, and 100 μl detection antibody (anti-IL-1β/biotin, anti-IL-12/biotin, anti-IFN-γ/biotin and anti-TNF-α/biotin) together with avidin-HRP reagent was added to each well. Plates were incubated for 1 h at room temperature. Microplates were washed five times. Substrate solution (100 μl/TMB) was added to each well, and plate was incubated for 30 min at room temperature in the dark. Finally, added 50 μl stop solution was added to each well. Optical densities were measured at 450 ηm. Results were expressed as picograms per milliliter. The limits of sensitivity for IL-1β, IL-12, IFN-γ, and TNF-α assays were 10 pg/ml.

In order to express the repeatability and precision of the ELISA, the inter- and intra-assay Coefficients of Variation (CVs) were determined. Samples with known high and low concentrations of analyzed cytokines were used in all plates in duplicate. For the inter-assay CV, the following formula was used:  , where   and   are the average of high and low control samples, respectively; SDh and SDl are the standard deviation of high and low control samples, respectively. Inter-assay CVs (n = 4 plates) were 5.7, 5.3, 6.5, and 6.1% to IL-1β, IL-12, IFN-γ, and TNF-α, respectively. Intra-assay CV is the average of % CV from all samples, being %  . Intra-assay CVs (n = 140 samples) were 3.9, 4.2, 4.7, and 5.1% to IL-1β, IL-12, IFN-γ, and TNF-α, respectively.



Statistical Analysis

The D’Agostino–Pearson and Kolmogorov–Smirnov tests were used to verify the distribution of the data. Data are presented as the mean ± standard deviation (SD). Measurements of mRNA expression levels between all the groups were compared using Kruskal–Wallis test. Cytokines and myocarditis were compared between groups using ANOVA multiple comparisons test. Correlations were performed using the Spearman test. Differences were considered significant as follows: p < 0.05 (*), p < 0.01 (**) and p < 0,001(***). The analyses were accomplished using PRISM 9.0 software (GraphPad, CA, USA).




Results


Virulence of T. cruzi Strains in Mice

Initially, mice were infected with Colombian (Tc-I), Y (Tc-II), PL1.10.14 (Tc-III), AM64 (Tc-IV), 3253 (TC-V), and CL (Tc-VI) strains, and parasitemia and mortality were evaluated. Mice infected with Colombian and Y strains showed high levels of parasitemia and 100% mortality. Animals infected with PL1.10.14 and CL strains showed intermediate levels of parasitemia and 40% mortality. On the other hand, AM64 and 3253 generate low parasitemia and 100% of survival in infected mice (Supplementary Figures S1A, B). Thus, T. cruzi strains were grouped into high virulent (Colombian and Y), medium virulent (PL1.10.14 and CL), and low virulent strains. Mice infected with high virulent strains showed high levels of parasitemia and 100% mortality, while the animals infected with medium virulent strains showed intermediate levels of parasitemia and 40% mortality, and low virulent strains (AM64 and 3253) generate low parasitism load and 100% survival in mice (Figures 1A, B). After that we analyzed heart inflammation of mice according to its virulence and pathogenicity profile. As expected, hearts of uninfected mice showed no inflammation and hyaline degeneration (Figures 2A, E). Heart of mice infected with low virulent strains showed discrete myocarditis (95 ± 34 inflammatory cells/53,333.34 μm2) without or with low presence of amastigotes nests (0.3 ± 0.7 amastigote nests/1.6 × 106 μm2), and few cardiac fibers had hyaline degeneration (Figures 2B, E, F). The infection with medium virulent strains generated moderate myocarditis (197 ± 43 inflammatory cells/53,333.34 μm2), and amastigotes forms of parasite (2.4 ± 1.5 amastigote nests/1.6 × 106 μm2) were visualized in histopathological analysis (Figures 2C, E, F). Interestingly, mice infected with high virulent strains showed intense inflammatory foci (327 ± 68 inflammatory cells/53,333.34 μm2) in myocardium with presence of several amastigote forms of parasite (8.0 ± 2.4 amastigote nests/1.6 × 106 μm2), and large amounts of cardiac fibers are in hyaline degeneration (Figures 2D–F). The results showed that myocarditis increased according to strain virulence.




Figure 1 | Trypanosoma cruzi were grouped in high, medium, and low virulent strains according to parasitemia and survival in mice. Parasitemia (A) and survival (B) in Swiss mice infected by the intraperitoneal route with 1 × 104 blood trypomastigote forms of T. cruzi strains that showed high (Colombian + Y), medium (PL1.10.14/TcIII + CL/TcVI), and low (AM64/TcIV + 3253/TcV) virulence. The data are representative of two independent experiments (n = 10, ten animals were infected with each strain).






Figure 2 | Intensity of myocarditis in the acute phase in mice is related to Trypanosoma cruzi strain virulence. Representative histological sections of cardiac tissue from Swiss mice, not infected (A) and infected by the intraperitoneal route with 1 × 104 blood trypomastigote forms of T. cruzi strains that showed low (strains: AM64 + 3253) (n = 10) (B), medium (PL1.10.14 + CL) (n = 10) (C) and high (Colombian + Y) (n = 10) (D) virulence and euthanized 15 days after infection. Quantification of inflammatory mononuclear cells (E) and amastigote nests (F) in the heart tissue of mice. Hematoxylin and eosin staining was used. ×400 magnification. Arrow indicates parasites. The results are expressed as the means ± standard errors. *p < 0.05; **p < 0.01; ***p < 0.001.





Virulence of Trypanosoma cruzi Strains Is Related to Low Cardiac Expression of Important TLRs Involved in the Parasitism Control

In an attempt to elucidate if the differential expression of TLRs and NLRs is involved in the pathogenicity induced by different strains of the parasite, we evaluated the TLR and NLR mRNA expression in heart tissue from mice infected with high, medium, and low virulent strains of T. cruzi. We did not observe a difference among TLR1, TLR3, TLR6, TLR7, and TLR8 mRNA expression in heart tissue of infected mice independently of the strain evaluated (Figures 3A, C, F, G, H). Interestingly, high virulent strains inhibited TLR2, TLR4, TLR5, and TLR9 mRNA expression in myocardium of infected mice, important molecules to T. cruzi infection resistance, when compared to medium and low virulent strains (Figures 3B, D, E, I). The next step was to evaluate the mRNA expression for downstream adapter molecules and cytokines in the heart tissue. High virulent strains inhibited TRIF, Myd88, IL-6, IL10, and IL-12 mRNA expression in myocardium of infected mice when compared to medium and low virulent strains (Figures 4A–F). Animals infected with high virulent strains showed mRNA expression of TRIF, Myd88, IL-6, IL10, and IL-12 similar to uninfected mice. We did not observe a significant difference between IFN-γ transcripts in the heart from mice infected with strains that showed different profiles of virulence and pathogenicity (Figure 4G).




Figure 3 | Virulence of strains is correlated with TLR2, TLR4, TLR5, and TLR9 inhibition in heart from mice. The mRNA expression levels of TLR1 (A), TLR2 (B), TLR3 (C), TLR4 (D), TLR5 (E), TLR6 (F), TLR7 (G), TLR8 (H), and TLR9 (I) were determined by real-time PCR in heart of Swiss mice infected by the intraperitoneal route with 1 × 104 blood trypomastigote forms of T. cruzi strains that showed low (AM64 + 3253) (n = 10), medium (PL1.10.14 + CL) (n = 10) and high (Colombian + Y) (n = 10) virulence. The expression levels were normalized to the expression level of GAPDH. The results are expressed as the means ± standard errors. *p < 0.05; **p < 0.01; ***p < 0.001. UC, uninfected control mice (n = 10).






Figure 4 | Virulence of strains is correlated with TRIF, Myd88, IL-6, IL-12 inhibition in the heart from mice.The mRNA expression levels of TRIF (A), Myd88 (B), IL-10 (C), IL-6 (D), IL-12p35 (E), IL-12p40 (F), and IFN-γ (G) were determined by real-time PCR in the heart from Swiss mice infected by the intraperitoneal route with 1 × 104 blood trypomastigote forms of T. cruzi strains that showed low (AM64 + 3253) (n = 10), medium (PL1.10.14 + CL) (n = 10), and high (Colombian + Y) (n = 10) virulence. The expression levels were normalized to the expression level of GAPDH. The results are expressed as the means ± standard errors. *p < 0.05; **p < 0.01; ***p < 0.001. UC, uninfected control mice (n = 10).





High Virulence of Trypanosoma cruzi Strains Is Related to Exacerbated Expression of NLRP3, Caspase-1, IL-1β, TNF-α, and iNOS in the Myocardium

Because high virulent strains induced an exacerbated inflammation in the myocardium of infected mice although they do not overexpress TLR-involved molecules or key inflammatory cytokines, we decided to analyze inflammasome-related gene expression. Interestingly, we observed an increase of NLRP3, caspase-1, IL-1β, TNF-α, and iNOS mRNA expression in the myocardium of mice infected with high virulent strain compared with animals infected with medium and low virulent strains (Figures 5A, C, G, H, J) We observed a similar and increased mRNA expression of ASC, NOD2, RIP2, and IL-18 in the heart of mice infected with high, medium, and low virulent strains compared to control group (Figures 5B, E, F, I). On the other hand, T. cruzi-infected mice showed a reduction of NOD1 mRNA expression in the heart when compared to uninfected animals, independent of parasite virulence (Figure 5D). In addition, correlation analyses showed a negative correlation between cardiac parasitism and TLR2, TLR4, TLR5, TLR7, TLR9, TRIF, IL-6, IL-10, IL-12p35, IL-12p40, and IFN-γ mRNA expression (Figures 6A–K and Supplementary Table). Furthermore, we observed a positive correlation between cardiac parasitism and IL-1β, TNF-α, and iNOS mRNA expression (Figures 6L–N and Supplementary Table). We also observed a negative correlation between TLR4, TLR5, TRIF, IL-6, IL-10, and IL-12p35 mRNA expression and parasitemia peak levels in infected mice (Figures 7A–F and Supplementary Table). A positive correlation was observed between IL-1β, TNF-α, and iNOS mRNA expression and the number of blood trypomastigote forms (Figures 7G–I and Supplementary Table). Altogether, these data show that during experimental T. cruzi infection, cardiac parasitism is inversely correlated with the expression of important TLRs to parasite control. Moreover, high virulent T. cruzi strains induce an overexpression of NLRP3, caspase-1, IL-1β, TNF-α, and iNOS in the myocardium.




Figure 5 | Virulence of strains is correlated with NLRP-3, caspase-1, IL-1β, TNF-α, and iNOS increase in heart from mice. The mRNA expression levels of NLRP3 (A), ASC (B), caspase-1 (C), NOD1 (D), NOD2 (E), RIP2 (F), IL-1β (G), TNF-α (H), IL-18 (I), and iNOS (J) were determined by real-time PCR in the heart from Swiss mice infected by the intraperitoneal route with 1 × 104 blood trypomastigote forms of Trypanosoma cruzi strains that showed low (AM64 + 3253) (n = 10), medium (PL1.10.14 + CL) (n = 10), and high (Colombian + Y) (n = 10) virulence. The expression levels were normalized to the expression level of GAPDH. The results are expressed as the means ± standard errors. *p < 0.05; **p < 0.01; ***p < 0.001. UC, uninfected control mice (n = 10).






Figure 6 | Low TLR2, TLR4, TLR5, TLR7, TLR9, TRIF, IL-6, IL-10, IL-12p35, IL-12p40, IFN-γ and high TNF-α, IL-1β, iNOS mRNA expression in cardiac tissue are correlated with high Trypanosoma cruzi virulence. The mRNA expression levels of TLR2 (A), TLR4 (B), TLR5 (C), TLR7 (D), TLR9 (E), TRIF (F), IL-6 (G), IL-10 (H), IL-12p35 (I), IL-12p40 (J), IFN-γ (K), TNF-α (L), IL-1β (M), and iNOS (N) were determined by real-time PCR in cardiac tissue from Swiss mice infected by the intraperitoneal route with 1 × 104 blood trypomastigote forms of T. cruzi strains that showed low (AM64 + 3253) (n=10), medium (PL1.10.14 + CL) (n=10), and high (Colombian + Y) (n = 10) virulence. The expression levels were normalized to the expression level of GAPDH. The results are expressed as the means ± standard errors and Spearman test was used. *p < 0.05; ***p < 0.001.






Figure 7 | Low TLR4, TLR5, TRIF, IL-6, IL-10, IL-12p35 and high TNF-α, IL-1β, iNOS mRNA expression in cardiac tissue are correlated with high Trypanosoma cruzi virulence. The mRNA expression levels of TLR4 (A), TLR5 (B), TRIF (C), IL-6 (D), IL-10 (E), IL-12p35 (F), TNF-α (G), IL-1β (H) and iNOS (I) were determined by real-time PCR in cardiac tissue from Swiss mice infected by the intraperitoneal route with 1 × 104 blood trypomastigote forms of T. cruzi strains that showed low (AM64 + 3253) (n = 10), medium (PL1.10.14 + CL) (n = 10), and high (Colombian + Y) (n = 10) virulence. The expression levels were normalized to the expression level of GAPDH. The results are expressed as the means ± standard errors and Spearman test was used. *p < 0.05; ***p < 0.001.





Increased Production of IL-1β and TNF-α During the Acute Phase Is Correlated With High Virulence of the T. cruzi Strains

In an attempt to validate results of RNA expression performed by PCR, we quantified the production of cytokines in the serum of mice infected with strains of the parasite that show different degrees of virulence. T. cruzi infection induced the production of significant levels of IL-1β, TNF-α, IL-12, and IFN-γ in the serum of infected animals when compared to uninfected mice (Figures 8A–D). Interestingly, greater production of IL-1β was observed in the serum of mice infected with high virulence strains when compared to mice infected with medium and low virulence strains (Figure 8A). Furthermore, medium virulent strains induced greater production of IL-1β than strains of low virulence (Figure 8A). Thus, the production of IL-1β is modulated according to the virulence of the parasite strain. High and medium virulent strains also induced high TNF-α production in sera when compared to low virulent strains (Figure 8B). On the other hand, mice infected with medium virulence strains showed higher levels of IL-12, IFN-γ in the serum, when compared to animals infected with low and high virulent strains (Figures 8C, D). These data suggest that virulence of T. cruzi strains during the acute phase of infection in mice is related with the overexpression of inflammasome-related molecules and high levels of IL-1β and systemic TNF-α.




Figure 8 | IL-1β and TNF-α in sera from mice infected with Trypanosoma cruzi are correlated with strain virulence (parasitemia, survival, and myocarditis). IL-1β (A), TNF-α (B), IL-12 (C) and IFN-γ (D) were quantified in the sera (15 days after infection) by ELISA from Swiss mice infected by the intraperitoneal route with 1 × 104 blood trypomastigote forms of T. cruzi strains that showed low (AM64 + 3253) (n = 10), medium (PL1.10.14 + CL) (n = 10), and high (Colombian + Y) (n = 10) virulence. The results are expressed as the means ± standard errors. *p < 0.05; **p < 0.01; ***p < 0.001. UC, uninfected control mice (n = 10).






Discussion

It is already well known that T. cruzi parasite has populations with high genetic variability and diverse biological behavior causing different clinical courses in patients and experimental infections. Clinical outcomes can range from asymptomatic to 100% lethal (Chagas, 1909; Brener and Chiari, 1963; De Araujo and Chiari, 1988; Dias, 1989; Guedes et al., 2007; Zingales et al., 2009; Guedes et al., 2009). In the present study, T. cruzi strains were grouped according their virulence in the vertebrate host (mouse) and evaluated according the profile of innate immune receptors (TLRs and NLRs), adapter molecules, and cytokines induced.

We initially evaluated the parasitemia and survival of T. cruzi-infected mice with the high (Colombian and Y), medium (CL strain and PL 1.10.14 isolate), and low virulent strains (AM64 strain and 3253 isolate). As expected, high virulent strains produced elevated parasitemia and myocarditis and generated 100% mortality in animals. Mortality of 100% in mice infected with Y and Colombian strains has already been described (De Araujo and Chiari, 1988). CL strain and PL 1.10.14 isolate induced 40% mortality; literature data demonstrated 81% mortality in C3H mice infected with 107 metacyclic trypomastigotes of CL strain (De Araujo and Chiari, 1988). Low virulent strains (AM64 strain and 3253 isolate) showed reduced parasitemia, low heart inflammation, and 100% survival. Low levels of parasitemia and discreet myocarditis were previously described in Swiss mice infected with the same inoculum (104 blood trypomastigotes) of AM-64 T. cruzi strain (Meza et al., 2014). However, data of parasitemia and survival in mice infected with PL 1.10.14 and 3253 are shown here for the first time.

Several studies have demonstrated the importance of TLR activation in the mechanism of protozoal infection control, such as T. cruzi, T. brucei, Leishmania spp., Plasmodium spp. and Toxoplasma gondii in an experimental model (Gazzinelli and Denkers, 2006). Mice are the most used experimental models. Besides having TLR11, TLR12, TLR13 that humans do not express, they have nine conserved functional members of the toll-like family (TLRs 1–9) similar to humans. Also, TLR10 is selectively expressed in humans (Kawai and Akira, 2010). However, correlation between TLR and NLR expression with virulence and pathogenicity profile generated after infection of the vertebrate host had not been evaluated yet. Interestingly, we observed that the animals infected with highly virulent strains showed inhibition in TLR2, TLR4, TLR5, and TLR9 mRNA expression in the heart. Several TLRs have been described as important molecules in the resistance to T. cruzi experimental infection, such as TLR2 (Bafica et al., 2006), TLR4 (Oliveira et al., 2010), TLR7 (Caetano et al., 2011), and TLR9 (Bartholomeu et al., 2008). Mice deficient of these receptors are more susceptible to infection presenting higher parasitism and mortality. These molecules are activated by parasite PAMPs such as GPI anchors, GIPL, and nucleic acids (Campos et al., 2001; Koga et al., 2006; Oliveira et al., 2010; Caetano et al., 2011), stimulating downstream adapter molecules and inducing proinflammatory cytokine production. In addition, analysis of mRNA expression of adapter molecules involved in TLR signaling pathways demonstrated that infection with highly virulent T. cruzi strains induced inhibition in the expression of TRIF and MyD88 in the myocardium of infected animals. Animals deficient of TRIF and MyD88 infected with T. cruzi are more susceptible to infection, with higher parasitism and low macrophage activation, resulting in a low production of nitric oxide (Campos and Gazzinelli, 2004; Koga et al., 2006; Bafica et al., 2006; Oliveira et al., 2010). On the other hand, medium and low virulent strains showed greater expression of these innate immunity receptors involved in the host resistance to T. cruzi infection when compared to high virulent strains.

In this study, inflammasome pathway analysis showed that infection with virulent strains of T. cruzi leads to high increase in the expression of NLRP3, caspase-1 and IL-1β in the myocardium. The high expression of these molecules may be related to the induction of inflammatory cytokines and the consequent production of nitric oxide, causing an intense inflammatory process, tissue damages, and early mortality in mice. In contrast, animals infected with strains that show low virulence showed slight enhancement of NLRP3, caspase-1, IL-1β and discreet myocarditis. Previous studies have shown that NLRP3 and caspase-1 deficient mice, experimentally infected with T. cruzi Y strain, have deficit NO production, which is crucial for parasite clearance, while the excess production of these molecules can generate deleterious effects on the host (Goncalves et al., 2013; Silva et al., 2013).

In this study, animals infected with highly virulent and pathogenic strains (Colombian and Y) presented a high mRNA expression of IL-1β and TNF-α in the myocardium and high serum concentrations of these cytokines. This exacerbated profile of proinflammatory cytokines is associated with high production of NO, which helps in parasitism control and can cause intense tissue destruction contributing to animal mortality. High TNF-α production may exhibit protective roles, activating macrophages but causing tissue damage generating deleterious effects on the host (Truyens et al., 1999; Holscher et al., 2000; Malvezi et al., 2004). The high expression of IL-1β is observed in patients with cardiac form of Chagas disease, and its action is correlated to cardiac hypertrophy and inhibition of fibroblast proliferation, indicating the IL-1β role in cardiac remodeling (Patten et al., 1996; Lachtermacher et al., 2010; Sousa et al., 2014). On the other hand, IL-1β showed antiparasitary action leading to TNF-α and NO production in the culture of murine cardiomyocytes infected by T. cruzi (Postan et al., 1999). The high production of NO by the enzyme iNOS has been associated with death of murine cardiomyocytes by triggering a programmed cell death process (Pinsky et al., 1999). Furthermore, culture of murine macrophages and cardiomyocytes with combinations of IL-1β, TNF-α, and IFN-γ results in death of these cells, and the lethal effects are blocked by using iNOS inhibitors or adding TGF-β (Pinsky et al., 1999).

Our data also showed that the infection with high virulent and pathogenic strains led to reduced expression of IL-6 and IL-12. These cytokines play an important role in the control of parasite replication; IL-6 deficient animals show higher parasitemia and early mortality (Muller et al., 2001; Gao and Pereira, 2002). These results suggest that deficient expression of TLR2, TLR4, TLR9 may impact on the reduced production of IL-6 and IL-12, exacerbating parasite replication and host death. In addition, a negative correlation was observed between mRNA expression of TLR4, TLR5, IL-6, and parasitemia levels. On the other hand, strains with low virulence and pathogenicity induced high expression of important TLRs and cytokines in the control of T. cruzi infection. In addition to regulation (inhibition or stimulation) of TLRs and NLRs, qualitative and quantitative differences in cardiac inflammatory infiltrate differentially induced by strains with high, medium, and low virulence also influence the gene expression of molecules involved in the innate immune response in cardiac tissue.

Altogether, our findings suggest that virulence of T. cruzi strains is related to the inhibition of innate immune receptors, adapter molecules, and cytokines important to parasitism control (TLR4, TLR9, TRIF, Myd88, IL-6, and IL-12) associated with increased expression of molecules that contribute to myocardial inflammation, damage, and mortality (NLRP3, caspase-1, IL-1β and TNF-α). Future studies will be required to identify parasite molecules implicated in the activation of the TLR receptor signaling cascade and NLR receptor signaling pathway to understand the underlying mechanisms at the interface of the immune response of the host and virulence of T. cruzi and its association with the pathogenesis of Chagas disease.
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Supplementary Figure 1 | Parasitemia (A) and survival (B) in Swiss mice infected by the intraperitoneal route with 1×104 blood trypomastigotes forms of Trypanosoma cruzi Colombian (TcI), Y (TcII), PL1.10.14 (TcIII), AM64 (TcIV), 3253 (TcV) and CL (TcVI) strains. The data are representative of two independent experiments (n=10, ten animals were infected with each strain).
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The clinical evolution of patients with chronic Chagas disease (CCD) is mainly associated with an excessive inflammation and a defective immunomodulatory profile caused by the interaction between T. cruzi and the host. Regulatory B (Breg) cells exert immune suppression mostly through IL-10 production (B10 cells), but also through IL-10-independent mechanisms. Previously, we demonstrated that CCD patients with cardiomyopathy show changes in the ex vivo Breg cell phenotypic distribution although maintain IL-10 production capacity. Here, we sought to identify potential alterations on Breg cells upon in vitro stimulation. Isolated B cells from CCD patients with or without cardiomyopathy and non-infected (NI) donors were stimulated with T. cruzi lysate or CpG + CD40L, and characterized by flow cytometry based on the expression of CD24, CD27, CD38, and the regulatory molecules IL-10 and PD-L1. IL-10 and IL-17 secretion in the supernatant of B cells was evaluated by ELISA. Data showed that T. cruzi stimulation diminished the expression of CD24 and CD38 on CD27− B cells while reducing the percentage of CD24high inside CD27+ B cells. Furthermore, T. cruzi induced a regulatory B cell phenotype by increasing B10 cells and IL-10 secretion in all the groups. The innate-like B10 cells expansion observed in patients with cardiomyopathy would be associated with CD27− B10 cell subsets, while no predominant phenotype was found in the other groups. Patients with cardiomyopathy also displayed higher IL-17 secretion levels in T. cruzi–activated B cells. CpG + CD40L stimulation revealed that B cells from CCD patients and NI donors had the same ability to differentiate into B10 cells and secrete IL-10 in vitro. Additionally, CCD patients showed an increased frequency of CD24−CD27− B cells and a reduction in the percentage of CD24highCD27+ Breg cells, which appeared to be inversely correlated with the presence of T. cruzi DNA in blood. Finally, CCD patients exhibited a higher frequency of PD-L1+ B cells in T. cruzi–stimulated samples, suggesting that IL-10-independent mechanisms could also be tangled in the control of inflammation. Altogether, our results provide evidence about the potential role of Breg cells in the immune response developed against T. cruzi and its contribution to chronic Chagas cardiomyopathy.
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Introduction

Chagas disease, which etiological agent is the parasite Trypanosoma cruzi, remains affecting about 6 to 7 million people worldwide, mostly in Latin America, but also in the United States of America, Canada, and many European and some African, Eastern Mediterranean, and Western Pacific countries (WHO, 2021). After infection with the parasite, the innate and adaptive immunity elicited by the host leads to rapid control of the acute parasitemia (Cardoso et al., 2016). However, if the infected individuals have no access to the current available antiparasitic drug, Benznidazol, the infection cannot be completely resolved, and the disease progresses to the chronic phase. The clinical features of the chronic Chagas disease (CCD) vary widely. About 70% of patients experience no detectable signs or symptoms and can stay symptom-free for years or even for the entirety of their lifetime, while up to 30% of patients develop cardiac alterations and up to 10% suffer from digestive lesions (particularly enlargement of the esophagus or colon) or both manifestations (cardiac and digestive) (Pérez-Molina and Molina, 2018). The immune response, encompassing all its stimulatory and regulatory mediators, is one of the main factors that tilt the balance between the two clinical forms of CCD (Acevedo et al., 2018; Chevillard et al., 2018).

Immature transitional CD19+CD24highCD38high and CD19+CD24highCD27+ B cells have immunosuppressive capacity and are considered the most representative subsets of the so-called regulatory B (Breg) cells in human peripheral blood (de Masson et al., 2014; Oleinika et al., 2018). CD19+CD24highCD38high B cells inhibit the differentiation of CD4+ T cells into the pro-inflammatory Th1 and Th17 and promote Treg cells (Blair et al., 2010; Flores-Borja et al., 2013). Deficiencies in the number and function of these cells have been first reported in patients with systemic lupus erythematosus (Blair et al., 2010), spreading then to other autoimmune diseases (multiple sclerosis, rheumatoid arthritis, Sjögren’s syndrome), allergic rhinitis, and chronic infections (Abebe et al., 2021). Furthermore, CD19+CD24highCD38high Breg represents a high percentage of the bulk of B lymphocyte in cord and peripheral blood of healthy neonate and was found increased in late-onset sepsis, linking these cells with pregnancy success (Li et al., 2018). On the other hand, CD19+CD24highCD27+ B cell subset harnesses its immunomodulatory activity mostly by regulating the production of pro-inflammatory cytokines, tumor necrosis factor (TNF)-α in monocytes and interferon (IFN)-γ in CD4+ T cells (Iwata et al., 2011; Hasan et al., 2019; Jansen et al., 2021). Alterations in the frequency of this memory-like Breg have been detected in similar scenarios than the CD19+CD24highCD38high Breg, including cancer (Abebe et al., 2021; Jansen et al., 2021).

However, and depending on the different disease models, stimulation conditions as well as the panel of cell surface markers used in the flow cytometry analysis, other B cells are also classified as Breg. Thus, CD19+CD5+CD1d+ (Zhang et al., 2012; Zhang et al., 2014), CD19+Tim-1+ (Aravena et al., 2017; Gu et al., 2017b), and CD19+CD25+CD71+CD73− cells (van de Veen et al., 2013) participate by ameliorating the inflammatory response elicited in different immune-related pathologies (Abebe et al., 2021). Although still under investigation, the immunomodulatory mechanisms exerted by these heterogeneous mix of B cells encompass mainly the secretion of the anti-inflammatory cytokine interleukin (IL)-10, but also IL-35 and transforming growth factor (TGF)-β production, or the expression of the surface molecules, like CD80, CD86, Fas ligand (FasL), programmed death ligand-1 (PD-L1), CD40L, or CD1d, via direct cell–cell interactions (Harris et al., 2000; Rosser and Mauri, 2015; Abebe et al., 2021).

Data on the role of Breg cells in chronic T. cruzi infection in humans are scarce. In a first study, Fares et al. (2013) evaluated the expression of CD5 and CD1d markers and IL-10 production within CD19+ B cells in an ex vivo context. The authors observed that IL-10 production in CD19+CD5+CD1d+ B cells is higher in patients with CCD when compared with non-infected individuals. But remarkably, they also found that the percentage of IL-10 within CD19+CD5−CD1d− subsets is increased in patients with the cardiac form of CCD, facing the conundrum about the other phenotype of B cells with regulatory functions (Fares et al., 2013). Recently, we demonstrated, in an ex vivo study and focusing on CD24, CD27, and CD38 cell surface markers, that the phenotypic profile of B cells is altered in patients with CCD, depending on their clinical status (Girard et al., 2021). Hence, total B cells and transitional CD24highCD38high B cell subpopulation are expanded in CCD patients with cardiac involvement compared to non-infected donors, while the CD24highCD27+ B cell subset remains unchanged. In addition, and although no differences were observed in the frequency of total IL-10-producing B cells (B10) between patients with and without cardiac alterations, the former showed an increased proportion of CD24intCD38int naïve B10 cells and a trend to a lower frequency of CD24highCD38low memory B10 cells. Since naïve and memory B10 cells have different functions in immune-related diseases, we speculate that naïve B10 cells would be involved in the maintenance of the autoimmune disorders raised in cardiac patients. In the same line of finding, we observed that the phenotypic distribution within B10 cells in terms of naïve, transitional, and memory subsets in CCD patients without cardiac involvement displays the same pattern detected in non-infected individuals.

In the present study, we have expanded on those previous results by broadly delving the phenotypic traits of B and B10 cells from CCD patients with or without cardiac alterations and non-infected donors, in response to T. cruzi stimulation. For this purpose, isolated B cells were examined by flow cytometry using the combination of CD19, CD24, CD27, and CD38 cell surface markers, while the secretion of IL-10 and IL-17 was analyzed in the culture supernatant by ELISA. It was also our interest to phenotypically characterize Breg cells under the non-specific stimulation with cytosine-phosphate-guanosine (CpG) oligodeoxynucleotide plus CD40L. Finally, the expression of PD-L1 was explored on B cells as another mediator, in addition to IL-10, for Breg cells function in the context of human chronic Chagas disease.



Materials and Methods


Study Population and Blood Sample Collection

Donors were enrolled either at Instituto Nacional de Parasitología “Dr. Mario Fatala Chabén” or at Hospital General de Agudos “Dr. Ignacio Pirovano,” Buenos Aires, Argentina. T. cruzi infection was diagnosed according to national and international guidelines by indirect immunofluorescence assay (IFI), indirect hemagglutination assay (IHA), and enzyme-linked immunosorbent assay (ELISA) (WHO, 2002). Subjects positive in at least two of these tests were considered to be infected. Patients in the chronic phase of the infection underwent a complete clinical and cardiological examination and were grouped according to a modified version of the Kuschnir classification (Ribeiro et al., 2012) as follows: Group 0, patients without demonstrable cardiac pathology (G0, n=13); and Group 1, patients with cardiac involvement (G1, n=13). Subjects in Group 0 (Kuschnir 0 or K0) had a normal ECG and normal chest radiography, whereas individuals within Group 1 had cardiac alterations such as right and/or left branch blockage and different degrees of conductive functional alterations (Kuschnir 1 or K1, n=12) or heart failure symptoms (Kuschnir 3 or K3, n=1). Due to sample availability reasons, most of the donors included in the G1 group belonged to Kuschnir stage 1. A random group of subjects with negative serological tests for T. cruzi infection were included as the non-infected control group (NI, n=13). The exclusion criteria included record of history of treatment with Benznidazole or Nifurtimox and presence of systemic arterial hypertension, diabetes mellitus, thyroid dysfunction, renal insufficiency, chronic obstructive pulmonary disease, hydroelectrolytic disorders, alcoholism, history suggesting coronary artery obstruction and/or rheumatic disease, as well as the impossibility of undergoing the examinations. The clinical features of the study population are summarized in Table 1. Samples from patients and non-infected donors consisted of 50–60 ml of peripheral venous blood, collected in tubes with EDTA as anticoagulant (Vacutainer, BD Biosciences, NJ, USA). All participants were permanent residents of the greater Buenos Aires area, a location free of Triatoma infestans, for at least the last 10 years.


Table 1 | Demographic and clinical characteristics of donors.



Blood samples were drawn after the purposes of the investigation were explained, and written informed consent was signed from all participants.



PBMC and Plasma Isolation

An aliquot of 2 ml of whole blood from each participant was separated for parasite load detection, while a similar volume was centrifuged for 15 min at 800 g to separate plasma, which was stored at −20°C for T. cruzi specific antibody analysis. The remaining whole blood underwent Ficoll-Hypaque density gradient centrifugation (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), according to manufacturer-provided instructions to obtain PBMC; this procedure was carried out within 4 h of blood collection. Isolated PBMCs were resuspended in heat-inactivated fetal bovine serum (FBS, Natocor, Córdoba, Argentina) containing 10% dimethylsulfoxide (DMSO) and cryopreserved in multiple aliquots in liquid nitrogen until used. After thawing, obtained PBMCs with viability greater than 85% assessed by light microscopy and trypan blue staining were used in the experiments.



Characterization of Blood Samples

The titer of T. cruzi–specific IgG antibodies in the plasma of patients was determined as previously described (Longhi et al., 2014; Girard et al., 2018). For parasite load detection, total DNA was extracted from whole blood aliquots using the High Pure PCR Template Preparation kit (Roche Diagnostics Corp., IN, USA) following manufacturer-provided instructions, and a multiplex real-time PCR was performed as previously described (Duffy et al., 2013; Ramírez et al., 2015).



Trypanosoma cruzi Antigen Preparation

Whole trypomastigote lysate was obtained from T. cruzi CL Brener (DTU Tc VI) infected VERO cells (multiplicity of infection, MOI 10:1) supernatants as previously described (Acevedo et al., 2017). Briefly, VERO cells were infected in MEM culture medium supplemented with 10% inactivated FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 mM l-glutamine (all from Gibco, Thermo Fisher Scientific, Waltham, USA). After 1 h of incubation, extracellular parasites were removed by aspirating cell culture medium followed by the addition of fresh MEM with 3% FBS. Trypomastigotes were harvested from day 6 to 7 post-infection in the supernatant of VERO cells by centrifugation at 2,000 g for 10 min and after cellular debris was removed. Trypomastigotes were washed once with phosphate-buffered saline (PBS) and stored as dry pellet at −80˚C until lysate preparation. Successive parasite collection rounds were performed until obtaining a total of 2.109 total trypomastigotes. To prepare whole antigenic lysate, parasites were resuspended in lysis buffer (1 mM EDTA, 0.1% Tritón X-100, 0.1% NP40, 100 mM NaCl, 1 mM PMSF in distilled water) and submitted to five cycles of freezing-thawing in liquid nitrogen, which were followed by sonication. After lysis procedure, the suspension was filter sterilized through a 0.2-mm-pore-size membrane, assayed for protein concentration, aliquoted, and stored at −80°C until use.



B Cell Isolation and Culture

B cells were isolated from thawed PBMC by negative selection using magnetic-bead purification MACS kit (EasySep Human Pan B cell isolation kit; Miltenyi Biotec, Bergisch Gladbach, Germany) and the EasySep Purple Magnet (STEMCELL Technologies, Vancouver, Canada), following the manufacturer-provided protocol. The frequency of CD3−CD19+ cells prior and after magnetic separation was evaluated by FACS staining on a BD FACSCanto II cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The purity of isolated B cells was 91.65 ± 5.58% (mean ± standard deviation). All cultures were performed in RPMI-1640 medium supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM l-glutamine, and 10% FBS. B cells, seeded in 96-well U-bottom plates at a density of 400.000 cells/well, were incubated for 48 h at 37°C in a humidified 5% CO2 incubator, with T. cruzi trypomastigote lysate (10 µg/ml), CpG oligodeoxynucleotide (2.5 μg/ml; CpG-ODN2006-5’-tcgtcgttttgtcgttttgtcgtt-3’; InvivoGen, San Diego, CA, USA) + recombinant human CD40L (1 μg/ml; Biolegend, San Diego, USA), a combination of T. cruzi lysate + CpG + CD40L or culture medium alone as non-stimulated control. For intracellular IL-10 detection, 2 µl/ml of cell stimulation cocktail (eBiosciences, Thermo Fisher Scientific, Waltham, MA, USA) and 1 µl/ml of Brefeldin A (equivalent to 5 µg/ml; Biolegend), formally called PIB, were added for the last 5 h of incubation. Of note, cell stimulation cocktail contains Phorbol-12-myristate-13-acetate (PMA; 0.05 µg/ml) and ionomycin (Iono; 1 µg/ml).



Flow Cytometry Staining

B cells were transferred to a 96-well V-bottom plate and washed once with PBS by centrifugation at 700 g for 3 min at room temperature (RT). Supernatants were discarded, and cells were incubated for 30 min with a staining solution containing BV421 anti-CD3 (clone UCHT1), PECy5 anti-CD19 (clone HIB19), APC anti-CD27 (clone M-T271), PECy7 anti-CD24 (clone ML5), APCCy7 anti-CD38 (clone HB-7), and FITC anti-PD-L1 (clone MIH1) fluorochrome-conjugated antibodies (Abs) or isotype control Abs specific for human. After surface markers staining, cells were washed with PBS, fixed with Fixation Buffer (Biolegend) for 20 min at RT in the dark, and washed with PBS by centrifugation. For intracellular IL-10 detection, cells were permeabilized with Perm-Wash Buffer (Biolegend), stained with PE anti-IL-10 antibody (clone JES3-9D7) and fixed again for 20 min with Fixation Buffer. Zombie-Aqua Fixable viability dye (Biolegend) was used to exclude non-viable cell events. Fluorescence-minus-one (FMO) controls were used to determine the cut point for the IL-10 staining, and isotype-matched Ab control staining was considered for cell surface markers gate setting. All Abs were purchased from Biolegend and BD Biosciences and were used at optimal concentrations determined by previous titration experiments. A minimum of 20.000 events within the B cell population were acquired in a FACSCanto II flow cytometer using FACS Diva Software (BD Biosciences). Data analysis was performed with FlowJo Software V10 (FlowJo LLC, Ashland, OR, USA). The general gating strategy is illustrated in Supplementary Figure 1.



Cytokine Secretion

IL-10 and IL-17 secretion was measured in culture supernatants of B cells by ELISA (ELISA Max Standard Set Human IL-10, Biolegend and Human IL-17A ELISA Ready-SET-Go!, eBiosciences, San Diego, CA, USA), according to the manufacturer’s instructions. The supernatants were collected after 43 h of culture and before PIB addition and stored at −80°C until the ELISA assay was performed.



Statistical Analysis

A linear mixed-effects regression model (LMER) was applied to analyze differences in the frequency of cell populations, the mean fluorescence intensity (MFI) of markers, and the cytokine concentration among different stimulation conditions and groups. Group and culture conditions were considered fixed factors, sample was included as random factor, while the frequency of cells and the MFI or cytokine concentration were set as dependent variables. For post-hoc comparisons, Tukey HSD (honest significant difference) contrasts were used. The frequency of cells, MFI, and cytokine concentration data were tested for normality and homoscedasticity using Shapiro-Wilk and Bartlett tests, respectively. LMER models were fitted in R version 4.0.2 (R Core Team, 2013) with lmer function from lme4 package (Bates et al., 2010) and glht function from multcomp package (Hothorn et al., 2014). p-value less than 0.05 was considered statistically significant.




Results


The Phenotype of Breg Cells Changes Upon In Vitro Stimulation With T. cruzi in Patients With Chronic Chagas Disease

Aiming to characterize Breg cell compartment in patients with CCD with different clinical forms and NI donors following T. cruzi stimulation, B cells isolated from PBMC were incubated with T. cruzi lysate or medium only (control) during 48 h with the addition of PIB in the last 5 h of culture, and then applied flow cytometry to evaluate the expression of CD24, CD27, and CD38 cell surface markers. By using the combination of CD24 and CD38, we assessed the well-established subpopulations of B cells, identified as CD24highCD38high (immature transitional), CD24intCD38int (primarily mature naïve), CD24highCD38low (primarily memory), and CD24lowCD38high (plasmablasts) (Figure 1A). Results showed that T. cruzi lysate stimulation induced a decrease in the frequency of immature transitional B cells in patients without cardiac involvement (p=0.002), although no statistically significant differences were found among the groups (Figure 1B). The rest of the subpopulations stayed unchanged under these conditions and was comparable among the groups (Figure 1B).




Figure 1 | Phenotypic distribution based on CD24 and CD38 expression of isolated B cells from patients with CCD and NI donors upon T. cruzi stimulation. (A) Gating strategy used to identify B cell subsets according to CD24 and CD38 expression. Dot plots from one NI donor are illustrated. (B) Frequency of transitional, naïve, memory, and plasmablasts subsets in Control or T. cruzi stimulated B cells from CCD patients (G0, G1) and NI donors. Each symbol represents data from one individual. Statistically significant differences are indicated with an asterisk (*) p < 0.05.



We further evaluated the percentage of B cell subsets according to CD24-CD27 (Figure 2A) and CD27-CD38 (Figure 2B) markers expression upon T. cruzi stimulation. Considering the former combined expression, patients with CCD with and without cardiac involvement showed a minor frequency of CD24+CD27− B cells in T. cruzi–stimulated cultures, compared to NI donors (G0: p=0.025, G1: p<0.001; Figure 2C). The frequency of CD24−CD27− subset increased in response to T. cruzi antigens in subjects from the three groups (p<0.001), whereas only patients without cardiac involvement showed an expansion of CD24−CD27+ B cell subset (p=0.0037, Figure 2C). Interestingly, the percentage of CD24highCD27+ B cells was lower in G0 and G1 groups (G0 vs. NI: p=0.02, G1 vs. NI: p=0.014; Figure 2C), and the magnitude of this subset was found diminished in those patients with detectable T. cruzi DNA in peripheral blood (PCR+), independently of their clinical form (p=0.007). Conversely, CD24−CD27− B cell frequency was higher in G0 and G1 groups (G0 vs. NI: p=0.032, G1 vs. NI p=0.02; Figure 2C). Of note, CD24−CD27− and CD24highCD27+ B cell alterations in CCD patients were observed independently of stimulation condition (Figure 2C). Concerning the percentage of CD24+CD27+ B cell subset, no statistically significant differences were detected neither upon T. cruzi stimulation nor comparing among the groups (Figure 2C). Then, we examined the frequencies of B cell subsets based on CD27-CD38 expression. A reduced frequency of the double negative population (CD27−CD38−) was identified in T. cruzi–stimulated B cells from patients with CCD and NI donors (G0: p=0.049, G1: p=0.011, NI: p=0.0044), with no differences among the groups (Figure 2D). Besides, the percentages of CD27+CD38−, CD27+CD38+, and CD27−CD38+ B cell subsets did not change after in vitro stimulation with T. cruzi, and no statistically significant differences were detected by comparing the groups (Figure 2D).




Figure 2 | Phenotypic distribution based on CD24-CD27 and CD27-CD38 markers expression of isolated B cells from CCD patients and NI donors upon T. cruzi stimulation. (A, B) Dot plots showing the gating strategy used to identify B cell subsets defined by CD24-CD27 and CD27-CD38 expression, respectively. (C, D) Frequencies of B cell subpopulations in CCD patients (G0, G1) and NI donors in Control or T. cruzi–stimulated samples, according to CD24-CD27 and CD27-CD38 markers expression, respectively. Each symbol represents data from one individual. Statistically significant differences are indicated with asterisks (*) p < 0.05, (**) p < 0.01, (***) p < 0.001.



The alterations of Breg cells unveiled upon unspecific stimulation in patients with some autoimmune diseases and cardiomyopathies (Bankó et al., 2017; Jiao et al., 2018) led us to examine the phenotypic distribution of B cells after stimulation with the oligonucleotide CpG plus recombinant CD40L (CpG + CD40L) in our cohort of CCD patients and NI donors (Supplementary Figures 2A, B, 3A–D). The change induced by CpG + CD40L stimulus was almost equivalent all across the B cell subpopulations in the three groups of subjects; an increase of plasmablasts and a reduction of CD24highCD27+ subpopulation were detected in NI donors (Supplementary Figures 2B, 3C). Furthermore, the most substantial differences were found in the augmentation of CD24+CD27+ in G0 and NI, together with a drop in the frequency of and CD27−CD38+ B cells in CCD patients with cardiomyopathy (Supplementary Figures 3C, D).



Trypanosoma cruzi Induces an Innate-Like Regulatory B10-Cell Phenotype in CCD Patients With Different Clinical Forms and NI Donors

We next characterized the B10 cell population from isolated B cell stimulated with T. cruzi or with the B10 cell differentiation-inducing molecules CpG + CD40L, in CCD patients and NI donors. As was illustrated in Figure 3A, FMO controls were used to determine IL-10+ B cells in each sample. This analysis revealed that T. cruzi stimulation increased total B10-cell frequency in both groups of CCD patients and NI donors (p<0.001; Figure 3B), while no statistical differences were found among the groups. Interestingly, the mean fluorescence intensity (MFI) for IL-10 in B10 cells significantly raised in patients without cardiac involvement (p<0.001; Figure 3C). In parallel, CpG + CD40L stimulation induced a great expansion not only in the frequency of B10 cells but also in MFI compared with culture medium only (p<0.0001; Figures 3D, E), suggesting that B cells from patients with CCD and NI donors have the same ability to differentiate into B10 cells in vitro (Figures 3D, E).




Figure 3 | Frequency of B10 cells and MFI of IL-10 on isolated B cells from patients with CCD and NI donors upon stimulation with T. cruzi or CpG + CD40L. (A) Dot plots from one NI donor showing the gating strategy used to determine the frequency of total B10 cells on B cell cultures following different stimulus. Fluorescence-minus-one (FMO) controls for each donor were used to determine the cutoff for IL-10 staining on B cells. (B, C) Frequency of B10 cells and MFI for IL-10 on Control B cells or T. cruzi–stimulated samples. (D, E) Frequency of B10 cells and MFI for IL-10 on Control B cells or CpG + CD40L stimulated samples. (F, G) Frequency of B10 cells and MFI for IL-10 on B cells stimulated with CpG + CD40L or CpG + CD40L + T. cruzi. Each symbol represents data from one individual. Statistically significant differences are indicated with asterisks (*) p < 0.05, (**) p < 0.01, (***) p < 0.001.



We therefore asked whether T. cruzi could alter the B cell activation exerted by the non-specific stimulus. To address this question, B10 cell frequency and MFI for IL-10 were evaluated in B cells incubated with CpG + CD40L + T. cruzi and compared with CpG + CD40L–stimulated samples. Results showed that the percentage of B10 cell diminished in CpG + CD40L + T. cruzi–stimulated B cells in patients with cardiac involvement and NI donors (G1: p=0.024, NI: p=0.017; Figure 3F), although no differences were detected in patients belonging to G0. IL-10 MFI levels were comparable between both conditions and also among the groups (Figure 3G).

In order to investigate the phenotypic distribution of B10 cells based on CD24 and CD38 markers, the gating strategy shown in Figure 4A was applied to analyze the IL-10 secreting B cells within transitional, naïve, memory, and plasmablast subsets in control and T. cruzi–stimulated cultures. A significant drop in the percentage of transitional B10 cells (IL-10+CD24highCD38high) was detected only in subjects of the G0 group (p=0.010), and no differences were detected among the groups (Figure 4B). With regard to naïve, memory, and plasmablasts B10 subsets frequency, no statistically significant differences were found in response to T. cruzi stimulation (Figure 4B).




Figure 4 | Phenotypic distribution of B10 cells based on CD24 and CD38 expression from patients with CCD and NI donors upon T. cruzi stimulation. (A) Dot plots showing the gating strategy used to identify B10 cell subsets according to CD24 and CD38 expression for one NI donor. Large dots were used to facilitate visibility of events. (B) Frequency of transitional, naïve, memory, and plasmablasts B10 cell subsets in Control or T. cruzi stimulated B cells from CCD patients (G0, G1) and NI donors. Each symbol represents data from one individual. Statistically significant differences are indicated with an asterisk (*) p < 0.05.



The phenotypic traits of B10 cells were also evaluated according to CD24-CD27 (Figure 5A) and CD27-CD38 (Figure 5B) markers expression in T. cruzi–stimulated B cells. The analysis showed a higher frequency of CD24−CD27− B10 cells in patients with cardiac involvement (p=0.013), while no additional differences were identified in the other phenotypic CD24-CD27 subpopulations (Figure 5C). Furthermore, patients of the G1 group displayed a diminished percentage of CD27+CD38+ B10 subset (p=0.027) and an augmented percentage of CD27−CD38+ B10 subset (p=0.023) in T. cruzi–stimulated samples (Figure 5D). Additionally, CD38 negative B10 cell subsets were not altered between conditions and neither among the groups (Figure 5D).




Figure 5 | Phenotypic distribution of B10 cells in terms of CD24-CD27 and CD27-CD38 markers expression from CCD patients and NI donors upon T. cruzi stimulation. (A, B) Dot plots corresponding to one NI donor showing the gating strategy used to identify B cell subsets defined by CD24-CD27 and CD27-CD38 expression, respectively. (C, D) Frequencies of B cell subpopulations from CCD patients (G0, G1) and NI donors in Control or T. cruzi–stimulated samples, according to CD24-CD27 and CD27-CD38 markers expression, respectively. Each symbol represents data from one individual. Statistically significant differences are indicated with asterisks (*) p  < 0.05.



Similar to the analysis carried out in B cells, we sought to study B10 cell subsets upon CpG + CD40L stimulation (Supplementary Figures 4A, B, 5A–D). Our results showed comparable changes in the frequencies of the distinct phenotypes except for the CD27−CD38+ subpopulation, which was augmented in CCD patients with no significant differences in NI group donors (Supplementary Figure 5D).



The Secretion of IL-17 Increases in B Cells From Patients With the Cardiac Form of CCD

IL-10 and IL-17 secretion in the supernatants of stimulated B cell cultures was quantified by ELISA. Results showed that T. cruzi increased IL-10 secretion in CCD patients and NI donors (p<0.001; Figure 6A), and no differences were found among the groups. Moreover, patients with the cardiac form exhibited higher IL-17 secretion in the supernatant of T. cruzi–stimulated B cells in contrast to controls (p<0.001), while patients without cardiac involvement and NI donors did not show statistically significant differences (Figure 6B). When comparing among the groups, statistically significant differences were found only between patients with cardiomyopathy and NI individuals (p=0.031; Figure 6B).




Figure 6 | IL-10 and IL-17 cytokine secretion on supernatant of B cells from patients with CCD and NI donors following T. cruzi or CpG + CD40L stimulation. (A, B) IL-10 and IL-17 secretion in supernatants of Control or T. cruzi–stimulated B cells from CCD patients (G0, G1) and NI donors. (C) IL-10 secretion in supernatants of Control or CpG + CD40L stimulated B cells from CCD patients and NI donors. (D) IL-10 secretion in supernatants of B cells following stimulation with CpG + CD40L or CpG + CD40L + T. cruzi in CCD patients and NI donors. Each symbol represents data from one individual. Statistically significant differences are indicated with asterisks (*) p < 0.05, (***) p < 0.001.



We further assessed IL-10 secretion in the supernatant of B cells incubated with CpG + CD40L, and similar increased levels were detected in all the groups (p<0.001; Figure 6C). However, this augmentation was slightly higher in patients with cardiac involvement (mean percentage of increase, G0: 2930%, G1: 4340%, NI: 1533%). On the other hand, none of the groups showed changes in IL-10 secretion upon CpG + CD40L + T. cruzi stimulation compared with CpG + CD40L (Figure 6D).



B Cells From Patients With CCD Exhibit Higher Levels of the Regulatory Molecule PD-L1 Upon T. cruzi Stimulation

Given that B cells can modulate the immune response through IL-10-independent mechanisms, such as PD-L1 regulatory molecule expression (Khan et al., 2015), we decided to measure PD-L1 expression on B cells from CCD patients and NI donors following the same stimulation conditions mentioned above. In Figure 7A, fluorescence histograms from one representative NI donor show the analysis strategy used to evaluate PD-L1 expression on B cells in control cultures or upon T. cruzi, CpG + CD40L, and CpG + CD40L + T. cruzi stimulation. Results evidenced an increase in the percentage of PD-L1+ B cells in CCD patients with different clinical forms upon T. cruzi stimulation (G0: p=0.032, G1: p=0.0029; Figure 7B), but no differences were detected in MFI for PD-L1 on B cells (Figure 7C).




Figure 7 | PD-L1 expression on isolated B cells from patients with CCD and NI donors following T. cruzi or CpG + CD40L stimulation. (A) Fluorescence histograms showing PD-L1 expression in T. cruzi, CpG + CD40L, or CpG + CD40L + T. cruzi–stimulated or Control B cells. Data from one NI donor are illustrated. Dotted line shows the cut point to identify PD-L1+ B cells (CD19+PD-L1+). (B, C) Frequency of PD-L1+ B cells and MFI for PD-L1 on Control or T. cruzi–stimulated B cells from CCD patients (G0, G1) and NI donors. (D, E) Frequency of PD-L1+ B cells and MFI for PD-L1 on Control or CpG + CD40L–stimulated B cells from CCD patients (G0, G1) and NI donors. (F, G) Frequency of PD-L1+ B cells and MFI for PD-L1 on CpG + CD40L or CpG + CD40L + T. cruzi–stimulated B cells from CCD patients (G0, G1) and NI donors. Each symbol represents data from one individual. Statistically significant differences are indicated with asterisks (*) p < 0.05, (***) p < 0.001.



In addition, both, the frequency of PD-L1+ B cells (p<0.001; Figure 7D) and MFI for this marker (p<0.0001; Figure 7E) increased in response to the non-specific stimulation with CpG + CD40L in CCD patients and NI donors, and this augmentation remained unchanged in the presence of T. cruzi lysate for all the groups (Figures 7F, G).




Discussion

The balance between effector and regulatory functions of the different immune cells is pivotal for maintaining a homeostatic state both in health and in an ongoing infection. Alterations in the phenotype or function of Breg cells contribute to the pathogenesis of immune-mediated diseases. In this work, we evaluated potential phenotypic alterations of Breg cells from patients with CCD with or without cardiomyopathy, as well as from non-infected donors in response to T. cruzi stimulation.

The results of our approach showed that T. cruzi stimulation alters the expression of surface markers associated with regulatory phenotypes such as CD24, CD27, and CD38 on isolated B cells from patients with CCD and non-infected donors. Hence, T. cruzi reduced the expression of CD24 in CD27− B cells in CCD patients and NI donors, and also in CD27+ B cell population but only in patients without cardiac manifestations. CD24 is a highly glycosylated protein located in the plasma membrane of B cells, usually as glycosyl-phosphatidylinositol (GPI)-anchored protein or forming part of lipid complexes (lipid rafts) (Mensah et al., 2018). In mature human B cells, the expression of CD24 fluctuates throughout their life cycle until it is lost when they differentiate into plasma cells. Sanz et al. (2008) identified a high expression of CD24 in CD27+ B cells, while CD27− presented a low expression of this molecule. In addition, it was shown that CD24 expression level is related to the energy metabolism of B cells throughout their differentiation, and in turn, this role differs among different subpopulations of B cells. In vitro assays revealed that CD24− B cells proliferate more actively, while CD24+ B cells are more likely to remain in an anergic state or die by apoptosis upon stimulation (Mensah et al., 2018). In face of our results, we hypothesize that parasite antigens would be contributing to the predominance of naive and memory CD24− B cells, more prone to proliferate when stimulated and less able to persist in a state of anergy or undergo apoptosis when faced with signals from the environment. The meaning of this mechanism should be explored in order to understand whether it has a protective or detrimental role in B cell response to T. cruzi infection.

Interestingly, an increased frequency of CD24-CD27 double negative B cell subset and a decreased proportion of CD24highCD27+ B cells were detected in patients with CCD compared with non-infected subjects regardless of the culture condition (control or T. cruzi stimulated). A recent study evidenced that CD24highCD38high and CD24highCD27+ populations, contrary to the CD24−CD27− B cell subset, can suppress proliferation and secretion of IFN-γ and IL-17 in CD4+ T cells. Furthermore, this ability depends on the production of IL-10 and the regulatory molecule PD-L1 (Hasan et al., 2019). In line with our findings, the minor percentage detected of CD24highCD27+ subset seems to be a trait that was not related with T. cruzi stimulation on B cells directly; however, it was associated with CCD. Conversely, the increase in the CD24−CD27− subset was directly associated with T. cruzi antigen stimulation, since it was found in cells from CCD patients, who already had a higher frequency, and also in B cells from non-infected donors. We could speculate that in chronic T. cruzi infection, CD24−CD27− B cell subset would be favored in detriment of populations with high expression of both markers, thus contributing to the Breg population being defective in CCD. We also found a negative association between the frequency of the CD24highCD27+ subset and the level of parasitemia in CCD patients, which suggest that these cells could be related to the control of parasite clearance in the chronic phase of Chagas disease.

CD24highCD27+ Breg cell population is characterized by a high expression of the suppressive cytokine IL-10, but also by other regulatory molecules such as PD-L1, TGF-β1, Granzyme B, as well as the CD39 ectonucleotidase (Hasan et al., 2019), which is also expressed in Treg cells (Gu et al., 2017a), in suppressor cells of myeloid origin (Li et al., 2017), as well as in other Breg cell populations (Kaku et al., 2014; Figueiró et al., 2016). Several studies have reported that adenosine converted from ATP by the combined activity of CD39 and CD73 ectoenzymes is a newly recognized “immune checkpoint mediator” that suppresses the immune response in various pathologies (Antonioli et al., 2013). In the context of Chagas disease, Santos et al. (2009) demonstrated that one of the mechanisms by which T. cruzi can evade the immune response is through the expression of ectonucleotidases of the CD39 family, since inhibitors of this enzyme favor infectivity and virulence of the parasite in in vitro and in vivo conditions. Even more, a transient increase in CD39/CD73 attenuated the inflammatory macrophage response against T. cruzi, and CD73 inhibition was beneficial in establishing the inflammatory profile of macrophages in the myocardium of mice with acute T. cruzi infection (Ponce et al., 2016). This finding emphasizes the role of these molecules in modulating the local immune response in the myocardium. Likewise, a recent study showed that Treg cells from patients with the indeterminate form of CCD express higher levels of CD39, indicating that this molecule would be involved in the control of inflammation in these patients (Damasio et al., 2019). In the same way that T. cruzi expresses molecules of the CD39 family that modulate the immune response, it could also induce an increase in the expression of these ectonucleotidases on B cells or decrease the subsets that typically express high levels of these enzymes, such as the CD24highCD27+ B cell population, thus favoring persistence and contributing to disease progression.

By analyzing IL-10-producing B cells, we found that T. cruzi increased the frequency of total B10 cells and IL-10 secretion in the culture supernatant from CCD patients and NI subjects. These findings suggest that T. cruzi induces a B10 cell regulatory phenotype that does not depend on antigen experience, but constitutes an “innate-like” B cell response to relatively short stimulations (48 h) with parasite antigens. In the same line of thought and given that the experiments were carried out using isolated B cells, IL-10 production would be induced by signaling through a direct engagement of Toll-like receptors (TLR) and/or B cell receptor (BCR) with parasite molecules or through the secretion of autocrine cytokines. It is known that not only TLR agonists such as CpG (TLR9) and R848 (TLR7 and TLR8) are capable of inducing IL-10 production in B cells, but also IFN-α modulates IL-10 production mediated by activation of TLR7 and TLR8. Particularly, Liu et al. (2014) reported that IFN-α regulates the production of IL-10 in B cells through signaling via ERK and STAT3. Upon T. cruzi infection, the parasite is internalized by macrophages and dendritic cells by different mechanisms, and once inside the phagolysosome, its DNA and RNA contact the TLR7 and TLR9 receptors. This interaction promotes the activation of NF-kβ through the Myd88 signaling pathway (Bartholomeu et al., 2008). As with these other APCs, the activation of TLR7 and TLR9 could occur in B cells by the different antigens contained in T. cruzi lysate, promoting the production of IL-10. It is also important to consider that in B cells there is a constant mechanism of cross-talk between TLR7 and TLR9 activation and direct signaling through BCR stimulation. In fact, this joint signaling is essential in the development of self-reactivity mechanisms, promoting or decreasing the activation of potentially harmful B cells (Suthers and Sarantopoulos, 2017). When excessive cellular or tissue damage occurs, the activation of TLR7 or TLR9 by endogenous nucleic acids can be exacerbated, leading to autoimmunity phenomena (Suthers and Sarantopoulos, 2017). In CCD, TLR-BCR signaling mediated by certain T. cruzi antigens as well as endogenous antigen products of the immune response itself could also be contributing to the development of autoreactive mechanisms in patients, as well as to activation of potentially harmful or dysfunctional B10 cells.

By reducing the innate and adaptive immune responses, IL-10-mediated suppression can contribute to favorable conditions for the persistence of pathogens and lead to chronic infection. On the other hand, it prevents the immune-mediated tissue lesions as a result of an exacerbated inflammatory state (Mege et al., 2006; Couper et al., 2008). In both the acute and chronic phases of the disease, T. cruzi induces an increase of IL-10 as part of its escape mechanism, which makes it difficult to interpret whether the secretion of this cytokine is a cause or a consequence of parasitemia in patients (Flávia Nardy et al., 2015; Cardoso et al., 2016). A recent study showed a positive relationship between the IL-10 levels in sera of CCD patients with detectable parasitemia (PCR+) (Salvador et al., 2020). However, in our cohort of patients, we did not find an association between parasitemia and the frequency of B10 cells or IL-10 secretion levels in B cell culture supernatants, suggesting that other cell types are the source of IL-10 in chronic T. cruzi infection. In fact, as it was mentioned before, a negative correlation between parasite detection in blood and the percentage of CD24highCD27+ B cell exists in CCD patients, and this subset is identified as the central IL-10 secreting B cells in humans (Jansen et al., 2021).

The alterations detected in the phenotypic distribution of B10 cells upon stimulation with T. cruzi disclose that their increase in patients with Chagas disease cardiomyopathy would be mainly associated with those populations lacking CD27, such as CD24−CD27− and CD27−CD38+. Interestingly, the former was also found augmented in our ex vivo analysis (Girard et al., 2021), underpinning this subpopulation as a possible trait in patients with the cardiac form of CCD, and if so, it requires further investigation. Under the same experimental stimulation with CpG + CD40L, Jiao et al. (2018) observed that patients with Idiopathic Dilated Cardiomyopathy (IDC), a heart disease sharing some features with the cardiac form of CCD, presented a decrease in total B10 cells compared to healthy individuals, particularly within CD24highCD27+ subset. What is even more interesting is that the frequency of B10 cells correlated with parameters of cardiac function in patients, suggesting the contribution of these cells in the severity of heart damage and the progression of IDC (Jiao et al., 2018). Our data proved to be similar between patients with CCD and non-infected donors, illustrating that the Breg response mounted against the stimulus, different from the parasite itself, could be equally effective.

An additional finding of our study was the higher IL-17 secretion by B cells upon T. cruzi stimulation in patients with cardiac involvement. Studies in vitro with human tonsillar cells pinpoint B cells as an important source of IL-17 (B17 cells) in response to T. cruzi infection, although the specific phenotype of these cells has not yet been identified (Bermejo et al., 2013). Likewise, studies evaluating IL-17 in patients infected with T. cruzi suggest a protective immunomodulatory function of this cytokine to prevent cardiac damage in CCD (Amezcua Vesely et al., 2020). Patients with cardiac manifestations have lower levels of IL-17 in total lymphocytes and a lower frequency of Th17 cells than patients without clinical symptoms. In turn, IL-17 levels positively correlate with better cardiac function (Magalhães et al., 2013; Sousa et al., 2017). Our results also align with these findings and point to a protective function of B17 cells in patients undergoing heart disease.

Finally, we investigated whether Breg cells could modulate inflammatory responses by mechanisms other than IL-10 production, for example by expression of PD-L1, which engages the inhibitory receptor programmed-cell death 1 (PD1) on T cells. In fact, the only finding regarding the inhibitory molecules PD1/PD-L1 in chronic infection with T. cruzi comes from the murine model in which the blockade of this interaction increased leukocyte infiltration in cardiac tissue and diminished blood parasite load (Fonseca et al., 2018). In accordance, we observed that stimulation with T. cruzi induced an increase in PD-L1+ B cells in patients with CCD, highlighting that this molecule could protect the heart from an excessive immune response.

The study has some potential limitations. First, the number of subjects included in each group was small. Second, the inability to recruit patients with different cardiac disorders, means stratified as K2 and K3 according to Kuschnir classification, restrained to analyze how the phenotypic traits of B and B10 cells vary with the progression of CCD. Third, the low quantity of B cells isolated per individual limited our ability to measure other anti-inflammatory cytokines such IL-35 and TGF-β, as well as cell surface proteins like TIM-1, and CD73, which would help to unravel unknown aspects of the regulatory mechanisms raised by B cells in patients with chronic Chagas disease. Here, we have detailed the phenotypic characteristics of B and B10 cells based on the expression of CD24, CD27, and CD38 that provides evidence about the potential role of Breg cells in the immune response developed against T. cruzi, illustrated in Figure 8. Taken together, our findings mainly point out that the frequency of the most representative Breg cells in humans, CD19+CD24highCD38high and CD19+CD24highCD27+ B cells, are altered in patients with CCD; while both phenotypes dropped in subjects without symptoms, only the latter decreased in patients with cardiac manifestations. Further research is required to uncover the functional effects exerted by these cells to regulate other immune cells within the complex response against T. cruzi.




Figure 8 | Graphical abstract. Main phenotypic traits identified on B and B10 cells from CCD patients with or without cardiac manifestations and NI donors in response to T. cruzi stimulation. Boxes with T. cruzi parasite images in red show changes observed on T. cruzi–stimulated B cells, whereas the lower box on the right corresponds to changes on subpopulations of B cells that were independent of the stimulation condition. The direction of change is indicated with arrows (increase/decrease). The color of the arrows indicates in which groups of subjects was detected the mentioned alteration (green arrows: G0; purple arrows: G1; gray arrows: NI). Full circles in the cell cytoplasm indicate increased MFI for IL-10, while full circles outside the cell cytoplasm indicate increased secretion of the corresponding cytokine (IL-10 or IL-17). Created with Biorender.com.
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Chronic Chagasic cardiomyopathy (CCC) is a severe clinical manifestation that develops in 30%–40% of individuals chronically infected with the protozoal parasite Trypanosoma cruzi and is thus an important public health problem. Parasite persistence during chronic infection drives pathologic changes in the heart, including myocardial inflammation and progressive fibrosis, that contribute to clinical disease. Clinical manifestations of CCC span a range of symptoms, including cardiac arrhythmias, thromboembolic disease, dilated cardiomyopathy, and heart failure. This study aimed to investigate the role of signal transducer and activator of transcription-3 (STAT3) in cardiac pathology in a mouse model of CCC. STAT3 is a known cellular mediator of collagen deposition and fibrosis. Mice were infected with T. cruzi and then treated daily from 70 to 91 days post infection (DPI) with TTI-101, a small molecule inhibitor of STAT3; benznidazole; a combination of benznidazole and TTI-101; or vehicle alone. Cardiac function was evaluated at the beginning and end of treatment by echocardiography. By the end of treatment, STAT3 inhibition with TTI-101 eliminated cardiac fibrosis and fibrosis biomarkers but increased cardiac inflammation; serum levels of interleukin-6 (IL-6), and IFN−γ; cardiac gene expression of STAT1 and nuclear factor-κB (NF-κB); and upregulation of IL-6 and Type I and Type II IFN responses. Concurrently, decreased heart function was measured by echocardiography and myocardial strain. These results indicate that STAT3 plays a critical role in the cardiac inflammatory–fibrotic axis during CCC.
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Introduction

Chagas disease is caused by infection with the parasite Trypanosoma cruzi and currently affects an estimated 6–7 million people predominantly in Central and South America1. It is the leading cause of non-ischemic cardiomyopathy in Latin America (Bocchi, 2013). Acute infection is characterized as a non-specific febrile illness, with easily detectable parasitemia, that transitions to a clinically silent indeterminate phase with low to undetectable parasitemia (Dias et al., 1956). Overall, approximately 30% of infected individuals develop significant cardiac disease 10–15 years after infection, and approximately 2% of infected individuals develop chronic Chagasic cardiomyopathy (CCC) annually (Sabino et al., 2013). Mortality due to CCC is usually due to fatal arrhythmias, thromboembolism, or refractory heart failure (Rassi et al., 2010). Parasite-specific treatments, including benznidazole and nifurtimox, have been shown to reduce parasite burden but not to affect progression of cardiomyopathy (Morillo et al., 2015). The BENEFIT (Benznidazole Evaluation for Interrupting Trypanosomiasis) Study found that 17%–18% of patients with CCC progress to heart failure and death despite antiparasitic therapy (Marin-Neto et al., 2009; Morillo et al., 2015). Thus, treatment for patients with CCC also includes standard cardiac drugs to minimize arrhythmias and preserve heart function, including amiodarone, angiotensin-converting enzyme inhibitors, and aldosterone receptor agonists (Tanowitz et al., 2015; Nunes et al., 2018; Stein et al., 2018). However, improved understanding of the underlying mechanisms of disease progression in CCC will drive the development of more effective therapies.

The earliest cardiac histopathology findings in fatal cases of CCC were characterized by the persistence of parasites in the heart combined with diffuse fibrosis and inflammation in the myocardium (Dias et al., 1956). Further studies also identified autoimmunity, microvascular dysfunction, and dysautonomia as key factors in disease pathogenesis (Hyland et al., 2007; Bonney et al., 2019). In particular, the progressive cardiac fibrosis in CCC disrupts normal cardiac structural organization, resulting in worsening heart function, including arrhythmias and heart failure (Tassi et al., 2014; Tzizik and Borchardt, 2018). Transforming growth factor beta (TGF-β) is a master regulator of fibrosis and has been found to be elevated in CCC patients as well as preclinical models of CCC (Araujo-Jorge et al., 2002; Waghabi et al., 2002; Araujo-Jorge et al., 2008; Ferreira et al., 2016). Indeed, we recently demonstrated in our mouse model of CCC that TGF-β and downstream fibrosis mediators connective tissue growth factor (CTGF) and platelet-derived growth factor (PDGF) correlated with tissue fibrosis and worsening cardiac strain (Hoffman et al., 2019). Recently, inhibition of TGF-β was shown to decrease cardiac fibrosis and improve cardiac function in a mouse model of Chagas disease, indicating a key role of TGF-β in the mechanisms of fibrosis in CCC (Ferreira et al., 2019). However, additional investigation on the specific downstream targets of TGF-β will further define the key mechanisms of pathology in CCC and potentially identify new therapeutic targets.

Another classic lesion seen in CCC is chronic myocarditis that occurs as a result of the persistence of the parasite antigens in the heart. T. cruzi induces a pro-inflammatory response in which inflammatory cells infiltrate the myocardium, contributing to cardiac dysfunction (Andrade, 1999; Teixeira et al., 2002). Toll-like receptor signaling induces nuclear factor-κB (NF-κB)-mediated inflammatory signaling, leading to the release of pro-inflammatory cytokines (Andrade, 1999), e.g., interleukin-6 (IL-6) and interferon-γ (IFN-γ), as well as chemokines (Poveda et al., 2014). Transcriptome profile analysis of T. cruzi-infected cardiomyocytes revealed increased mRNA levels of cytokines and chemokines, including IL-6, a pleotropic cytokine that contributes to both inflammatory and fibrotic responses, depending on other disease factors (O’Reilly et al., 2014; Udoko et al., 2016; Kurdi et al., 2018). Importantly, IL-6 has been demonstrated to be responsible for macrophage polarization and subsequent myocardial damage in CCC (Sanmarco et al., 2017). Lymphocyte activation is amplified by IL-6 production induced by T. cruzi infection, leading to myocardial infiltration by T cells (Gao and Pereira, 2001). Importantly, IL-6 knockout (KO) mice infected with T. cruzi were shown to have reduced myocarditis compared to wild-type mice, confirming the role of IL-6 in T. cruzi-induced inflammation (Sanmarco et al., 2017). Furthermore, this suggests that IL-6 signaling may be a target for therapeutic intervention.

Signal transducer and activator of transcription-3 (STAT3) has been implicated as a key promoter of fibrosis development in animal models of fibrotic diseases (Ogata et al., 2006; Liu et al., 2013; O’Reilly et al., 2014; Pedroza et al., 2016; Su et al., 2017; Kurdi et al., 2018). STAT3 also has been found to be important in both IL-6 and TGF-β signaling and is directly activated by both IL-6 and TGF-β (Akira, 1996; Ogata et al., 2006; Fischer and Hilfiker-Kleiner, 2008; Hilfiker-Kleiner et al., 2010; Liu et al., 2013; O’Reilly et al., 2014; Tang et al., 2017). IL-6 binds its heterodimeric receptor consisting of IL-6Rα and IL-6Rβ (gp130), which induces the phosphorylation of the gp130-associated Janus kinase (JAK) and its subsequent phosphorylation of four tyrosine residues within gp130 (O’Reilly et al., 2013; O’Reilly et al., 2014). STAT3 binds to these phosphotyrosine (pY) peptide docking sites via its SRC homology 2 (SH2) domain resulting in its phosphorylation (O’Reilly et al., 2014; Johnson et al., 2018) at tyrosine 705 (pY-STAT3), which promotes its dimerization and accumulation within the nucleus, where pY-STAT3 homodimers drive pro-inflammatory and pro-fibrotic gene transcription (Johnson et al., 2018). STAT3 has been demonstrated to be activated by TGF-β through its heterodimerization with SMAD3 (Tang et al., 2017; Pedroza et al., 2018) resulting in upregulation of pro-fibrotic gene expression. Critical pro-fibrotic genes upregulated by activated STAT3 include Type I collagen, a key component of fibrosis (Papaioannou et al., 2018). Inhibition of STAT3 with TTI-101, a small molecule that targets the pY-peptide binding site within the SH2 domain of STAT3, has been found to ameliorate inflammation and fibrosis in the lung, skin, and liver (Xu et al., 2009; Pedroza et al., 2016; Pedroza et al., 2018). Importantly, cardiac-specific STAT3 signaling has been shown to play a critical role in inflammatory damage and age-related cardiac fibrosis (Jacoby et al., 2003). T. cruzi infection has been shown to increase STAT3 activation in the heart (Ponce et al., 2013). Together, these data suggest that STAT3 signaling plays a critical role in the pathogenesis of CCC.

Based on the findings summarized above, we hypothesize that STAT3 contributes to the chronic low-grade inflammation and progression of fibrosis seen in CCC and that use of TTI-101 may reduce cardiac fibrosis and/or inflammation in a mouse model of CCC. We have previously reported on our BALB/c mouse model of CCC that replicates the persistent inflammation and progressive fibrosis characteristic of human disease (Hoffman et al., 2019). The studies reported here were undertaken to investigate the consequence of STAT3 inhibition with TTI-101 on cardiac inflammation and fibrosis development in our animal model of CCC.



Materials And Methods


Parasites and Infections

T. cruzi H1 strain trypomastigotes, a DTU I strain originally isolated from a human patient with chronic cardiomyopathy in Mexico, were isolated from the blood of infected BALB/c mice [blood form trypomastigotes (bt)] at peak parasitemia [24–32 days post infection (DPI)] (Ruiz-Sanchez et al., 2005). Blood form trypomastigotes were washed once with sterile phosphate buffered saline (PBS), then resuspended in appropriate cell culture media (Complete Fibroblast Media). BALB/c mouse primary cardiac fibroblasts (Cell Biologics, IL, USA) were cultured in appropriate media and grown for 24 h prior to infection. Cell cultures were washed once with PBS, then infected with bt at a multiplicity of infection of 3 to achieve an infection efficiency of one parasite per cell. Cell culture medium was replaced every 24 h.

Wild-type BALB/c female mice (age 6–8 weeks), purchased from Taconic Biosciences, NY, USA, were injected intraperitoneally with 500 T. cruzi bt suspended in 0.1 ml sterile saline (n = 80) or sterile saline alone (n = 20) as previously described (Barry et al., 2016). Mice were evaluated daily for systemic signs of disease, including ruffled coat, lethargy, hunched posture, dyspnea, and visible weight loss. These signs were used as endpoint determinants, and mice that reached endpoint were humanely euthanized. All studies involving live animals were performed in strict compliance with Public Health Service Policy and The Guide for Care and Use of Laboratory Animals (Eighth Edition) and were approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine under PHS assurance number D16-00475 (Council, 2011).



Cardiac Parasite Burden and Parasitemia Quantification

Blood was collected from infected mice during the acute phase of disease, at 32 DPI, and hearts were collected at study endpoint (91 DPI). Total DNA was isolated from blood and heart tissue using a DNEasy 96 blood and tissue kit according to the manufacturer’s guidelines (Qiagen Sciences, MD, USA). Parasitemia and cardiac parasite burden were assessed by quantitative real-time PCR as previously described (Jones et al., 2018). Briefly, PCR was performed using 10 ng purified DNA, TaqMan Fast Advanced Master Mix (Life Technologies, CA, USA), and oligonucleotides specific for the satellite region of T. cruzi nuclear DNA (primers 5’ ASTCGGCTGATCGTTTTCGA 3’ and 5’ AATTCCTCCAAGCAGCGGATA 3’, probe 5’ 6-FAM CACACACTGGACACCAA MGB 3’; Life Technologies, CA, USA). Data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (primers 5’ CAATGTGTCCGTCGTGGATCT 3’ and 5’ GTCCTCAGTGTAGCCCAAGATG 3’, probe 5’ 6-FAM CGTGCCGCCTGGAGAAACCTGCC MGB 3’; Life Technologies, CA, USA), and parasite equivalents were calculated from a standard curve of known parasite contents (Jones et al., 2018).



TTI-101 Treatment

TTI-101, formerly known as C-188-9, a proven inhibitor of STAT3 phosphorylation (Xu et al., 2009), was acquired from Tvardi Therapeutics, Inc., TX, USA. For in vitro experiments, a stock of TTI-101 was prepared in dimethyl sulfoxide (DMSO), which was added to cell culture media to achieve a final concentration of 20 µM. For in vivo experiments, TTI-101 was dissolved in DMSO to achieve a concentration of 25 mg/ml and administered once daily to mice from 70 to 91 DPI by intraperitoneal injection of 0.05 ml for a dose of 1.25 mg/mouse or 62.5 mg/kg body weight.



Benznidazole Treatment

Benznidazole (Laboratorio Elea, Argentina) was resuspended in 5% DMSO–95% HPMC (0.5% hydroxypropyl methylcellulose, 0.4% Tween 80, 0.5% benzyl alcohol in deionized water) to a final concentration of 10 mg/ml. Mice were treated with 100 mg/kg benznidazole by oral gavage once daily from 70 to 91 DPI. This treatment scheme was previously shown to reduce cardiac parasite burdens to nearly undetectable levels in BALB/c mice acutely infected with T. cruzi H1 (Cruz-Chan et al., 2021).



STAT3 in Cardiac Cells Infected With T. cruzi

Cell cultures were treated with the compound after growth with and without T. cruzi infection. Cardiac fibroblast cells were grown for 24 h before infection to allow acclimation to culture conditions. All experimental groups were treated with a media change at this time, with the infected groups treated with three blood form T. cruzi Tc1 H1 trypomastigotes per cell, and the naive controls were treated with media alone. Cell lysate samples were collected at the following time points: 12, 24, 48, and 72 h. Protein in the lysate was quantified using a Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions (ThermoFisher, MA, USA), and all samples were diluted to 1 µg/µl. Protein isolated from lysate and cardiac tissue from mouse experiments (100 µg/well) was tested for concentrations of pY-STAT3 using ELISA (ThermoFisher, MA, USA). Samples were treated with RIPA Lysis and Extraction Buffer (ThermoFisher, MA, USA) for acquisition of lysate, according to manufacturer’s instructions. To test the effect of TTI-101 treatment on the levels of pY-STAT3 in cardiac fibroblasts, this experiment was repeated with TTI-101 treatment. Immediately after infection, the cell cultures were then treated with 50 µg/ml TTI-101, dissolved in DMSO, or DMSO alone. TTI-101 treatment was replenished at the same concentration with media changes every 24 h. Cell lysate samples were collected as previously, and lysates were tested for concentrations of pY-STAT3 using ELISA following the manufacturer’s instructions. Two technical and biological replicates were measured for each factor analyzed.



STAT3 Inhibition With TTI-101 in a Mouse Model of Chronic Chagasic Cardiomyopathy

The infection and treatment timeline is illustrated in Figure 1A. At 70 DPI, mice were divided into six treatment groups, listed in Figure 1B. Prior to treatment start and end, at 70 and 91 DPI, all mice were anesthetized and imaged with echocardiography. Mice were immediately euthanized after the final echocardiography, and hearts and serum from the mice were collected for histologic analysis, gene expression, and ELISA analysis.




Figure 1 | Experimental design. Shown is the timeline for experimental infection with Trypanosoma cruzi, TTI-101 and/or benznidazole treatment, and echocardiography imaging in a mouse model of chronic Chagasic cardiomyopathy (A). Six treatment and control groups are listed, with untreated animals receiving dimethyl sulfoxide (DMSO) treatment vehicle alone (B).





Echocardiography

At 70 and 91 DPI, echocardiography was performed on anesthetized mice as described (Hoffman et al., 2019). Briefly, mice were anesthetized with inhaled isoflurane delivered by a precision vaporizer, and fur from the entire ventral thorax was removed with motor trimmers. Mice were positioned in dorsal recumbency on a temperature-regulated plate and monitored with rectal thermometer and Doppler ECG with four leads. The sternum was coated with a layer of ultrasound gel, and the left parasternal window was used to obtain both long and short axis echocardiogram images of the left ventricle in B-mode. Heart rates were maintained between 375 and 425 beats per minute during imaging acquisition. M-mode images were then obtained at the papillary level of the short-axis view in order to determine systolic and diastolic chamber dimensions.

The images were analyzed with Fujifilm Visualsonics VevoLab, Inc., Ontario, Canada echocardiogram analysis software. The left ventricle dimensions were obtained from the M-mode images to determine ejection fraction, stroke volume, and cardiac output. Each measurement represents the mean of 15 cardiac cycles of identical projection, transducer position, and angle of frozen images. Cardiac output values were normalized according to animal weight. The short-axis and long-axis left ventricle B-mode images were analyzed using the VevoStrain Fujifilm Visualsonics, Inc. Ontario, Canada software, with each measurement representing three cardiac cycles per position. The short-axis images were used to obtain circumferential strain. The long-axis images were used to obtain longitudinal strain.



Histopathology Methods

At 91 DPI, all mice were anesthetized to a surgical plane of anesthesia with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), then euthanized via opening of the thoracic cavity. The heart was collected by excision and divided in half with sterile instruments. Then, one half was immediately fixed in 10% formalin solution and the other flash-frozen for later processing. The samples were dehydrated, embedded in paraffin, sectioned to 5 mm, fixed, and stained with hematoxylin–eosin (H&E) and Masson’s trichrome.

Imaging of the stained sections was performed on three representative images of the left ventricle in distinct regions that did not overlap. The imaging was performed with an Amscope United Scope LLC, CA, USA ME580 brightfield microscope equipped with LMPLAN40-065 ×40 objective using an 18-megapixel camera at fixed upper and lower light levels. ImageJ software was used to quantify the total area of the images that represented inflammatory infiltrate (H&E) or collagen (Masson’s trichrome). Two sequential sections of the left ventricle were imaged, with three representative images obtained from distinct non-overlapping portions of myocardium in each section, representing approximately 5% of the area per section. Briefly, for total fibrosis, numerical values of the total myocardium and the Masson’s trichrome-stained collagen area were obtained by adding the values of each area obtained with photography of ×40 microscopic fields in a section; the fraction of total area of collagen deposition per area of the entire section analyzed was calculated for each animal. Total heart area was quantified as the total area of the myocardium that appeared in each image, with white background subtracted from the total area. This same protocol was performed for quantification of area of inflammation using H&E staining.



Immunohistochemistry

For immunohistochemistry (IHC) staining, mouse hearts were fixed in formalin, embedded in paraffin, and sectioned, as above. Heart sections were incubated with rabbit anti-CD4 monoclonal IgG (1:500; Cell Signaling Technology, Inc., MA, USA, 25229) or mouse anti-CD8 monoclonal IgG (1:50; Cell Signaling Technology, Inc., MA, USA, 98941) antibody followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody. Brown color was carried out by incubation with the chromogen 3,3-diaminobenzidine (DAB), and nuclei were counterstained with hematoxylin.



Cardiac Tissue Gene Expression Analysis

Frozen cardiac tissues were processed using Qiagen RNeasy kit to isolate and purify mRNA according to the manufacturer’s instructions. The mRNA was quantified and converted to cDNA using Qiagen RT2 First Strand kit. The cDNA was quantified with Nanodrop, and 20 μg was used in the Qiagen RT2 Profiler PCR Array Mouse Fibrosis kit with SYBR Green Rox Mastermix or NF-κB (Mm00476361_m1) and STAT1 (Mm00439518_m1) primers (ThermoFisher, MA, USA) with TaqMan™ Gene Expression Master Mix. Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) was carried out on an Applied Biosystems Viia 7 Real-Time PCR system. The relative quantitation of the genes was performed according to the ΔCt method using GAPDH as the internal control gene for individual primers and the housekeeping genes included in the mouse fibrosis array.



Biomarker and Cytokine Targets and Analysis

To analyze the circulating levels of fibrosis biomarkers, inflammatory cytokines, and cardiac injury biomarkers, serum was collected from mice at 91 DPI. Blood was collected after transection of the descending aorta and caudal vena cava following euthanasia, and serum was collected from the blood. Concentrations of fibrosis biomarkers TGF-β and PDGF-D were measured using sandwich enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s instructions (Abclonal). Concentrations of inflammatory cytokines IL-6 and IFN-γ were measured using ELISA kits according to the manufacturer’s instructions (ThermoFisher, MA, USA). Protein extracted from cardiac tissue was analyzed for IL-6 with ELISA kit as well. Protein in the sample was quantified using a Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions (ThermoFisher, MA, USA), and all samples were diluted to 1 µg/µl for analysis of 100 µg/well. After completing kit instructions, all plates were analyzed with a Bioteck colorimetric plate reader for appropriate absorbance wavelength per assay instructions (450 nm). All absorbance values were normalized to blank wells and compared to standard curve for calculation of concentrations. Two technical replicates were measured for each factor analyzed.



Statistical Analysis

All results are shown as mean ± standard deviation of two independent animal experiments, with two technical replicates. One representative experiment is expressed. Data were found to be normally distributed with the Shapiro–Wilk normality test. Two-way ANOVA and multiple-comparisons test were used when comparing multiple treatment groups to the naive control or untreated (infected) control. These tests were followed by Tukey’s honestly significant difference post-hoc test. When comparing two treatment groups to each other, a Student’s t-test was used. Analyses were performed using GraphPad Prism, Inc., CA, USA software, version 3.0. p ≤ 0.05 was considered statistically significant.




Results


TTI-101 Reduced pY-STAT3 in Infected Cardiac Fibroblasts

The concentration of pY-STAT3 was significantly higher in untreated T. cruzi-infected cardiac (Figure 2, green symbols) fibroblasts than naive cells (Figure 2, blue symbols). TTI-101 treatment of infected cardiac fibroblasts (Figure 2, purple symbols) significantly reduced pY-STAT3 levels compared to infected untreated (Figure 2, green symbols) cardiac fibroblasts. Similarly, TTI-101 treatment of infected cardiac fibroblasts (Figure 2, purple symbols) significantly reduced pY-STAT3 levels compared to naive untreated cardiac fibroblasts (Figure 2, red symbols).




Figure 2 | Active signal transducer and activator of transcription-3 (STAT3) concentration in cardiac fibroblast cell culture lysate. Shown are phosphorylated STAT3 (pY-STAT3) concentrations (units/µl, each µl contained 100 µg protein) in cardiac cell culture lysate. Separate cultures of cardiac fibroblasts were infected with one trypomastigote per cell of H1 TCI Trypanosoma cruzi strain or left naive. One each from the infected and naive groups was treated with TTI-101 (20 µM) or media alone. Cells were lysed at 12, 24, 48, and 72 h post infection. Cell lysates were analyzed with ELISA for pY-STAT3 concentration. Depicted are the summary data from two biological and two technical replicates. Error bars represent SD. Data were analyzed with two-way ANOVA; ****p < 0.0001 when comparing TTI-101-treated cells (purple symbols) to infected untreated cells (green symbols), $$$$p < 0.0001 when comparing TTI-101-treated cells (purple symbols) to naive untreated cells (blue symbols).





Infection and Mortality

Treatment with TTI-101 was used to inhibit STAT3 activity, and treatment with benznidazole was used to clear the infection to evaluate the effect of STAT3 if the parasites were removed. Successful infection was measured by detecting T. cruzi parasites in the blood at 32 DPI. All animals in the infected groups were found to have positive parasitemia (Supplemental Figure S1A). Acute mortality was found to be 50% in the infected groups (Supplemental Figure S1B). The remaining mice that survived until 70 DPI were randomly assigned to groups of 10 mice each for treatment as described.



Cardiac Parasite Burden and STAT3 Levels

Cardiac levels of pY-STAT3 were quantified from all treatment groups to evaluate the effect of TTI-101 treatment on its target. The groups treated with TTI-101 alone and benznidazole with TTI-101 had significantly less pY-STAT3 in cardiac tissue than all other groups not treated with TTI-101, including the naive control group that received treatment vehicle alone (Figure 3A). The infected groups treated with drug vehicle or benznidazole alone had significantly higher levels of pY-STAT3 in cardiac tissue than all other groups.




Figure 3 | Cardiac parasite burden and signal transducer and activator of transcription-3 (STAT3) activity. Shown are the mean ± SD concentrations of pY-STAT3 measured in cardiac tissue (A) and the relative parasite burden per 10 mg cardiac tissue measured with qPCR at 91 days post infection (B). Data were analyzed with Student’s t-test; *p < 0.05, **p < 0.01, ****p < 0.0001.



Cardiac parasite burden was evaluated for the evaluation of infection status and effect of TTI-101 treatment on levels of parasites in the cardiac tissue. As expected, cardiac parasite burden was significantly reduced in both groups treated with benznidazole. Cardiac parasite burden in infected groups treated with TTI-101 alone or untreated was significantly greater than those in the naive controls and the groups treated with benznidazole with or without TTI-101 treatment (Figure 3B). Treatment with TTI-101 alone did not have any effect on cardiac parasite burden compared to vehicle treatment.



Cardiac Fibrosis

To evaluate the effect of TTI-101 treatment on the development of cardiac fibrosis in chronically infected mice, cardiac fibrosis was quantified as the total percentage of Masson’s trichrome-stained collagen in the heart tissue of each animal in all groups. Infected groups treated with TTI-101 or benznidazole with TTI-101 had significantly lower levels of cardiac fibrosis than any other infected group (Figure 4A). Infected groups treated with treatment vehicle or benznidazole alone had significantly higher levels of cardiac fibrosis compared to all other groups. Cardiac fibrosis levels did not differ between the naive groups treated with treatment vehicle or TTI-101.




Figure 4 | Cardiac fibrosis and fibrosis biomarkers in experimental animals. Relative fibrosis % of total cardiac tissue imaged is illustrated for 91 days post infection (DPI) at conclusion of treatment (A). Terminal serum from all animals was collected at the conclusion of treatment at 91 DPI. Biomarkers of cardiac fibrosis were measured by ELISA. Serum concentrations of transforming growth factor beta (TGF-β) (B) and platelet-derived growth factor (PDGF)-D (C) at 91 DPI are shown. Representative images from one of two replicate experiments are shown. Error bars represent SD. Data were analyzed with Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To evaluate the effect of TTI-101 on signaling involved in the development of cardiac fibrosis in CCC, serum concentrations of biomarkers of cardiac fibrosis, including TGF-β and PDGF-D, were measured. As expected, serum TGF-β was significantly increased in the serum of infected mice compared to naive controls, but TTI-101 treatment, with or without benznidazole, significantly reduced TGF-β levels (Figure 4B). Similarly, PDGF-D was significantly increased in the serum of infected mice compared to naive controls, but TTI-101 treatment, with or without benznidazole, significantly reduced PDGF-D levels (Figure 4C). Cardiac fibrosis biomarker concentrations were similar between the infected groups with TTI-101 or benznidazole with TTI-101 and both naive groups with treatment vehicle or TTI-101. However, pro-fibrotic biomarker levels in the infected groups treated with TTI-101 were significantly lower than both infected groups that were not treated with TTI-101.



Cardiac Inflammation

We have previously demonstrated that the T. cruzi H1 strain induces significant cellular infiltration into the heart in both acutely and chronically infected mice (Hoffman et al., 2019; Villanueva-Lizama et al., 2020; Cruz-Chan et al., 2021). Here, we used our established mouse model of CCC to evaluate the effect of TTI-101 treatment on cardiac pathology. Cardiac inflammation was quantified as a total percentage of the heart tissue on histopathology (Representative images, Figures 5A–F). Cardiac inflammation was significantly higher in groups treated with TTI-101 or benznidazole with TTI-101 than any of the other infected and naive groups and was reduced only in the infected group treated with benznidazole alone (Figure 5G). Cardiac inflammation was significantly higher in the infected groups receiving treatment vehicle or benznidazole treatment alone compared to both naive groups. Cardiac inflammation did not differ significantly between the naive groups.




Figure 5 | Cardiac inflammation quantified on histopathological analysis in experimental animals. Representative images of hematoxylin and eosin staining of infiltrating inflammatory cells in naive untreated (A), naive TTI-101 treated (B), infected untreated (C), infected benznidazole treated (D), infected TTI-101 treated (E), and infected TTI-101 with benznidazole treated (F) are shown. Relative inflammation % of total cardiac tissue imaged is illustrated for 91 days post infection, at the conclusion of treatment (G). Representative images from one of two replicate experiments are shown. Error bars represent SD. Data were analyzed with Student’s t-test; *p < 0.05, ***p < 0.001, **** p < 0.0001.



The inflammatory infiltrate was characterized with immunohistochemistry using antibodies for both CD4 and CD8. Staining for CD4 was detected in low levels in the inflammatory infiltrate of the hearts of any group with myocarditis (Figure 6A). However, inflammatory infiltrates stained positive for CD8 in all infected groups (Figure 6B). The groups treated with TTI-101 had greater levels of CD4+ and CD8+ infiltrate than all other groups (Figures 6A–C). However, the CD8+ proportion of inflammatory infiltrate was much greater than CD4+ for all infected groups (Figure 6C).




Figure 6 | CD4 and CD8 staining of inflammatory infiltrate in cardiac tissue. Immunohistochemistry was performed on cardiac tissues from groups exhibiting myocarditis, and images were processed for the measurement of relative CD4+ and CD8+ populations. The relative CD4+ (A) and CD8+ (B) stained cells are depicted as a percent of total tissue, measured from heart samples from all treatment groups. Comparison of CD4+ and CD8+ percentages of total cellular infiltrate (C) is shown. Error bars represent SD. Data were analyzed with Student’s t-test; ***p < 0.001, ****p < 0.0001.





STAT3 Inhibition Causes Increased Pro-Inflammatory Signaling Driven by IL-6 and IFN-γ

To characterize the signaling mechanism behind the increase in cardiac inflammation with STAT3 inhibition by TTI-101, serum and heart tissue were evaluated for evidence of pro-inflammatory signaling changes. To evaluate the effect of the inhibition of STAT3 activity on IL-6 pro-inflammatory pathway and IFN-γ pro-inflammatory pathway, concentrations of IL-6 were measured in serum and heart tissue, and serum IFN-γ levels were measured. Serum concentrations of IL-6 (Figure 7A) were significantly higher in groups treated with TTI-101 or benznidazole with TTI-101 than those in all other groups. Similar trends were seen in elevations of cardiac tissue IL-6 (Figure 7B), which, in combination with the serum data, suggest that local and systemic IL-6 responses are altered with TTI-101 treatment. Serum concentrations of IFN-γ (Figure 7C) were significantly higher in groups treated with TTI-101 or benznidazole with TTI-101 than those in all other groups. Additionally, serum levels of IFN-γ were significantly increased in the infected groups that were treated with treatment vehicle or benznidazole alone compared to the uninfected control groups.




Figure 7 | Inflammatory signaling induced by signal transducer and activator of transcription-3 (STAT3) inhibition. Pro-inflammatory signaling mechanisms influenced by STAT3 activity were measured in the serum and cardiac tissues of all animals after treatment with TTI-101. Shown are individual levels of serum interleukin-6 (IL-6) (A), cardiac IL-6 (B), and serum interferon-γ (IFN-γ) (C). Downstream effectors of IL-6 and IFN-γ were measured in cardiac tissue. Cardiac gene expression levels of STAT1 (D) and NF-κB (E) are shown as fold increase above naive controls. Representative images from one of two replicate experiments are shown. Error bars represent SD. Data were analyzed with Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To confirm that the downstream effectors in the IL-6 and IFN-γ pro-inflammatory signaling pathways were upregulated, gene expression levels of NF-κB and STAT1 were measured. All four infected groups had upregulated gene expression of STAT1 and NF-κB compared to uninfected controls (Figures 7D, E). In groups treated with TTI-101 and benznidazole with TTI-101, gene expression levels of NF-κB and STAT1 were significantly higher than those in both the uninfected controls and the other infected groups.



STAT3 Inhibition Reduces Cardiac Function Despite a Reduction in Cardiac Fibrosis

To evaluate whether heart function improved or declined in response to STAT3 inhibition during CCC, echocardiography was performed before and after treatment with TTI-101. There were no significant differences between ejection fraction levels among treatment groups before treatment (Figure 8A). Groups treated with TTI-101 and benznidazole with TTI-101 had a significant decrease in ejection fraction at the end of treatment compared to that before treatment. Additionally, the groups treated with TTI-101 and benznidazole with TTI-101 had a significantly lower ejection fraction than that in all other groups.




Figure 8 | Cardiac function measured on echocardiography. Echocardiography was performed pre- and post-treatment to evaluate changes to cardiac function. All infected groups are compared to the naive untreated and naive TTI-101-treated groups (no significant differences were seen between the naive untreated and naive TTI-101-treated groups). Summary data measurements of ejection fraction (A) and cardiac output (B) measured by M mode echocardiography before and after treatment compared to naive control averages (dotted line). Summary data levels of myocardial strain of the left ventricle measured by B mode echocardiography before and after treatment compared to naive control average (dotted line; (C). Short-axis images were used to determine myocardial circumferential strain (C). Representative images from one of two replicate experiments are shown. Error bars represent SD. Data were analyzed with Student’s t-test. When comparing groups to naive control, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For each group when comparing pre-treatment to post-treatment values ±p < 0.05, ±±p < 0.01, ±±±±p < 0.0001.



Before treatment, at 70 DPI, there were no statistically significant differences in cardiac output among the groups, including between the infected and naive groups (Figure 8B). At treatment completion, cardiac output was significantly reduced in all of the infected groups compared to baseline pretreatment measurements (Figure 8B). However, the TTI-101 treatment groups exhibited the greatest reduction in cardiac output. Moreover, those groups treated with TTI-101 exhibited the greatest myocardial strain alterations relative to the other groups, regardless of whether they were treated with benznidazole (Figure 8C).

We have previously shown that myocardial strain correlates with cardiac fibrosis in our mouse model of CCC (Hoffman et al., 2019). To evaluate the effect of STAT3 inhibition on myocardial strain, both longitudinal and circumferential myocardial strains [longitudinal and circumferential shortening expressed as negative % strain (Dandel et al., 2009)] were measured from echocardiography images. Before treatment, there was no significant difference in circumferential strain between any of the groups (Figure 8C). In groups treated with TTI-101 and benznidazole with TTI-101, myocardial strain significantly increased after treatment compared to that before treatment and was also significantly higher than that in all other groups after treatment. After treatment, the myocardial strain in the infected groups treated with treatment vehicle and benznidazole was significantly higher than that in the uninfected control groups.




Discussion

Given previous evidence that signaling pathways involving STAT3 are altered in chronic fibrotic diseases and evidence showing altered STAT3 signaling in T. cruzi infected cells in vitro, we conducted the studies described here to determine the in vivo effect of inhibiting STAT3 on cardiac fibrosis development in CCC (Ponce et al., 2013; Kasembeli et al., 2018). To our knowledge, this is the first report to define the role of STAT3 in modulating the cardiac inflammatory–fibrotic axis in a mouse model of CCC. We confirmed that T. cruzi H1 infection significantly increased levels of pSTAT3 in cardiac fibroblasts in vitro and in heart tissue of chronically infected mice. We showed that similar to mouse models of skin, lung, and liver fibrosis (Pedroza et al., 2016; Kasembeli et al., 2018; Pedroza et al., 2018), inhibition of STAT3 signaling with the small molecule TTI-101 significantly reduced T. cruzi-induced pSTAT3 levels and tissue fibrosis. The reduced fibrosis was accompanied by significantly reduced serum levels of TGF-β and PDGF-D. Inhibition of STAT3 signaling also resulted in a significant increase in cardiac inflammation, with infiltration of both CD4+ and CD8+ cells into the heart, accompanied by increased expression of the pro-inflammatory transcription factors NF-κB and STAT1 and IL-6 protein levels. Concurrently, levels of IL-6 and IFN-γ were elevated in the serum. Inhibition of STAT3 signaling also resulted in decreased cardiac function, as evidenced by significantly reduced ejection fraction and cardiac output and worsening cardiac strain in mice treated with TTI-101. The effects of TTI-101 treatment were equivalent when administered alone or combined with benznidazole treatment to remove the parasite stimulus. Altogether, these data confirm that STAT3 signaling plays a key role in the pathogenesis of CCC.

We propose the pathway illustrated in Figure 9 as the mechanism of pro-fibrotic communication that is the result of our findings combined with those of previous research, as summarized below (Negoro et al., 2000; Stahl et al., 2013; Stahl et al., 2014; Pedroza et al., 2016; Tang et al., 2017; Cevey et al., 2019). High levels of TGF-β cause increased STAT3 activity through SMAD3 activation and subsequent dimerization between STAT3 and SMAD3, which engage in transcriptional regulation events that promote fibrosis (Tang et al., 2017). The STAT3 activity also has a positive feedback on both TGF-β and PDGF (Negoro et al., 2000; Tang et al., 2017). PDGF stimulates further TGF-β pro-fibrotic signaling (Negoro et al., 2000; Tang et al., 2017; Johnson et al., 2018). Inhibition of phosphorylation of STAT3 would prevent the dimerization and activity of phosphoSTAT3/SMAD3. Ultimately, a positive feedback loop modulated by STAT3 signaling would create an environment of sustained pro-fibrotic signaling between TGF-β and PDGF-D and their downstream gene expression targets, including the collagen gene.




Figure 9 | Signal transducer and activator of transcription-3 (STAT3) activity in fibrosis and inflammatory signaling. Depicted are the pro-inflammatory and pro-fibrotic pathways in which STAT3 plays a role. Arrows represent upregulation of a pathway, while blunt lines represent downregulation of a pathway. Cardiac inflammation is modulated by STAT3 via suppression of both nuclear factor-κB (NF-κB) and STAT1 pro-inflammatory signaling. Cardiac fibrosis signaling is promoted by STAT3 through transforming growth factor beta (TGF-β)/SMAD signaling. The image was created with the assistance of BioRender.



An important finding in our analysis of the cardiac fibrosis development in this study was that benznidazole treatment alone did not reduce cardiac fibrosis, despite successfully reducing cardiac parasite burden. This finding is consistent with results from a 2018 study by Fortes Francisco et al. (2018) demonstrating that benznidazole treatment did not reduce fibrosis in BALB/c mice chronically infected with T. cruzi. However, this is in contrast with studies showing that benznidazole treatment does reduce fibrosis in T. cruzi-infected C3H/HeJ and C57BL/6 mice (Rial et al., 2020). This suggests that the response to benznidazole treatment may depend in part on the genetic background of the host. Additionally, we found through echocardiographic analysis of heart function that benznidazole treatment did not improve cardiac output or myocardial strain. This is despite the significant reduction in cardiac inflammation in the groups treated with benznidazole, suggesting that benznidazole alone is insufficient to address the underlying host response that leads to clinical disease, similar to what was observed in the BENEFIT trial (Marin-Neto et al., 2009; Morillo et al., 2015).

STAT3 is known to have roles in both pro- and anti-inflammatory signaling, which is tissue and disease dependent (O’Shea and Murray, 2008). As STAT3 inhibition can be immunosuppressive, this may create a situation similar to that in aging immune systems in which the ability to control infection by adaptive immunity is limited and there is subsequent compensation for this deficiency with increased inflammation (Sadighi Akha, 2018). In our model, infection-induced cardiac inflammation was characterized by a dominance of CD8+ T-cell infiltrate into the myocardium. This is consistent with the findings of myocarditis in autopsied human patients with severe CCC, which is also characterized by a dominance of CD8+ T cells in the inflammatory infiltrate (Reis et al., 1993). Accumulation of anti-T. cruzi CD8+ T cells in the myocardium in chronic T. cruzi infection has been associated with worsened cardiomyocyte lesions, leading to a detrimental outcome for heart function (Lindner et al., 2012; Silverio et al., 2012; Hovsepian et al., 2013; Roca Suarez et al., 2018). Indeed, in our model, the increased inflammatory response after TTI-101 treatment was accompanied by declining cardiac function, further supporting a role for inflammatory damage in decreased cardiac function. This result is similar to previous findings in which STAT3 inhibition worsened cardiac function in other disease models, such as acute myocardial infarction (Negoro et al., 2000). The increase of inflammation, specifically CD8+ T cell infiltrate, shows the importance of the STAT3 pathway in suppressing inflammation in the chronic stage of disease. Our results also align with previous findings that IL-6, in a STAT3-dependent manner, suppresses proliferation and survival of CD8+ T cells in the setting of T. cruzi infection (Yu et al., 2013). Future studies should include an investigation into whether these infiltrating CD8+ T cells are T. cruzi-specific to evaluate the role of STAT3 in the targeted immune response to the parasite.

Findings from previous research show that both IL-6 and IFN-γ participate in the response to T. cruzi infection in animal models (Barry et al., 2016; Jones et al., 2018). Additionally, in human CCC patients, total serum levels of IFN-γ increased later in infection during cardiac dysfunction (Andrade, 1999; Cunha-Neto and Chevillard, 2014). Our results agree with these findings. Furthermore, IL-6 was induced in the TTI-101-treated groups, which we found interesting, as IL-6 is the major ligand for STAT3 signaling and engages in a positive feedback relationship with pY-STAT3. However, recent findings suggest that accumulation of unphosphorylated STAT3 can drive the expression of IL-6 genes through a mechanism distinct from pY-STAT3, suggesting that the IL-6-induced inflammation seen in our results could follow this mechanism (Yang et al., 2007). An important downstream effector of one of these pathways is pro-inflammatory NF-κB, which is induced by IL-6/phosphoinositide 3-kinase (PI3K) signaling (Keller et al., 2016; Jin et al., 2017). Treatment for T. cruzi infection with benznidazole has been shown to downregulate NF-κB and Toll-like receptor-4 (TLR4) expression, thereby reducing host inflammatory responses (Ronco et al., 2011; Lambertucci et al., 2017; Cevey et al., 2019). Our findings of increased serum and cardiac IL-6 in the TTI-101-treated group, coupled with increased cardiac gene expression of NF-κB, uncover an IL-6/PI3K/NF-κB pro-inflammatory cascade as a potential important contributor to the intense myocarditis seen in these animals. While there was a slight decrease in inflammatory cell infiltrate in the infected groups treated with benznidazole, there was no decrease in cardiac NF-κB expression. Furthermore, concurrent treatment of benznidazole with TTI-101 abrogated this decrease in inflammation afforded by benznidazole treatment alone. This may be due to other pro-inflammatory mechanisms, such as STAT1-driven inflammation.

In animals treated with TTI-101, IFN-γ was also significantly increased in the serum. IFN-γ is also an important pro-inflammatory cytokine that plays a role in the inflammatory response to T. cruzi infection (Rodrigues et al., 1999; Kayama and Takeda, 2010; Rios et al., 2019). STAT3 inhibits IFN-γ/STAT1 and NF-κB pro-inflammatory signaling through various mechanisms, including suppressor of cytokine signaling 3 (SOCS3) upregulation in T. cruzi infection, and inhibition of STAT3 results in increased STAT1 activity (Hovsepian et al., 2013; Yu et al., 2017). IL-6-induced STAT3 signaling also likely suppresses IFN pro-inflammatory signaling in CCC. In fibroblasts, IL-6 suppresses IFN-γ/STAT1 induction of pro-inflammatory gene expression in a STAT3-dependent manner (Costa-Pereira et al., 2002). Considering this evidence, combined with the current study’s results, it is clear that STAT3 controls both IL-6/NF-κB and IFN-γ/STAT1 pro-inflammatory signaling, with the overall effect of reducing cardiac inflammation in CCC.

Limitations to this study were present and are acknowledged by the authors. In our previous studies, we evaluated the chronic stage of disease at 111, 140, and 212 DPI, demonstrating persistent low-grade inflammation and progressive fibrosis (Hoffman et al., 2019). In the current study, we evaluated tissue pathology and cardiac function at an earlier time point of 91 DPI. Additionally, we evaluated the impact of benznidazole and TTI-101 treatment immediately at the end of treatment. Since we have shown in our mouse model that, later in disease, cardiac fibrosis levels are higher and cardiac inflammation levels are lower, it is possible that the effects of TTI-101 on cardiac inflammation may be less severe at later stages of CCC. Thus, ongoing studies are evaluating the sustained impact of benznidazole and TTI-101 treatment at later times after infection. Additionally, we observed variability in the reduction of tissue parasite burdens in mice treated with benznidazole, as well as variability in tissue fibrosis levels, with some mice exhibiting higher fibrosis than infected untreated mice. These findings could be the result of treatment failure in individual animals or potentially exacerbated inflammatory responses to parasite antigens leading to increased post-inflammatory fibrosis. Further investigation is needed to identify the causes of the unexpected increases in pathology in individual benznidazole-treated mice.

This study uncovered previously unknown signaling pathways responsible for the development of pathology in CCC. Namely, we have described the cellular signaling mechanisms responsible for promoting fibrosis and inhibiting inflammation that involve STAT3, as illustrated in Figure 10. The cardiac damage by the parasite and the host inflammatory response create the necessity for a tissue repair mechanism, which, in CCC, is cardiac fibrosis, as seen in our model. STAT3 plays a role in this shift by reducing inflammation and concomitantly promoting fibrosis. This new information illustrates the importance of the balance between pro-inflammatory and pro-fibrotic signaling in the control of cardiac pathology in CCC. The results of this study also suggest that further investigation into the cardiac fibrotic–inflammatory signaling mechanism is warranted for a more complete understanding of the pathophysiology behind CCC. Given recent findings that TGF-β inhibition prevents cardiac fibrosis development, along with our findings that STAT3 inhibition reduces TGF-β-dependent fibrosis development, a more complete understanding of TGF-β signaling in CCC would uncover additional signaling contributors to cardiac pathology. Our findings of the connections between the signaling pathways that induce these pathologies provide insight into the best approach to treatment, which is likely a multimodal therapy to inhibit both inflammation and fibrosis. This new knowledge advances the field by uncovering a new underlying mechanism of disease in CCC.




Figure 10 | Signal transducer and activator of transcription-3 (STAT3) modulation of the cardiac inflammatory–fibrotic axis in chronic Chagasic cardiomyopathy (CCC). Depicted is the cardiac pathology continuum that starts in the acute phase with a predominantly inflammatory response in the heart, which develops into a predominantly fibrotic response in the heart with progression into chronic disease. The role of STAT3 and its upstream and downstream signaling mediators is also depicted. In our model of CCC, STAT3 was found to promote fibrosis via transforming growth factor beta (TGF-β) and platelet-derived growth factor (PDGF) signaling while suppressing inflammatory signaling that involved interferon-γ (IFN-γ) and interleukin-6 (IL-6). Upon inhibition of STAT3, inflammation increased and fibrosis decreased in the heart. The image was created with the assistance of BioRender.
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Myeloid-derived suppressor cells (MDSCs) are immature heterogeneous myeloid cells that expand in pathologic conditions as cancer, trauma, and infection. Although characterization of MDSCs is continuously revisited, the best feature is their suppressor activity. There are many markers for MDSC identification, it is distinctive that they express inducible nitric oxide synthase (iNOS) and arginase 1, which can mediate immune suppression. MDSCs can have a medullary origin as a result of emergency myelopoiesis, but also can have an extramedullary origin. Early studies on Trypanosoma cruzi infection showed severe immunosuppression, and several mechanisms involving parasite antigens and host cell mediators were described as inhibition of IL-2 and IL-2R. Another mechanism of immunosuppression involving tumor necrosis factor/interferon γ-dependent nitric oxide production by inducible nitric oxide synthase was also described. Moreover, other studies showed that nitric oxide was produced by CD11b+ Gr-1+ MDSCs in the spleen, and later iNOS and arginase 1 expressed in CD11b+Ly6C+Ly6Glo monocytic MDSC were found in spleen and heart of T. cruzi infected mice that suppressed T cell proliferation. Uncontrolled expansion of monocytic MDSCs leads to L-arginine depletion which hinders nitric oxide production leading to death. Supplement of L-arginine partially reverts L-arginine depletion and survival, suggesting that L-arginine could be administered along with anti-parasitical drugs. On the other hand, pharmacological inhibition of MDSCs leads to death in mice, suggesting that some expansion of MDSCs is needed for an efficient immune response. The role of signaling molecules mediating immune suppression as reactive oxygen species, reactive nitrogen species, as well as prostaglandin E2, characteristics of MDSCs, in T. cruzi infection is not fully understood. We review and discuss the role of these reactive species mediators produced by MDSCs. Finally, we discuss the latest results that link the SLAMF1 immune receptor with reactive oxygen species. Interaction of the parasite with the SLAMF1 modulates parasite virulence through myeloid cell infectivity and reactive oxygen species production. We discuss the possible strategies for targeting MDSCs and SLAMF1 receptor in acute Trypanosoma cruzi infection in mice, to evaluate a possible translational application in human acute infections.
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MDSCs

The existence of populations of immature myeloid suppressor cells was described in different murine models of immune suppression and cancer (Angulo et al., 2000; Kusmartsev et al., 2000), among others, and associated with the production of nitric oxide (NO) and other reactive nitrogen species (RNS). To distinguish them from normal immature myeloid cells (IMCs) that give rise to granulocytes, macrophages, and dendritic cells, they were named as myeloid-derived suppressor cells, and abbreviated first as MSCs (Sinha et al., 2005) and later as MDSCs (Gabrilovich et al., 2007). MDSCs are a heterogeneous population of CD11b+Gr-1+ cells including myeloid progenitors and IMCs that expand and accumulate during tumor growth, trauma, acute and chronic immune responses to pathogens, and other altered immune responses (Gabrilovich and Nagaraj, 2009). However, this population is best defined by their suppressor activity (Bronte et al., 2016), which differentiates them from normal IMCs. MDSCs show important phenotypic differences depending on the anatomical site where they are located or the pathological condition. In addition, in tumor-induced MDSCs, discrete subpopulations with distinct T cell suppressive activity have been identified (Marigo et al., 2008; Movahedi et al., 2008).


Identification of MDSCs Subsets

Initially, MDSCs were identified using anti-Gr-1 antibodies that recognized both, Ly6G and Ly6C, surface molecules. Later, the use of antibodies specific for Ly6C and Ly6G surface antigens allowed the classification of MDSCs in monocytic CD11b+Ly6C+Ly6Glo (M-MDSCs) and polymorphonuclear CD11b+Ly6C-Ly6Ghi (PMN-MDSCs), also named granulocytic MDSCs (G-MDSCs). M-MDSCs share some features of classical (CAM or M1) and alternatively activated (AAM or M2) macrophages. M1 are induced by proinflammatory Th1 cytokines as IFN-γ, which express inducible nitric oxide synthase (iNOS). Some subsets of M2 macrophages that are induced by anti-inflammatory cytokines such as IL-4 and IL-13, express arginase 1 (Arg1). However, MDSCs express both enzymes (Gabrilovich and Nagaraj, 2009). There are other characteristics of M-MDSCs besides iNOS and Arg1, as production of prostaglandin E2 (PGE2), and expression of Transforming growth factor β (TGF-β), Interleukin 4 receptor α (IL-4Rα), and IL-13. On the other hand, PMN-MDSCs express RAR-related orphan receptor gamma 1 (RORC1), NADPH oxidase (NOX)-2, and granulocyte-colony stimulating factor (G-CSF). Finally, there are some markers common to both subsets as Phospho-Signal transducer and activator of transcription 3 (STAT3), CCAAT enhancer-binding protein beta (c/EBP/β), S100 calcium-binding proteins (S100A8 and S100A9), Programmed death-ligand 1 (PD-L1), IL-10, granulocyte-macrophages colony-stimulating factor (GM-CSF), IL-1, (Bronte et al., 2016), and indoleamine 2,3-dioxygenase (IDO) (Zhao et al., 2016). Because some of those markers are not exclusive of MDSCs, the best probe of bona fide MDSCs is their ability to suppress T cell proliferation. However, it was proposed that subsets expressing MDSC markers that do not suppress proliferation should be described as MDSC-like cells (MDSC-LC) (Bronte et al., 2016).



Suppressor Mechanisms of MDSCs

Some of the main mechanisms of suppression of T cell proliferation by MDSC are outlined in Figure 1.




Figure 1 | Main mechanisms of T cell immune suppression mediated by MDSCs. Suppressive action of iNOS and NADPH oxidase 2 (NOX-2) by RNS and reactive oxygen species (ROS) generation mediated by protein nitration and nitrosylation leads to apoptosis and inhibition of protein phosphorylation and IL-2 mRNA degradation. Arg1 together with iNOS consume extracellular L-arginine which inhibits CD3 ζ-chain expression interfering with TCR signaling. Arg1 produces L-ornithine that is the substrate of polyamines linked to proliferation and collagen involved in tissue repair and fibrosis. Cyclooxygenase 2 (COX-2) and microsomal prostaglandin E2 synthase (mPGES-1) produce suppressive prostaglandin E2 (PGE2). Indoleamine 2,3-Dioxygenase (IDO) converts L-tryptophan into L-kynurenine which also blocks T cell proliferation.



iNOS and Arg1 use L-arginine (L-arg) as a substrate for their enzymatic activities. Extracellular L-arg is transported to the cytoplasm through cationic amino acid transporter 2B (CAT2B). iNOS converts L-arg into NO which is toxic for microbes, and citrulline. Arg1 converts L-arg into urea and L-ornithine, which in turn is converted into polyamines involved in cell growth and differentiation, and L-proline that affects collagen production, tissue repair, and fibrosis (Bronte and Zanovello, 2005). L-arg is a semi-essential amino acid in adult mammals and it is required in the diet to maintain adequate levels in some stressed conditions as pregnancy, trauma, or infection (Bronte and Zanovello, 2005). In addition, T cell proliferation is extremely sensitive to extracellular L-arg concentration. Thus, the threshold of L-arg concentration in mammalian plasma that permits fully functional T cell proliferation is in the order of 100 μM (Choi et al., 2009). Moreover, the combined activity of Arg1 and iNOS enzymes is important in the suppressive activity of mouse MDSCs in tumors (Bronte et al., 2003).

MDSCs use several mechanisms to suppress the T cell response, such as triggering apoptosis of activated T cells by depleting of L-arg, via Arg1 (Apolloni et al., 2000). L-arg depletion also causes translational blockade of the ζ-chain of CD3, possibly through pathways that involve the kinases general control non-depressible 2 (GCN2) and mammalian target of rapamycin (mTOR) (Bronte and Zanovello, 2005). There is evidence that T cell suppression mediated by MDSCs is antigen-specific, this is because MDSCs can take up microbial antigens, process them, and present them to CD8+ T cells (Movahedi et al., 2008; Youn et al., 2008), thus, MDSCs can directly suppress CD8+ T cells after peptide presentation by MHCI to the T cell receptor (TCR). There is also evidence that MDSCs may suppress immune activation by inducing T regulatory cell expansion (Huang et al., 2006). Other suppressive mechanisms that have been proposed include the production of TGF-β, depletion of cysteine, induction of Cyclooxygenase-2 (COX-2) expression, and PGE2 production (Ostrand-Rosenberg, 2010).

Besides, iNOS produces NO, which causes nitrosylation of cysteine residues in target proteins and production of cyclic GMP (cGMP) by the soluble guanylate cyclase (sGC) pathway. These events interfere with the interleukin-2 receptor (IL-2R)-signaling pathway by blocking the phosphorylation of signal-transducing molecules that are coupled to IL-2R and by altering the stability of mRNA encoding IL-2 (Bronte and Zanovello, 2005).

When L-arginine concentrations are limiting due to Arg1 activity, and iNOS levels are high, electrons can be transferred by iNOS subunits to the co-substrate oxygen (O2), which generates superoxide anion () , a reactive oxygen species (ROS). Other sources of   may come from NADPH oxidase-2 (NOX-2) activity in other MDSC subsets. NOX-2 is a multi-subunit enzyme with membrane and cytosolic components, which actively communicate during the host responses to a wide variety of stimuli and mediates ROS production, which has an important role in the elimination of invading microorganisms in macrophages and neutrophils (Panday et al., 2015) and also expressed by PMN-MDSCs (Bronte et al., 2016).   can combine either with NO to generate peroxynitrites (ONOO–) or with water (H2O) to produce hydrogen peroxide (H2O2) (Bronte and Zanovello, 2005). Then, ONOO– causes nitration of proteins in tyrosine residues interfering with multiple signals, which together with H2O2 induce apoptosis (Bronte and Zanovello, 2005).

Activation of the enzyme indoleamine 2,3-Dioxygenase (IDO), which converts L-tryptophan to L-kynurenine causes depletion of extracellular L-tryptophan which can also cause suppression of T cell proliferation (Kumar et al., 2016).

Most studies on macrophages and MDSCs are performed in mouse models, and their role in humans is frequently questioned. In particular, Arg1 is abundantly expressed in mouse M2 macrophages and MDSCs (Bronte et al., 2003), but there is controversy about their expression in humans, which seems to be mostly expressed in granulocytes (Munder et al., 2005). However, transcriptomic and phenotypic profiling studies showed similarities between human and mouse myeloid populations (Guilliams et al., 2014). Moreover, arginase activity was detected in human tuberculosis granulomas in human macrophage subsets (Mattila et al., 2013), thus it might be expressed in other cell types in pathological conditions. It is important to note that dissimilar strains of mice behave differently, macrophages from a prototypical Th1 strain such as C57BL/6, produce more NO than macrophages from a prototypical Th2 strain for example BALB/c activated with IFN-γ and LPS (Mills et al., 2000). Similarly, human individuals can respond differently to infection (Thomas and Mattila, 2014).



Origin of MDSC

In severe systemic infections, there are profound alterations in the hematopoietic function of the BM that likely reflect a homeostatic response to a decrease in circulating immune populations (Glatman Zaretsky et al., 2014). Hematopoietic progenitors in the BM can sense the presence of pathogens through pattern recognition receptors, as Toll-like receptors (TLRs), or in response to proinflammatory cytokine stimuli leading to an increased generation of granulocyte-macrophage precursors (GMPs) and common myeloid precursors (CMPs), which then expand and further differentiate towards neutrophils facilitating what is called “emergency myelopoiesis”, at the expense of erythroid and lymphoid differentiation (Mitroulis et al., 2018), or giving rise to immature neutrophils that migrate to peripheral tissues (Evrard et al., 2018).

Although there is a consensus that all MDSC derive from the same precursors, there is a controversy about their medullary or extramedullary origin. The origin (and appearance) of MDSCs in each particular physiopathological context is different and not completely understood. Elevated levels of colony-stimulating factors (CSFs) may induce emergency myelopoiesis (Panopoulos and Watowich, 2008) that produces migration of IMCs from BM before their full differentiation, to replace cells consumed during inflammation, in particular, due to infection (Cheers et al., 1988; Kawakami et al., 1990).

The classical hypothesis to explain MDSCs generation by emergency myelopoiesis is known as the “two signal model” (Condamine et al., 2015), where signal 1 is given by GM-CSF, G-CSF, and IL-6, that mobilizes IMCs from bone marrow which is also called “emergency granulo-monocytopoiesis” (Strauss et al., 2015). Signal 2 is mainly mediated by Toll-like receptor signals that signal through NFκB for cytokine production (Gabrilovich and Nagaraj, 2009; Condamine et al., 2015). After leaving the bone marrow, IMCs can become MDSCs in the spleen, where extramedullary myelopoiesis can occur (Song et al., 2005). Thus, it is also feasible that expansion of MDSCs occurs in secondary lymphoid organs.

In the context of cancer therapy, there are many approaches to target MDSCs (reviewed by Gabrilovich, 2017) Which could be assayed for T. cruzi and other infectious diseases where they play a detrimental role. MDSCs can be eliminated with gemcitabine and 5-fluorouracil (5FU) chemotherapy, and inhibiting the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor and S100A9. But also targeting the suppressive machinery by inhibiting phosphodiesterase type 5 (PDE-5), COX-2, and Class I Histone deacetylase (HDAC). Besides, upregulation of the nuclear factor erythroid 2-related factor 2 (Nrf2) with synthetic triterpenoids reduces MDSCs suppressive activity. Other approaches targeted MDSCs expansion and differentiation as treatment with all-trans-retinoic acid (ATRA), inhibition of STAT3, and treatment with phospholipid phosphatidylserine (PS) antibodies. In addition, microRNA networks that regulate the differentiation, expansion, and suppression function of MDSCs may provide a novel potential approach for targeting MDSCs in the tumor environment (Su et al., 2019).




Trypanosoma cruzi Infection

Trypanosoma cruzi is a unicellular protozoan parasite that causes the Chagas disease or American Trypanosomiasis, a chronic debilitating condition endemic of Latin America, and a neglected tropical disease (Pérez-Molina and Molina, 2018). Nowadays, it has been estimated that there are around 6–7 million chronically infected people [World Health Organization Chagas Disease (American trypanosomiasis)]. This parasite has a very complex life cycle that includes an invertebrate hematophagous Reduvidae insect vector and multiple mammalian hosts (Clayton, 2010). Also, T. cruzi has different vital stages (de Souza et al., 2010; Rodrigues et al., 2014). The non-infective epimastigotes are present in the midgut of triatomines insect vectors where they differentiate into infective metacyclic trypomastigotes, that after the infection of host cells are differentiated into the intracellular replicative amastigote form. After replication amastigotes differentiate to infective trypomastigotes that reach the bloodstream after cell lysis (Echeverria and Morillo, 2019). Chagas disease presents an acute phase with low mortality and symptomatology. Then, the patients can remain in an asymptomatic chronic phase for life or in the 30–40% of cases and after 10–30 years after infection may develop chronic myocarditis and cardiomegaly, or megavisceras (megaesophagus or megacolon) or both (Rassi et al., 2012).


Immune Suppression in Trypanosoma cruzi Infection

Early reports from the 70-80s showed that infection with T. cruzi is associated with severe unresponsiveness to mitogens and antigens during the acute phase of the disease. It was thought that a suppressor factor was the cause (Cunningham et al., 1978; Kierszenbaum, 1982). Moreover, other reports pointed out T cells (Tarleton, 1988a; Guimarães-Pinto et al., 2018), including γδ T cells (Cardillo et al., 1998), as well as adherent cells (Kierszenbaum, 1982; Motrán et al., 1996) as suppressor cells. In addition, inhibition of Interleukin (IL)-2 synthesis (Harel-Bellan et al., 1985; Tarleton, 1988a) and reduced cell surface expression of IL-2 receptor by activated spleen cells (SC) from infected mice (Lopez et al., 1993), explained this unresponsiveness. By contrast, activated SC from infected mice produced elevated levels of Interferon-γ (IFN-γ) and tumor necrosis factor (TNF) (Tarleton, 1988b; Nabors and Tarleton, 1991). Also, cross-reactive autoantibodies against AGC10 membrane glycoprotein were present in chagasic sera could also suppress the proliferation of human T lymphocytes (Hernández-Munaín et al., 1992) by a mechanism preceding translation of IL-2 and its high-affinity receptor subunits (Kierszenbaum et al., 2002). Moreover, AGC10 was able to inhibit T cell activation, IL-2R, and IL-2 transcription through L-selectin (Kierszenbaum et al., 1999; Alcaide and Fresno, 2004). Other soluble substances, including suppressive cytokines as transforming growth factor-β (TGF-β), IL-4, IL-10, and prostaglandins, released upon contact with parasite-antigens, have also been proposed as the cause of T. cruzi immunosuppression (Kierszenbaum, 1982; Tarleton, 1988a; Fernandez-Gomez et al., 1998; Hansen et al., 1998; Pinge-Filho et al., 1999). In particular, IL-12 produced by macrophages in response to infection mediated resistance to T. cruzi (Aliberti et al., 1996).



MDSCs and Infection

It was proposed that inhibition of T cell proliferation in T. cruzi-infected mice takes place through IFN-γ and NO secretion (Abrahamsohn and Coffman, 1995). In vitro studies identified Th1 cell-derived TNF and IFN-γ as the most important cytokines involved in the killing of intracellular T. cruzi through a NO-mediated L-arginine- dependent killing mechanism (Gazzinelli et al., 1992; Muñoz-Fernández et al., 1992b). This was corroborated in vivo since anti-IFN-γ administration resulted in a drastic increase in parasitemia and mortality (Torrico et al., 1991; Silva et al., 1992). Other studies showed that NO played a role in host resistance to T. cruzi infection in mice (Petray et al., 1993).

We were the first to clearly describe CD11b+Gr-1+ MSCs (later re-named as MDSCs) in the spleen on infected T. cruzi mice that mediated T cell suppression through the production of NO (Goñi et al., 2002). Moreover, this finding of MDSC suppressor activity mediated by NO was the earliest described in the context of any infection. Later we found that M-MDSCs infiltrate target organs like the heart during T. cruzi infection (Cuervo et al., 2011).

Since then MDSCs were found in many infections caused by viral, bacterial, and protozoan parasitic pathogens. Thus, among them, human immunodeficiency virus, Cytomegalovirus, hepatitis B, and hepatitis C viruses impaired lymphocyte function. Similar results were found in bacterial infections by Staphylococcus aureus, Francisella tularensis, Mycobacterium spp., Klebsiella pneumoniae, Helicobacter pylori, Escherichia coli, and polymicrobial sepsis (reviewed in Dorhoi and Du Plessis, 2017).

Medullary or extramedullary myelopoiesis may explain the expansion of MDSCs in other protozoan parasitic infections (reviewed by Van Ginderachter et al., 2010). For instance, in Leishmania major infection undifferentiated macrophage-granulocytes mediated susceptibility of BALB/c mice (Mirkovich et al., 1986), but others found that MDSCs were protective (Pereira et al., 2011). However, the genetic background defines MDSC differentiation where L. major parasites can modulate the suppressive effect of MDSCs in a strain-dependent manner (Schmid et al., 2014). Besides, in L. donovani infection there was enhanced myelopoiesis involving GM-CSF and TNF-α (Cotterell et al., 2000). Other authors also found that L. donovani induces hematopoietic stem cells (HSC) expansion and skews their differentiation towards non-classical myeloid progenitors with a regulatory phenotype (Bandyopadhyay et al., 2015), suggesting that emergency hematopoiesis contributes to the pathogenesis of visceral leishmaniasis, as decreased hematopoietic stem cells (HSCs) expansion results in a lower parasite burden (Abidin et al., 2017). Thus, MDSCs in leishmaniosis may play an important role, although it depends on the magnitude of the expansion in different experimental models.

In Plasmodium chabaudi nonlethal infection, splenic expansion of CD11b+ Gr-1+ cells was also observed (Sponaas et al., 2009), and also the emergence of atypical progenitors that had both lymphoid and myeloid potential with a strong bias toward the generation of myeloid cells in vivo (Belyaev et al., 2010). Finally, after Toxoplasma gondii infection Gr-1+MDSCs played a regulatory protective role (Voisin et al., 2004; Dunay et al., 2008).



MDSCs in Trypanosoma cruzi Infection

Some of the main mechanisms of suppression of T cell proliferation by MDSC in T. cruzi infection are outlined in Figure 2.




Figure 2 | MDSCs suppressive mechanisms in the context of T. cruzi infection and SLAMF1 receptor. As outlined in Figure 1, enzymes as iNOS, NOX-2, COX-2, and Arg1 mediate suppression in MDSCs. These enzymes are involved in the response against T. cruzi infection. In addition, we incorporated the SLAMF1 receptor interacting with T. cruzi which through the EAT2 adaptor can trigger the conversion of PI to PI3P activating NOX-2. Question marks indicate those processes that need to be further explored.



We have described that during acute T. cruzi infection of BALB/c mice infected with the Y strain, the cardiac inflammatory infiltrate involves CD11b+Ly6C+Ly6Glo M-MDSC expressing Arg1 and iNOS, which suppressed T cell proliferation (Cuervo et al., 2008; Cuervo et al., 2011; Carbajosa et al., 2018). Using two mouse strains with different genetic backgrounds and responses to infection, C57BL/6, and BALB/c, M-MDSCs were expanded with greater magnitude in BALB/c mice, which died within one month post-infection. But C57BL/6 mice showed a high percentage of survival, indirectly confirming the relationship with M-MDSC appearance with pathogenicity in acute T. cruzi infection. On the other hand, Arocena et al. (2014)  found a new facet of MDSCs as regulators of inflammation while reducing parasite burden. They documented a higher number of MDSCs in the spleens and livers of infected BALB/c mice compared with C57BL/6 mice during acute infection. Also, mechanistic studies demonstrated that ROS and NO were involved in the suppressive activity of MDSCs, with high expression of NOX-2 and phosphorylation of signal transducer and activator of transcription-3 (STAT3). Moreover, in vivo depletion of MDSCs with 5-fluorouracil (5FU) led to an increased production of IL-6, IFN-γ, and a Th17 response associated with very high parasitemia and mortality in C57BL/6 (Arocena et al., 2014). Thus, the results suggest that the role of MDSCs depends on host and parasite genetic backgrounds, which condition the targeting of different organs during infection. Those authors found that IL-6 signaling leads to the phosphorylation of the STAT3, which in other contexts plays a critical role in the accumulation of immature myeloid cells (Nefedova et al., 2004).

In our studies also the expansion of MDSCs was preceded by higher levels of IL-6 in susceptible mice compared to non-susceptible (Sanoja et al., 2013). In addition, we demonstrated the presence of cardiac M-MDSCs cells in infected BALB/c mice, which significantly contributed to heart leukocyte infiltration, that besides iNOs and Arg1, expressed COX-2 and mPGES-1 and produced PGE2, chemokines, and inflammatory cytokines, suggesting that COX-2 is detrimental for the host (Guerrero et al., 2015).

Likewise, we found in infected heart tissue non-suppressor PMN-MDSCs that did not express iNOS nor Arg1 but expressed S100A8/A9 MDSC markers (Cuervo et al., 2011), and thus, they should be classified as MDSC-LC according to the latest nomenclature recommendations (Bronte et al., 2016). S100A8/A9 are involved in leukocyte recruitment and inducing cytokine secretion (Wang et al., 2018), and could be attracting M-MDSCs to heart tissue (Cuervo et al., 2011). Notably, M-MDSCs expansion was linked to local and systemic extracellular L-arg depletion, likely involved in immunosuppression, which reduced NO production by iNOS due to substrate depletion. More importantly, L-arg supplementation to infected mice almost restored plasma L-arg and NO levels, significantly decreased parasitemia, heart parasite burden, and improved clinical status, while increasing mice survival and cardiac performance (Carbajosa et al., 2018). Similar results were recently obtained by others (Bianchini Narde et al., 2021). However, paradoxically, they also found promoted collagenogenesis in the heart muscle tissue suggesting that further analysis of cardiac function is needed to clarify the effect of arginine treatment under the evolution of Chagas cardiomyopathy. On the other hand, L-arg supplementation was beneficial in preventing vertical transmission in infected rats (da Costa et al., 2014).

Interestingly, we found elevated levels of asymmetric+symmetric dimethylarginine (ADMA+SDMA) in heart tissue and plasma of T. cruzi infected mice (Carbajosa et al., 2018). ADMA is a product of nuclear proteolysis by arginine methyltransferases (Teerlink, 2005), and is an endogenous inhibitor of iNOS that in combination with L-arg can regulate iNOS activity (Blackwell, 2010). Thus, despite iNOS expression is elevated, its activity could be inhibited by the combination of low L-arg as substrate and high levels of ADMA inhibitor (Carbajosa et al., 2018). Interestingly, a low L-arg/ADMA ratio is a predictor of NO bioavailability and mortality in Dilated Cardiomyopathy, a pathology that resembles Chronic Chagasic Cardiomyopathy (CCC) suggesting a possible relation between L-arg/ADMA levels and CCC (Carbajosa et al., 2018).

In this direction, since Arg1 is induced in M2 macrophages by IL-4 and IL-13 through IL-4Rα, transgenic mice overexpressing IL-13 were much more susceptible to T. cruzi infection and this correlated with the increased expression of Arg1, but also iNOS (Abad Dar and Hölscher, 2018). More importantly, the death of IL-13 transgenic animals due to infection was blocked by the administration of Arg1 inhibitors. Thus the authors discuss that IL-4Rα-induced Arg-1 mediates susceptibility to acute experimental Chagas disease by several - mutually not exclusive - mechanisms downstream of Arg-1 including L-arginine depletion in MDSCs and M2 macrophages and polyamine synthesis.

On the other hand, the enzyme IDO, which metabolizes L-tryptophan to L-kynurenine, is critical for host resistance against T.cruzi (Knubel et al., 2010). Moreover, the tryptophan metabolite 3−hydroxykynurenine was active against T. cruzi and prevented the inflammatory pathology from preventing the clinical symptoms of chronic Chagas disease (Knubel et al., 2011; Knubel et al., 2017). We found by a global metabolomic study that in the experimental T. cruzi acute infection circulating and heart tissue levels of L-kynurenine were incremented, but L-tryptophan remained stable (Gironès et al., 2014). Since in our model of acute infection MDSCs there is a huge expansion of MDSCs, tryptophan metabolism in MDSCs infiltrating the heart may be also involved in the immunosuppression.

In addition, inflammatory monocyte-derived dendritic cells (moDCs) were found in the skin of C57BL/6 mice after intradermal inoculation with T. cruzi RA strain, produced TNF-α and NO, but also IL-10 and displayed a poor capacity to induce lymphoproliferation. But, ablation of Mo-DCs by treatment with 5FU confirmed their dual role during infection, limiting the parasite load by iNOS-related mechanisms and negatively affecting the development of anti-parasite T-cell response. The authors demonstrated that these cells not only control parasite spreading but also its persistence in the host (Poncini and González-Cappa, 2017). Thus, in the skin mo-DCs may play a regulatory role.

Notably, immunization of BALB/c mice with T. cruzi trans-sialidase protected them from infection with the Tulahuen strain of T. cruzi and significantly reduced the expansion of PMN-MDSCs (Prochetto et al., 2017). On the other hand, targeting MDSCs by 5FU administration before each dose of trans-sialidase-based vaccine (TSf-ISPA) was able to significantly ameliorate survival and decrease parasitemia levels of TSf-ISPA-vaccinated and infected mice (Gamba et al., 2021). However, the detrimental role of MDSCs in T. cruzi infection may be assumed in some models, in others, their depletion results in high mortality, and some questions are raised about whether they should be considered in vaccine design (Cabrera and Marcipar, 2019).



Host-Derived RNS and ROS in Trypanosoma cruzi Infection

Apart from the previously mentioned reports on the role of NO in immune suppression during T. cruzi infection, several groups investigated the dual role of NO in controlling parasite burden and as the cause of tissue damage or toxicity. Studies in vitro showed the mediation of TNF and INF-γ in the resistance to T. cruzi infection in both human (Muñoz-Fernández et al., 1992a) and mouse macrophages (Silva et al., 1995) by increased NO production. Another report in vivo infections showed that the production of NO was host-dependent (de Oliveira et al., 1997). Macrophages from mice deficient in the expression of IFN-γ receptor and iNOS showed impaired trypanocidal activity of macrophages (Hölscher et al., 1998). But others reported adverse effects of NO generated by cardiac iNOS during infection that may participate in the pathogenesis of murine chagasic heart disease (Huang et al., 1999), gastrointestinal damage (Ny et al., 1999; Arantes et al., 2004; Ny et al., 2008), heart and spleen damage (Ribeiro et al., 2007), and contribute to neuronal death (Bombeiro et al., 2010). Finally, it was reported that iNOS was not essential to control the infection in mice (Cummings and Tarleton, 2004). Thus, still there are some doubts about the role of NO. This is likely due to the different immunopathogenic mechanisms triggered by different parasite strains in mice as well as the host genetic backgrounds.

There are also divergent results on the role of NOX-2 and ROS during T. cruzi infection. Pioneer works showed that ROS was detected in the portion of the plasma membrane of the macrophages to which the parasites attached, and in the membrane which surrounds endocytic vacuoles containing ingested T. cruzi parasites (de Carvalho and de Souza, 1987). Also, invasion by T. cruzi and an inflammatory milieu affected mitochondrial integrity and contributed to electron transport chain inefficiency and ROS production in cardiomyocytes (Gupta et al., 2009). Moreover, cruzipain, a major T. cruzi cysteine protease favored oxidative burst in murine cells (Guiñazú et al., 2010). Bystander effects of heart-infiltrating phagocytes and CD8+ T cells resulting in cardiac remodeling in chagasic mice by the action of NOX and ROS were also described (Dhiman and Garg, 2011). More recently, using macrophages deficient in the expression of NLR family pyrin domain containing 3 (NLRP3) it was shown that NLRP3-mediated IL-1β/NFκB activation was dispensable and compensated by ROS-mediated control of T. cruzi replication and survival in macrophages (Dey et al., 2014). Moreover, NOX-2 deficiency, compromised CD8+ T cell response, leading to increased parasite burden, tissue pathogenesis, and mortality in chagasic mice (Dhiman and Garg, 2014). However, other reports show that T. cruzi needs a signal provided by ROS to infect macrophages (Goes et al., 2016). In the same direction, cyclophilin 19 released in the host cell cytosol by T. cruzi mediates the increase of ROS, required to boost parasite proliferation in mammalian hosts (Dos Santos et al., 2021).

On the other hand, ONOO-, resulting from the combination of NO and  , acts as an intraphagosomal cytotoxin against pathogens, while microbial peroxiredoxins facilitate infectivity via decomposition of macrophage-derived ONOO- (Alvarez et al., 2011). Moreover, it was shown that   did not play a critical role in the control of the parasite, but it was important to prevent blood pressure decline during infection with T. cruzi (Santiago et al., 2012).




Role of SLAMF1 Receptor on ROS Generation and MDSC Expansion During Trypanosoma cruzi Infection

The SLAMF1 receptor was shown to play an important role in the context of T. cruzi infection (Figure 2). The SLAM family of receptors is composed of 9 members with a similar structure. SLAMF1-7 genes are located in the same cluster in chromosome 1 and contain intracellular immuno-receptor tyrosine-based activation motif (ITAM). But SLAMF8-9, located nearby both in human and mouse, lack intracellular ITAM motifs. SLAM-family receptors expressed by different immune cells can form homophilic interactions between them, recruiting adaptor proteins as SLAM-associated adaptor (SAP) in T cells that enhance IL-4 and IL-13 production (Davidson et al., 2004). SLAMF1 (CD150), expressed also in HSCs, is a self-ligand that mediates IL-4 production after interaction of an antigen-presenting cell (APC) with a CD4+ T cell. It also regulates natural killer cell (NKT) differentiation after interaction between double-positive T cells (Sintes and Engel, 2011). In the context of bacterial infection, the interaction of OmpC/F+E. coli with SLAMF1 is required for macrophage phagocytosis and phagosome localization where EWS/FLI1 activated transcript 2 (EAT2) enhances Phosphatidylinositol-3-phosphate (PI3P) production, activation of NOX-2 and   production, which besides antimicrobial activity, is a signaling molecule that modulates cell motility and phagocytosis, thus, in the absence of SLAMF1 the phagocytic process of Gram- bacteria is compromised (van Driel et al., 2016). However, SLAMF1 was not required in infections with a Gram+ bacteria like Staphylococcus aureus (Berger et al., 2010).

We found that BALB/c mice deficient in the expression of SLAMF1 (Slamf1-/-) survived the infection with a lethal dose of the T. cruzi Y strain for which, as observed before, susceptible wild type (WT) BALB/c succumbed to the infection (Calderón et al., 2012). In addition, Slamf1-/- macrophages became more resistant to the infection with the same strain. More recently, we described increased resistance of Slamf1-/- macrophages to the infection with other parasite strains (Dm28c, M6421, 10R26, and Bug2148) except for one (VFRA) (Poveda et al., 2020). This correlated with the increased expression of NOX-2 expression and ROS production in Slamf1-/- macrophages infected with all the strains except VFRA in comparison to the WT. These opposing strain-dependent roles of SLAMF1 in infectivity and ROS production may explain some of the mentioned discrepancies in the chapter above about the role of ROS in T. cruzi infection. Moreover, Slamf1-/- mice infected with the Y strain showed a shift from MDSC expansion to M1 polarization compared to the WT (Poveda et al., 2020), suggesting that SLAMF1 may have a role in emergency myelopoiesis and possibly mediating MDSCs expansion, a possibility that should be explored in the future.



Conclusions

In T. cruzi infection, immune suppression was described in seminal studies decades ago. First suppression was thought to depend on particular molecules until NO was identified as one of the suppressor mediators in MDSCs. The mechanism of suppression mediated by NO and other RNS is the toxicity caused by protein nitrosylation and/or nitration, which also can cause tissue damage and vasodilation. On the other hand, is essential as an antimicrobial defense in phagolysosomes. Thus, NO has many roles. In T. cruzi infection, the last has been questioned since it was not necessary for controlling infection in certain models. This might be due to particular combinations of parasite and mouse strains, or the development of compensatory mechanisms that help to control infection in the absence of NO production.

In our hands, NO protects from T. cruzi infection, but the expansion of MDSCs that express iNOS is detrimental for infected mice with immunosuppressive effects. In addition, MDSCs expansion is associated with L-arg depletion by Arg1, which causes further suppression. It will be interesting to study the effect of MDSCs expansion inhibition in this model of experimental infection.

Another antimicrobial mechanism in MDSCs is ROS production by NOX-2. Again the role of NOX-2 in T. cruzi infection is controversial. Thus, some reports, like ours, link NOX-2 and resistance to infection, but others claim that ROS produced by NOX-2 is needed for parasite proliferation. We believe that an explanation could be that parasites with strong antioxidant defenses can proliferate in the presence of low levels of ROS, but likely they succumb when ROS levels are high.

In humans, the expression of Arg1 by myeloid cells is thought to be restricted to granulocytes. However, there is some evidence that human monocytes/macrophages can express Arg1. Thus, it will be interesting to perform studies to evaluate the plasma levels of L-arg in humans with T. cruzi acute infection and/or in vertical transmission by infected pregnant mothers. If L-arg levels turn out to be low in acute/chronic Chagas disease patients, they could receive drug therapy in combination with L-arg supplementation to eliminate the parasite more efficiently. This may enable in the future to reduce the dose of conventional antiparasitic drugs, which present many secondary effects due to toxicity. Although the excessive expansion of MDSCs is host detrimental, their complete depletion could have adverse effects according to the reported results. In this direction, blocking SLAMF1 interaction with the parasite might be beneficial for the host by skewing MDSCs expansion. Thus, the identification of SLAMF1 parasite ligands can lead to the development of new therapies.



Author Contributions

MF and NG wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by “Ministerio de Economía y competitividad/FEDER” (MINECO/FEDER) SAF2015-63868-R and “FEDER/Ministerio de Ciencia, Innovación y Universidades Agencia Estatal de Investigación” (MICINN/FEDER) PGC2018-096132-B-I00 to NG, SAF2016-75988-R (MINECO/FEDER) to MF); “Red de Investigación de Centros de Enfermedades Tropicales” (RICET RD12/0018/0004 to MF); Comunidad de Madrid (S-2010/BMD-2332) to MF; and Institutional grants from “Fundación Ramón Areces” and “Banco de Santander”.



References

 Abad Dar, M., and Hölscher, C. (2018). Arginase-1 Is Responsible for IL-13-Mediated Susceptibility to Trypanosoma Cruzi Infection. Front. Immunol. 9, 2790. doi: 10.3389/fimmu.2018.02790

 Abidin, B. M., Hammami, A., Stäger, S., and Heinonen, K. M. (2017). Infection-Adapted Emergency Hematopoiesis Promotes Visceral Leishmaniasis. PloS Pathog. 13, e1006422. doi: 10.1371/journal.ppat.1006422

 Abrahamsohn, I. A., and Coffman, R. L. (1995). Cytokine and Nitric Oxide Regulation of the Immunosuppression in Trypanosoma Cruzi Infection. J. Immunol. 155, 3955–3963.

 Alcaide, P., and Fresno, M. (2004). The Trypanosoma Cruzi Membrane Mucin AgC10 Inhibits T Cell Activation and IL-2 Transcription Through L-Selectin. Int. Immunol. 16, 1365–1375. doi: 10.1093/intimm/dxh138

 Aliberti, J. C., Cardoso, M. A., Martins, G. A., Gazzinelli, R. T., Vieira, L. Q., and Silva, J. S. (1996). Interleukin-12 Mediates Resistance to Trypanosoma Cruzi in Mice and Is Produced by Murine Macrophages in Response to Live Trypomastigotes. Infect. Immun. 64, 1961–1967. doi: 10.1128/iai.64.6.1961-1967.1996

 Alvarez, M. N., Peluffo, G., Piacenza, L., and Radi, R. (2011). Intraphagosomal Peroxynitrite as a Macrophage-Derived Cytotoxin Against Internalized Trypanosoma Cruzi: Consequences for Oxidative Killing and Role of Microbial Peroxiredoxins in Infectivity. J. Biol. Chem. 286, 6627–6640. doi: 10.1074/jbc.M110.167247

 Angulo, I., de las Heras, F. G., García-Bustos, J. F., Gargallo, D., Muñoz-Fernández, M. A., and Fresno, M. (2000). Nitric Oxide-Producing CD11b(+)Ly-6g(Gr-1)(+)CD31(ER-MP12)(+) Cells in the Spleen of Cyclophosphamide-Treated Mice: Implications for T-Cell Responses in Immunosuppressed Mice. Blood 95, 212–220. doi: 10.1182/blood.V95.1.212

 Apolloni, E., Bronte, V., Mazzoni, A., Serafini, P., Cabrelle, A., Segal, D. M., et al. (2000). Immortalized Myeloid Suppressor Cells Trigger Apoptosis in Antigen-Activated T Lymphocytes. J. Immunol. 165, 6723–6730. doi: 10.4049/jimmunol.165.12.6723

 Arantes, R. M. E., Marche, H. H. F., Bahia, M. T., Cunha, F. Q., Rossi, M. A., and Silva, J. S. (2004). Interferon-Gamma-Induced Nitric Oxide Causes Intrinsic Intestinal Denervation in Trypanosoma Cruzi-Infected Mice. Am. J. Pathol. 164, 1361–1368. doi: 10.1016/s0002-9440(10)63222-1

 Arocena, A. R., Onofrio, L. I., Pellegrini, A. V., Silva, A. E. C., Paroli, A., Cano, R. C., et al. (2014). Myeloid-Derived Suppressor Cells Are Key Players in the Resolution of Inflammation During a Model of Acute Infection. Eur. J. Immunol. 44, 184–194. doi: 10.1002/eji.201343606

 Bandyopadhyay, S., Kar Mahapatra, S., Paul Chowdhury, B., Kumar Jha, M., Das, S., Halder, K., et al. (2015). Toll-Like Receptor 2 Targeted Rectification of Impaired CD8+ T Cell Functions in Experimental Leishmania Donovani Infection Reinstates Host Protection. PloS One 10, e0142800. doi: 10.1371/journal.pone.0142800

 Belyaev, N. N., Brown, D. E., Diaz, A.-I. G., Rae, A., Jarra, W., Thompson, J., et al. (2010). Induction of an IL7-R(+)c-Kit(hi) Myelolymphoid Progenitor Critically Dependent on IFN-Gamma Signaling During Acute Malaria. Nat. Immunol. 11, 477–485. doi: 10.1038/ni.1869

 Berger, S. B., Romero, X., Ma, C., Wang, G., Faubion, W. A., Liao, G., et al. (2010). SLAM Is a Microbial Sensor That Regulates Bacterial Phagosome Functions in Macrophages. Nat. Immunol. 11, 920–927. doi: 10.1038/ni.1931

 Bianchini Narde, M., Belli Cassa Domingues, E. L., Ribeiro Gonçalves, K., Lomar Viana, M., Santos Zanini, M., Geraldo de Lima, W., et al. (2021). L-Arginine Supplementation Increases Cardiac Collagenogenesis in Mice Chronically Infected With Berenice-78 Trypanosoma Cruzi Strain. Parasitol Int. 83, 102345. doi: 10.1016/j.parint.2021.102345

 Blackwell, S. (2010). The Biochemistry, Measurement and Current Clinical Significance of Asymmetric Dimethylarginine. Ann. Clin. Biochem. 47, 17–28. doi: 10.1258/acb.2009.009196

 Bombeiro, A. L., D’Império Lima, M. R., Chadi, G., and Alvarez, J. M. (2010). Neurodegeneration and Increased Production of Nitrotyrosine, Nitric Oxide Synthase, IFN-Gamma and S100beta Protein in the Spinal Cord of IL-12p40-Deficient Mice Infected With Trypanosoma Cruzi. Neuroimmunomodulation 17, 67–78. doi: 10.1159/000258689

 Bronte, V., Brandau, S., Chen, S.-H., Colombo, M. P., Frey, A. B., Greten, T. F., et al. (2016). Recommendations for Myeloid-Derived Suppressor Cell Nomenclature and Characterization Standards. Nat. Commun. 7, 12150. doi: 10.1038/ncomms12150

 Bronte, V., Serafini, P., Mazzoni, A., Segal, D. M., and Zanovello, P. (2003). L-Arginine Metabolism in Myeloid Cells Controls T-Lymphocyte Functions. Trends Immunol. 24, 302–306. doi: 10.1016/s1471-4906(03)00132-7

 Bronte, V., and Zanovello, P. (2005). Regulation of Immune Responses by L-Arginine Metabolism. Nat. Rev. Immunol. 5, 641–654. doi: 10.1038/nri1668

 Cabrera, G., and Marcipar, I. (2019). Vaccines and the Regulatory Arm of the Immune System. An Overview From the Trypanosoma Cruzi Infection Model. Vaccine 37, 3628–3637. doi: 10.1016/j.vaccine.2019.05.015

 Calderón, J., Maganto-Garcia, E., Punzón, C., Carrión, J., Terhorst, C., and Fresno, M. (2012). The Receptor Slamf1 on the Surface of Myeloid Lineage Cells Controls Susceptibility to Infection by Trypanosoma Cruzi. PloS Pathog. 8, e1002799. doi: 10.1371/journal.ppat.1002799

 Carbajosa, S., Rodríguez-Angulo, H. O., Gea, S., Chillón-Marinas, C., Poveda, C., Maza, M. C., et al. (2018). L-Arginine Supplementation Reduces Mortality and Improves Disease Outcome in Mice Infected With Trypanosoma Cruzi. PloS Negl. Trop. Dis. 12, e0006179. doi: 10.1371/journal.pntd.0006179

 Cardillo, F., Nomizo, A., and Mengel, J. (1998). The Role of the Thymus in Modulating Gammadelta T Cell Suppressor Activity During Experimental Trypanosoma Cruzi Infection. Int. Immunol. 10, 107–116. doi: 10.1093/intimm/10.2.107

 Cheers, C., Haigh, A. M., Kelso, A., Metcalf, D., Stanley, E. R., and Young, A. M. (1988). Production of Colony-Stimulating Factors (CSFs) During Infection: Separate Determinations of Macrophage-, Granulocyte-, Granulocyte-Macrophage-, and Multi-CSFs. Infect Immun. 56, 247–251. doi: 10.1128/IAI.56.1.247-251.1988

 Choi, B.-S., Martinez-Falero, I. C., Corset, C., Munder, M., Modolell, M., Müller, I., et al. (2009). Differential Impact of L-Arginine Deprivation on the Activation and Effector Functions of T Cells and Macrophages. J. Leukoc. Biol. 85, 268–277. doi: 10.1189/jlb.0508310

 Clayton, J. (2010). Chagas Disease 101. Nature 465, S4–S5. doi: 10.1038/nature09220

 Condamine, T., Mastio, J., and Gabrilovich, D. I. (2015). Transcriptional Regulation of Myeloid-Derived Suppressor Cells. J. Leukocyte Biol. 98, 913–922. doi: 10.1189/jlb.4RI0515-204R

 Cotterell, S. E., Engwerda, C. R., and Kaye, P. M. (2000). Leishmania Donovani Infection of Bone Marrow Stromal Macrophages Selectively Enhances Myelopoiesis, by a Mechanism Involving GM-CSF and TNF-Alpha. Blood 95, 1642–1651. doi: 10.1182/blood.V95.5.1642.005k10_1642_1651

 Cuervo, H., Guerrero, N. A., Carbajosa, S., Beschin, A., De Baetselier, P., Gironès, N., et al. (2011). Myeloid-Derived Suppressor Cells Infiltrate the Heart in Acute Trypanosoma Cruzi Infection. J. Immunol. 187, 2656–2665. doi: 10.4049/jimmunol.1002928

 Cuervo, H., Pineda, M. A., Aoki, M. P., Gea, S., Fresno, M., and Gironès, N. (2008). Inducible Nitric Oxide Synthase and Arginase Expression in Heart Tissue During Acute Trypanosoma Cruzi Infection in Mice: Arginase I Is Expressed in Infiltrating CD68+ Macrophages. J. Infect. Dis. 197, 1772–1782. doi: 10.1086/529527

 Cummings, K. L., and Tarleton, R. L. (2004). Inducible Nitric Oxide Synthase is Not Essential for Control of Trypanosoma Cruzi Infection in Mice. Infect. Immun. 72, 4081–4089. doi: 10.1128/IAI.72.7.4081-4089.2004

 Cunningham, D. S., Kuhn, R. E., and Rowland, E. C. (1978). Suppression of Humoral Responses During Trypanosoma Cruzi Infections in Mice. Infect. Immun. 22, 155–160. doi: 10.1128/IAI.22.1.155-160.1978

 da Costa, C. M. B., de Freitas, M. R. B., Brazão, V., dos Santos, C. D., Sala, M. A., do Prado Júnior, J. C., et al. (2014). Does L-Arginine Availability During the Early Pregnancy Alters the Immune Response of Trypanosoma Cruzi Infected and Pregnant Wistar Rats? Exp. Parasitol. 142, 59–66. doi: 10.1016/j.exppara.2014.04.012

 Davidson, D., Shi, X., Zhang, S., Wang, H., Nemer, M., Ono, N., et al. (2004). Genetic Evidence Linking SAP, the X-Linked Lymphoproliferative Gene Product, to Src-Related Kinase FynT in T(H)2 Cytokine Regulation. Immunity 21, 707–717. doi: 10.1016/j.immuni.2004.10.005

 de Carvalho, T. U., and de Souza, W. (1987). Cytochemical Localization of NADH and NADPH Oxidases During Interaction of Trypanosoma Cruzi With Activated Macrophages. Parasitol Res. 73, 213–217. doi: 10.1007/BF00578506

 de Oliveira, L., Borges, M. M., Leal, R. C., Assreuy, J., and Kloetzel, J. K. (1997). Nitric Oxide Involvement in Experimental Trypanosoma Cruzi Infection in Calomys Callosus and Swiss Mice. Parasitol. Res. 83, 762–770. doi: 10.1007/s004360050336

 de Souza, W., de Carvalho, T. M. U., and Barrias, E. S. (2010). Review on Trypanosoma Cruzi: Host Cell Interaction. Int. J. Cell Biol. 2010, 295394. doi: 10.1155/2010/295394

 Dey, N., Sinha, M., Gupta, S., Gonzalez, M. N., Fang, R., Endsley, J. J., et al. (2014). Caspase-1/ASC Inflammasome-Mediated Activation of IL-1β-ROS-NF-κb Pathway for Control of Trypanosoma Cruzi Replication and Survival Is Dispensable in NLRP3-/- Macrophages. PloS One 9, e111539. doi: 10.1371/journal.pone.0111539

 Dhiman, M., and Garg, N. J. (2011). NADPH Oxidase Inhibition Ameliorates Trypanosoma Cruzi-Induced Myocarditis During Chagas Disease. J. Pathol. 225, 583–596. doi: 10.1002/path.2975

 Dhiman, M., and Garg, N. J. (2014). P47phox-/- Mice are Compromised in Expansion and Activation of CD8+ T Cells and Susceptible to Trypanosoma Cruzi Infection. PloS Pathog. 10, e1004516. doi: 10.1371/journal.ppat.1004516

 Dorhoi, A., and Du Plessis, N. (2017). Monocytic Myeloid-Derived Suppressor Cells in Chronic Infections. Front. Immunol. 8, 1895. doi: 10.3389/fimmu.2017.01895

 Dos Santos, G. P., Abukawa, F. M., Souza-Melo, N., Alcântara, L. M., Bittencourt-Cunha, P., Moraes, C. B., et al. (2021). Cyclophilin 19 Secreted in the Host Cell Cytosol by Trypanosoma Cruzi Promotes ROS Production Required for Parasite Growth. Cell Microbiol. 23, e13295. doi: 10.1111/cmi.13295

 Dunay, I. R., Damatta, R. A., Fux, B., Presti, R., Greco, S., Colonna, M., et al. (2008). Gr1(+) Inflammatory Monocytes Are Required for Mucosal Resistance to the Pathogen Toxoplasma gondii. Immunity 29 (2), 306–317. doi: 10.1016/j.immuni.2008.05.019

 Echeverria, L. E., and Morillo, C. A. (2019). American Trypanosomiasis (Chagas Disease). Infect. Dis. Clin. North Am. 33, 119–134. doi: 10.1016/j.idc.2018.10.015

 Evrard, M., Kwok, I. W. H., Chong, S. Z., Teng, K. W. W., Becht, E., Chen, J., et al. (2018). Developmental Analysis of Bone Marrow Neutrophils Reveals Populations Specialized in Expansion, Trafficking, and Effector Functions. Immunity 48, 364–379.e8. doi: 10.1016/j.immuni.2018.02.002

 Fernandez-Gomez, R., Esteban, S., Gomez-Corvera, R., Zoulika, K., and Ouaissi, A. (1998). Trypanosoma Cruzi: Tc52 Released Protein-Induced Increased Expression of Nitric Oxide Synthase and Nitric Oxide Production by Macrophages. J. Immunol. 160, 3471–3479.

 Gabrilovich, D. I. (2017). Myeloid-Derived Suppressor Cells. Cancer Immunol. Res. 5, 3–8. doi: 10.1158/2326-6066

 Gabrilovich, D. I., Bronte, V., Chen, S.-H., Colombo, M. P., Ochoa, A., Ostrand-Rosenberg, S., et al. (2007). The Terminology Issue for Myeloid-Derived Suppressor Cells. Cancer Res. 67, 425–425. doi: 10.1158/0008-5472.CAN-06-3037

 Gabrilovich, D. I., and Nagaraj, S. (2009). Myeloid-Derived Suppressor Cells as Regulators of the Immune System. Nat. Rev. Immunol. 9, 162–174. doi: 10.1038/nri2506

 Gamba, J. C., Roldán, C., Prochetto, E., Lupi, G., Bontempi, I., Poncini, C. V., et al. (2021). Targeting Myeloid-Derived Suppressor Cells to Enhance a Trans-Sialidase-Based Vaccine Against Trypanosoma Cruzi. Front. Cell. Infect. Microbiol. 11, 671104. doi: 10.3389/fcimb.2021.671104

 Gazzinelli, R. T., Oswald, I. P., Hieny, S., James, S. L., and Sher, A. (1992). The Microbicidal Activity of Interferon-Gamma-Treated Macrophages Against Trypanosoma Cruzi Involves an L-Arginine-Dependent, Nitrogen Oxide-Mediated Mechanism Inhibitable by Interleukin-10 and Transforming Growth Factor-Beta. Eur. J. Immunol. 22, 2501–2506. doi: 10.1002/eji.1830221006

 Gironès, N., Carbajosa, S., Guerrero, N. A., Poveda, C., Chillón-Marinas, C., and Fresno, M. (2014). Global Metabolomic Profiling of Acute Myocarditis Caused by Trypanosoma Cruzi Infection. PloS Negl. Trop. Dis. 8, e3337. doi: 10.1371/journal.pntd.0003337

 Glatman Zaretsky, A., Engiles, J. B., and Hunter, C. A. (2014). Infection-Induced Changes in Hematopoiesis. J. Immunol. 192, 27–33. doi: 10.4049/jimmunol.1302061

 Goes, G. R., Rocha, P. S., Diniz, A. R. S., Aguiar, P. H. N., Machado, C. R., and Vieira, L. Q. (2016). Trypanosoma Cruzi Needs a Signal Provided by Reactive Oxygen Species to Infect Macrophages. PloS Negl. Trop. Dis. 10, e0004555. doi: 10.1371/journal.pntd.0004555

 Goñi, O., Alcaide, P., and Fresno, M. (2002). Immunosuppression During Acute Trypanosoma Cruzi Infection: Involvement of Ly6G (Gr1(+))CD11b(+)immature Myeloid Suppressor Cells. Int. Immunol. 14, 1125–1134. doi: 10.1093/intimm/dxf076

 Guerrero, N. A., Camacho, M., Vila, L., Íñiguez, M. A., Chillón-Marinas, C., Cuervo, H., et al. (2015). Cyclooxygenase-2 and Prostaglandin E2 Signaling Through Prostaglandin Receptor EP-2 Favor the Development of Myocarditis During Acute Trypanosoma Cruzi Infection. PloS Negl. Trop. Dis. 9, e0004025. doi: 10.1371/journal.pntd.0004025

 Guilliams, M., Ginhoux, F., Jakubzick, C., Naik, S. H., Onai, N., Schraml, B. U., et al. (2014). Dendritic Cells, Monocytes and Macrophages: A Unified Nomenclature Based on Ontogeny. Nat. Rev. Immunol. 14, 571–578. doi: 10.1038/nri3712

 Guimarães-Pinto, K., Nascimento, D. O., Corrêa-Ferreira, A., Morrot, A., Freire-de-Lima, C. G., Lopes, M. F., et al. (2018). Trypanosoma Cruzi Infection Induces Cellular Stress Response and Senescence-Like Phenotype in Murine Fibroblasts. Front. Immunol. 9, 1569. doi: 10.3389/fimmu.2018.01569

 Guiñazú, N., Carrera-Silva, E. A., Becerra, M. C., Pellegrini, A., Albesa, I., and Gea, S. (2010). Induction of NADPH Oxidase Activity and Reactive Oxygen Species Production by a Single Trypanosoma Cruzi Antigen. Int. J. Parasitol. 40, 1531–1538. doi: 10.1016/j.ijpara.2010.05.012

 Gupta, S., Bhatia, V., Wen, J., Wu, Y., Huang, M.-H., and Garg, N. J. (2009). Trypanosoma Cruzi Infection Disturbs Mitochondrial Membrane Potential and ROS Production Rate in Cardiomyocytes. Free Radic. Biol. Med. 47, 1414–1421. doi: 10.1016/j.freeradbiomed.2009.08.008

 Hansen, D. S., Villacres-Eriksson, M., Akerblom, L., Hellman, U., Segura, E., Carlomagno, M., et al. (1998). An Immunoaffinity-Purified Trypanosoma Cruzi Antigen Suppresses Cellular Proliferation Through a TGF-Beta-Mediated Mechanism. Scand. J. Immunol. 47, 509–516. doi: 10.1046/j.1365-3083.1998.00340.x

 Harel-Bellan, A., Joskowicz, M., Fradelizi, D., and Eisen, H. (1985). T Lymphocyte Function During Experimental Chagas’ Disease: Production of and Response to Interleukin 2. Eur. J. Immunol. 15, 438–442. doi: 10.1002/eji.1830150505

 Hernández-Munaín, C., De Diego, J. L., Alcina, A., and Fresno, M. (1992). A Trypanosoma Cruzi Membrane Protein Shares an Epitope With a Lymphocyte Activation Antigen and Induces Crossreactive Antibodies. J. Exp. Med. 175, 1473–1482. doi: 10.1084/jem.175.6.1473

 Hölscher, C., Köhler, G., Müller, U., Mossmann, H., Schaub, G. A., and Brombacher, F. (1998). Defective Nitric Oxide Effector Functions Lead to Extreme Susceptibility of Trypanosoma Cruzi-Infected Mice Deficient in Gamma Interferon Receptor or Inducible Nitric Oxide Synthase. Infect. Immun. 66, 1208–1215. doi: 10.1128/IAI.66.3.1208-1215.1998

 Huang, H., Chan, J., Wittner, M., Jelicks, L. A., Morris, S. A., Factor, S. M., et al. (1999). Expression of Cardiac Cytokines and Inducible Form of Nitric Oxide Synthase (NOS2) in Trypanosoma Cruzi-Infected Mice. J. Mol. Cell Cardiol. 31, 75–88. doi: 10.1006/jmcc.1998.0848

 Huang, B., Pan, P.-Y., Li, Q., Sato, A. I., Levy, D. E., Bromberg, J., et al. (2006). Gr-1+CD115+ Immature Myeloid Suppressor Cells Mediate the Development of Tumor-Induced T Regulatory Cells and T-Cell Anergy in Tumor-Bearing Host. Cancer Res. 66, 1123–1131. doi: 10.1158/0008-5472.CAN-05-1299

 Kawakami, M., Tsutsumi, H., Kumakawa, T., Abe, H., Hirai, M., Kurosawa, S., et al. (1990). Levels of Serum Granulocyte Colony-Stimulating Factor in Patients With Infections. Blood 76, 1962–1964. doi: 10.1182/blood.V76.10.1962.1962

 Kierszenbaum, F. (1982). Immunologic Deficiency During Experimental Chagas’ Disease (Trypanosoma Cruzi Infection): Role of Adherent, Nonspecific Esterase-Positive Splenic Cells. J. Immunol. 129, 2202–2205.

 Kierszenbaum, F., de Diego, J. L., Fresno, M., and Sztein, M. B. (1999). Inhibitory Effects of the Trypanosoma Cruzi Membrane Glycoprotein AGC10 on the Expression of IL-2 Receptor Chains and Secretion of Cytokines by Subpopulations of Activated Human T Lymphocytes. Eur. J. Immunol. 29, 1684–1691. doi: 10.1002/(SICI)1521-4141(199905)29:05<1684::AID-IMMU1684>3.0.CO;2-7

 Kierszenbaum, F., Fresno, M., and Sztein, M. B. (2002). The Trypanosoma Cruzi Membrane Glycoprotein AGC10 Inhibits Human Lymphocyte Activation by a Mechanism Preceding Translation of Both, Interleukin-2 and Its High-Affinity Receptor Subunits. Mol. Biochem. Parasitol. 125, 91–101. doi: 10.1016/s0166-6851(02)00217-7

 Knubel, C. P., Insfran, C., Martinez, F. F., Diaz Lujan, C., Fretes, R. E., Theumer, M. G., et al. (2017). 3-Hydroxykynurenine, a Tryptophan Metabolite Generated During the Infection, Is Active Against Trypanosoma Cruzi. ACS Med. Chem. Lett. 8, 757–761. doi: 10.1021/acsmedchemlett.7b00169

 Knubel, C. P., Martínez, F. F., Acosta Rodríguez, E. V., Altamirano, A., Rivarola, H. W., Diaz Luján, C., et al. (2011). 3-Hydroxy Kynurenine Treatment Controls T. Cruzi Replication and the Inflammatory Pathology Preventing the Clinical Symptoms of Chronic Chagas Disease. PloS One 6, e26550. doi: 10.1371/journal.pone.0026550

 Knubel, C. P., Martínez, F. F., Fretes, R. E., Lujan, C. D., Theumer, M. G., Cervi, L., et al. (2010). Indoleamine 2,3-Dioxigenase (IDO) Is Critical for Host Resistance Against Trypanosoma Cruzi. FASEB J. 24, 2689–2701. doi: 10.1096/fj.09-150920

 Kumar, V., Patel, S., Tcyganov, E., and Gabrilovich, D. I. (2016). The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenvironment. Trends Immunol. 37, 208–220. doi: 10.1016/j.it.2016.01.004

 Kusmartsev, S. A., Li, Y., and Chen, S. H. (2000). Gr-1+ Myeloid Cells Derived From Tumor-Bearing Mice Inhibit Primary T Cell Activation Induced Through CD3/CD28 Costimulation. J. Immunol. 165, 779–785. doi: 10.4049/jimmunol.165.2.779

 Lopez, H. M., Tanner, M. K., Kierszenbaum, F., and Sztein, M. B. (1993). Alterations Induced by Trypanosoma Cruzi in Activated Mouse Lymphocytes. Parasite Immunol. 15, 273–280. doi: 10.1111/j.1365-3024.1993.tb00610.x

 Marigo, I., Dolcetti, L., Serafini, P., Zanovello, P., and Bronte, V. (2008). Tumor-Induced Tolerance and Immune Suppression by Myeloid Derived Suppressor Cells. Immunol. Rev. 222, 162–179. doi: 10.1111/j.1600-065X.2008.00602.x

 Mattila, J. T., Ojo, O. O., Kepka-Lenhart, D., Marino, S., Kim, J. H., Eum, S. Y., et al. (2013). Microenvironments in Tuberculous Granulomas are Delineated by Distinct Populations of Macrophage Subsets and Expression of Nitric Oxide Synthase and Arginase Isoforms. J. Immunol. 191, 773–784. doi: 10.4049/jimmunol.1300113

 Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J., and Hill, A. M. (2000). M-1/M-2 Macrophages and the Th1/Th2 Paradigm. J. Immunol. 164, 6166–6173. doi: 10.4049/jimmunol.164.12.6166

 Mirkovich, A. M., Galelli, A., Allison, A. C., and Modabber, F. Z. (1986). Increased Myelopoiesis During Leishmania Major Infection in Mice: Generation of “Safe Targets”, a Possible Way to Evade the Effector Immune Mechanism. Clin. Exp. Immunol. 64, 1–7.

 Mitroulis, I., Kalafati, L., Hajishengallis, G., and Chavakis, T. (2018). Myelopoiesis in the Context of Innate Immunity. J. Innate Immun. 10, 365–372. doi: 10.1159/000489406

 Motrán, C., Gruppi, A., Vullo, C. M., Pistoresi-Palencia, M. C., and Serra, H. M. (1996). Involvement of Accessory Cells in the Trypanosoma Cruzi-Induced Inhibition of the Polyclonal Response of T Lymphocytes. Parasite Immunol. 18, 43–48. doi: 10.1046/j.1365-3024.1996.d01-5.x

 Movahedi, K., Guilliams, M., Van den Bossche, J., Van den Bergh, R., Gysemans, C., Beschin, A., et al. (2008). Identification of Discrete Tumor-Induced Myeloid-Derived Suppressor Cell Subpopulations With Distinct T Cell-Suppressive Activity. Blood 111, 4233–4244. doi: 10.1182/blood-2007-07-099226

 Munder, M., Mollinedo, F., Calafat, J., Canchado, J., Gil-Lamaignere, C., Fuentes, J. M., et al. (2005). Arginase I Is Constitutively Expressed in Human Granulocytes and Participates in Fungicidal Activity. Blood 105, 2549–2556. doi: 10.1182/blood-2004-07-2521

 Muñoz-Fernández, M. A., Fernández, M. A., and Fresno, M. (1992a). Activation of Human Macrophages for the Killing of Intracellular Trypanosoma Cruzi by TNF-Alpha and IFN-Gamma Through a Nitric Oxide-Dependent Mechanism. Immunol. Lett. 33, 35–40. doi: 10.1016/0165-2478(92)90090-b

 Muñoz-Fernández, M. A., Fernández, M. A., and Fresno, M. (1992b). Synergism Between Tumor Necrosis Factor-Alpha and Interferon-Gamma on Macrophage Activation for the Killing of Intracellular Trypanosoma Cruzi Through a Nitric Oxide-Dependent Mechanism. Eur. J. Immunol. 22, 301–307. doi: 10.1002/eji.1830220203

 Nabors, G. S., and Tarleton, R. L. (1991). Differential Control of IFN-Gamma and IL-2 Production During Trypanosoma Cruzi Infection. J. Immunol. 146, 3591–3598.

 Nefedova, Y., Huang, M., Kusmartsev, S., Bhattacharya, R., Cheng, P., Salup, R., et al. (2004). Hyperactivation of STAT3 is Involved in Abnormal Differentiation of Dendritic Cells in Cancer. J. Immunol. 172, 464–474. doi: 10.4049/jimmunol.172.1.464

 Ny, L., Li, H., Mukherjee, S., Persson, K., Holmqvist, B., Zhao, D., et al. (2008). A Magnetic Resonance Imaging Study of Intestinal Dilation in Trypanosoma Cruzi-Infected Mice Deficient in Nitric Oxide Synthase. Am. J. Trop. Med. Hyg. 79, 760–767. doi: 10.4269/ajtmh.2008.79.760

 Ny, L., Persson, K., Larsson, B., Chan, J., Weiss, L. M., Wittner, M., et al. (1999). Localization and Activity of Nitric Oxide Synthases in the Gastrointestinal Tract of Trypanosoma Cruzi-Infected Mice. J. Neuroimmunol 99, 27–35. doi: 10.1016/s0165-5728(99)00085-5

 Ostrand-Rosenberg, S. (2010). Myeloid-Derived Suppressor Cells: More Mechanisms for Inhibiting Antitumor Immunity. Cancer Immunol. Immunother. 59, 1593–1600. doi: 10.1007/s00262-010-0855-8

 Panday, A., Sahoo, M. K., Osorio, D., and Batra, S. (2015). NADPH Oxidases: An Overview From Structure to Innate Immunity-Associated Pathologies. Cell Mol. Immunol. 12, 5–23. doi: 10.1038/cmi.2014.89

 Panopoulos, A. D., and Watowich, S. S. (2008). Granulocyte Colony-Stimulating Factor: Molecular Mechanisms of Action During Steady State and “Emergency” Hematopoiesis. Cytokine 42, 277–288. doi: 10.1016/j.cyto.2008.03.002

 Pereira, W. F., Ribeiro-Gomes, F. L., Guillermo, L. V. C., Vellozo, N. S., Montalvão, F., Dosreis, G. A., et al. (2011). Myeloid-Derived Suppressor Cells Help Protective Immunity to Leishmania Major Infection Despite Suppressed T Cell Responses. J. Leukoc. Biol. 90, 1191–1197. doi: 10.1189/jlb.1110608

 Pérez-Molina, J. A., and Molina, I. (2018). Chagas Disease. Lancet 391, 82–94. doi: 10.1016/S0140-6736(17)31612-4

 Petray, P. B., Rottenberg, M. E., Bertot, G., Corral, R. S., Diaz, A., Orn, A., et al. (1993). Effect of Anti-Gamma-Interferon and Anti-Interleukin-4 Administration on the Resistance of Mice Against Infection With Reticulotropic and Myotropic Strains of Trypanosoma Cruzi. Immunol. Lett. 35, 77–80. doi: 10.1016/0165-2478(93)90151-q

 Pinge-Filho, P., Tadokoro, C. E., and Abrahamsohn, I. A. (1999). Prostaglandins Mediate Suppression of Lymphocyte Proliferation and Cytokine Synthesis in Acute Trypanosoma Cruzi Infection. Cell Immunol. 193, 90–98. doi: 10.1006/cimm.1999.1463

 Poncini, C. V., and González-Cappa, S. M. (2017). Dual Role of Monocyte-Derived Dendritic Cells in Trypanosoma Cruzi Infection. Eur. J. Immunol. 47, 1936–1948. doi: 10.1002/eji.201646830

 Poveda, C., Herreros-Cabello, A., Callejas-Hernández, F., Osuna-Pérez, J., Maza, M. C., Chillón-Marinas, C., et al. (2020). Interaction of Signaling Lymphocytic Activation Molecule Family 1 (SLAMF1) Receptor With Trypanosoma Cruzi is Strain-Dependent and Affects NADPH Oxidase Expression and Activity. PloS Negl. Trop. Dis. 14, e0008608. doi: 10.1371/journal.pntd.0008608

 Prochetto, E., Roldán, C., Bontempi, I. A., Bertona, D., Peverengo, L., Vicco, M. H., et al. (2017). Trans-Sialidase-Based Vaccine Candidate Protects Against Trypanosoma Cruzi Infection, Not Only Inducing an Effector Immune Response But Also Affecting Cells With Regulatory/Suppressor Phenotype. Oncotarget 8, 58003–58020. doi: 10.18632/oncotarget.18217

 Rassi, A., Rassi, A., and Marcondes de Rezende, J. (2012). American Trypanosomiasis (Chagas Disease). Infect. Dis. Clin. North Am. 26, 275–291. doi: 10.1016/j.idc.2012.03.002

 Ribeiro, D. A., Calvi, S. A., Picka, M. M., Persi, E., de Carvalho, T. B., Caetano, P. K., et al. (2007). DNA Damage and Nitric Oxide Synthesis in Experimentally Infected Balb/c Mice With Trypanosoma Cruzi. Exp. Parasitol. 116, 296–301. doi: 10.1016/j.exppara.2006.12.007

 Rodrigues, J. C. F., Godinho, J. L. P., and de Souza, W. (2014). Biology of Human Pathogenic Trypanosomatids: Epidemiology, Lifecycle and Ultrastructure. Subcell Biochem. 74, 1–42. doi: 10.1007/978-94-007-7305-9_1

 Sanoja, C., Carbajosa, S., Fresno, M., and Gironès, N. (2013). Analysis of the Dynamics of Infiltrating CD4(+) T Cell Subsets in the Heart During Experimental Trypanosoma Cruzi Infection. PloS One 8, e65820. doi: 10.1371/journal.pone.0065820

 Santiago, H. C., Gonzalez Lombana, C. Z., Macedo, J. P., Utsch, L., Tafuri, W. L., Campagnole-Santos, M. J., et al. (2012). NADPH Phagocyte Oxidase Knockout Mice Control Trypanosoma Cruzi Proliferation, But Develop Circulatory Collapse and Succumb to Infection. PloS Negl. Trop. Dis. 6, e1492. doi: 10.1371/journal.pntd.0001492

 Schmid, M., Zimara, N., Wege, A. K., and Ritter, U. (2014). Myeloid-Derived Suppressor Cell Functionality and Interaction With Leishmania Major Parasites Differ in C57BL/6 and BALB/c Mice. Eur. J. Immunol. 44, 3295–3306. doi: 10.1002/eji.201344335

 Silva, J. S., Morrissey, P. J., Grabstein, K. H., Mohler, K. M., Anderson, D., and Reed, S. G. (1992). Interleukin 10 and Interferon Gamma Regulation of Experimental Trypanosoma Cruzi Infection. J. Exp. Med. 175, 169–174. doi: 10.1084/jem.175.1.169

 Silva, J. S., Vespa, G. N., Cardoso, M. A., Aliberti, J. C., and Cunha, F. Q. (1995). Tumor Necrosis Factor Alpha Mediates Resistance to Trypanosoma Cruzi Infection in Mice by Inducing Nitric Oxide Production in Infected Gamma Interferon-Activated Macrophages. Infect. Immun. 63, 4862–4867. doi: 10.1128/iai.63.12.4862-4867.1995

 Sinha, P., Clements, V. K., and Ostrand-Rosenberg, S. (2005). Reduction of Myeloid-Derived Suppressor Cells and Induction of M1 Macrophages Facilitate the Rejection of Established Metastatic Disease. J. Immunol. 174, 636–645. doi: 10.4049/jimmunol.174.2.636

 Sintes, J., and Engel, P. (2011). SLAM (CD150) is a Multitasking Immunoreceptor: From Cosignalling to Bacterial Recognition. Immunol. Cell Biol. 89, 161–163. doi: 10.1038/icb.2010.145

 Song, X., Krelin, Y., Dvorkin, T., Bjorkdahl, O., Segal, S., Dinarello, C. A., et al. (2005). CD11b+/Gr-1+ Immature Myeloid Cells Mediate Suppression of T Cells in Mice Bearing Tumors of IL-1beta-Secreting Cells. J. Immunol. 175, 8200–8208. doi: 10.4049/jimmunol.175.12.8200

 Sponaas, A.-M., Freitas do Rosario, A. P., Voisine, C., Mastelic, B., Thompson, J., Koernig, S., et al. (2009). Migrating Monocytes Recruited to the Spleen Play an Important Role in Control of Blood Stage Malaria. Blood 114, 5522–5531. doi: 10.1182/blood-2009-04-217489

 Strauss, L., Sangaletti, S., Consonni, F. M., Szebeni, G., Morlacchi, S., Totaro, M. G., et al. (2015). RORC1 Regulates Tumor-Promoting “Emergency” Granulo-Monocytopoiesis. Cancer Cell 28, 253–269. doi: 10.1016/j.ccell.2015.07.006

 Su, Y., Qiu, Y., Qiu, Z., and Qu, P. (2019). MicroRNA Networks Regulate the Differentiation, Expansion and Suppression Function of Myeloid-Derived Suppressor Cells in Tumor Microenvironment. J. Cancer 10, 4350–4356. doi: 10.7150/jca.35205

 Tarleton, R. L. (1988a). Trypanosoma Cruzi-Induced Suppression of IL-2 Production. II. Evidence for a Role for Suppressor Cells. J. Immunol. 140, 2769–2773.

 Tarleton, R. L. (1988b). Tumour Necrosis Factor (Cachectin) Production During Experimental Chagas’ Disease. Clin. Exp. Immunol. 73, 186–190.

 Teerlink, T. (2005). ADMA Metabolism and Clearance. Vasc. Med. 10 (Suppl 1), S73–S81. doi: 10.1191/1358863x05vm597oa

 Thomas, A. C., and Mattila, J. T. (2014). “Of Mice and Men”: Arginine Metabolism in Macrophages. Front. Immunol. 5, 479. doi: 10.3389/fimmu.2014.00479

 Torrico, F., Heremans, H., Rivera, M. T., Van Marck, E., Billiau, A., and Carlier, Y. (1991). Endogenous IFN-Gamma is Required for Resistance to Acute Trypanosoma Cruzi Infection in Mice. J. Immunol. 146, 3626–3632.

 van Driel, B. J., Liao, G., Engel, P., and Terhorst, C. (2016). Responses to Microbial Challenges by SLAMF Receptors. Front. Immunol. 7, 4. doi: 10.3389/fimmu.2016.00004

 Van Ginderachter, J. A., Beschin, A., De Baetselier, P., and Raes, G. (2010). Myeloid-Derived Suppressor Cells in Parasitic Infections. Eur. J. Immunol. 40, 2976–2985. doi: 10.1002/eji.201040911

 Voisin, M. B., Buzoni-Gatel, D., Bout, D., and Velge-Roussel, F.. (2004). During Acute Toxoplasmosis. Infect. Immun. 72 (9), 5487–5492. doi: 10.1128/IAI.72.9.5487-5492.2004

 Wang, S., Song, R., Wang, Z., Jing, Z., Wang, S., and Ma, J. (2018). S100A8/A9 in Inflammation. Front. Immunol. 9, 1298. doi: 10.3389/fimmu.2018.01298

 World Health Organization Chagas Disease (American Trypanosomiasis). Available at: https://www.who.int/health-topics/chagas-disease#tab=tab_1.

 Youn, J.-I., Nagaraj, S., Collazo, M., and Gabrilovich, D. I. (2008). Subsets of Myeloid-Derived Suppressor Cells in Tumor-Bearing Mice. J. Immunol. 181, 5791–5802. doi: 10.4049/jimmunol.181.8.5791

 Zhao, Y., Wu, T., Shao, S., Shi, B., and Zhao, Y. (2016). Phenotype, Development, and Biological Function of Myeloid-Derived Suppressor Cells. Oncoimmunology 5, e1004983. doi: 10.1080/2162402X.2015.1004983




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Fresno and Gironès. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 06 September 2021

doi: 10.3389/fcimb.2021.722984

[image: image2]


Differential Expression of Immune Response Genes in Asymptomatic Chronic Chagas Disease Patients Versus Healthy Subjects


Inmaculada Gómez 1, M. Carmen Thomas 1*, Génesis Palacios 2, Adriana Egui 1, Bartolomé Carrilero 3, Marina Simón 3, Basilio Valladares 2,4, Manuel Segovia 3, Emma Carmelo 2,4 and Manuel Carlos López 1*


1 Instituto de Parasitología y Biomedicina López-Neyra, Consejo Superior de Investigaciones Científicas, Granada, Spain, 2 Instituto Universitario de Enfermedades Tropicales y Salud Pública de Canarias, Universidad de La Laguna, La Laguna, Spain, 3 Unidad Regional de Medicina Tropical, Hospital Universitario Virgen de la Arrixaca, Murcia, Spain, 4 Departamento de Obstetricia y Ginecología, Pediatría, Medicina Preventiva y Salud Pública, Toxicología, Medicina Legal y Forense y Parasitología, Universidad de La Laguna, La Laguna, Spain




Edited by: 

Christophe Chevillard, INSERM U1090 Technologies Avancées pour le Génome et la Clinique, France

Reviewed by: 

Ludmila Rodrigues Pinto Ferreira, Federal University of Minas Gerais, Brazil

João Paulo Silva Nunes, University of São Paulo, Brazil

*Correspondence: 

M. Carmen Thomas
 mcthomas@ipb.csic.es 

Manuel Carlos López
mclopez@ipb.csic.es

Specialty section: 
 This article was submitted to Parasite and Host, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 09 June 2021

Accepted: 12 August 2021

Published: 06 September 2021

Citation:
Gómez I, Thomas MC, Palacios G, Egui A, Carrilero B, Simón M, Valladares B, Segovia M, Carmelo E and López MC (2021) Differential Expression of Immune Response Genes in Asymptomatic Chronic Chagas Disease Patients Versus Healthy Subjects. Front. Cell. Infect. Microbiol. 11:722984. doi: 10.3389/fcimb.2021.722984



Infection by the Trypanosoma cruzi parasite causes Chagas disease and triggers multiple immune mechanisms in the host to combat the pathogen. Chagas disease has a variable clinical presentation and progression, producing in the chronic phase a fragile balance between the host immune response and parasite replication that keeps patients in a clinically silent asymptomatic stage for years. Since the parasite is intracellular and replicates within cells, the cell-mediated response of the host adaptive immunity plays a critical role. This function is mainly orchestrated by T lymphocytes, which recognize parasite antigens and promote specific functions to control the infection. However, little is known about the immunological markers associated with this asymptomatic stage of the disease. In this large-scale analysis, the differential expression of 106 immune system-related genes has been analyzed using high-throughput qPCR in T. cruzi antigen-stimulated PBMC from chronic Chagas disease patients with indeterminate form (IND) and healthy donors (HD) from endemic and non-endemic areas of Chagas disease. This analysis revealed that there were no differences in the expression level of most genes under study between healthy donors from endemic and non-endemic areas determined by PCA and differential gene expression analysis. Instead, PCA revealed the existence of different expression profiles between IND patients and HD (p < 0.0001), dependent on the 32 genes included in PC1. Differential gene expression analysis also revealed 23 upregulated genes (expression fold change > 2) and 11 downregulated genes (expression fold change < 0.5) in IND patients versus HD. Enrichment analysis showed that several upregulated genes in IND patients participate in relevant immunological pathways such as antigen-dependent B cell activation, stress induction of HSP regulation, NO2-dependent IL12 pathway in NK cells, and cytokine-inflammatory response. The antigen-specific differential gene expression profile detected in these patients and the relevant immunological pathways that seem to be activated could represent potential biomarkers of the asymptomatic form of Chagas disease, helpful to diagnosis and infection control.
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Introduction

Chagas disease, also known as American trypanosomiasis, is caused by the protozoan parasite Trypanosoma cruzi and is considered one of the most prevalent neglected tropical diseases. It affects around 6–7 million people worldwide, causing approximately 20,000 deaths annually (World Health Organization, 2020). Although it is endemic in Latin America, the migratory movements have changed the epidemiological profile of this infection, representing a serious global health problem today (Schmunis and Yadon, 2010; World Health Organization, 2020).

The clinical course of Chagas disease is characterized by an acute and a chronic phase of infection. The acute phase usually subsides spontaneously after which, if left untreated, the patient will still be chronically infected (Pérez-Molina and Molina, 2018). The reason for this fact is that the parasite spreads from the blood to the tissue that remains hidden, which makes them less accessible for the immune response (Tarleton, 2001). In the chronic phase, most patients are asymptomatic, without developing any clinical symptoms or signs. This is possible due to the existence of a fragile balance between parasite replication and host immune response, which may cause patients to remain clinically silent for a period of 10 to 25 years (Dos Santos Virgilio et al., 2014). This is known as the indeterminate phase of Chagas disease, characterized by seropositivity for T. cruzi and absence of cardiac or digestive symptoms with normal electrocardiography and radiography of the chest, esophagus, and colon, all responsible for a good prognosis of the disease in these patients (Pinto Dias, 1989; World Health Organization, 2020). The imbalance between the immune system response and parasite replication is crucial for the disease progression. Thus, 30%–40% of chronic patients eventually develop a symptomatic phase (Rassi et al., 2010). About 30% of them show cardiac alterations, and up to 10% show digestive megasyndromes and/or neurological disorders (Rassi et al., 2010). The most severe cases of cardiac alterations lead to chronic chagasic cardiomyopathy, associated with high mortality rates in Chagas disease patients (Morris et al., 1990; Rocha et al., 2003).

The diagnosis of Chagas disease is well defined. Specifically, in the chronic phase, serological techniques such as indirect immunofluorescence (IFA), indirect hemagglutination (HAI), and enzyme-linked immunosorbent assay (ELISA) are applied for the detection of antibodies against the parasite (Fife and Muschel, 1959; Camargo, 1966; Camargo et al., 1971; Voller et al., 1975). However, at present, the development of biomarkers of pathology or disease progression remains a necessity, which would represent a major achievement toward improving the clinical management of patients with Chagas disease (Balouz et al., 2017).

The pathogenesis of chronic Chagas disease is currently considered to be multifactorial. In the course of this phase, in addition to other factors, such as the virulence of the T. cruzi strain and tissue tropism, inflammation is the main determinant of the disease progression (Machado et al., 2012; Dutra et al., 2014; Poveda et al., 2014).

The host’s defense reaction against the parasite involves mechanical effectors of the innate and adaptive immune response (Tarleton, 2007), which is mainly characterized by processes of cell proliferation, production of cytokines, and induction of cell death mechanisms (De Meis et al., 2009). During the evolution of Chagas disease, cellular responses are crucial. Thus, it has been demonstrated that chronic patients (both indeterminate and cardiac individuals) present in their bloodstream high frequencies of activated T cells (Dutra et al., 1994). While in the chronic cardiac form an inflammatory environment predominates with the production of cytokines such as TNFα, IFNγ, and other cytotoxic molecules involving CD8+ T cells, in the chronic indeterminate form, a regulatory immune response, characterized by interleukin 10 and interleukin 17 production, predominates (Pérez-Molina and Molina, 2018). Nevertheless, elevated levels of TNFα and IFNγ have also been detected in IND patients compared to healthy subjects (Ferreira et al., 2003; Requena-Méndez et al., 2013). However, there is controversy and other authors have described an opposite correlation between the expression of IFNγ and cardiac disease (Laucella et al., 2004). Besides, in asymptomatic patients, T. cruzi antigen-specific co-production of TNFα, IFNγ, and IL2 cytokines by CD8+ T cells has been found in high proportion which decreases as the disease progresses toward cardiac forms (Mateus et al., 2015). On the other hand, it has been shown that circulating activated T cells in asymptomatic and symptomatic subjects express both inflammatory and anti-inflammatory cytokines, which is consistent with active immunoregulation in the chronic phase (Dutra et al., 1997; Cunha-Neto et al., 2005).

Given that the loss of balance between the immune system response and parasite replication existing in asymptomatic patients is crucial for the disease progression, to know the immune mechanisms that lead to the control of the establishment of the infection and its progression is a priority.

The aim of this work was to elucidate the gene expression patterns that are involved in chronic Chagas disease patients with indeterminate form (IND) of the infection. For this purpose, a high-throughput qPCR was used to analyze, at the same time, the expression level of 106 immune system-related genes in human peripheral blood mononuclear cell (PBMC) samples from IND patients and compared to that from healthy donors coming from non-endemic (HDc) and endemic areas (HDe) of the disease. The results have provided a large collection of differential gene expression data in IND patients versus healthy donors. Comparative analyses of the differentially expressed genes among IND, HDc, and HDe subjects have allowed us to the identification in chronic indeterminate patients of antigen-specific differential gene expression patterns that involve a large set of immune-related genes which participate in several relevant immunological pathways. Study of the differential expression of these genes and the immune routes in which they are involved will improve our knowledge in the establishment of the T. cruzi infection and could also represent new potential biomarkers of the asymptomatic stage in Chagas disease patients.



Material and methods


Ethical Considerations

The protocols used in this study were approved by the Ethics Committees of the Consejo Superior de Investigaciones Científicas (Spain—Reference: 094/2016) and of the Hospital Virgen de la Arrixaca (Murcia, Spain—Reference: MTR-05/2016). The participation of all patients and healthy donors included in this study was completely voluntary, and furthermore, a signed informed consent form was obtained from each of them before their inclusion.



Study Cohort

The adult chronic Chagas disease patients originally from endemic areas and residents of Spain included in this study were recruited, diagnosed, and clinically evaluated in the Hospital Virgen de la Arrixaca from Murcia (Spain). These patients, who had not received antiparasitic treatment, were diagnosed out according to the WHO criteria based on two conventional serological tests (Chagas ELISA, Ortho Clinical Diagnostics, and Inmunofluor Chagas, Biocientífica, Argentina) and characterized as indeterminate (IND) patients due to the absence of cardiac (G0 following Kuschnir classification) or digestive manifestations (Supplementary Table 1). In addition, healthy donors from endemic (n = 14) and non-endemic areas (n = 20) were included in this study. The data referring to the age, sex distribution, and country of origin of each of the subjects included in this study are detailed in Table 1.


Table 1 | Epidemiological and demographic data of the study cohort.



In this study, a total of 39 samples from 71 IND patients and 30 samples from 34 healthy donors were included. Due to the quantity of RNA required to carry out the cDNA synthesis for high-throughput RT-qPCR and the limited number of cells isolated from the blood sample of particular patients, in some cases it was necessary to mix cells from some patients. The collection of new blood samples was not possible in any case since the patients with Chagas disease were treated immediately after being diagnosed. Thus, into the cohort of IND patients, 15 samples corresponded to individual samples (38.5%), 16 to a mixture of 2 patients (41%), and 8 to a mixture of 3 patients (20.5%). In the case of healthy donors, 20 samples from subjects from non-endemic areas were tested (all of them individual samples) together to 10 samples of donors from endemic areas, 6 of which corresponded to individual samples (60%) and 4 to a mixture of 2 subjects (40%).



Isolation of Peripheral Blood Mononuclear Cells

Thirty milliliters of peripheral blood from subjects was aseptically collected through venipuncture into EDTA-coated tubes. Peripheral blood mononuclear cells (PBMCs) were isolated 16–18 h after blood collection by density gradient centrifugation using Lymphoprep™ (Axis Shield) following the previously described protocol (Marañón et al., 2011). The purified PBMCs were suspended in heat-inactivated fetal bovine serum (iFBS) with 10% DMSO and cryopreserved in liquid nitrogen until use.



Isolation of T. cruzi Soluble Antigens (TcSA)

T. cruzi (SOL strain) soluble antigens (TcSA), employed to perform in vitro stimulation of PBMCs from patients and healthy donors, were extracted as previously described (Egui et al., 2017). Briefly, mycoplasma-free rhesus monkey kidney epithelial cells (LLC-MK2 line; CCL-7, Manassas, VA, USA) were cultured at a concentration of 4×104 cells/cm2 in T-75-cm2 tissue culture flasks (Falcon) with RPMI-1640 medium (Gibco, Life Technologies), supplemented with 2 mM L-glutamine (Gibco), 10% iFBS, and 50 µg/ml gentamicin (Thermo Fisher Scientific) at 37°C in a humidified atmosphere containing 5% CO2. The semi-confluent monolayer of cultured cells was infected with highly infective trypomastigote forms of the T. cruzi SOL strain (MHOM/ES/2008/SOL; DTU V) isolated from T. cruzi-infected mice, at a parasite:cell ratio of 4:1 for 12 h. After 96–120 h of infection, collection of the trypomastigote and amastigote forms present in the infected LLCMK-2 cell culture supernatants began. The recovered trypomastigote and amastigote forms were collected at 1,258 rcf and washed twice with phosphate-buffered saline (PBS 1×), Subsequently, these parasites were resuspended, at a ratio of 1:1 (trypomastigote: amastigote) and a density of 1×106 parasites/μl in lysis buffer (50 mM Tris–HCl at pH 7.4, 0.05% Nonidet P-40, 50 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 μg/ml leupeptin), and sonicated three times with pulses of 50–62 kHz for 40 s with time intervals of 20 s. Finally, the soluble total protein extracts were obtained after centrifugation at 6,700 rcf for 20 min at 4°C.

The protein concentration of the extract was determined using a micro bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Waltham, MA, USA), and the protein profile was analyzed by SDS-PAGE after Coomassie blue staining. The antigenic and immunogenic capacities of TcSA were tested by ELISA and in lymphoproliferation assays using frozen splenocytes from T. cruzi chronically infected mice.



Thawing and Stimulation of Peripheral Blood Mononuclear Cells

Cryopreserved PBMCs were thawed in a water bath at 37°C; transferred to a 15-ml Falcon tube containing 10 ml of RPMI-1640 with 2 mM L-glutamine, 10% iFBS, and 50 µg/ml of gentamicin; and centrifuged at 453 rcf for 10 min. After centrifugation, the PBMCs were again suspended in 2 ml of supplemented RPMI-1640 medium and the cell number was determined by manual counting using Trypan blue exclusion assay. Subsequently, all PBMC samples were plated in 12-well plates at concentrations of 7.5–8.5×106 cells/ml in a maximum volume of 3.5 ml/well and cultured for 4 h in an incubator at 37°C in 5% CO2 to allow equilibration of basal gene expression under in vitro growth conditions. Finally, the PBMCs from IND and HD were stimulated with TcSA (10 μg/ml) and cultured for 14–14.5 h at 37°C in 5% CO2.



RNA Isolation, Quantification, and Quality Analysis

Total RNA isolation from stimulated PBMCs was performed using the RNeasy Plus Mini Kit (Qiagen), eliminating the genomic DNA and obtaining mRNA enrichment samples following the manufacturer’s instructions. The extracted RNA was quantified by spectrophotometry (NanoDrop 1000, Thermo Fisher Scientific) and confirmed by fluorometry (Qubit, Invitrogen). The quality of the RNA was determined by analyzing its integrity by microfluidic chip electrophoresis (2100 Bioanalyzer, Agilent Technologies). All samples showed to have an RIN (RNA integrity number) between 8 and 10. The samples were stored at -80°C until use.



Reverse Transcription and High-Throughput Real-Time Quantitative PCR

Two micrograms of total RNA of each patient sample was used for cDNA synthesis by reverse transcription using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the manufacturer’s instructions. The resulting cDNA samples were stored at -20°C until use. High-throughput RT-qPCR was performed using QuantStudio™ 12K Flex Real-Time PCR System (Thermo Fisher Scientific) according to the manufacturer’s protocol, as indicated in Hernandez-Santana et al. (2016). Custom TaqMan OpenArray Real-Time PCR Plates included 112 Gene Expression Assays organized in 48 sub-arrays. All primers and probes were commercially available by Thermo Fisher Scientific. The complete list of genes and the corresponding probes mapping in each gene are shown in Supplementary Table 2. All reactions were performed in triplicate. Cq values produced by this platform are already corrected for the efficiency of the amplification (Hernandez-Santana et al., 2016).



Data Analysis and Statistics

The arithmetic average quantitative cycle (Cq) was used for data analysis. The Cq values for each qPCR run were exported from QuantStudio™ 12K Flex Real-Time PCR System, as Excel files, and imported into GenEx software (v.6, MultiD). The expression stability of the candidate reference genes (RGs) was evaluated using RefFinder (Xie et al., 2012) (heartcure.com.au), which integrates the algorithms GeNorm (Vandesompele et al., 2002), NormFinder (Andersen et al., 2004), and BestKeeper (Pfaffl et al., 2004), as well as the comparative ΔCt method (Silver et al., 2006). Three genes showed the most stable expression (STAT3, IL10RA, and IFNAR) (all with GeNorm M-value < 0.5) and were used for normalization to obtain normalized relative quantities (NRQ).

The GraphPad Prism statistical package version 8 (GraphPad Software Inc., San Diego, CA, USA) and SPSS software (SPSS Inc., Chicago, IL, USA) were used to perform statistical analyses. Kolmogorov–Smirnov and Shapiro–Wilk tests (α=0.05) were used to check data normality, and statistical significance was determined by a two-tailed Mann–Whitney test or a two-tailed unpaired t-test, as appropriate, considering p < 0.05 as statistically significant.

Differentially expressed genes between healthy donors from endemic (HDe) and non-endemic areas (HDc) of Chagas disease, as well as between chronic Chagas disease patients with indeterminate form (IND) and healthy donors (HD), were identified using two parameters: the fold change of gene expression (FC) and the statistical significance (p-value). FC was calculated as the ratio between biological groups (HDc and HDe, IND and HD, or individual samples from IND patients and HD) and expressed as log2. To display changes, volcano plots were made by plotting the –log10 p-value (determined by a two-tailed unpaired t-test) on the y-axis, and log2 of FC on the x-axis. Genes passing both biological significance threshold (log2 of FC > 1 or < −1, corresponding to FC > 2 or < 0.5) and statistical significance threshold (–log10 p > 1.3, corresponding to p = 0.05 and (–log10 p > 3, corresponding to p = 0.001) were marked in red and blue, attending to their upregulation and downregulation, respectively. Those genes were considered biologically relevant and used for further biological interpretation. An interaction network between differentially expressed genes in IND versus HD was generated using the Retrieval of Interacting Genes Database (STRING) v.11 (Szklarczyk et al., 2019) available at https://string-db.org/. Active interactions sources, including experiments, databases, co-occurrence, gene fusion, neighborhood, and co-expression as well as species limited to “Homo sapiens,” and an interaction score > 0.9 were applied to construct PPI networks.

Principal component analysis (PCA) was applied for multivariate analysis on NRQ values to determine the structure of the dataset. Differences in scores of plotted principal components between the groups were confirmed by a two-tailed Mann–Whitney test or a two-tailed unpaired t-test, depending on data that had not or had a normal distribution, respectively, using SPSS 25 (SPSS Inc., Chicago, IL, USA).



Enrichment Analysis

To further investigate on the potential biological processes and pathways involved in chronic Chagas disease indeterminate form (IND), gene set enrichment analysis was performed using the GSEA 4.1.0 computational method (Mootha et al., 2003; Subramanian et al., 2005). Canonical pathway gene sets derived from the BioCarta pathway database included in C2: curated gene sets collection in Molecular Signatures Database (MSigDB) were used for the analysis (Subramanian et al., 2005; Liberzon et al., 2011) [parameters set for GSEA were as follows: permutations = 100,000, permutation type: phenotype (sample n > 7), enrichment statistic: weighted, metric for ranking genes: t-test, max size: 500, min size: 3].




Results

To improve the knowledge of the specific immune response generated during infection in Chagas disease patients, the gene expression pattern of particular genes involved in the immune response elicited after T. cruzi infection has been analyzed in these patients. Thus, expressions of 106 immune system-related genes in response to T. cruzi proteins have been determined in human PBMCs from Chagas disease patients at the indeterminate phase of the disease (n = 39) together to those from healthy donors from endemic (n = 10) and non-endemic (n = 20) areas of Chagas disease. Total RNA isolated from T. cruzi soluble antigen-stimulated PBMCs from IND and HD subjects was used for cDNA synthesis followed by high-throughput RT-qPCR of triplicates, to obtain an arithmetic average quantitative cycle (Cq) useful for comparative analyses between patients and healthy donors. The expression stability of all the included genes was also evaluated. Since the STAT3, IL10RA, and IFNAR genes showed the most stable expression values (with GeNorm M-values < 0.5), they were used as reference genes (RGs) for normalization of the data set to obtain normalized relative quantities (NRQ).


Comparative Analysis of the Gene Expression Profile Between Healthy Subjects

To determine whether there were differences in gene expression level among the healthy donors (HD) related to their origin, the NRQ values obtained for the 106 analyzed genes in subjects from endemic (HDe) and non-endemic areas (HDc) of Chagas disease were analyzed and compared employing GenEx software. As observed in the heatmap plot shown in Supplementary Figure 1, no differences were observed in the gene expression values between subjects from endemic and non-endemic countries since the different clusters generated by the software included HDe and HDc subjects indistinctly.

The NRQ values from 106 genes of HDe and HDc subjects were also employed to determine the structure of the dataset by principal component analysis (PCA). The obtained results plotted in Figure 1A indicated that principal component 1 (PC1) and principal component 2 (PC2) accounted for 22% and 13.7% of the variance among the individuals, respectively. As observed, HDe and HDc did not exhibit differences on gene expression values of the genes under study (Figure 1A) as they presented a very similar distribution and were not separated by the principal components. These results were confirmed by a two-tailed Mann–Whitney test or a two-tailed unpaired t-test, as appropriate, showing that there were no statistically significant differences between the scores obtained in the two groups for each component (PC1 p = 0.65, PC2 p = 0.23).




Figure 1 | Comparative analysis of gene expression of 106 genes in healthy donors from non-endemic (HDc, n = 20) and endemic (HDe, n = 10) areas of Chagas disease. (A) Principal component analysis (PCA) of NRQ (normalized relative quantities) values of gene expression of 106 analyzed genes in HDc (blue circles) and HDe (red triangles). Principal components 1 (PC1) and 2 (PC2) are plotted on the x and y axes, respectively, and the proportion of variance captured for both components is given as a percentage. (B) Volcano plot of the differential expression level of the 106 analyzed genes between samples of HDc and HDe subjects. The x-axis represents log2 of the expression fold change between HDc and HDe (Log2 FC), where FC is calculated as the ratio between two groups (HDc/HDe). The y-axis corresponds to the statistical significance, expressed as the negative logarithm of the p-value (-Log10 p-value). The purple horizontal lines indicate the cutoffs for the statistical significance values p = 0.05 and p = 0.001. The black vertical lines represent the log2 of FC of −1 and 1 (corresponding to FC of 0.5 and 2, respectively) which were used as biological thresholds to identify differentially expressed genes. The negative values correspond to downregulated genes (blue dots) and the positive values to the upregulated genes (red dots). Black dots comprising between the established thresholds represent non-differentially expressed genes between HDc and HDe.



A third differential gene expression analysis based on the fold change of gene expression (FC) and its statistical significance was further carried out to elucidate whether there were any differences in the gene expression level of particular genes between the healthy donors coming from endemic areas and those from non-endemic regions. The obtained results, represented in a volcano plot (Figure 1B) to illustrate both significance and magnitude of the changes, showed that 5 out of the 106 studied genes were differentially expressed in the HDe versus HDc group (log2 fold change (FC) > 1 or < -1) with statistical significance (p < 0.05). Two genes (FCER1A and IL12B) were found to be upregulated in HDc when compared with the HDe subjects (log2 FC > 1, corresponding with a greater than two-fold change). On the contrary, three genes (CD27, IL6, and IL17A) were downregulated in HDc versus HDe subjects (log2 FC < -1, corresponding with a less than half fold change).

Altogether, these results indicate that there were no significant differences in the expression level of 95.3% of the genes under study between healthy donors coming from endemic areas and those living in non-endemic regions, suggesting that they could be considered as a single group of healthy donors (HD). Despite that, the five genes differentially expressed in HDc and HDe were also analyzed considering HDe and HDc as independent groups of subjects.



Identification of Genes Differentially Expressed in IND and Healthy Subjects

Next, we compared the expression levels of the 106 genes in IND and HD patients. As a first approach, gene set enrichment analysis (GSEA) was performed using the GSEA 4.1.0 computational method (Mootha et al., 2003; Subramanian et al., 2005) using the NRQ of genes from IND and HD. Figure 2 shows a heat map from the top 100 genes in IND and HD groups and it reveals a clear difference in the pattern of gene expression between the groups. Thus, more than half of the genes (at least 49 of the genes) were overexpressed in most IND patients (Figure 2). Furthermore, the expression level of 11 genes was significantly reduced in the majority of IND patients and other 11 genes showed to be downregulated in many IND patients (Figure 2). Specifically, the expression levels of the IL18, CD86, and FCER1A genes were extremely decreased in practically all IND patients compared to healthy people. The expression of the CLEC9A and CCR5 genes was not detected in almost any individual included in the study.




Figure 2 | Heat map of the top 100 genes determined by GSEA analysis in IND and HD subjects. The values of the gene expression level of each gene are represented as colors, ranging from dark red to dark blue, based on the highest and lowest normalized relative quantities (NRQ) values of each gene, respectively. The genes represented in vertical order from the top to the bottom are FAS, BTLA, CASP3, CD40LG, CD28, IL12A, CD69, ICOS, IL7, BCL2, TBX21, IL2RG, IL12RB1, CD40, IL12RB2, CSF1, STAT1, IFNG, CD274, CSF2, TNF, CD2, IL23A, CD83, IL6, IL2RA, GATA3, CD80, IL18R1, TNFSF10, CD3E, B3GAT1, PDCD1, CTLA4, FCER2, ITGAL, IL1B, ICOSLG, ITGA4, GZMB, IDO1, IL27, GZMH, LAG3, CD27, IL5RA, IL2, IL5, IL12B, STAT3, IFNGR2, HAVCR2, ITGAX, CCR1, IFNGR1, IL18, CD86, ITGB2, IL17RA, TGFBR1, FCER1A, ICAM1, TNFRSF1A, IL6R, TGFBR2, CLEC9A, TNFRSF14, MKI67, GZMM, GZMA, GZMK, IL10RA, SELL, IL4R, CD8A, CD4, IL7R, IL10RB, CD160, FNAR1, CD48, XCR1, NOS2, FOXP3, KLRG1, CXCR3, CD58, PDCD1LG2, NCAM1, FASLG, TGFB1, IL17A, LGALS9, IL23R, IL10, CR2, PRF1, TGFB2, CCL5, and CCR5.



To determine the structure of the data set and examine the variation between the IND and HD subjects, the principal component analysis (PCA) was then performed following the multivariate analysis of the NRQ values. As shown in Figure 3A, principal component 1 (PC1) and principal component 2 (PC2) accumulate the largest percentage of the total variance reaching 25.3% and 13.3%, respectively. In addition, principal component 3 (PC3) explains 7.8% of variance, plotted with PC1 in Figure 3B. These results together with the 3D graphical representation shown in Figure 3C indicate that the level of expression of the genes under study are clearly different between IND and HD subjects which are located on separate groups, mainly based on PC1. The observed differences in PC1 scores between both groups of individuals were confirmed by a two-tailed unpaired t-test which highlighted the existence of a statistically significant different expression profile in IND versus HD (p < 0.0001). In turn, a two-tail unpaired t-test was applied to the scores obtained for PC2 and PC3, confirming that principal components 2 and 3 did not importantly participate in the differences observed between the two groups of subjects (PC2 p = 0.134, PC3 p = 0.061).




Figure 3 | Principal component analysis (PCA) applied on NRQ values of 106 analyzed genes from IND patients (IND, dark rhombus) and healthy donors (HD, blue circles). (A) PCA score plot of principal components 1 (PC1) and 2 (PC2) on the x and y axes, respectively. (B) PCA score plot of principal components 1 (PC1) and 3 (PC3) on the x and y axes, respectively. (C) 3D graphic representing the three principal components 1, 2, and 3 (PC1, PC2, and PC3). The proportion of variance captured for principal components is given as a percentage and indicated on the axis next to the corresponding principal component.



As shown in Table 2, PC1 depends on the expression of 32 genes with the highest factor loadings. Specifically, 23 genes showed a positive correlation with PC1: FAS, IL12RB1, BTLA, TBX21, BCL2, CD40LG, IL2RG, IL12A, CD2, IL12RB2, CD69, CASP3, IL7, STAT1, CSF1, ICOS, CD28, CD40, TNF, IL18R1, GATA3, IFNG, and CD83), whereas nine genes showed a negative correlation with PC1: ITGB2, CCR1, IL18, HAVCR2, CD86, IFNGR1, IL17RA, IFNGR2, and ITGAX.


Table 2 | Genes with factor loading of principal component 1 (PC1) higher than 0.6 or lower than -0.6 obtained in the principal component analysis (PCA) including IND and HD subjects.



In spite of the levels of expression of the genes under study being clearly different between the IND and HD groups of subjects, the no influence of pooling samples of some IND patients was analyzed. For this purpose, PCA analyses were also carried out considering samples from IND patients which came from independent subjects from those which had been mixed as two independent groups. The results, shown in Supplementary Figure 2A, revealed that all IND samples maintained the same distribution independently if they came from individual patients (38.5% of the samples) if they had been mixed. The existence of no differences in the gene expression level between the IND patients was also supported by statistical analysis applied to the scores obtained in the two groups for each principal component (Supplementary Figure 2). As expected, when these data were compared to those from HD (Supplementary Figure 2B), the level of expression of the genes under study showed to be clearly different between IND and HD, as it was previously observed in Figure 3. The differential gene expression level in IND versus HD of the genes under study was quantified using the fold change of gene expression (FC) as described in Material and Methods and FC data and statistical significance represented in a volcano plot. The comparative analysis shown in Figure 4 indicated that 34 out of 106 genes under study were differentially expressed in IND and HD subjects with statistical significance (-log10 p-value > 1.3, equivalent to p-value < 0.05). Twenty-three of these genes (BCL2, BTLA, CD27, CD274, CD40, CD40LG, CSF1, CSF2, FAS, IDO1, IFNG, IL12A, IL12B, IL12RB2, IL2, IL27, IL5, IL5RA, IL6, IL7, STAT1, TBX21, and TNF) were significantly upregulated in IND versus HD subjects, exhibiting an expression greater than a two-fold change (log2 FC > 1, red dots). These differences were statistically significant for all genes, with p < 0.001 for 22 out of 23 genes and p < 0.05 for the IL12B gene. On the contrary, 11 genes (CCR1, CD86, CLEC9A, FCER1A, HAVCR2, IFNGR1, IFNGR2, IL18, ITGAX, ITGB2, XCR1) showed to be significantly downregulated in IND patients when compared to HD [log2 FC < -1, corresponding with less than a half-fold change (blue dots)] with statistical significance in all cases (p < 0.05 for CLEC9A and XCR1 genes and p < 0.001 for the other nine genes listed in Figure 4).




Figure 4 | (Comparative) analysis of the differential gene expression level of the 106 analyzed genes in chronic Chagas disease patients with the indeterminate form of the disease (IND) (n = 39) and healthy donors (HD) (n = 30). The x-axis represents log2 of the expression fold change between IND and HD (Log2 FC), where FC is calculated as the ratio between two groups (IND/HD). The y-axis corresponds to the statistical significance, expressed as the negative logarithm of the p-value (-Log10 p-value). The purple horizontal lines indicate the cutoffs for the statistical significance (corresponding to p = 0.05 and p = 0.001). The black vertical lines represent the log2 FC of −1 and 1 (corresponding to FC of 0.5 and 2, respectively) used as biological thresholds established to identify differentially expressed genes. The negative values correspond to downregulated genes (blue dots) and the positive values to the upregulated genes (red dots) in IND patients compared to HD. Black dots represent non-differentially expressed genes.



Quantification of the differences observed in the gene expression of the 34 differentially expressed genes in IND versus HD was further analyzed considering the log2 of fold change values. As shown in the bar plot representation shown in Supplementary Figure 3, 34 genes were upregulated at least twice (red bar) or downregulated by half (blue bar) in IND versus HD. The CD27, CSF2, IFNG, IL5, and IL6 genes showed the highest differential expression levels as they were overexpressed more than four times (FC > 4) in IND versus HD (log2 FC values > 2). In addition, the FAS and IL12A genes showed to be at least three times (FC > 3) upregulated in IND than in HD (log2 FC values > 1.5). On the other hand, the expression levels of the CCR1, ITGAX, and ITGB2 genes were approximately one-third lower (log2 FC values < -1.5, corresponding to FC < 0.35, which means -1/FC = -2.86) in IND compared to HD and the expressions of the CD86, CLEC9A, FCER1A, and IL18 genes were one-fourth decreased (log2 FC < -2, assuming an FC lower than 0.25) in IND patients when compared to the healthy subjects (Supplementary Figure 3).



Analysis of the Differentially Expressed Genes Among Healthy Subjects Coming From Endemic and Parasite-Free Areas of Chagas Disease

Since statistically significant differences in the expression level of five genes (FCER1A, IL12B, IL6, IL17A, and CD27) were detected between HDc and HDe subjects, we were interested in analyzing in detail how the expression level of these genes in IND patients was and in determining if there was any relationship with that observed in healthy subjects. Thus, comparative analyses of the gene expression levels were carried out for each particular gene among IND, HDc, and HDe subjects. As observed in Figure 5, the results showed statistically significant differences in the expression level of these genes among the groups of subjects. Thus, the high expression level of the FCER1A gene detected in the HDc subjects (mean NRQ = 13.3) was reduced in the HDe group (NRQ= 4.5) with p < 0.01 and particularly diminished in IND patients (NRQ = 0.5) with p < 0.0001 when compared to any of the HDc and HDe subjects. The expression of IL12B was upregulated in HDc (NRQ = 0.8) versus HDe (NRQ = 0.1) with p < 0.05 and overexpressed in IND (NRQ = 1.2) with statistical significance when compared to HDe healthy individuals (p < 0.0001). Important statistically significant differences (p < 0.0001) were also seen in the expression level of the IL6 gene which was overexpressed in IND patients (NRQ = 1.3) when compared to HDc (NRQ = 0.1) and HDe (NRQ = 0.3). Differences in the expression level of the IL17A gene between IND (NRQ = 0.5) and HDc (NRQ = 0.4) or between IND and HDe (NRQ = 1.1) had no statistical significance. Since no expression of the CD27 gene was detected in HDc, the CD27 level of expression in HDe (NRQ = 0.3) and particularly its overexpression in IND patients (NRQ = 0.7) led to the difference in the level of expression in IND with respect to the HDc that had statistical significance (p < 0.001) (Figure 5). Altogether, these results suggest that only differences in the gene expression level of the FCER1A and IL6 genes were detected in IND versus both HDc and HDe.




Figure 5 | Comparative analysis of the expression levels of FCER1A, IL12B, IL6, IL17A, and CD27 genes measured as mean normalized relative quantities (NRQ) in patients with chronic Chagas disease with indeterminate form of the disease (IND) and healthy donors from endemic (HDe) and non-endemic (HDc) areas of Chagas disease. Statistically significant differences determined by the two-tailed Mann–Whitney test or two-tailed unpaired t-test, as appropriate, are indicated (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).





Searching for the Immunological Pathways Implicated in the Establishment of T. cruzi Infection in Chagas Disease Patients

To search for immunological routes implicated in the T. cruzi chronic infection in Chagas disease patients, the known interactions that take place between the protein-coding genes that showed to be upregulated and downregulated in IND patients when compared to healthy donors were subsequently analyzed. The genes fulfilling both statistical and biological significance thresholds (p-value < 0.05 and log2 FC > 1 or > -1, respectively) were considered biologically relevant and were used for further biological interpretation. Consequently, a protein–protein interaction (PPI) network was constructed using the STRING platform, requiring the highest confidence in the predicted interactions. The obtained results, plotted in Supplementary Figure 4, showed that 34 proteins encoded by the set of differentially expressed genes in IND versus HD subjects had a high degree of interaction reaching up to 29 interactions (edges) (from the three expected edges), with a PPI enrichment p-value < 1.0e-16. Moreover, some of these proteins were grouped according to the most relevant biological pathways in which they are involved based on the pathways belonging to the KEGG and Reactome databases. As summarized in Table 3, the results of STRING showed that 6 of these proteins participate in Interleukin-2 family signaling (HSA-451927) with a false discovery rate (FDR) of 5.37e-09; 10 proteins in Th1 and Th2 cell differentiation (HSA-04658, FDR 1.3e-14); 6 proteins in Interleukin-12 family signaling (HSA-447115, FDR 2.2e-08); 14 proteins in Jak-STAT signaling pathway (HSA-04630, FDR 4.77e-19); 7 proteins in Th17 cell differentiation (HSA-04659, FDR 3.02e-09); and 7 proteins in natural killer cell-mediated cytotoxicity (HSA-04650, FDR 9.75e-09).


Table 3 | Main biological pathways involved in the STRING protein network of differential expressed genes (DEG) between IND and HD subjects.



A graphical representation, shown in Figure 6, including the aforementioned pathways was obtained in STRING as subnetworks for subsequently highlighting the upregulated and downregulated protein-coding genes in IND patients. As shown in Figure 6A, the CSF2, HAVCR2, IL2, IL5, IL5RA, and STAT1 proteins were involved in the IL2 family signaling (Figure 6A, brown nodes); IFNG, IL12A, IL12B, IL12RB2, IL27, and STAT1 in the IL12 family signaling pathway (Figure 6A, green nodes); IFNG, IFNGR1, IFNGR2, IL12A, IL12B, IL12RB2, IL2, IL5, STAT1, and TBX21 in the Th1 and Th2 cell differentiation route (Figure 6B, blue nodes); BCL2, CSF2, IFNG, IFNGR1, IFNGR2, IL12A, IL12B, IL12RB2, IL2, IL5, IL5RA, IL6, IL7, and STAT1 proteins in the Jak-STAT signaling pathway network (Figure 6B, red nodes); IFNG, IFNGR1, IFNGR2, IL2, IL6, STAT1, and TBX21 in the Th17 cell differentiation pathway (Figure 6B, yellow nodes); and CSF2, FAS, IFNG, IFNGR1, IFNGR2, ITGB2 and TNF proteins included in natural killer cell-mediated cytotoxicity (Figure 6B, purple nodes). In all cases, the genes encoding the referred proteins were overexpressed in the IND versus HD subjects, with exception of the ITGB2, HAVCR2, IFNGR1, and IFNGR2 genes which were downregulated.




Figure 6 | STRING protein–protein interaction (PPI) subnetworks. Representation of the proteins encoded by differentially expressed genes in IND and HD, which are described to be involved in specific pathways. PPI networks were constructed setting the confidence score threshold at the highest level (0.9) and active interaction sources, including data from published experiments, databases, co-occurrence, gene fusion, neighborhood, and co-expression, species limited to “Homo sapiens.” The colored nodes correspond to proteins involved in each biological pathway: (A) interleukin-2 family signaling (HSA-451927) (brown) and interleukin-12 family signaling (HSA-447115) (green) from the Reactome Pathways Database and (B) Th1 and Th2 cell differentiation (HSA-04658) (blue), Jak-STAT signaling pathway (HSA-04630) (red), Th17 cell differentiation (HSA-04659) (yellow), and natural killer cell-mediated cytotoxicity (HSA-04650) (purple) from the KEGG Pathways Database. The arrows indicate whether the genes encoding these proteins were found to be upregulated (red) or downregulated (blue) in the IND versus HD group.





Gene Set Enrichment Analysis

To dissect the immunological pathways associated with the differentially expressed genes in IND versus HD, a gene set enrichment analysis (GSEA) was employed using the NRQ values and the Molecular Signatures Database (MSigDB) BioCarta gene set collection (Subramanian et al., 2005; Liberzon et al., 2011). Enrichment plots were obtained from selected pathways to illustrate the positive or negative correlation between the specific gene set upregulated or downregulated in IND and HD for each pathway. As shown in Figure 7, GSEA showed a positive correlation in the IND phenotype for several immunological pathways since many genes involved in these routes were overexpressed in IND patients versus HD. Thus, the differentially enriched routes in IND showed to be the antigen-dependent B cell activation (BIOCARTA_ASBCELL_PATHWAY, Figure 7A), stress induction of HSP regulation (BIOCARTA_HSP27_PATHWAY, Figure 7B), NO2-dependent IL12 pathway in NK cells (BIOCARTA_NO2IL12_PATHWAY, Figure 7C), and cytokine and inflammatory response (BIOCARTA_INFLAM_PATHWAY, Figure 7D) gene sets, with normalized enrichment scores (NES) of 1.53, 1.58, 1.36, and 1.23 plus FDR q-values of 0.21, 0.22, 0.34, and 0.63, respectively.




Figure 7 | Gene set enrichment analysis (GSEA) plots of representative gene sets from (A) antigen-dependent B cell activation pathway (BIOCARTA_ASBCELL_PATHWAY), (B) stress induction of HSP regulation (BIOCARTA_HSP27_PATHWAY, (C) NO2-dependent IL12 pathway in NK cells (BIOCARTA_NO2IL12_PATHWAY), and (D) cytokines and inflammatory response (BIOCARTA_INFLAM_PATHWAY) signature in IND and HD subjects. The green curve denotes the enrichment score (ES) curve. Parameters set for GSEA were as follows: Molecular Signatures Database (MSigDB) BioCarta gene set collection, permutations = 100,000, permutation type: phenotype, enrichment statistic: weighted, metric for ranking genes: t-test, max size: 500, min size: 3. NES, normalized enrichment score; FDR, false discovery rate q-value.



The number of genes that showed to be upregulated in IND patients was next analyzed, taking into account the proportion of upregulated genes from the total number of genes in the GSEA pathways. To extend the analysis, it was also taken into consideration the identity of the overexpressed genes that showed to have a log2 FC higher than 1 and those which participated in principal component 1. As it is observed, Table 4 integrates the results obtained in GSEA and in PCA and the genes differentially expressed in IND patients versus HD for each one of the four BioCarta pathways (with factor loading of PC1 > 0.6 or log2 FC > 1). Specifically, 10 out of 15 genes included in the “Antigen dependent B cell activation” BioCarta pathway were analyzed in this study. Five of them (CD28, CD40, CD40LG, FAS, and IL2) were upregulated in the IND phenotype when compared to HD. From a total of 14 genes that are integrated in the “Stress induction of HSP regulation” BioCarta pathway, we found that four genes (FAS, CASP3, BCL2, and TNF) out of five included in the array were overexpressed in IND versus HD. Regarding the “Cytokines and inflammatory response” BioCarta pathway, an increased expression of 8 (IL2, TNF, CSF1, CSF2, IFNG, IL5, IL6, and IL7) out of the 14 genes included in the array from a total 29 genes that are integrated in this route was also detected. In addition, four genes (IFNG, CD2, IL12RB1, and IL12RB2) out of nine genes analyzed in the array from the 15 genes included in the “N02-dependent IL-12 pathway in NK cells” pathway were found to be upregulated in IND patients versus HD subjects. Of the total of 17 genes that were overexpressed in IND versus HD in one or more than one selected pathways, four of them (CSF2, IL2, IL5, and IL6) reached a log2 of FC > 1 and p < 0.05; in the IND versus HD subjects, four genes (CASP3, CD2, CD28 and IL12RB1) had factor loading with PC1 > 0.6 (the principal component responsible for the differences between both groups), and nine genes (BCL2, CD40, CD40LG, CSF1, FAS, IFNG, IL12RB2, IL7, and TNF) fulfilled the criteria for both tests. As expected, the overexpression of these 17 genes in IND versus HD was also stated when the same analysis was carried out considering only the samples from IND which came from independent subjects (Supplementary Table 3).


Table 4 | List of genes differentially expressed in IND and HD subjects which have shown to be involved in the BioCarta pathways antigen-dependent B cell activation (BIOCARTA_ASBCELL_PATHWAY), stress induction of HSP regulation (BIOCARTA_HSP27_PATHWAY), cytokines and inflammatory response (BIOCARTA_INFLAM_PATHWAY), and NO2-dependent IL 12 pathway in NK cells (BIOCARTA_NO2IL12_PATHWAY) enriched in IND phenotype according to GSEA analysis.






Discussion

Infection by the T. cruzi parasite triggers multiple immune mechanisms in the host to combat the pathogen which can be sustained for decades maintaining the subject in an indeterminate stage of the disease. Along this time, there exists a fragile balance between the replication of the parasite and the host immune response (Dos Santos Virgilio et al., 2014) that, when broken, leads to the progression of the disease. Understanding the molecular mechanisms of pathogenesis and characterizing how the immune system responds to infection result to be essential toward disease control.

In this study, an extensive real-time quantitative PCR (qPCR) analysis has been performed to identify global changes in gene expression profiles of 106 immune system-related genes in IND patients in response to parasite-specific proteins. For comparative analyses, healthy subjects were included in the study taking into consideration the influence of the donor origin, from either endemic or non-endemic areas of Chagas disease. The genes were selected based on their relevance as part of immunological processes which have been described as associated with the control of infection caused by intracellular pathogens. Thus, several genes were selected and analyzed, based on their nature and involvement in biological or immunological functions such as cytokines, chemokines, and their receptors; adhesion molecules; phenotype markers; transcription factors; cytotoxic molecules; inhibitory receptors and their ligands; dendritic cell markers; molecules involved in apoptosis and senescence; costimulatory molecules; and other molecules with immunological involvement.

The first approach was focused on the analysis of the expression profile of the 106 immune-related genes among the healthy donors in response to TcSA stimulation. The expression pattern represented as a heat map together with the principal component analysis failed to differentiate the immune response observed in healthy individuals coming from endemic areas from those of non-endemic regions of Chagas disease. Furthermore, the statistical analyses confirmed that there were no statistically significant differences between the scores of the principal components represented between both groups of subjects (PC1 p = 0.65, PC2 p = 0.23). On the other hand, differential gene expression analysis revealed that only 4.7% of the genes analyzed (5 out of 106) were differentially expressed between both groups of healthy subjects with statistical significance. These genes were interleukins IL6, IL12B, and IL17A and the phenotype markers FCER1A and CD27. These findings indicate that there are no differences in the gene expression level of most of the genes under study among healthy donors of different geographical origin. Therefore, all healthy subjects were considered as a single group of subjects in subsequent comparative analyses.

When the gene expression level of 106 immune system-related genes from IND patients was compared to that from healthy subjects, remarkable differences were detected. The NRQ expression values represented in a heat map revealed clear differences in a large group of genes accounting for more than half of the genes under study, with the majority being overexpressed in IND versus HD.

The structure of the dataset was determined by PCA analysis, which can be interpreted as a measure of differential gene expression between IND and HD subjects. PCA analysis showed differential gene expression between IND and HD subjects, depending on PC1-correlated genes. The 23 genes positively correlated with PC1 (with factor loading (FL) > 0.6) correspond to cytokines/interleukins and receptors (CSF1, IFNG, IL12A, IL12RB1, IL12RB2, IL18R1, IL2RG, IL7, and TNF), costimulatory molecules (CD2, CD40, CD40LG, CD69, ICOS), transcription factors (GATA3, STAT1, TBX21), molecules involved in apoptosis (BCL2, CASP3, FAS), one phenotype marker (CD28), one inhibitory receptor (BTLA), and one dendritic cell marker (CD83). Only nine genes showed a negative correlation with PC1 (FL < -0.6) and were cytokines/interleukins and receptors (IFNGR1, IFNGR2, IL17RA, IL18), adhesion molecules (ITGAX, ITGB2), one inhibitory receptor (HAVCR2), one dendritic cell marker (CCR1), and one costimulatory molecule (CD86).

Differential analysis of gene expression revealed that the expression level of a large number of genes varied between infected and non-infected subjects. Specifically, 32% of the genes were expressed more than twice or less than half (log2 FC > 1 or < -1) with statistical significance (p < 0.05) in IND versus HD. For 91% of the genes, very significant differences were detected (p < 0.001). The majority of the differentially expressed genes were upregulated in IND (67.6%) particularly cytokines/interleukins and receptors (CSF1, CSF2, IFNG, IL12A, IL12B, IL12RB2, IL2, IL27, IL5, IL5RA, IL6, IL7, and TNF), costimulatory molecules (CD40, CD40LG), transcription factors (STAT1, TBX21), molecules involved in apoptosis (BCL2, FAS), inhibitory receptor (BTLA, CD274), phenotype marker (CD27), and enzymes (IDO1). The downregulated genes in IND were classified as cytokines/interleukins and receptors (IFNGR1, IFNGR2, IL18), adhesion molecules (ITGAX, ITGB2), inhibitory receptors (HAVCR2), dendritic cell markers (CCR1, CLEC9A, XCR1), phenotype markers (FCER1A), and costimulatory molecules (CD86).

When the differences observed in gene expression level between IND and HD were quantified, the greatest differences (greater than four times more or less expression in IND versus HD) were found for nine genes. Four of these genes showed to be downregulated in IND patients (CD86, CLEC9A, FCER1A, and IL18). The expression of the CLEC9A gene was not detected in any IND while the FCER1A, IL18, and CD86 mRNA levels were 5.5, 22, and 9 times lower in IND than in HD, respectively. The remaining five genes (CD27, CSF2, IFNG, IL5, and IL6) were upregulated in IND exhibiting the greatest differences (6.5 to 32 times more). It should be noted that the expression of the IFNG gene (IFNγ) suffered the greatest variation between IND and HD showing an FC value greater than 5, which corresponds to a 32-fold time higher expression in IND patients than in HD. IFNγ is important for orchestrating the development of adaptive immunity, contributing to the differentiation of CD4+ Th1 and CD8+ T cells required for controlling the parasite proliferation that occurs during acute infection (Cerbán et al., 2020). Thus, the control of T. cruzi infection is related to IFNγ activation leading to intracellular clearance of parasites (Kulkarni et al., 2015). The expression of the TNF gene was also found to be upregulated in IND patients versus healthy donors, which is consistent with previous studies that report the detection of high levels of IFNγ and TNF in IND patients (Ferreira et al., 2003; Requena-Méndez et al., 2013), suggesting a relevant role of these molecules in the control of T. cruzi infection. In addition to IFNγ and TNF, the control of T. cruzi infection has been associated with the cytokine profile produced by Th1 cells (Petray et al., 1993; Rodrigues et al., 1999; Tarleton et al., 2000; Kumar and Tarleton, 2001; Hoft and Eickhoff, 2005).

Regarding the five genes differentially expressed in subjects coming from endemic and non-endemic areas, three of them (IL12B, IL6, and CD27) were upregulated and one (FCER1A) downregulated with statistical significance in IND versus HD when they were analyzed as a single group. Although IL17A mRNA was overproduced in healthy donors from endemic areas, the observed differences were not significant when its expression level by IND was compared to that from healthy donors, both as a single group (HD) and as separate groups of individuals (HDc and HDe).

To gain insights into immunological processes to which the differential gene expression profiles observed between IND and HD were associated, a protein–protein interaction (PPI) network was built using the 34 differentially expressed genes using the STRING website. Analysis of the PPI network showed that the differentially expressed genes between IND versus HD subjects encode proteins that have a high degree of interaction (PPI enrichment p-value < 1.0e-16). The most significant biological processes and pathways in which the differentially expressed genes take part were associated with immune response including inflammatory responses, interleukin-2 family signaling, Th1 and Th2 cell differentiation, interleukin-12 family signaling, JAK-STAT signaling pathway, and Th17 cell differentiation and natural killer cell-mediated cytotoxicity pathways. According to STRING analysis, 20 out of 34 differentially expressed genes (59%) were involved in one or more of these six immune system-related pathways with very low false discovery rate (FDR) values (ranging from 4.77e-19 to 2.2e-08), an indication of the reliability of the predictions.

STAT1 played a central role in five of the highly enriched pathways. The observed STAT1 upregulation in IND patients supports previous studies that report the activation of STAT1 signaling pathway in host cells after infection with T. cruzi leading to a significantly elevated STAT1 expression (De Avalos et al., 2002). It has been described that STAT1 plays a major role in the first line of defense against invasion of T. cruzi trypomastigotes (Stahl et al., 2014). Moreover, it has been reported that STAT1 is a key mediator of IFNγ intracellular signaling and knockout of this protein leads to susceptibility to several intracellular microbes (Kulkarni et al., 2015). The protective effect of IFNγ against both the entry of trypomastigotes into host cells and the intracellular multiplication of amastigotes was based on the activation of STAT1 by tyrosine phosphorylation (Stahl et al., 2014). These results are consistent with the upregulation of both STAT1 and IFNG observed in the present work in IND patients, suggesting the relevant role of these molecules to control T. cruzi infection at this stage. Furthermore, upregulation of IL12A, IL12B, and IL12RB2 genes has been detected in IND patients, which participate in “Interleukin-12 family signaling,” “Th1 and Th2 cell differentiation,” and “JAK-STAT signaling” according to STRING. IL12 acts on activated T lymphocytes, driving its differentiation to the Th1 subclass. This cytokine is characterized as a potent inducer of IFNG production by NK cells and different subsets of T cells (Gately et al., 1994), which is consistent with the differential expression of IFNG that we detected in the IND patients. Besides, anti-IL12 antibodies increase susceptibility to infection, highlighting its important role in the control of parasitemia (Aliberti et al., 1996). The results shown here also suggest the possible activation of the “Interleukin-2 family signaling” pathway, detecting an upregulation of this cytokine in IND patients. As it has been reported, T. cruzi antigen-specific co-production of IFNγ, IL2, and TNFα by CD8+ T cells has been found in a greater proportion in asymptomatic patients, their proportion being decreased according to the progression of the severity of the heart Chagas disease (Lasso et al., 2015; Mateus et al., 2015).

Notably, the differentially expressed genes in IND were also involved in the “Th17 cell differentiation,” as obtained from STRING. Th17 cells correspond to a subset of CD4+ T cells known to play a central role in the pathogenesis of many autoimmune diseases, as well as in the defense against some extracellular bacteria and fungi (Ishigame et al., 2009; Lin et al., 2009; Milner et al., 2010; Zielinski et al., 2012). However, their role in intracellular infections has been questioned (Cai et al., 2016). In contrast to this paradigm, the protective role of Th17 cells in the control of parasitemia and survival of T. cruzi-infected mice has been reported (Miyazaki et al., 2010; Cai et al., 2016). Moreover, the Th17 profile has been considered a protective factor in preventing myocardial damage in human Chagas disease (Magalhães et al., 2013; Sousa et al., 2017). Our results support this finding and suggest that this pathway may be activated in order to control parasitemia and prevent disease progression in IND patients.

Several gene sets were found to be enriched in IND subjects according to their gene expression levels: “antigen-dependent B cell activation,” “stress induction of HSP regulation,” “NO2-dependent IL12 pathway in NK cells,” and “Cytokines and inflammatory response.” The enrichment was related to the upregulation observed in a number of genes, which were also found either correlated with PC1 (therefore driving the separation of IND and healthy subjects in the PCA analysis) or showing a statistically significant differential gene expression in the volcano plot (FC > 1 and p < 0.05). Seventeen genes were included in this classification, of which 52.9% fulfilled both criteria.

Regarding the enriched routes, the activation in these patients of antigen-dependent B cells was a consequence of the upregulation of CD28, CD40, CD40LG, FAS, and IL2 genes. CD40 interaction with CD40L and CD28 interaction with CD80 provide positive costimulatory signals that stimulate B cell activation, proliferation, and differentiation to memory cells (BioCarta—http://www.gsea-msigdb.org/gsea/msigdb/cards/BIOCARTA_ASBCELL_PATHWAY). Inflammation as a protective response to infection is also observed with the enrichment in the “cytokines and inflammatory response” pathway as a result of IL2, TNF, CSF1, CSF2, INFG, IL5, IL6, and IL7 gene upregulation.

The finding that “NO2-dependent IL12 Pathway in NK cells” is enriched in IND patients, who remain asymptomatic and therefore control disease progression, suggests that activation of this pathway may be essential to fight the parasite. A previous study reported that the resistance against T. cruzi is based on the release of IL12 by infected macrophages, which induces IFNγ production from T and NK cells (Cerbán et al., 2020). In macrophages, IFNγ functions by activating inducible nitric oxide synthase (iNOS) and NADPH oxidase for the production of nitric oxide (NO), reactive oxygen species (ROS), and reactive nitrogen intermediates (RNI) as peroxynitrite (ONOO-), which are critical for the trypanocidal activity (Gazzinelli et al., 1992; Vespa et al., 1994; Guiñazú et al., 2007).

GSEA analysis also revealed an enrichment in IND patients of the “stress induction of HSP regulation” pathway gene set as a consequence of upregulation of the FAS, BCL2, CASP3, and TNF genes included in this route. The activation of these genes, all four involved in apoptosis processes, was expected in Chagas disease patients, given intracellular infection with T. cruzi. However, the activation of the “Stress induction of HSP regulation” pathway (BIOCARTA_HSP27_PATHWAY) further suggests that the expression of these genes could be activating heat shock proteins. Heat shock proteins, and particularly Hsp27, have shown to have a strong protective effect on cells, mainly due to its vital function at apoptosis regulation (Garrido et al., 2003; Wang et al., 2014). Interestingly, Hsp27 has shown to have the ability to decrease ROS levels, allowing cells to increase their resistance to oxidative stress (Garrido et al., 1997; Rogalla et al., 1999; Arrigo et al., 2005), so this pathway could also be acting as a mechanism for controlling the presence of ROS in the cell of these patients. This fact seems to result to be essential since it has been shown that when these cytotoxic species are produced in excess or for sustained periods of time or when there is an inadequate antioxidant response, they can accumulate and may contribute to the pathogenesis of Chagas disease (Zacks et al., 2005).

The results shown here indicate that infection with T. cruzi induces changes in the expression profile of several genes that seem to be implicated in relevant immunological pathways. These protein-coding genes may result to be useful biomarkers of the indeterminate form of Chagas disease and may act as new therapeutic targets in hosts useful in preventing the progression to the chronic symptomatic phase. The results indicate that the innovative strategy employed here can be applied for future gene expression analyses of more genes involved in the identified pathways and in the identification of new pathways. All this will undoubtedly elucidate the immune response produced in Chagas disease patients and the immunological pathways activated in asymptomatic and symptomatic Chagas disease patients.
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Chagas disease (ChD) is a chronic infection caused by Trypanosoma cruzi. This highly diverse intracellular parasite is classified into seven genotypes or discrete typing units (DTUs) and they overlap in geographic ranges, vectors, and clinical characteristics. Although studies have suggested that ChD progression is due to a decline in the immune response quality, a direct relationship between T cell responses and disease outcome is still unclear. To investigate the relationship between parasite control and immune T cell responses, we used two distinct infection approaches in an animal model to explore the histological and parasitological outcomes and dissect the T cell responses in T. cruzi-infected mice. First, we performed single infection experiments with DA (TcI) or Y (TcII) T. cruzi strains to compare the infection outcomes and evaluate its relationship with the T cell response. Second, because infections with diverse T. cruzi genotypes can occur in naturally infected individuals, mice were infected with the Y or DA strain and subsequently reinfected with the Y strain. We found different infection outcomes in the two infection approaches used. The single chronic infection showed differences in the inflammatory infiltrate level, while mixed chronic infection by different T. cruzi DTUs showed dissimilarities in the parasite loads. Chronically infected mice with a low inflammatory infiltrate (DA-infected mice) or low parasitemia and parasitism (Y/Y-infected mice) showed increases in early-differentiated CD8+ T cells, a multifunctional T cell response and lower expression of inhibitory receptors on CD8+ T cells. In contrast, infected mice with a high inflammatory infiltrate (Y-infected mice) or high parasitemia and parasitism (DA/Y-infected mice) showed a CD8+ T cell response distinguished by an increase in late-differentiated cells, a monofunctional response, and enhanced expression of inhibitory receptors. Overall, our results demonstrated that the infection outcomes caused by single or mixed T. cruzi infection with different genotypes induce a differential immune CD8+ T cell response quality. These findings suggest that the CD8+ T cell response might dictate differences in the infection outcomes at the chronic T. cruzi stage. This study shows that the T cell response quality is related to parasite control during chronic T. cruzi infection.
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Introduction

The T cell responses induced after infection or vaccination might be used as a possible predictor of protection against pathogens. Although T cells are heterogeneous, their immune quality is defined as the efficient maintenance of memory T phenotypes and a competent antigen-specific T cell response (Appay et al., 2002; Darrah et al., 2007; Seder and Darrah, 2008; Riou et al., 2012; Ferreira et al., 2019). Efficient maintenance of early memory T cell subsets has been associated with the protection induced by successful vaccination and infection models (Ribeiro et al., 2014; Vigano et al., 2015; Akondy et al., 2017; Mpande et al., 2018). Memory T cell subsets encompass populations with distinct levels of differentiation, including central memory (TCM), effector memory (TEM), and effector cells (Brummelman et al., 2018). Early differentiated stem memory cells (TSCM), an antigen-experienced T cell subset endowed with the ability to self-renew and reconstitute memory and effector T phenotypes, were recently described (Gattinoni et al., 2009; Gattinoni et al., 2011; Brummelman et al., 2018). Additionally, a competent cellular response is defined as the capacity of individual T cells to simultaneously produce several cytokines or molecules participating in the cytotoxic response (Darrah et al., 2007; Westerhof et al., 2019), and this feature is affected by the expression of inhibitory molecules, such as programmed cell death-1 (PD-1 or CD279) and cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4 or CD152) (Wherry, 2011; Wherry and Kurachi, 2015). Studies in diseases caused by viruses, bacteria, fungi, or protozoa have shown that the lack of infection control is associated with an increase in the percentages of late-differentiated T cells, the loss of functional T cell capacities, and an increase in immune inhibition due to augmented expression of inhibitory molecules on T cells (Darrah et al., 2007; Gigley et al., 2012; Attanasio and Wherry, 2016; McLane et al., 2019). Indeed, similar findings from studies on T cells in cancer have led to the development of immunotherapy with antibodies against inhibitory molecules such as anti-PD-1 or anti-CTLA-4. A treatment that reverses the observed impairments in the immune response quality and boosts the antigen-specific T cell response (Moreira et al., 2020).

Protozoan infections are responsible for many fatal human diseases in undeveloped countries, including malaria, sleeping sickness, visceral leishmaniasis, and Chagas disease (ChD) (Barrett et al., 2019). Trypanosoma cruzi, the causal agent of ChD, is an intracellular microorganism with a predilection for cardiac muscle or gastrointestinal tract tissues that can cause serious human pathologies such as cardiomyopathy or megasyndromes in chronically infected patients (Perez-Molina and Molina, 2018; WHO, 2020). T. cruzi exhibits high genetic diversity, which has led to classification into seven genotypes or discrete typing units (DTUs, TcI-TcVI and TcBat) based on genetic markers. The parasite genotypes show overlaps in their geographic ranges, vectors, and clinical characteristics (Messenger et al., 2015; Zingales, 2018). A comprehensive study that included several genetic T. cruzi groups found strains from different genotypes induced a high degree of heterogeneity in inflammation degree or immune response in acutely and chronically infected mice (Santi-Rocca et al., 2017). For example, TcI and TcII strains, which are the most predominant T. cruzi genotypes in Latin America, have shown high diversity in inflammation outcomes ranging from mild to severe both chagasic patients and animal models (Barrera et al., 2008; Cruz et al., 2015; Sales-Campos et al., 2015; Hernandez et al., 2016; Zingales, 2018; Ledezma et al., 2020). Indeed, epidemiological studies of individuals with positive Chagas serological tests have shown that continuous exposure to infections with distinct T. cruzi genotypes increases the risk of progression to chronic Chagas cardiomyopathy (Zicker et al., 1990; Basquiera et al., 2003; Sabino et al., 2013; Perez et al., 2014). Similar results have been observed in animal models of ChD, which revealed that reinfections with T. cruzi strains might determine the severity of cardiac damage (Bustamante et al., 2002; Bustamante et al., 2007). However, although various studies have investigated chronic ChD, it is unknown why approximately 30-40% of T. cruzi-infected patients develop cardiac or gastrointestinal illnesses decades after the initial infection (Acevedo et al., 2018; Bonney et al., 2019).

A strong effector T cell response is induced by T. cruzi infection, and this response results in the secretion of cytokines and the release of cytotoxic granules upon antigen recognition. Several lines of evidence indicate that T lymphocyte type I responses (T helper (Th) or T cytotoxic (Tc) type I responses) are the central mediator of protection against T. cruzi infection; however, Th17 and regulatory T cell (Treg) responses might influence the infection outcome (Cai et al., 2016; Ersching et al., 2016; Araujo Furlan et al., 2018). Additionally, studies in humans and mice have shown that chronic T. cruzi infection leads to a decay in the T cell response quality accompanied by a marked increase in late-differentiated T cells, a decreased multifunctional T cell capacity, and higher expression of inhibitory receptors (Laucella et al., 2004; Albareda et al., 2013; Lasso et al., 2015; Mateus et al., 2015), suggesting that T cells might be associated with the progression of disease severity. Indeed, the administration of antiparasitic therapy to individuals with chronic T. cruzi infection and in mouse models of chronic T. cruzi infection has shown that treatment reverses the deterioration of the T cell response (Bustamante et al., 2008; Vallejo et al., 2016; Mateus et al., 2017; Perez-Anton et al., 2018; Egui et al., 2020). Overall, although the mechanisms involved in the pathogenesis of ChD are unknown, the available evidence suggests that parasite persistence drives the impairment of the T cell response and leads to uncontrolled T. cruzi infection and progression of the disease.

Several studies in Chagasic patients or animal models with chronic T. cruzi infection have suggested a relationship between T cell responses and ChD severity (Pinazo et al., 2015; Cortes-Serra et al., 2020). However, validating this hypothesis has been difficult because of the natural ChD history, which makes the long-term follow-up of patients for decades after the initial infection complex. Thus, to investigate whether the infection outcome is related to the T cell response quality during chronic T. cruzi infection, we used two distinct infection approaches in an animal model to explore the histological and parasitological outcomes and dissect the T cell responses in T. cruzi-infected mice. We examined the T cell response focused on the following parameters: memory/effector subsets, antigen-specific response, and expression of inhibitory receptors on T cells. First, we performed a set of single infection experiments with T. cruzi DA (TcI) or Y (TcII) strains to compare the infection outcomes and evaluate the relationship with the T cell responses in acute and chronic parasite infection. We selected these two T. cruzi strains since they represent the most predominant genetic groups in Latin-American countries and have shown different inflammatory profiles and infection outcomes in animal models (Santi-Rocca et al., 2017; Zingales, 2018). Next, because infections with diverse T. cruzi genotypes can feasibly occur in naturally infected individuals, mice were infected with either the Y or DA strains and subsequently reinfected with the Y strain, and the mice with homologous or heterologous infection with T. cruzi strains (Y/Y or DA/Y) were assessed to determine the relationship of the infection outcome with the T cell response.



Materials and Methods


Mice and Parasites

Female inbred BALB/cAnNCr mice (aged 6 to 8 weeks) were purchased from Charles River Laboratories International, Inc. (Wilmington, MA, USA) and housed in specific pathogen-free (SPF) animal facilities from the Unidad de Biología Comparativa at the Pontificia Universidad Javeriana. The BALB/c mouse strain was selected to minimize variability compared with previous studies (Hoft and Eickhoff, 2002; Mariano et al., 2008; Sanoja et al., 2013; Egui et al., 2017; Mateus et al., 2019). The animals were housed in polycarbonate cages (4 or 5 animals/cage) with sterile soft wood shaving bedding, which was changed weekly, and these cages were maintained in ventilated racks in an animal biosafety level 2 (ABSL-2) room under constant noise-free environmental conditions. The mice received filtered water (changed weekly) and a standard mouse maintenance diet ad libitum. Stress and microbiological monitoring (including behavioral and animal welfare analyses and microbiological and serological testing) were performed according to IACUC guidelines. T. cruzi trypomastigotes from the DA (MHOM/CO/01/DA; discrete typing unit (DTU) TcI) or Y strain (MHOM/BR/00/Y; TcII) were used in the present study. Trypomastigotes of both strains were maintained by tissue culturing involving serial passage through a monolayer of renal fibroblast-like cells or VERO cells (ATCC CCL-81, Manassas, VA, USA). Trypomastigotes of the Y strain were passaged in female inbred BALB/cAnNCr mice at least three times to maintain virulence. Both T. cruzi strains represent the most predominant genetic groups in Latin America and have shown different inflammatory profiles and infection outcomes in animal models (Barrera et al., 2008; Cruz et al., 2015; Sales-Campos et al., 2015; Santi-Rocca et al., 2017; Zingales, 2018; Ledezma et al., 2020). For instance, an infection with the T. cruzi DA strain has shown a prolonged infection with preferential migration to cardiac tissue and reappearance of parasitemia in chronic stages of infection (Barrera et al., 2008; Cruz et al., 2015). In contrast, strain Y shows an aggressive illness with high parasitemia levels in the acute phase and tropisms towards the liver and colon (Mateus et al., 2019).



Infection and Challenges Experiments in Mice

Forty BALB/c mice were randomly divided into two experimental groups and infected intraperitoneally (i.p.) with 105 trypomastigotes of the Y or DA strain in 100 μl of PBS under aseptic conditions. Five mice per group were euthanized by CO2 inhalation at 10, 30, 100, or 260 days postinfection (dpi). We selected the time periods for the acute (10 and 30 dpi) or chronic phases (100 and 260 dpi) based on a previous study carried out by our research group that demonstrated differential infection outcomes and T cell immune responses in T. cruzi-infected mice (Mateus et al., 2019). This is in the sense that we and others evaluate in similar days post-infection the acute and chronic infection stages evaluating immunological parameters of T. cruzi-infected mice (Bustamante et al., 2002; Hoft and Eickhoff, 2002; Bustamante et al., 2007; Bustamante et al., 2008; Sanoja et al., 2013; Mateus et al., 2019).

For the assessment of homologous and heterologous infection with T. cruzi strains, 20 BALB/c mice were randomly divided into two experimental groups and infected i.p. with trypomastigotes of either the DA or Y strain under the above-mentioned conditions, and five mice per group were then challenged at 10 or 100 dpi with 105 trypomastigotes of the Y strain. Both mouse groups were euthanized by CO2 inhalation at 260 dpi as described above. We obtained spleen samples from all the mice for cell purification and samples of the cardiac blood, skeletal muscle of the posterior leg, heart, colon and liver tissue for DNA extraction or histopathology analyses. The sample size was determined based on the average number of mice used in previous studies of T. cruzi infection in mice (Maranon et al., 2001; Planelles et al., 2001; Egui et al., 2012; Sanoja et al., 2013). Various animal welfare indicators (score sheet) were recorded weekly during the first 30 days and then every month thereafter. One experiment was conducted to evaluate either single or mixed T. cruzi infections in mice. Each mouse group included five biological replicates. If the mouse groups were pooled, each group included nine or ten biological replicates. Each figure legend describes the number of mice included in each group.



T. cruzi Soluble Antigens

The T. cruzi soluble antigens (TcSA) were obtained from the Y strain using previously described methods (Martinez-Calvillo et al., 2007; Fernandez-Villegas et al., 2011; Mateus et al., 2013). Briefly, amastigotes and trypomastigotes (1:1 ratio) were collected from the VERO cell culture supernatants at 96-120 hours postinfection (Fernandez-Villegas et al., 2011). The parasites were then washed twice with cold 1× PBS (Eurobio) and resuspended at a density of 1 x 106 parasites/μl in lysis buffer as previously reported (Martinez-Calvillo et al., 2007). The parasites were incubated on ice for 30 minutes, and supernatants containing TcSA were collected by centrifugation at 12,000 x g and 4°C for 15 minutes and stored at -80°C until use. The protein concentrations were determined using the Bradford assay, and the protein profiles were analyzed by SDS-PAGE followed by Coomassie blue staining (Gibco BRL; Grand Island, NY, USA). Noninfected VERO cell supernatants were subjected to all above-described procedures and used as a mock control in the flow cytometry assays.



Flow Cytometry

The antibodies used in the present study are listed in Supplemental Table 1. The Fixable Aqua Dead Cell Stain viability marker (LIVE/DEAD) (Invitrogen; Eugene, OR, USA) was used to exclude dead cells. All conjugated antibodies were titrated and evaluated using FMO controls as previously described (Mateus et al., 2013). Spleen cells were plated in 96-well round-bottom tissue culture plates and stained with multicolor immunofluorescence panels for assessment of CD4+ and CD8+ T cell responses.

First, cells were treated with Fc block antibodies (BD Biosciences) for 5 minutes at 4°C and subsequently stained with the LIVE/DEAD marker for 20 minutes at room temperature. To evaluate the memory/effector phenotypes, the cells were stained with antibodies against CD3, CD4, CD8, CD44, CD62L, CD122, CD127, and KLRG1 antigens for 30 minutes at 4°C. To evaluate antigen-specific T cell-producing cytokines, the cells were cultured with mock (as a negative control) and TcSA (1 µg/ml) in the presence of anti-CD28 (1 μg/ml, clone 37.51, BD Pharmingen) for 1 hour at 37°C in a humidified atmosphere containing 5% CO2 and then incubated in the presence of brefeldin A (1 μg/ml) and monensin (0.7 μg/ml) (BD Biosciences) for 5 hours. After incubation, the cells were stained with the viability marker and then with antibodies against CD3, CD4, and CD8 molecules for 30 minutes at 4°C and washed with staining buffer. The cells were fixed and permeabilized with Cytofix/Cytoperm buffer (BD Biosciences) according to the manufacturer’s instructions and incubated with anti-IFNγ, anti-TNFα, and anti-IL-2 antibodies for 30 minutes at 4°C. To evaluate the functional subsets of CD4+ T cells, the cells were cultured under the above-described conditions, stained with viability markers and then with antibodies against CD3, CD4, CD25, and LAP markers for 30 minutes at 4°C and washed with staining buffer. The cells were fixed and permeabilized with Foxp3 Transcription Factor Fixation/Permeabilization (Invitrogen) according to the manufacturer’s instructions and incubated with anti-Foxp3, anti-RORγt, anti-IL-10, anti-IL17A, and anti-IL-21 antibodies for 30 minutes at 4°C. To evaluate the expression of inhibitory receptors on T cells, the cells were stained with antibodies against CD3, CD4, CD8, PD-1 (CD279), 2B4 (CD244), and CD160. The cells were then fixed and permeated using Cytofix/Cytoperm buffer according to the manufacturer’s instructions and incubated with anti-CTLA-4 (CD152) antibody for 30 minutes at 4°C.

At least 50,000 events gated on live CD3+ cells were acquired with a FACS Aria II flow cytometer (BD Biosciences). Supplemental Table 2 provides the cell counts collected for the CD3+CD4+ and CD3+CD8+ cells. The data were analyzed using FlowJo 9.3 (Tree Star; Ashland, OR, USA), Pestle 1.7 (National Institutes of Health (NIH), Bethesda, MD, USA), and SPICE 5.3 (NIH) software. A Boolean analysis was performed to define the multifunctional profiles and the coexpression of inhibitory receptors on FlowJo. The Boolean analysis for the multifunctional profiles included IFNγ, TNFα, and IL-2 and for the coexpression of inhibitory receptors included PD-1, 2B4, CD160, and CTLA-4 gated on CD4+ and CD8+ T cells. Dead and doublet cells were excluded from the analysis (Supplemental Figure 1). A positive cytokine response was defined for each measured profile, and this response was determined as the median frequency of the T cell response obtained from uninfected mice after stimulation with TcSA plus 1 SD after background subtraction (cells from each mouse cultured with Mock).



Parasite Quantification by qPCR

Sample tissues from each mouse were collected and processed as described previously (Mateus et al., 2019). Briefly, DNA from tissue samples was extracted using a High Pure PCR template preparation kit according to the manufacturer’s instructions (Roche, Mannheim, Germany). For the assessment of DNA integrity and to exclude the presence of inhibitors in the sample, PCR was then performed using the CytB Uni fw 5’-TCATCMTGATGAAAYTTYGG-3’ and CytB Uni rev 5’-ACTGGYTGDCCBCCRATTCA-3’ primers, which amplify the cytochrome B gene of small mammalian species, as described previously (Schlegel et al., 2012). Subsequently, qPCR was performed with the Cruzi 1 5’-ASTCGGCTGATCGTTTTCGA-3’ and Cruzi 2 5’-AATTCCTCCAAGCAGCGGATA-3’ primers and the Cruzi 3 5’-6FAM-CACACACTGGACACCAA-BBQ-3’ probe, which amplify a 166-bp segment of T. cruzi satellite DNA (Piron et al., 2007). Each sample was analyzed in duplicate. The parasite load was estimated based on a standard curve and constructed with different DNA concentrations of the Y strain mixed with 50 ng of DNA from tissue sampled from an uninfected mouse, which ranged from 10-1 – 104 parasite equivalents per 50 ng of DNA as described previously (Cummings and Tarleton, 2003; Mateus et al., 2019). Parasite loads below the limit of quantification (LOQ) were set to LOQ/2 (0.05 parasite equivalents per 50 ng of DNA) as previously described (Hecht et al., 2018). Amplification was performed using the Applied Biosystems™ QuantStudio™ 3 Real-Time PCR System (Applied Biosystems, USA) and previously described qPCR conditions (Duffy et al., 2013). Each PCR performed in this analysis included the following controls: reaction (water added in the room containing the reaction mixture), gray (water added in the room where the sample was added to the reaction), negative (genomic DNA from one uninfected mouse), and positive (DNA from the DA and Y strains).



Histopathology

Sample tissues from each mouse were stained with hematoxylin and eosin (H&E) for blinded analysis according to the following features: presence of inflammation, type of cellular infiltration, and pathological changes. Histopathological scores were assigned as follows using previously described methods (Guarner et al., 2001): absent, mild, moderate, or severe. Representative pictures of different inflammatory infiltrate scores observed in tissue samples from DA and Y-infected mice are shown in Supplemental Figure 2.



Statistical Analysis

Statistical analyses between two groups were performed using the Mann–Whitney U test. The correlations between the T cell response and the parasite loads in tissue were analyzed using Spearman’s rank correlation coefficient. The tests were two-tailed, and p<0.05 indicated statistical significance. GraphPad Prism 8.0 for Mac OS X software (GraphPad, San Diego, CA, USA) was used for the statistical analyses.




Results


Distinctive Outcomes in Mice With Acute and Chronic Infections With T. cruzi Y or DA Strains

Because several studies have documented that the genetics and phenotypic heterogeneity of T. cruzi strains may be associated with distinct infection outcomes (Santi-Rocca et al., 2017; Zingales, 2018), we first analyzed the parasitological and histological outcomes during T. cruzi infection in experimentally infected mice with T. cruzi trypomastigotes belonging to two strains of different genotypes (Y or DA) as described in the Materials and Methods section. The Y and DA strains were isolated from infected patients and belong to the TcII and TcI genotypes of T. cruzi, respectively (Pinto et al., 1999; Barrera et al., 2008; Amato Neto, 2010; Cruz et al., 2015). We pooled acutely and chronically infected mice from days 10 and 30 and days 100 and 260, respectively, as described previously (Mateus et al., 2019). The parasite load and the inflammatory infiltrate scores in tissue samples corresponded to the infection outcomes evaluated in the acutely and chronically DA- or Y-infected mice. The colon (p = 0.0005), heart (p = 0.0007), liver (p = 0.0325), skeletal muscle (p = 0.0007), and blood (p = 0.0037) samples from the acutely Y-infected mice showed significantly higher parasite loads than those from the acutely DA-infected mice (Figure 1A). We found a greater inflammatory infiltrate score in liver samples (p = 0.0027) from Y-infected mice than in DA-infected mice (Figure 1B). In chronically infected mice, the parasite loads in tissues were similar in samples from Y- or DA-infected mice (Figure 1C). However, the cellular infiltrate scores obtained from the colon (p = 0.0008) and liver (p = 0.0036) were higher in Y-infected mice than in DA-infected mice. Similar infiltrate scores were found in the heart and skeletal muscle samples from chronically infected mice with both T. cruzi strains (Figure 1D). Overall, increased parasitism and inflammation were observed in tissue samples from acutely Y-infected mice, and reduced but identifiable inflammatory scores were observed in the chronically DA-infected mice. Moreover, the acutely and chronically DA-infected mice had lower parasitic and inflammatory outcomes. Thus, our findings indicate that acutely and chronically Y- or DA-infected mice exhibit different outcomes.




Figure 1 | Parasite loads and inflammatory infiltrate scores of tissues from Y- or DA-infected mice. (A, C) Parasite loads in colon, heart, liver, skeletal muscle, and blood samples from acutely and chronically Y- or DA-infected mice, respectively. The bar graphs show the medians and ranges of the parasite equivalent per 50 ng of DNA (LOG10) in tissues from each group of infected mice. The dotted line represents the cutoff for the limit of detectable quantification (LOQ) based on serially diluted T. cruzi-spiked tissue DNA as described in the Materials and Methods (0.1 parasite equivalents per 50 ng of DNA). (B, D) Inflammatory infiltrate scores obtained for colon, heart, liver, and skeletal muscle samples from the acutely and chronically Y- or DA-infected mice, respectively. The bar graphs show the average inflammatory infiltrate scores found for the tissues from each group of infected mice. The fold change (FC) shown in B and C was determined as the average inflammatory score detected in the Y-infected mice divided by the average infiltrate inflammatory score found in the DA-infected mice. Each point represents the value of the parasite load or the infiltrate inflammatory score detected in each mouse infected with the Y (white) or DA (gray) strain of T. cruzi. Results are pooled from one experiment with ten mice per group. The p values were calculated using the Mann–Whitney U test.





Differential CD8+ T Cell Responses Induced by the DA or Y Strain During Acute and Chronic T. cruzi Infection

Since distinctive outcomes in mice infected with T. cruzi Y or DA strains were observed, we evaluated the relationship between the T cell response in Y- or DA-infected mice and infection outcomes. We examined the CD8+ T cell response focused on the following parameters: memory/effector subsets, antigen-specific response, and expression of inhibitory receptors on T cells. Each parameter was defined as described in the Materials and Methods and as shown in Supplemental Figure 1.

The memory CD8+ T cell subsets analyzed in the Y- or DA-infected mice included stem cell memory cells (TSCM cells, CD44-CD62L+CD122+CD127+), central memory cells (TCM, CD44+CD62L+), and effector memory cells (TEM cells, CD44+CD62L-). As shown in Figure 2A, the Y-infected mice presented reduced percentages of CD8+ TSCM (at 10 dpi [p = 0.0079], 100 dpi [p = 0.0079], and 260 dpi [p = 0.0079]) and TCM cells (at 10 dpi [p = 0.0079], 30 dpi [p = 0.0159], and 260 dpi [p = 0.0159]) and increased percentages of CD8+ TEM cells (at 10 dpi [p = 0.0079], 30 dpi [p = 0.0079], 100 dpi [p = 0.0317], and 260 dpi [p = 0.0079]) compared with the DA-infected mice (Figure 2A). These results showed that the Y-infected mice exhibited a memory profile of T cell subsets characterized by a predominant proportion of effector cells consisting of terminally differentiated memory phenotypes (TEM cells), whereas the DA-infected mice exhibited early-differentiated memory phenotypes (TSCM and TCM cells). Because the effector CD8+ T cell response in mice can be examined based on KLRG1 and CD127 expression (Joshi et al., 2007; Obar and Sheridan, 2015), we analyzed these effector subsets in Y- or DA-infected mice. The effector CD8+ T cell subsets scrutinized in this study included early effector cells (EECs, KLRG1-CD127-), short-lived effector cells (SLECs, KLRG1+CD127-), memory precursor effector cells (MPECs, KLRG1-CD127+), and double-positive effector cells (DPECs, KLRG1+CD127+) (Figure 2B). The results shown in Figure 2B indicated that Y- or DA-infected mice showed between the acute and chronic infection stages similar proportions of effector CD8+ T cell subsets. Then, we analyzed the effector subsets at 10 or 260 dpi. The obtained data show that Y-infected mice presented high percentages of EECs at 10 dpi and SLEC CD8+ T cells at 10 and 260 dpi compared with DA-infected mice. Additionally, the Y-infected mice showed low percentages of MPEC CD8+ T cells at 10 and 260 dpi compared with the DA-infected mice (Figure 2B). Thus, the Y-infected mice presented short-lived effector cells (EECs and SLECs), whereas the DA-infected mice exhibited memory precursor effector cells (MPECs) in both acutely and chronically infected mice.




Figure 2 | CD8+ T cell responses in the acutely and chronically Y- or DA-infected mice. (A) Frequency of CD8+ TSCM, TCM, and TEM cells in acutely and chronically Y- or DA-infected mice. (B) Proportion of EEC, SLEC, MPEC, and DPEC CD8+ T cells in the acutely and chronically Y- or DA-infected mice at 10 and 260 dpi. Significant differences of effector CD8+ T cell subsets between Y- and DA-infected mice are shown with an asterisk (*). (C) Antigen-specific CD8+ T cells producing IFNγ or TNFα in acutely and chronically Y- or DA-infected mice. Background-subtracted data analyzed in all cases. (D) Proportion of antigen-specific CD8+ T cells with one, two, or three functions, as defined by the production of IFNγ, TNFα, and IL-2 based on a Boolean strategy, in the acutely and chronically Y- or DA-infected mice. (E) Frequency of CD8+ T cells expressing CD160, CTLA-4, or PD-1 from acutely and chronically Y- or DA-infected mice. The bar graphs in (A, C, E) show the geometric mean and geometric SD. Log data analyzed in (A, C, E) Each point represents a mouse. Results are pooled from one experiment with five mice per group. The p values were calculated using the Mann–Whitney U test. TSCM, stem cell memory; TCM, central memory; TEM, effector memory; EECs, early effector cells; SLECs, short-lived effector cells, MPECs, memory precursor effector cells; DPECs, double-positive effector cells.



To determine whether the functional properties exhibited by antigen-specific T cells are influenced by the T. cruzi strain, we subsequently compared the functional antigen-specific CD8+ T cells by measuring the production of IFNγ, TNFα, or IL-2 in response to stimulation with soluble antigens from T. cruzi. The Y-infected mice exhibited high percentages of IFNγ-producing CD8+ T cells at 10 (p = 0.0079) and 100 dpi (p = 0.0317) and TNFα-producing cells at 10 dpi (p = 0.0079) in the Y-infected mice, whereas the DA-infected mice presented a greater percentage of TNFα-producing cells at 30 dpi (p = 0.0476) (Figure 2C). IL-2 was the cytokine produced at the lowest level in the mice infected with either the Y or DA strain in acute or chronic phases, with no differences in the percentages of IL-2-producing CD8+ T cells in either group (Supplemental Figure 3). The analysis of the monofunctional and multifunctional responses in T. cruzi-specific CD8+ T cells showed that Y-infected mice exhibited CD8+ T cells with three or two functions at 10 or 100 dpi. In contrast, the DA-infected mice displayed a stronger multifunctional response with three or two functions at 30, 100, or 260 dpi (Figure 2D). Overall, Y-infected mice showed monofunctional T. cruzi-specific CD8+ T cell responses at 30 and 260 dpi, whereas DA-infected mice exhibited monofunctional T. cruzi-specific CD8+ T cell responses at 10 dpi. Additionally, the multifunctional capacities of Ag-specific CD8+ T cells in DA-infected mice were maintained for up to 260 dpi (Figure 2D).

To assess the expression of inhibitory receptors on T cells in mice infected with the T. cruzi strains, cells from the Y- or DA-infected mice were stained with antibodies against 2B4, CD160, CTLA-4, and PD-1. The frequency of 2B4-expressing CD8+ T cells was higher (p = 0.0079) at 10 dpi in Y-infected mice (median 4.01% [3.52-4.35]) than in DA-infected mice (median 1.12% [0.98-1.28]). Similar values of 2B4-expressing CD8+ T cells were detected in Y- and DA-infected mice at 30, 100, and 260 dpi (Y-infected mice, 1.01%, 1.3%, 1.25%, respectively; DA-infected mice, 1.13%, 1.37%, 0.83%, respectively). CD8+ T cells from the Y-infected mice showed increased expression of CD160 (at 10 dpi [p = 0.0079] and 30 dpi [p = 0.0159]), CTLA-4 (at 10 dpi [p = 0.0079] and 260 dpi [p = 0.0317]), or PD-1 (at 10 dpi [p = 0.0079] and 260 dpi [p = 0.0317]) compared with the DA-infected mice (Figure 2E). Additionally, CD8+ T cells expressing several inhibitory receptors exhibited a greater coexpression profile in the Y-infected mice than in the DA-infected mice at 10 dpi. The predominant profile of coexpression in the chronically infected mice corresponded to CD8+ T cells coexpressing CD160, CTLA-4, and PD-1. CD8+ T cells from the Y- or DA-infected mice coexpressed similar proportions of inhibitory receptors at 100 and 260 dpi (Supplemental Figure 4). Altogether, our results suggest that CD8+ T cell responses were strain-specific and differentially modulated during acute and chronic T. cruzi infection.



CD4+ T Cell Responses in Y- and DA-Infected Mice in the Acute and Chronic Phases

Previous studies have revealed that T. cruzi infection promotes the activation of different CD4+ T cell profiles involved in activating and regulating immune response processes that may determine the infection outcome (Acevedo et al., 2018). We analyzed the CD4+ T cell response in Y- and DA-infected mice, and slight differences were found between the T. cruzi-specific CD4+ T cell immune responses in Y- and DA-infected mice. Similar to the observed for the CD8+ T cell response in Y- and DA-infected mice, the results obtained indicated that chronically DA-infected mice had higher CD4+ TEM cell frequencies and increased multifunctional CD4+ T cells than Y-infected mice (Figures 3A–C), as reported previously in mouse models and humans (Padilla et al., 2007; Albareda et al., 2009; Padilla et al., 2009). The Y-infected mice exhibited high percentages of IFNγ-producing CD4+ T cells (at 10 dpi, p = 0.0079) and TNFα-producing CD4+ T cells (at 10 dpi [p = 0.0159] and 100 dpi [p = 0.0079]) compared with the DA-infected mice (Figure 3B). CD4+ T cells from the Y-infected mice showed increased expression of CD160 (at 10 dpi [p = 0.0079]), CTLA-4 (at 10 dpi [p = 0.0079] and 30 dpi [p = 0.0159]), or PD-1 (at 10 dpi [p = 0.0079], 30 dpi [p = 0.0079] and 260 dpi [p = 0.0079]) than those from DA-infected mice (Figure 3D). Overall, our results suggest that the CD4+ and CD8+ T cell responses were strain-specific and differentially modulated during acute and chronic T. cruzi infection.




Figure 3 | CD4+ T cell responses in acutely and chronically Y- or DA-infected mice. (A) Frequency of CD4+ TSCM, TCM, and TEM cells in acutely and chronically Y- or DA-infected mice. (B) Antigen-specific CD4+ T cells producing IFNγ or TNFα in acutely and chronically Y- or DA-infected mice. Background-subtracted data analyzed in all cases. (C) Proportion of antigen-specific CD4+ T cells with one, two, or three functions, as defined by the production of IFNγ, TNFα, and IL-2 based on a Boolean strategy, in the acutely and chronically Y- or DA-infected mice. (D) Frequency of CD4+ T cells expressing CD160, CTLA-4, or PD-1 from acutely and chronically Y- or DA-infected mice. The bar graphs in (A, B, D) show the geometric mean and geometric SD. Log data analyzed in (A, B, D). Each point represents a mouse. Results are pooled from one experiment with five mice per group. The p values were calculated using the Mann–Whitney U test.



The heterogeneous response of CD4+ T cells can be analyzed through the expression of master transcription factors (TBX21, Foxp3, or RORγt) or the profiles of cytokine-producing cells (IFNγ, IL-10, or IL-17A) (Oestreich and Weinmann, 2012). Since an early CD4+ T cell response could define T. cruzi infection (Guo and Cobb, 2009; Miyazaki et al., 2010; Sanoja et al., 2013; Cai et al., 2016), we next analyzed the CD4+ T cell profiles expressing RORγt and Foxp3 transcription factors in Y- and DA-infected mice for up to 100 dpi. As observed in Figure 4, at 10 dpi, the Y-infected mice showed a higher percentage (p = 0.0079) of double-positive CD4+ T cells expressing Foxp3 and RORγt than the DA-infected mice; however, at 30 or 100 dpi, the Y- or DA-infected mice presented similar values of T cells that were positive for both of these transcription factors (Figure 4A). Moreover, increased percentages of RORγt+Foxp3- cells were detected in the Y-infected mice at 10 dpi (p = 0.0079), whereas in the DA-infected mice, the percentages of these cells were increased at 100 dpi (p = 0.0079). In addition, the proportions of RORγt-Foxp3+ cells at 10 dpi were lower in the Y-infected mice than in the DA-infected mice (p = 0.0079). Notably, the percentages of CD4+ T cells expressing Foxp3 in the mice infected with Y or DA remained similar throughout the other days evaluated in this study (Figure 4A). Subsequently, we examined two T regulatory phenotypes, including cells expressing Foxp3 at high levels and CD25, which are known as thymic Tregs (tTregs), and cells expressing latency-associated peptide (LAP), which identifies a population of cells producing TGFβ. Notably, both CD4+ T regulatory phenotypes presented similar patterns during acute infection and were dependent on the T. cruzi strain because Foxp3HiCD25+ and LAP+ cells were significantly increased in the DA-infected mice at 10 dpi (p = 0.0079) and were found at higher proportions in the Y-infected mice at 30 dpi (p = 0.0317 and p = 0.0159) (Figure 4B). In addition, the percentages of CD4+ T cells expressing Foxp3HiCD25+ were also increased at 100 dpi in the Y-infected mice compared with the DA-infected mice (p = 0.0317) (Figure 4C). We subsequently identified the CD4+ T cell profiles by measuring the CD4+ T cells that produce IL-10, IL-17A, or IL-21 in the Y- or DA-infected mice (Figure 4D). The Y-infected mice showed increased percentages of CD4+ T cells producing IL-10 (p = 0.0159), IL-17A (p = 0.0476), or IL-21 (p = 0.0476) at 10 dpi, whereas the DA-infected mice exhibited high frequencies of cells producing IL-17A (p = 0.0159) or IL-21 (p = 0.0159) at 30 dpi. Similar values of cytokine-producing CD4+ T cells were observed between the Y- and DA-infected mice at 100 dpi (Figure 4E). The analysis of the proportions of CD4+ multifunctional/monofunctional responses based on measurements of the above-mentioned cytokines at 10 dpi revealed greater amounts of IL-10+IL-17A+IL-21+ cells in the Y-infected mice than in the DA-infected mice; however, the Y- and DA-infected mice exhibited similar monofunctional and multifunctional patterns of CD4+ T cell responses after stimulation with soluble antigens from T. cruzi at 30 and 100 dpi (Figure 4F).




Figure 4 | CD4+ T helper profiles dissected during early T. cruzi infection with two distinct strains. (A) Percentages of CD4+ T cells showing different expression of RORγt and Foxp3 in the Y- or DA-infected mice. The left panel shows the representative dot plot of the gating strategy for RORγt+Foxp3+, RORγt+Foxp3-, or RORγt-Foxp3+ CD4+ T cells. (B) Percentages of CD4+ T cells coexpressing Foxp3 and CD25 in the Y- or DA-infected mice. The left panel shows the representative dot plot of the gating strategy for expressing Foxp3HighCD25+ CD4+ T cells. (C) CD4+ T cells expressing LAP in the Y- or DA-infected mice. The left panel shows the representative dot plot of the gating strategy for CD4+ T cells expressing LAP. (D) Representative dot plot of CD4+ T cells producing IL-10, IL-17A, or IL-21. The gates applied for the identification of cytokine production among the total population of CD4+ T cells were defined according to the cells from each mouse that were cultured with mock. (E) Percentages of CD4+ T cells producing IL-10, IL-17A, or IL-21 in the Y- or DA-infected mice. (F) Proportion of antigen-specific CD4+ T cells with one, two, or three functions, as defined by the production of IL-10, IL-17A, and IL-21 based on a Boolean strategy, in the Y- or DA-infected mice. The bar graphs show the geometric meam and geometric SD. Each point represents a mouse. The pie charts show the medians of the CD4+ T cells with one, two, or three functions detected in the acutely and chronically Y- or DA-infected mice (E). Results are pooled from one experiment with five mice per group. The p values were calculated using the Mann–Whitney U test.



Overall, our results suggest that differences in the infection outcomes at the acute and chronic stages after infection with genetically different T. cruzi strains might be dictated by CD8+ and CD4+ T cell responses, including early effector and regulatory mechanisms. Nevertheless, it is unknown whether these differences are maintained in a mixed chronic infection by different T. cruzi DTUs.



Different Outcomes of Chronic Homologous and Heterologous T. cruzi Infection in Mice

Because several studies have demonstrated that the T. cruzi genotypes and reinfections could define the outcome of infection in humans and animal models (Basombrio and Besuschio, 1982; Basombrio et al., 1982; Bustamante et al., 2002; Bustamante et al., 2007), we examined the parasitological and histological outcomes after homologous or heterologous infection by T. cruzi strains in a chronic setup. Since we characterized the outcomes and T cell response in a set of single infection experiments with Y or DA, we next evaluated the outcomes in homologous and heterologous infection with T. cruzi strains (Y/Y or DA/Y). Thus, mice were first infected with the Y (G1) or DA (G2) strain, challenged with the Y strain at 10 or 100 dpi, and euthanized at 260 dpi (Figure 5A). Since the G1- and G2-reinfected groups at 10 or 100 dpi showed similar parasitological and histological outcomes at 260 dpi, both groups were organized as single groups in the subsequent analyses. They were named as Y/Y or DA/Y groups, respectively. Colon (p = 0.0002) and blood (p = 0.0003) samples from the Y/Y-infected mice showed lower parasite loads than tissue samples from the DA/Y-infected mice. The parasite loads in heart and skeletal muscle tissues from the Y/Y-infected mice were similar to those from the DA/Y-infected mice (Figure 5B). Although no differences in the parasite load were detected in liver tissue samples from the Y/Y and DA/Y groups, a higher number of liver tissue samples from the DA/Y-infected mice had detectable levels of T. cruzi. In addition, the colon, heart, liver, and skeletal muscle tissue samples from both reinfected groups showed similar inflammatory scores (Figure 5C). Thus, in contrast to the tissue parasite burden, the inflammatory infiltrate score was not a differential parameter of the infection outcome. They exhibited similarities during chronic homologous and heterologous reinfections with T. cruzi Y- and DA- strains.




Figure 5 | Parasite loads and inflammatory infiltrate scores of tissues from Y/Y- or DA/Y-infected mice. (A) Schematic representation of the reinfection of mice with T. cruzi. The mice were infected with either the Y or DA strain, reinfected with the Y strain at 10 or 100 dpi, and euthanized by CO2 inhalation at 260 dpi. The mice in group 1 (G1) were infected and reinfected with the Y strain (Y/Y), and those in group 2 (G2) were infected with DA and reinfected with the Y strain (DA/Y). The mice reinfected at 10 or 100 dpi were grouped into the Y/Y or DA/Y groups. Numbers in parentheses represent the number of mice included in each group. (B) Parasite loads in colon, heart, liver, skeletal muscle, and blood samples from the Y/Y- or DA/Y-infected mice. The bar graphs show the medians and ranges of the parasite equivalent per 50 ng of DNA (LOG10) in tissues from each group of challenged mice. The dotted line represents the cutoff for the LOQ based on serially diluted T. cruzi-spiked tissue DNA as described in the Materials and Methods. (C) Inflammatory infiltrate scores obtained for colon, heart, liver, and skeletal muscle samples from the Y/Y- or DA/Y-infected mice. The bar graphs show the average inflammatory infiltrate scores in the tissues from each group of challenged mice. FC was determined as the inflammatory score detected in the Y/Y mice divided by the infiltrate inflammatory score found in the DA/Y mice. Log data analyzed in (B) Each point represents the value of the parasite load and infiltrate inflammatory score detected in each mouse under the above-described conditions. Results are pooled from one experiment with nine mice per group. The p values were calculated using the Mann–Whitney U test.





Homologous and Heterologous Infection of Mice With T. cruzi Strains Showed a Contrasting T Cell Response

To investigate whether our observations in mice after mixed sequential infection with T. cruzi strains are linked to the T cell response quality, we assessed the memory and effector subsets, antigen-specific T cell populations that produce various cytokines, and the expression of inhibitory receptors on T cells as described above. The comparison of the CD8+ T cell memory distribution in mice with homologous or heterologous infection revealed that the Y/Y-infected mice showed higher percentages of CD8+ TCM cells and lower percentages of TEM cells than the DA/Y-infected mice. The Y/Y- and DA/Y-infected mice displayed similar percentages of CD8+ TSCM cells. Additionally, the Y/Y-infected mice exhibited higher EEC and MPEC CD8+ T cells and lower SLEC CD8+ T cells than the DA/Y mice (Figure 6A). The antigen-specific CD8+ T cells producing cytokines in homologous or heterologous reinfected mice were then analyzed. The Y/Y- and DA/Y-infected mice showed similar percentages of IFNγ-, TNFα-, and IL-2-producing CD8+ T cells. In addition, the Y/Y-infected mice presented a higher proportion of multifunctional CD8+ T cells with two functions than the DA/Y-infected mice (Figure 6B). Further examination of the individual expression of inhibitory receptors on CD8+ T cells showed that the Y/Y-infected mice exhibited lower frequencies of CD160, CTLA-4, or PD-1 than the DA/Y group (Figure 6C). However, the Y/Y- and DA/Y-infected mice exhibited a similar proportion of CD8+ T cells coexpressing inhibitory receptors (Supplemental Figure 5).




Figure 6 | CD8+ T cell responses in the Y/Y- or DA/Y-infected mice. (A) Frequency of memory (top panel) or effector (bottom panel) CD8+ T cell subsets in the Y/Y- or DA/Y-infected mice. (B) Antigen-specific CD8+ T cells producing IFNγ, TNFα, or IL-2 in the Y/Y- or DA/Y-infected mice. The bottom pie charts show the median of the CD8+ T cells with one, two, or three functions in the Y/Y- or DA/Y-infected mice. (C) Frequency of CD8+ T cells expressing inhibitory receptors in the Y/Y- or DA/Y-infected mice. The bar graphs in (A–C) show the geometric mean and geometric SD. Log data analyzed in (A–C). Each point represents a mouse. Results are pooled from one experiment with nice mice per group. The p values were calculated using the Mann–Whitney U test. TSCM, stem cell memory; TCM, central memory; TEM, effector memory; EECs, early effector cells; SLECs, short-lived effector cells, MPECs, memory precursor effector cells; DPECs, double-positive effector cells.



Thus, we subsequently examined the relationship between parasite control and the T cell response in reinfected mice in a chronic setup. A Spearman correlation analysis was performed between the parasite load detected in colon or blood samples and the percentages of memory T cell subsets or T cells expressing inhibitory receptors. We correlated the readouts differently arranged in reinfected Y/Y and DA/Y mice (data shown in Figures 5, 6). The analysis of the correlations in colon and blood samples showed similar patterns with slight differences. Parasite loads detected in the colon and blood samples were inversely correlated with the percentages of CD8+ TCM cells (r = -0.8467, p < 0.0001; r = 0.5405, p = 0.0206, respectively). Additionally, the parasite loads in the colon and blood samples were positively correlated with the percentages of CD8+ TEM cells (r = 0.7630, p = 0.0002; r = 0.6109, p = 0.0071, respectively) and the percentages of CD8+ T cells expressing CD160 (r = 0.5810, p = 0.0115; r = 0.8364, p < 0.0001, respectively), CTLA-4 (r = 0.5088, p = 0.0311; r = 0.3058, p = 0.2172, respectively), and PD-1 (r = 0.5315, p = 0.0232; r = 0.5210, p = 0.0266, respectively) (Figure 7). Overall, these results show that homologous infections by T. cruzi show lower parasitic load, while T. cruzi heterologous infections present a greater parasitic load. Interestingly, these two scenarios allowed us to establish correlations between the result of the infection measured by parasite loads and the response of T cells. These findings suggest that in the presence of high parasitic loads given by mixed infections of different genotype strains, there is an increased presence of effector T cells and higher expression of inhibitory receptors. Notwithstanding, lower parasite loads in T. cruzi -infected mice are related to a predominance of early-differentiated T cells and lower expression of inhibitory receptors, as observed in the homologous Y/Y group. This study provides evidence that the immune T cell response correlates with parasitic outcomes during chronic T. cruzi infection.




Figure 7 | Correlation analysis between CD8+ T cell responses and tissue parasite loads in the Y/Y- and DA/Y-infected mice. (A) Correlation analysis of the parasite loads in colon samples from the Y/Y- and DA/Y-infected mice with the percentages of CD8+ TCM and TEM cells. (B) Correlation analysis of the parasite loads in blood samples from the Y/Y- and DA/Y-infected mice with the percentages of CD8+ TCM and TEM cells. (C) Correlation analysis of the parasite loads in colon samples from the Y/Y- and DA/Y-infected mice with the percentages of CD8+ T cells expressing inhibitory receptors. (D) Correlation analysis of the parasite loads in blood samples from the Y/Y- and DA/Y-infected mice with the percentages of CD8+ T cells expressing inhibitory receptors. The r and p values were calculated using the Spearman rank test.



In summary, the two different approaches used in this study detected contrasting parasitological and histological outcomes accompanied by a differential T cell response in mice inoculated with T. cruzi strains belonging to two different genotypes (Y versus DA) and in mice that were homologously or heterologously reinfected with the T. cruzi strains (Y/Y versus DA/Y). The evaluation of the T cell response in chronically infected mice with a low inflammatory infiltrate (DA-infected mice) or low parasitemia and parasitism (Y/Y-infected mice) revealed an increase in early-differentiated T cells, a multifunctional T cell response and lower expression of inhibitory receptors on T cells. In contrast, in chronically infected mice with a high inflammatory infiltrate (Y-infected mice) or high parasitemia and parasitism (DA/Y-infected mice), the T cell response was distinguished by an increase in late-differentiated cells, a monofunctional response, and an increment in the expression of inhibitory receptors by T cells. Collectively, this study demonstrates that the quality of the T cell response is related to parasite control during chronic T. cruzi infection (Table 1).


Table 1 | Infection outcomes and T cell responses detected in chronically T. cruzi-infected or reinfected mice.






Discussion

Parameters of the quality of the T cell immune response have been evaluated in viral, bacterial, fungal, and protozoan infections. One of the most studied infection models is that caused by lymphocytic choriomeningitis virus (LCMV), and several investigations have revealed differential patterns of immune quality during acute and chronic infection (Wherry et al., 2003; Wherry et al., 2007; Appay et al., 2008). The two scenarios are as follows: i) acute infection induces a potent and protective response that results in clearance of the pathogen and is characterized by early-differentiated antigen-specific T cells with a high functional profile, whereas ii) chronic infection leads to a lethal outcome accompanied by an uncontrollable viral burden in tissues, late-differentiated antigen-experienced T cells, reduced functional T cell capacities, and increased expression of inhibitory receptors on T cells. Comparable findings have been obtained using HIV, tuberculosis, leishmania, toxoplasma, and other infectious disease models (Betts et al., 2006; Gigley et al., 2012; Singh et al., 2013; McLane et al., 2019). Here, we investigated whether the parasitological or histological outcomes are related to the quality of the T cell response during chronic T. cruzi infection, which is a neglected infectious disease that primarily affects underprivileged populations and for which there is no vaccine or treatment available. Although many studies have suggested that ChD progression is due to deterioration in the quality of the immune response, a direct relationship between T cell responses and disease outcome has not been established. Defining the outcome of the disease has been difficult because 30-40% of individuals exhibit mainly cardiac or digestive complications decades after the initial infection. Thus, we attempted to determine the histological and parasitological outcomes and dissected the T cell responses in mice infected with two distinct T. cruzi strains or subsequently challenged with the parasite to identify the relationship between parasite control and the immune response.

First, a set of single infection experiments was performed using two T. cruzi strains, Y (TcII) and DA (TcI), and the parasite loads and the inflammatory infiltrate scores of tissues and the T cell responses were then compared between the infected groups at the acute (at 10 and 30 dpi) and chronic stages (at 100 and 260 dpi). In mice, infection with either Y or DA T. cruzi led to contrasting outcomes and T cell responses. Similar to the results from a previous report conducted by our group (Mateus et al., 2019), acute Y infection induced high antigen-specific multifunctional CD8+ T cells by producing IFNγ, TNFα and IL-2 and high percentages of T cells coexpressing 2B4, CD160, CTLA-4, and PD-1. Chronically Y-infected mice exhibited a moderate inflammatory infiltrate in colon and liver tissues accompanied by poor T cell effector function and increased coexpression of inhibitory receptors by CD8+ T cells. Interestingly, the DA-infected mice showed reduced or undetectable tissue parasite loads, a reduced tissue inflammatory infiltrate, a multifunctional T cell response detectable at 30, 100, and 260 dpi and reduced expression or coexpression of inhibitory receptors. Several studies support that different T. cruzi genotypes can infect different tissues in humans and in experimentally infected murine models are able to induce different degrees of damage and therefore drive distinct infection outcomes. These differences have been associated with several biological features of the parasite, including dormancy/reactivation, persistence, low-level infection, tissue tropism, and episodic reinvasion (Lewis and Kelly, 2016; Sanchez-Valdez et al., 2018; Zingales, 2018). We and other research groups have described the histological and parasitological characteristics of Y infection in mouse models (Pinto et al., 1999; Sanoja et al., 2013; Mateus et al., 2019). Certainly, our findings regarding the inflammatory infiltrate, parasite loads, and T cell responses measured in the acutely and chronically Y-infected mice were quite consistent with those detected in a previous study (Mateus et al., 2019) and suggested that T. cruzi persistence could promote the dysfunctionality of T cells, similar to the results obtained for several chronic infectious diseases in humans and murine models. In contrast, only a few studies have evaluated the outcomes in animal models infected with the DA strain (Barrera et al., 2008; Cruz et al., 2015), and these investigations showed that the genotype of the DA strain (i.e., TcI) tends to be detectable in blood and can invade tissues (Cruz et al., 2015), as described in Colombian patients infected with TcI strains (Ramirez et al., 2010). In this study, the parasite was detected in tissue as described previously (Barrera et al., 2008; Cruz et al., 2015), but lower parasitic loads were measured in the samples from the DA-infected mice than in those from the Y-infected mice. We hypothesized that this difference might be related to the DTU and the degree of virulence of the strain. In this sense, the reduced tissue parasite burden and the lower inflammatory infiltrate score detected in the DA-infected group might be a consequence of the strong T cell response detected in this group. Indeed, this hypothesis is supported because several studies have suggested that a multifunctional CD8+ T cell response after vaccination might be related to controlled T. cruzi infection (de Alencar et al., 2009; Vasconcelos et al., 2014), which was similar to the findings observed in DA-infected mice. Thus, this study underlines two different results regarding the relationship between the infection outcome and the T cell response and suggests that the immune T cell response detected in Y- or DA-infected mice is associated with the differential outcomes detected in T. cruzi-infected mice. Altogether, this work ratifies that the study of strains of T. cruzi isolated from infected individuals can offer an opportunity to explore the differences detected in chronically T. cruzi-infected individuals and the heterogeneity of the clinical outcomes observed in chagasic patients.

We analyzed additional profiles of CD4+ T cells in Y- and DA-infected mice to determine whether the early responses of CD4+ T cells contribute to the differential responses detected. Y infection leads to increased regulatory (IL-10-producing CD4+ T cells and Foxp3+RORγt+ cells) and effector profiles (IL-17-, IL-21-producing CD4+ T cells and RORγt+ cells) during the early acute phase (10 dpi), whereas delayed activation of these cellular mechanisms was detected in the DA-infected mice at 30 dpi. Additionally, the Y-infected mice showed additional regulatory mechanisms (Foxp3HiCD25+CD4+ T cells and LAP+CD4+ T cells) during the late stage of acute infection and tended to increase during early chronic infection. This finding suggests that induction of the regulatory response during acute T. cruzi infection limits infection control to avoid damage. In contrast, the induction of a regulatory response during chronic infection can promote deterioration of the T cell response, leading to an uncontrolled infection, as previously demonstrated (Waghabi et al., 2005; Guedes et al., 2012). It is important to highlight that this study constitutes the first investigation that compares other CD4 profiles through a set of single-infection experiments with two T. cruzi strains that yield differential outcomes. Previous reports highlight the importance of CD4+ T cell functional subsets during T. cruzi infection, such as Th17 and Treg cells (Guo and Cobb, 2009; Miyazaki et al., 2010; Sanoja et al., 2013; Cai et al., 2016). However, according to several findings, these cell populations might be related to both susceptibility and protection against acute or chronic T. cruzi infection. For instance, IL-17 is crucial for the control of acute infection and helps the differentiation of Th1 cells in infected mice (da Matta Guedes et al., 2010; Miyazaki et al., 2010). In contrast, some studies have shown that IL-17 production is related to susceptibility to acute and chronic T. cruzi infection (Vitelli-Avelar et al., 2005; Monteiro et al., 2007). Additionally, CD4+ Th17 cells can provide critical contributions to the CD8+ T cell response induced by the secretion of IL-21, which is a cytokine related to the Th17 phenotype and T follicular helper cells (Cai et al., 2016). Indeed, we evaluated the population of IL-21-producing CD4+ T cells in response to T. cruzi soluble antigens and observed similar patterns of IL-17 and IL-21 production in the Y- and DA-infected mice, which suggested that both cytokines are produced by Th17 cells. However, whether the production of IL-21 detected in T. cruzi-infected mice also aids the induction of T follicular helper cells and thus the activation of B cells and the production of antibodies against T. cruzi antigens remains unclear (Liu and King, 2013; Leonard and Wan, 2016). Of note, a multifunctional effector/regulatory response dictated by IL-10+IL-17+IL-21+ cells and increased percentages of Foxp3+ T cells expressing RORγt was detected in the Y-infected mice at 10 dpi. Although unconventional, this phenotype of CD4+ T cells has been detected in infection models and autoimmune diseases with potently suppressive capacities in mucosal inflammation (Littman and Rudensky, 2010; Solomon and Hsieh, 2016; Yang et al., 2016). Based on these findings, we hypothesize that these populations of CD4+ T cells can potently regulate the effector response in Y-infected mice.

In addition, previous studies have shown that IL-10-producing CD4+ T cells, Foxp3HiCD25+ cells and LAP+ CD4+ T cells play a crucial role during acute and chronic T. cruzi infection (Mariano et al., 2008; de Araujo et al., 2011; Bonney et al., 2015; Ferreira et al., 2016; Ferreira et al., 2019). Our results suggest the occurrence of different regulatory mechanisms depending on the infection stage because the Y-infected mice displayed higher percentages of IL-10-producing cells at 10 dpi and increased percentages of Foxp3HiCD25+ and LAP+ cells at 30 dpi. These results support our hypothesis that the regulatory mechanisms might be a key factor at the acute stage because the immune regulatory response in the Y-infected mice at 30 dpi, as determined by Foxp3HiCD25+ and LAP+ cells, controls the effector mechanisms observed during the early stage of acute infection. Indeed, previous studies have shown that the high percentages of Foxp3+CD4+ T cells during acute T. cruzi infection might determine the induction of protective CD8+ T cell responses (Ersching et al., 2016; Araujo Furlan et al., 2018). Consequently, we hypothesize that effector and regulatory mechanisms are related to the outcomes after infections with the different strains for the following reasons: higher but transitory effector and regulatory mechanisms were detected in the Y-infected mice, whereas the effector and regulatory responses appeared to be delayed but effective in the DA-infected mice because the DA-infected mice showed a no severe outcome during acute and chronic T. cruzi infection, as described above. However, the role of these populations during late chronic Y or DA infections needs to be assessed in detail.

Epidemiological studies of individuals with positive Chagas serological tests have shown that continuous exposure to repeated infections increases the risk of progression to chronic Chagas cardiomyopathy (Zicker et al., 1990; Basquiera et al., 2003; Sabino et al., 2013; Perez et al., 2014) and suggest that mixed infection challenges are feasible in naturally infected individuals. Additionally, several studies have evaluated the effect of reinfections in an animal model of T. cruzi infection. For example, mixed T. cruzi infection can lead to a disseminated infection, electrocardiographic abnormalities and significant increases in parasite loads and tissue fibrosis (Bustamante et al., 2002; Bustamante et al., 2007; Perez et al., 2018; Weaver et al., 2019). Nonetheless, not all infections and reinfections have the same consequences in the host, and because the biological interactions among the T. cruzi strains influence the infection outcomes (Ragone et al., 2015; Strauss et al., 2018), we hypothesize that this scenario might be related to the genetic parasite heterogeneity and the host. In this study, we analyzed the outcomes and the quality of the T cell immune response in mice with homologous (Y/Y) or heterologous (DA/Y) reinfection. The colon and blood samples from the Y/Y-infected mice showed reduced parasite loads than those from the DA/Y-infected mice. Previous reports suggest a positive correlation between the inflammatory infiltrate and the deterioration of cardiac function in infected and reinfected mice (Guerreiro et al., 2015). Although we also sought to establish a relationship between the parasite load and inflammatory infiltrate in tissue samples from Y/Y- or DA/Y-infected mice, similar inflammatory infiltrate scores were found in the tissue samples from both groups. This exciting hypothesis should be confirmed through further studies using deep methods for assessing the pathology of murine tissues showing distinct parasite loads and different inflammatory infiltrates, as previously done (Santi-Rocca et al., 2017; Weaver et al., 2019). In addition, although the Y/Y- and DA/Y-infected mice showed contrasting parasite loads in the colon and blood and these loads were inversely correlated with the percentages of TCM cells or positively correlated with the percentages of TEM cells and the expression of CD160, PD-1, and CTLA-4 on T cells, similar functional activity was found between homologous and heterologous reinfected mice; hence, these parameters were not correlated with the parasite load in the tissue samples collected. However, the T cell functional response is related to the control of parasite infection in mice with drug-cured experimental T. cruzi infections and reinfections, as recently described (Mann et al., 2020).

This work lacks cardiac function assessment, which would offer a complete picture of chronic T. cruzi infection and reinfection consequences. Although the analysis of the T cell response using strain-specific T. cruzi proteins could help to define whether the T cell responses detected can be influenced by the parasite-derived proteins used, it will be important to demonstrate the direct relationship between the parasite load and cardiac function. Additionally, monitoring the inoculated mice for an extended period of time would allow us to define whether the T cell response in DA-infected or Y/Y-reinfected mice is maintained for a longer period than 260 days. Here, it was carried out each experiment including five to nine biological replicates per group. Each experiment was performed to analyze the single and mixed T. cruzi infections included mice followed up to 260 days. Our results in T. cruzi-infected mice using single or mixed infections demonstrated that T. cruzi strains of two different genotypes could affect the infection outcomes and the T cell immune responses induced by the infections, as discussed above. Additional studies are needed to explore the heterogeneity of the T. cruzi response-induced in animal models using enough experimental replicates to explore the course and outcome of individual and mixed infections with several T. cruzi genetic groups.

This study provides the first demonstration that the immune T cell response correlates with parasitic outcomes during chronic T. cruzi infection. Moreover, this evidence supports that the progression of T. cruzi infection is related to a decline in the immune T cell response and parasite persistence. This above mentioned is supported by evidence of the scientific literature, as follows: i) chagasic patients coinfected with HIV/AIDS with low CD4+ T cell counts exhibited reactivation of T. cruzi infection, which results in high mortality due to severe complications in the central nervous system and myocardium (Martins-Melo et al., 2012; Guidetto et al., 2019); ii) an increased number of T. cruzi-infected individuals under immunosuppressive therapy present reactivation of the infection with detectable parasitemia in the blood (Campos et al., 2008; da Costa et al., 2017); iii) repeated infections increase the risk of progression to the symptomatic stage in developing cardiomyopathy (Bustamante et al., 2002; Basquiera et al., 2003; Bustamante et al., 2007); and iv), the administration of therapy based on antiparasitic drugs to asymptomatic patients with ChD prevents the occurrence of electrocardiographic alterations (Fragata-Filho et al., 2016). However, the direct relationship between the immune response and parasite persistence has not been established. Thus, we demonstrated that the infection outcomes caused by single or mixed T. cruzi infection with different genotypes induce a differential immune T cell response quality. These findings suggest that differences in the infection outcomes at the chronic T. cruzi stage after infection or reinfection with genetically different T. cruzi strains might be dictated by CD8+ T cell responses. We conclude that the CD8+ T cell response quality is related to parasite control in chronic T. cruzi infection, which supports the notion that parasite persistence and deterioration of the immune T cell response are related to ChD pathology. Monitoring the immunological responses could improve our understanding of T. cruzi infection and the development of new therapeutic strategies.
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The search for an effective etiologic treatment to eliminate Trypanosoma cruzi, the causative agent of Chagas disease, has continued for decades and yielded controversial results. In the 1970s, nifurtimox and benznidazole were introduced for clinical assessment, but factors such as parasite resistance, high cellular toxicity, and efficacy in acute and chronic phases of the infection have been debated even today. This study proposes an innovative strategy to support the controlling of the T. cruzi using blue light phototherapy or blue light-emitting diode (LED) intervention. In in vitro assays, axenic cultures of Y and CL strains of T. cruzi were exposed to 460 nm and 40 µW/cm2 of blue light for 5 days (6 h/day), and parasite replication was evaluated daily. For in vivo experiments, C57BL6 mice were infected with the Y strain of T. cruzi and exposed to 460 nm and 7 µW/cm2 of blue light for 9 days (12 h/day). Parasite count in the blood and cardiac tissue was determined, and plasma interleukin (IL-6), tumoral necrosis factor (TNF), chemokine ligand 2 (CCL2), and IL-10 levels and the morphometry of the cardiac tissue were evaluated. Blue light induced a 50% reduction in T. cruzi (epimastigote forms) replication in vitro after 5 days of exposure. This blue light-mediated parasite control was also observed by the T. cruzi reduction in the blood (trypomastigote forms) and in the cardiac tissue (parasite DNA and amastigote nests) of infected mice. Phototherapy reduced plasma IL-6, TNF and IL-10, but not CCL2, levels in infected animals. This non-chemical therapy reduced the volume density of the heart stroma in the cardiac connective tissue but did not ameliorate the mouse myocarditis, maintaining a predominance of pericellular and perivascular mononuclear inflammatory infiltration with an increase in polymorphonuclear cells. Together, these data highlight, for the first time, the use of blue light therapy to control circulating and tissue forms of T. cruzi. Further investigation would demonstrate the application of this promising and potential complementary strategy for the treatment of Chagas disease.
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Introduction

Chagas disease is the main cause of myocarditis in Latin America and worldwide (Rassi et al., 2010). Chemotherapy strategies using benznidazole or nifurtimox have been proposed to eliminate its causative agent, the protozoan Trypanosoma cruzi, through the production of cytotoxic free radical intermediates and metabolites generated by nitroreductases (Urbina, 2009; Kratz et al., 2018). However, even after a century of Chagas disease discovery, approximately 7.5 million individuals are still infected with this protozoan of which less than 18,000 patients are under chemotherapy (Echeverría et al., 2020). T. cruzi-induced cardiomyopathy is the cause of 12,000 deaths per year. Further, the high cytotoxicity of both medicines, the close dependency of their effects on the genetic background of the parasite, and the real benefits of the precocious (acute phase: trypanocide effects) or the late (chronic phase: cardiac protection or stabilization) treatment have still created fragile barriers concerning the clinical management of Chagas disease (Morillo et al., 2015; Zingales, 2018).

New chemotherapy targets have focused on azole inhibitors of sterol 14alpha-demethylase (CYP51) or other natural compounds (Molina et al., 2014; Martínez-Peinado et al., 2020; Menezes et al., 2020), but all experimental and/or clinical trial findings have not been successful.

Therefore, a new physical strategy using blue light-emitting diode (LED) phototherapy is proposed to support chemotherapy against T. cruzi. Blue light is part of the natural light received from the sun. In addition, humans are also indirectly exposed to blue light from electronic devices such as computers and phone screens. For decades, blue light has successfully improved new-born jaundice therapies in medical centers (Porto and Hsia, 1969; Ferreira et al., 2009). Beyond this application, phototherapy is also capable of inactivating microorganisms such as bacteria and fungi (Trzaska et al., 2017; Lewis et al., 2018). The proposed action of this light on susceptible organisms is based on the photoexcitation of endogenous porphyrins that increases the level of reactive oxygen species (Wu et al., 2018) and/or causes damage to proteins and lipids from the microorganism’s membrane, thereby affecting intracellular transport (Alves et al., 2013). An additional effect of blue light is photo-immunomodulation because light, in general, affects the release of hormones and cytokines (Walton et al., 2011; Yuan et al., 2016).

In this study, we investigated whether blue light could interfere in the T. cruzi biological activities at a wavelength of approximately 460 nm. We first show the ability of blue light to inhibit T. cruzi replication in vitro, and then demonstrate its capacity to cross the skin of infected mice and inhibit the replication of blood-borne and tissue-borne parasites in addition to exhibiting beneficial cardiac immune-modulatory effects.



Material and Methods


Ethical Approval

All the methodologies performed in this study were in accordance with the standards of the National Council for Control of Animal Experimentation (CONCEA) and previously approved by the Animal Research Ethics Committee (CEUA) of the Federal University of Ouro Preto (UFOP), Ouro Preto, Minas Gerais, Brazil, under the protocol number 089/2018.



T. cruzi Infection

For these experiments, we used the Y and CL strains of T. cruzi, classified as T. cruzi II and T. cruzi VI, respectively (Zingales et al., 2009). These strains were maintained by successive passages in Swiss mice at the Center of Animal Science, UFOP.



Culture Assays

Pure cell cultures of T. cruzi (Y and CL strains) were maintained at 25°C in liver infusion tryptose (LIT) broth medium (Becton-Dickinson, NJ, EUA) supplemented with 10% (v/v) inactivated fetal bovine serum (Sigma-Aldrich, San Luis, MS, EUA). These cultures were exposed to blue LED light (460 nm and 40 µW/cm2) for 5 days, 6 h per day, at 24°C. The parasites were counted in 10 µL volume every day for quantification and analysis of their survival using the Neubauer chamber. All the experiments were repeated twice.



Animals and T. cruzi Infection

C57BL/6 male mice aged 20-22 weeks weighing approximately 30 g were used in this study. Animals (n = 10) were grouped as (i) non-infected + conventional light, (ii) non-infected + blue light, (iii) T. cruzi-infected + conventional light, and (iv) T. cruzi-infected + blue light. Animals were infected by an intraperitoneal injection of the Y strain of the parasite (100 trypomastigotes/animal). During this phase of the experiment, animals exposed to the phototherapy received blue LED light (460 nm and 7 µW/cm2) for 9 days, 12 h per day (from 07:00h to 19:00h), at 26°C using a homebuilt system (Figure 1). Blood parasites were daily evaluated in infected mice according to Brener’s method (Brener, 1962). On day 9 of infection, the animals were euthanized, their blood and hearts were collected for the immune assay and histopathology analysis, respectively. The mice were housed and maintained at the Center of Animal Science at UFOP.




Figure 1 | (A) Schematic illustration of homebuilt system for the blue-light phototherapy. Mice were infected with Y strain of T. cruzi and exposed to 460 nm and 7 µW/cm2 of blue light for 9 days (12h/day). A fan was used to maintain a constant temperature in the mice box. (B) A photo of this robust system is inserted in the figure.





T. cruzi DNA Extraction in the Cardiac Tissue

The T. cruzi-genomic DNA was extracted from 10 mg of cardiac tissue at 9th day after infection, using the Wizard® SV Genomic DNA Purification System kit (Promega, Wisconsin, EUA) according to the manufacturer’s instructions. Real-time polymerase chain reaction (PCR) was performed to quantify the tissue parasitism as previously described (Cummings and Tarleton, 2003), using the T. cruzi (sense: AAATAATGTACGGG(T/G)GAGATGCATGA and antisense: GGGTTCGATTGGGGTTGGTGT). Each DNA sample was quantified in triplicate.



Enzyme-Linked Immunosorbent Assay

Immunoenzymatic assays were used to evaluate the plasma concentrations of interleukin (IL)-6, tumor necrosis factor (TNF), chemokine ligand 2 (CCL2), and IL-10. Equal volumes of plasma samples and 1.2% trifluoroacetic acid/1.35 M sodium chloride (NaCl) (Sigma-Aldrich, San Luis, MS, EUA) were mixed and left at 24°C for 10 min. Samples were then centrifuged for 10 min at 1500 ×g and 4°C, and the supernatant obtained was adjusted for salt content [0.14 M NaCl (0.01 M) and sodium phosphate]. The pH was adjusted to 7.4, and the samples were added to wells of a 96-well plate previously coated with monoclonal antibodies specific for TNF, IL-6, CCL2, and IL-10 (PeproTech, Cranbury, NJ, USA) according to the manufacturer’s protocols. All samples were simultaneously measured in duplicates. Samples were read on a spectrophotometer (Emax Molecular Devices, Sunnyvale, CA, USA) at 405 and 630 nm wavelengths.



Heart Processing and Histopathology

Heart samples of all animals were fixed in formalin for 24 h, dehydrated in ethanol, embedded in glycol methacrylate resin, and cut into 3 μm thick sections using glass knives (RM2125RTS1, Leica Biosystems, Wetzlar, Germany). Two histological slides with four heart sections collected in a semi-series were obtained using one out of every 50 sections to avoid evaluating the same histological area. The sections were stained with hematoxylin and eosin (H&E) at 60°C (40 min for conventional histopathology on the first slide). The distribution and organization of the heart parenchyma and connective stroma, tissue necrosis, and morphology and distribution of cardiomyocytes, blood vessels, and inflammatory foci were evaluated according to Novaes et al. (2013). The heart microstructure was analyzed by bright-field microscopy using a 40× objective lens (400× magnification; Axioscope A1, Carl Zeiss, Germany).



Heart Stereology and Histomorphometry: Myocardial Compartments and Tissue Cellularity

Cardiac microstructural reorganization was analyzed following stereological principles according to Novaes et al. (2013). The volume density (Vv, %) of the heart stroma [connective tissue (CT)], parenchyma [cardiomyocytes (CMY)], and blood vessel (BV) was estimated as Vv = ΣPP/PT, where ΣPP is the number of test points on the structure of interest and PT is the total number of test points. A quadratic test system with 100 test points distributed in a standard test area of 25 × 103 μm2 was applied. Volume density was estimated from 20 randomly sampled histological fields of heart sections from each animal using a ×40 objective lens (400× magnification; Axioscope A1, Carl Zeiss, Germany). A total tissue area of 25.0 × 105 μm2 was analyzed for each group. In addition, heart sections were stained with hematoxylin at 60°C to evaluate myocardial cellularity and cardiomyocyte parasitism. The number density (QA, n/mm2) of mononuclear (MN) and polymorphonuclear (PMN) interstitial cells per myocardial area was estimated as QAMN/PMN = ΣQMN/PMN/AT, where ΣQMN/PMN is the number of MN or PMN cells in the microscopic focal plane and AT is the dimension (mm2) of the two-dimensional test area (AT = 0.009 mm2). QA was estimated from 20 randomly sampled histological fields from each animal using a ×100 objective lens (1000× magnification; Axioscope A1, Carl Zeiss, Germany), totaling 85,600 μm2 for each group of animals. The number of amastigote forms of T. cruzi per area was estimated using computational planimetry. Briefly, the number of amastigotes was counted and normalized by the nest area, which was determined using a contour function applied to the image analysis software. All morphological parameters were quantified using the image analysis software Image-Pro Plus 4.5 (Media Cybernetics, Rockville, Maryland, USA).



Statistical Analysis

Data are expressed as mean ± standard error of means (SEM). Multiple groups were compared using one-way analysis of variance (ANOVA) followed by the Tukey-Kramer post-test. The survival rate was compared using the log-rank test (Mentel-Cox), and Student’s t-test was used to compare differences between two experimental groups. All analyses were performed using the Prism 8 software (GraphPad Software). Groups (6-10 surviving animals) were considered statistically different at p < 0.05.




Results


Effect of Blue Light on T. cruzi Axenic Culture

To determine the effect of blue light on the isolated forms of these trypanosomatids, epimastigote forms of CL (Figure 2A) and Y (Figure 2B) strains of T. cruzi were incubated for 5 days (6 h/day) under blue light or conventional environmental light. Differences in the replication of cultured parasites were observed in both strains from day 3 until day 5 of incubation.




Figure 2 | Growth inhibition of the CL (A) and Y (B) strains of T. cruzi. The parasites cultures were exposed to phototherapy with blue light for 5 days 6h per day, at room temperature. The growth inhibition was evaluated in 10 µL every day using the neubauer chamber and a light microscope. *p<0.05 means differences between control groups and blue light therapy.





Effect of Blue Light on In Vivo T. cruzi Infection

To verify the reproducibility of the effects of blue light on parasites in cultures, we infected mice with the Y strain of T. cruzi and exposed them to blue light at 12 h/day (Figure 1) for 9 days. There was an evident decrease in the number of blood-borne parasites from day 8 (Figure 3A), the peak of parasitemia, after infection. In addition, the T. cruzi-genomic DNA was quantified in the cardiac tissue and blue light was also capable to reduce the parasitism (Figure 3B) when compared with animals under conventional light.




Figure 3 | Parasite quantification and animals’ survival. (A) - curve of parasitemia; (B) T. cruzi genomic DNA quantification. C57BL/6 male mice of age 20-22 weeks and mass around 30 g were infected with Y strain of the T. cruzi. Then groups with “blue light” were exposed to blue light (with the peak 460 nm and 7 µW/cm2) for 9 days, 12 h per day (from 07:00h to 19:00h). For creating parasitemia curve, blood samples were collected every day and parasites number presented as average. For tissue parasitism, T. cruzi DNA was quantified in 10mg of cardiac tissue by PCR assay. p<0.05 means differences between groups under conventional and blue light therapy.





Blue Light-Mediated Changes in The Plasma Levels of Inflammatory Mediators

Assuming the immune response as the key mechanism underlying the control of T. cruzi infection, we evaluated the plasma levels of inflammatory mediators TNF, IL-6, CCL2, and IL-10 (Figure 4) in uninfected and infected animals under blue light therapy. We observed an increase in the plasma level of TNF (Figure 4A) and IL-6 (Figure 4B) after T. cruzi infection. Blue light therapy, however, decreased the levels of both inflammatory cytokines.




Figure 4 | Level of plasma cytokines in C57BL/6 mice under blue light phototherapy. T. cruzi-infected animals were exposed to conventional and blue light for 9 days, 12 h per day. The plasma was collected to evaluate the cytokines TNF (A), IL-6 (B), CCL2 (C) and IL-10 (D) production. p<0.05 means differences between infected groups under blue light and conventional light.



Surprisingly, CCL2 level (Figure 4C) increased in the plasma of uninfected mice under blue light therapy. After T. cruzi infection, we observed higher production of this chemokine. Phototherapy failed to change CCL2 levels in the plasma of euthanized animals after 9 days of infection. Finally, T. cruzi-infected animals showed an increase in the plasma level of IL-10 (Figure 4D), which was partially reduced after blue light therapy.



Cardiac Microstructural Reorganization After Blue Light Phototherapy

To verify whether blue light interfered with the cardiac microstructural reorganization, we evaluated stereological parameters. In the presence of T. cruzi infection, the volume density of cardiomyocyte parenchyma decreased (Figure 5A) and phototherapy had no effect on this parameter in uninfected or infected animals (Figure 5A). We investigated the volume density of the connective tissue in the cardiac stroma and found it to be significantly increased after parasite infection (Figure 5B). Blue light therapy could reduce this parameter in infected animals, suggestive of the protective effect on the organization of the cardiac stroma. Finally, we investigated the blood vessel volume density (Figure 5C) and observed no differences between uninfected and T. cruzi-infected animals subjected to blue light therapy.




Figure 5 | Cardiac microstructural reorganization according to stereological principles. (A) Volume density (Vv, %) of the heart stroma [connective tissue (CT)], (B) parenchyma [cardiomyocytes [CMY)], and (C) blood vessels (BV). p<0.05 means differences between groups under conventional and blue light therapy.





Effects of Blue Light Therapy on the Tissue-Borne Parasite and Cardiac Inflammatory Phenotype

As blue light could control the parasite replication in cultures and circulating blood, we evaluated whether this effect was also evidenced on amastigotes, the evolutive form of the parasite in tissues that is prevalent in the chronic stage of the infection. Figure 6 (upper side) shows a panel of cardiac tissue photomicrographs from uninfected and T. cruzi-infected animals under blue light therapy. We observed inflammatory infiltration and amastigote nests in the tissues infected with T. cruzi. We also noted the difference in the area of cardiac amastigote nest in an animal infected with T. cruzi (Figure 6A) and another infected animal under blue light phototherapy (Figure 6B). To confirm this observation, the area of amastigote nests in the cardiac tissue from both groups of infected animals (with and without blue light therapy) was plotted (Figure 6C).




Figure 6 | Quantification of amastigote nests in cardiac tissue. The amastigote nests of the T. cruzi were evidenced in the upper images with reduction of visual parasites in the infected group under blue light therapy. (A) An amastigote nest from animals under conventional light therapy, (B) an amastigote nest from animals under blue light therapy and (C) quantification of the area of the amastigote nests. p<0.05 means differences between infected groups under conventional and blue light therapy. Arrow – the T. cruzi amastigote nest, arrowhead – the inflammatory foci, asterisk – the blood vessel.



Considering the smaller area of amastigote nests in infected animals under blue light therapy, we investigated the phenotype profile of inflammatory infiltrates in the cardiac tissue. As shown in Figure 7 (on the left), the inflammatory infiltration was high in the animals infected with T. cruzi. However, quantification of inflammatory cells based to their phenotypes revealed no difference in MN cell population (Figure 7A) but a clear increase in the number of PMN cells (Figure 7B) in the infected animals under blue light therapy.




Figure 7 | Photomicrography of cardiac tissue and analysis of the inflammatory infiltration. Cardiac tissue from non-infected and T. cruzi-infected animals were analyzed under conventional light and blue light phototherapy. Inflammatory cells and loss of tissue integrity are evidenced in those images related to parasite infection. Cardiac tissue from animals under conventional and blue light phototherapy was analyzed and mononuclear cells (A) polymorphonuclear cells (B) quantified. p<0.05 means differences between infected groups under blue light and conventional light.






Discussion

To our knowledge, this is the first study to demonstrate that blue light can interfere in biological parameters and in the controlling of the CL and Y strains of T. cruzi in cultures and blood of infected mice. Daily exposure to blue light modulated the murine immune response and reduced the quantification of parasites in the blood and in the cardiac tissue. This study proposes an alternative conception of the understanding of Chagas disease therapy with an insight into how phototherapy could be applied in support of benznidazole, nifurtimox, or any other compound proposed to treat Chagas disease.

The exposure of bacteria, mycoplasma, and viruses to a range of distinct light wavelengths can effectively inactivate them, thus serving as an important support for the medical management of infectious diseases. The investigation of the mechanisms underlying the antimicrobial effects of blue light has pointed out some evidence as follows: (i) an intracellular photosensitizing chromophore that can increase the level of reactive oxygen species and induce the death of the infective agent, depending on the optimal blue light therapeutic wavelength (Wu et al., 2018; Bumah et al., 2020); (ii) modulation in the structure of lipids and proteins that may affect the intracellular transport and organization of cell organelles (Alves et al., 2013; Wang et al., 2017); and (iii) modification in the humoral and cellular immune response of mammals (Yuan et al., 2016; Yu et al., 2019). Indeed, the antimicrobial effects of blue light therapy have differed among studies and the target microorganism species, possibly owing to environmental conditions, blue light wavelength spectrum, and time of light exposure. Based on the reported blue light effects on the elimination of resistant bacteria and/or fungi (Enwemeka, 2013; Rapacka-Zdonczyk et al., 2019), we investigated the action of blue light on the protozoan T. cruzi.

The chemotherapy proposed to treat Chagas disease has serious limitations such as (i) strong side-effects that interfere with treatment compliance of patients; (ii) resistance to some genetic populations of T. cruzi; (iii) distinct behavior of the evolutive forms of parasites in the blood and tissue and the consequent resistance to chemotherapy; and (iv) particularities related to the treatment in non-adult individuals and infected pregnant women (Carlier et al., 2011; Morillo et al., 2015; Jackson et al., 2020). Other limitations include failure of the translation of the chemical compound/drug tested in an experimental model to human subjects, owing to differences in pharmacological pathways (Ribeiro et al., 2020). For these reasons, safety alternatives that eliminate parasites and/or control T. cruzi-induced myocarditis are warranted, and blue light phototherapy is a potential strategy in this direction.

Given its proven safety and efficiency, blue light has already been included in the standard protocol for the treatment of human hyperbilirubinemia and as a therapy against diseases caused by infectious agents (Ammad et al., 2008; Pavie et al., 2019; Zhou et al., 2019). In the present study, T. cruzi appeared to be vulnerable to blue light therapy. This observation was based on the parasite (Y and CL strains) reduction in axenic cultures and compromised T. cruzi motility (data not shown). The anti-T. cruzi chemotherapy is challenged by mutations such as those in the genes encoding CYP51 or mitochondrial nitroreductase (TcNTR-1) in parasites, contributing to Chagas disease therapy failure (Campos et al., 2017). Assuming that this new physical intervention could minimize changes in the parasite genes, blue light therapy even with a partial action on parasites may potentialize the expected effects of benznidazole, nifurtimox, posaconazole, feninidazole, diamidines, naphthoquinones, xanthenodiones, and other anti-T. cruzi targets.

The direct effect of blue light on parasites in culture plates could predict their potential actions, as there were no physical, chemical, or biological barriers to this light. However, these effects were reproducible in infected mice and did not discriminate between the evolutive trypomastigote and amastigote forms. Of note, only a few studies have investigated the effect of photodynamic therapy based on the application of a photosensitive substance (e.g., methylene blue) on the target area, resulting in activation of oxidative reactions and the consequent death of pathogens (Gironés et al., 2006; Volpe et al., 2018; Barbosa et al., 2020). In the present study, we investigated the direct use of blue light at a single frequency and without any photosensitive substance against the parasite; blue light has an accumulative effect because changes were evident only after some days of phototherapy in both in vitro and in vivo assays.

Chronic parasite persistence in mammals is a consequence of the early development of intracellular amastigote forms of T. cruzi in the cardiac tissue, mechanical ruptures, and release of parasites (blood trypomastigote forms) and their residues, leading to the activation and recruitment of inflammatory cells into the heart. Inflammatory mediators clearly mediate part of the immune process, and elimination of the parasite or minimization of the host immune response could retard or partially prevent myocarditis. Another interesting finding was that phototherapy with blue light reduced the levels of inflammatory TNF, IL-6 and, consequently, the regulatory IL-10 in the plasma of T. cruzi-infected animals. However, at this time, the CCL2 was not affected by the blue light in those infected animals even assuming its relevance to the recruitment of mononuclear cells into the cardiac tissue in T. cruzi infection.

TNF, IL-6 and gamma-interferon (IFN-γ) can act in synergism to the optimal nitric oxide production to eliminate intracellular parasites in infected mammalian cells and activate other inflammatory signaling pathways promoting cardiac tissue damage in T. cruzi infected mice (Talvani et al., 2000). On the other hand, the regulatory cytokine IL-10 exerts control of the leukocyte activation/chemoattracting by inhibition of the NF-kB and ERK/MAPK, which minimize the cardiomyocytes damage induced by the parasite infection (Rada et al., 2020). By our own experience, IL-10 is shown overproduced in experimental T. cruzi infection following an increase of systemic and local inflammatory pattern in the infected animals. In this present study, the immunomodulatory effects of the blue light on the TNF and IL-6 and, on the reducing the amount of blood and tissue parasites could be, in part, related to the observed IL-10 reduction. Our group has investigated the use of different medicines in clinical practice (simvastatin, doxycycline, angiotensin-enzyme converter inhibitor, beta-blocker, and others) alone or in association with benznidazole to reduce the release of cytokines IFN-γ, TNF, IL-6, IL-10 and chemokines (CCL2, CCL3, CCL4, CCL5, CXCL9, CXCL11, CCL1, CCL17, CCL20, CCL24, and CCL26) and minimize inflammatory infiltration into the heart, which is important to ameliorate the consequences of T. cruzi antigens. However, these events trigger fibrosis formation and cardiac morphological and functional damage (Silva et al., 2012; de Paula Costa et al., 2016; Horta et al., 2017; Leite et al., 2017). These cytokines can shift the regulation patterns described during the acute and chronic courses of T. cruzi infection, affecting the parasite-host equilibrium and driving the pathogenesis process (Talvani and Teixeira, 2011). This new perspective of phototherapy was demonstrated to be effective in minimizing the parasitological and immunological targets, and could be further improved in the future.

In conclusion, our study demonstrates the susceptibility of T. cruzi to blue light therapy (460 nm and 40 µW/cm2), even more in axenic cultures than in experimentally infected mice. Blue light treatment reduced the quantification of distinct (Y and CL) strains of T. cruzi and reduced blood and intracellular forms of the parasite in mammalian hosts. These data support the importance of an alternative and/or complementary therapy against T. cruzi and instigate further investigations on the underlying mechanism and whether long-term phototherapy mitigates myocarditis diagnosed in experimental and human infections.
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Chagas’ disease is a parasitosis caused by Trypanosoma cruzi, which affects approximately 8 million people worldwide. The balance between pro- and anti-inflammatory cytokines produced during immunological responses contributes to disease prognosis and progression. Parasite tissue persistence can induce chronic inflammatory stimuli, which can cause long-term tissue injury and fibrosis. Chronic Chagas’ patients exhibit increased levels of interleukin (IL)-9, an important cytokine in the regulation of inflammatory and fibrogenic processes. Data on the role of IL-9 in other pathologies are sometimes contradictory, and few studies have explored this cytokine’s influence in Chagas’ disease pathology. Hence, the aim of this study was to evaluate the role of IL-9 in the progression of T. cruzi infection in vivo and in vitro. In vitro infection demonstrated that IL-9 reduced the number of infected cells and decreased the multiplication of intracellular amastigotes in both C2C12 myoblasts and bone marrow-derived macrophages. In myoblasts, the increased production of nitric oxide (NO) was essential for reduced parasite multiplication, whereas macrophage responses resulted in increased IL-6 and reduced TGF-β levels, indicating that parasite growth restriction mechanisms induced by IL-9 were cell-type specific. Experimental infection of BALB/c mice with T. cruzi trypomastigotes of the Y strain implicated a major role of IL-9 during the chronic phase, as increased Th9 and Tc9 cells were detected among splenocytes; higher levels of IL-9 in these cell populations and increased cardiac IL-9 levels were detected compared to those of uninfected mice. Moreover, rIL9 treatment decreased serum IL-12, IL-6, and IL-10 levels and cardiac TNF-α levels, possibly attempting to control the inflammatory response. IL-9 neutralization increased cardiac fibrosis, synthesis of collagens I and III, and mastocyte recruitment in BALB/c heart tissue during the chronic phase. In conclusion, our data showed that IL-9 reduced the invasion and multiplication of T. cruzi in vitro, in both myoblasts and macrophages, favoring disease control through cell-specific mechanisms. In vivo, IL-9 was elevated during experimental chronic infection in BALB/c mice, and this cytokine played a protective role in the immunopathological response during this phase by controlling cardiac fibrosis and proinflammatory cytokine production.
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1 Introduction

Chagas’ disease is a neglected tropical disease caused by the flagellate protozoan Trypanosoma cruzi. Approximately 8 million people are infected worldwide, mostly in Latin America, and it causes approximately 10 thousand deaths per year. Chagas’ disease has become a global health problem as its incidence has increased in other continents, mainly due to non-vector transmission (Bastos et al., 2010; Coura and Viñas, 2010; World Health Organization, 2019).

The infection has two phases: acute and chronic. During the acute phase, there are increased numbers of parasites in the peripheral blood for up to 8 weeks, and the parasite infects various host cells such as macrophages, myocytes, and endothelial cells (Bonney et al., 2019). After a few weeks, the number of blood parasites decreases and an inflammatory immune response occurs, followed by resolution of myocardial inflammation (Bonney et al., 2019). In the chronic phase, parasitemia is low or absent, and the parasites are localized mainly in the heart and digestive muscles, which can result in cardiac, digestive, neurological or cardiodigestive clinical complications (Haberland et al., 2013; Cunha-Neto and Chevillard, 2014).

Chronic Chagas cardiomyopathy (CCC) is the most serious complication of Chagas’ disease caused by loss of function of the heart muscle and increased cardiac fibrosis, which can lead to cardiac failure and death (Haberland et al., 2013; Cunha-Neto and Chevillard, 2014). Depending on disease progression and symptoms, proinflammatory and anti-inflammatory cytokine expression can differ between patients. CCC patients have been shown to have increased IFN-γ, TNF-α, IL-6, and IL-9 levels, and reduced IL-4 and IL-10 levels compared with the levels in asymptomatic individuals (Reis et al., 1997; Poveda et al., 2014; Sousa et al., 2014). However, another study demonstrated that IL-9 levels were higher in asymptomatic individuals than in CCC patients (Guedes et al., 2016). IL-9 is a pleiotropic cytokine produced by a variety of cells, such as CD4+ lymphocytes of the Th9, Th2, and Th17 subsets, mast cells, eosinophils, and regulatory T lymphocytes (Goswami and Kaplan, 2011). Tc9 cells, a CD8+ T lymphocyte subset, also produce IL-9, which plays an important role in regulating inflammation and antitumor responses (Hoelzinger et al., 2014; Lu et al., 2014). Through its receptor (IL9R), IL-9 acts by altering signaling and protein expression in different cell types such as T and B lymphocytes, mast cells, neutrophils, macrophages, and myoblasts. IL-9 can stimulate the differentiation of CD4+ T lymphocytes to Th17 cells and thus inhibits T. cruzi intracellular multiplication in macrophages (Elyaman et al., 2009; Cai et al., 2016), otherwise IL-9 can also intensify Foxp3+ T lymphocyte functions, modulating the immune response during T. cruzi infection (De Araújo et al., 2011; Eller et al., 2011). Arendse et al. (2005) show that Leishmania major infection increases IL9-production in lymph node and splenocytes culture supernatant stimulated with promastigotes antigen at early infection stage in susceptible BALB/c mice, but not in resistant C57bl/6 mice, indicating that IL-9 acts as a susceptibility factor in leishmaniasis stimulating an adverse Th2-response in BALB/c mice.

Since IL-9 is involved in the pathogenesis of various infectious diseases in different organs, we investigated its role in T. cruzi strain Y infection of myoblasts and macrophages, and in a murine model of experimental infection.



2 Materials and Methods


2.1 Cells and Parasites

Murine myoblasts C2C12 cell line were cultured in RPMI 1640 medium (Vitrocell, Campinas, Brazil) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA) at 37°C and 5% CO2. Bone marrow-derived macrophages were extracted from BALB/c mice and cultivated, as previously described (Zamboni and Rabinovitch, 2003). Tissue culture-derived trypomastigotes (TCTs) of T. cruzi strain Y were obtained from the supernatant of infected Vero cells and cultured in RPMI 1640 medium supplemented with 2.5% FBS at 37°C and 5% CO2.



2.2 Animals and Ethics

This study was approved by the Ethics Committee of Animal Experiments of the Federal University of São Paulo (CEUA/UNIFESP, number 8133110817). Eighty-five female BALB/c mice, aged 6–8 weeks, were maintained under standard conditions with a 12 h light-dark cycle in a temperature-controlled setting (25 ± 2°C) and ad libitum food and water. Euthanasia was performed according to the ethical guidelines of the Brazilian National Committee on Ethics Research (CONEP) and the National Council of Animal Experimentation Control (CONCEA).



2.3 Cell Viability

Cell viability was determined using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich, USA) assay, as previously described by Maza et al. (2008). Every in vitro treatment with or without infection was tested and the results were normalized to the corresponding control cell value (without treatment and infection).



2.4 In Vitro Invasion Assay

C2C12 cells or bone marrow-derived macrophages (2 × 104 or 4 × 105 cells/well, respectively) were seeded into 24-well plates containing round coverslips overnight at 37°C and then treated for 24 h with 1 mL of recombinant IL-9 (rIL9) (Invitrogen, USA, 25 ng/mL or 10 ng/mL, respectively) or anti-mouse IL-9 monoclonal neutralizing antibody 9CI (9CI) (BioXCell, USA, 1.25 µg/mL) diluted in RPMI medium supplemented with 10% FBS; treatment concentrations were previously established according to dose-response effect on parasite invasion and the isotype control for 9CI demonstrated identical results of control group (data not shown). TCT infection was performed with a multiplicity of infection (MOI) of 40:1 parasite:cell, and after 3 h of incubation, the non-internalized parasites were removed and the coverslips were fixed with Bouin’s solution (Merck, Darmstadt, Germany) for 15 min and then stained with Giemsa stain (Merck, Darmstadt, Germany) for 1 h. The infected cells and internalized parasites were counted in 300 cells/coverslip. Three independent experiments were performed with three technical replicates per group.



2.5 In Vitro Multiplication Assay

C2C12 or macrophages (1 × 104 or 4 × 105, respectively) were seeded into 24-well plates containing round coverslips overnight at 37°C. TCT infection was performed as described above. To evaluate the treatment effect only on multiplication of the intracellular parasites, the cells were treated with rIL9 or 9CI after parasites invasion (MOI 40:1), and fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich) for 15 min at 48 hours post-infection (hpi), 72 hpi, and 96 hpi. After fixation, the cells were incubated with anti-T. cruzi monoclonal antibody mAb2C2 diluted 1:200 in PGN (0.2% gelatin, 0.1% NaN3, and 0.1% saponin in PBS) for 1 h at 25°C. After washing off excess mAb2C2, the coverslips were incubated with anti-mouse IgG Alexa Fluor 488 secondary antibody (Invitrogen) (1:200), DAPI (4′,6-diamidino-2-phenylindole; Invitrogen) (1:1000), and phalloidin TRITC (1:50, Sigma-Aldrich), diluted in PGN, for 1 h at room temperature. After three washes with PBS, the coverslips were mounted in glycerol buffered with 0.1 M Tris (pH 8.6) and 0.1% p-phenylenediamine on a glass slide. Internalized parasite numbers were observed in 100 infected cells/coverslip. Three independent experiments were performed with three technical replicates per group.



2.6 Parasites Released

Cells were seeded and challenged with T. cruzi as described in In Vitro Multiplication Assay. At 96 hpi, the number of released parasites in the cell medium was counted in a Neubauer chamber.



2.7 Nitrite Quantification

For nitrite   quantification of the cell medium, we used the colorimetric Griess reaction. The cells were seeded as described in In Vitro Multiplication Assay. Medium was collected at 72 hpi and frozen until measurement. Every plate assay included a standard curve of sodium nitrite solution ranging from 1.75–200 µM. The reaction absorbance was measured at 540 nm using a spectrophotometer.



2.8 Nitric Oxide (NO) Synthesis Inhibition

C2C12 cells (1 × 104) were infected as described in In Vitro Multiplication Assay, and then 6 µM of L-NMMA (Cayman, USA), an NO synthesis inhibitor, was added to the wells. After 72 hpi, the cells were fixed with 4% PFA for 15 min and incubated with DAPI as described previously. The number of internalized parasites in 100 cells/coverslip was counted.



2.9 In Vivo Experimental Infection

Mice were inoculated intraperitoneally with 2 × 105 strain Y TCTs. The infected and uninfected mice (five animals/group) were euthanized at three time points: 5 days post-infection (dpi), 9 dpi, and 90 dpi for evaluation of Th9 and Tc9 lymphocytes among the splenocytes by flow cytometry and detection of IL-9 in the heart.

To evaluate the effect of IL-9 or its neutralization, the mice were divided into five groups (five animals/group): rIL9 + infected, 9CI + infected, IgG2a (BioXCell) + infected, PBS + infected, and basal (uninfected and untreated) groups. On day -1, all mice received their respective subcutaneous treatment (9CI: 100 µg/animal, IgG2a: 100 µg/animal (Qin et al., 2016), rIL9: 50 µg/animal (De Lira Silva et al., 2019), or PBS 100µL/animal). On day 0, mice were infected intraperitoneally with 2 × 105 TCTs of T. cruzi strain Y and were administered their respective subcutaneous treatment three times per week. After 15 dpi or 60 dpi, the mice were euthanized, blood and heart samples were collected for cytokine and histological analysis, and spleen was processed for lymphocyte population analysis.



2.10 Determining Th9 and Tc9 Populations

Spleen samples were ground in 5 mL RPMI 1640 medium and centrifuged at 211 ×g for 5 min at 4°C. The pelleted cells were then treated with 2 mL of hemolytic buffer (150 mM NH4Cl, 9 mM NaHCO3, and 107 μM EDTA) for 2 min. After washing to remove the lysis buffer, 5 mL RPMI 1640 medium supplemented with 10% FBS was added to the cells and clumps were removed by filtration with a cell strainer (100 μm, Corning, USA). Thereafter, viable cells (excluding trypan blue) were counted in a Neubauer chamber, and 2 × 106 splenocytes were seeded into 24-well plates. Th9 and Tc9 populations were prepared as previously described (Zheng et al., 2017), and the cells were then incubated with conjugated antibodies according to the manufacturer’s recommendations (Becton Dickinson, USA): anti-CD3-PE (clone 145-2C11), anti-CD4-Pacific Blue (GK1.5), anti-CD8-PerCP-Cy 5.5 (53-6.7), anti-IL9-Alexa Fluor 647 (D9302C12), or FVS510 viability stain. Compensation beads were used for single-stain controls (OneComp eBeads, eBiosciences), and a Fluorescence Minus One (FMO) control was performed for IL-9 intracellular staining. One million events were acquired using a BD LSRFortessa flow cytometer with BD FACSDiva v.6.2 software (Becton Dickinson). Multivariate data analysis was performed using FlowJo v.9.7.6 software (Becton Dickinson).



2.11 Cytokine Immunoassays

The medium from infected and uninfected cells, seeded as described above, were harvested at 72 hpi. Serum and 40 µg of heart lysate were also collected from each mouse. The samples contained protease inhibitors (3 mM EDTA, Thermo Scientific, USA; 7.5 μM aprotinin, Sigma-Aldrich; and 4.6 μM E-64, Sigma-Aldrich) and were stored at -80°C until measurement. IL-12, IL-6, IFN-γ, TNF-α, IL-10, and TGF-β1 levels were measured using the MILLIPLEX® MAP Mouse Cytokine kit in the MAGPIX® instrument system (Merck Millipore, USA) according to the manufacturer’s instructions. Forty micrograms of heart lysates from infected (5 dpi, 9 dpi, and 90 dpi) and uninfected mice were also used to evaluate IL-9 production by MILLIPLEX® MAP Mouse Cytokine kit in the MAGPIX® instrument system (Merck Millipore). All samples were analyzed in duplicate.



2.12 Histological Analysis

Heart samples were fixed in 4% buffered formaldehyde solution, dehydrated in ethanol and xylene, and embedded in paraffin. Four-micrometer-thick sections were prepared from the paraffin blocks and were mounted on glass slides for picrosirius red (Sigma-Aldrich) or toluidine blue (Sigma-Aldrich) staining.



2.13 Collagen Quantification

The picrosirius red-stained slides were analyzed under a 40× objective light microscope to evaluate total collagen fibers, and quantification was performed using Image J software version 1.48t (10 fields/sample). For quantification of type I and III collagen fibers, the slides were examined under an AxioLab Standard 2.0 polarized light microscope (Carl Zeiss, Germany) for image acquisition, and the average positive pixel intensity for type I (green) and III (orange) collagen fibers in each digital image was determined with Image J software.



2.14 Mast Cell Quantification

The toluidine blue-stained slides were analyzed using a 100× objective light microscope to evaluate the recruitment of mast cells in the cardiac tissue. The number of degranulated or granulated mast cells and the total number of mast cells per area of the histological section were determined (number of mast cells/mm2).



2.15 Statistical Analysis

The in vitro assays were performed at least three times in triplicate. For the in vivo experiments, the data are expressed as the mean ± standard deviation of five animals per group. Significant differences were determined by one-way ANOVA, Bonferroni multiple comparison test, and Student’s t-tests (GraphPad Prism Software version 5.0). The data were considered statistically significant at p < 0.05.




3 Results


3.1 IL-9 Reduces T. cruzi Infection in C2C12 Myoblasts and Macrophages Through NO-Dependent and -Independent Mechanisms, Respectively

None of the stimuli used altered the cell viability, of myoblasts and macrophages at the tested concentrations (Supplementary Figure 1).

IL-9 treatment prior to cell infection with T. cruzi TCTs (pretreatment) significantly reduced the number of infected cells and intracellular parasites in the C2C12 myoblasts and bone marrow-derived macrophages (Figure 1). This reduced parasite infection was abrogated when the cells were preincubated with 9CI, a neutralizing antibody against IL-9 (Figure 1). To evaluate the effect of IL-9 on T. cruzi intracellular multiplication, the infected cells were treated with rIL9 only after parasite interaction (post-treatment). Post-treatment demonstrated that IL-9 decreased intracellular amastigote multiplication in both C2C12 myoblasts and macrophages and therefore reduced parasite release into the medium at 96 hpi (Figure 2). 9CI also counteracted the effect of IL-9 on intracellular parasite multiplication (Figure 2).




Figure 1 | rIL9 decreased the number of infected cells and internalized parasites in C2C12 cells and macrophages, and IL-9 neutralization (9CI) reversed the effect. C2C12 cells and macrophage were pretreated for 24 h with rIL9 (25 ng/mL or 10 ng/mL) or 9CI (1.25 µg/mL) and then infected with Trypanosoma cruzi strain Y for 3 h. The cells were fixed with Bouin’s solution and then Giemsa stained. Graphs show the percentage of infected cells (A, C) and number of internalized parasites (B, D). Student’s t-tests **p = 0.0172, *p < 0.001. Control: cells infected and cultured just in culture medium.






Figure 2 | rIL9 treatment decreased intracellular amastigote multiplication in infected C2C12 cells and macrophages, and IL-9 neutralization reversed the effect. Cells were infected with trypomastigotes for 3 h and then treated with rIL9 (25 ng/mL or 10 ng/mL) or 9CI (1.25 µg/mL) for 48 hpi, 72 hpi, and 96 hpi. The following were stained: nucleus (DAPI - blue), actin cytoskeleton (TRITC - red), and parasites (mAb2C2 - Alexa Fluor 488 - green) (A). Graphs show the number of parasites from 100 infected cells (B, D). The numbers of parasites released after 96 hpi (infected and post-treatment of cells with rIL9 or 9CI) are shown in (C, E). Control, cells infected and cultured just in RPMI medium. Anova and Student’s t-test *p < 0.01. Bar: 25 µm.



NO is an important cellular molecule known to participate in T. cruzi killing, and our data demonstrated elevated NO levels in IL-9-treated and infected myoblasts. NO returned to basal levels with IL-9 neutralization and the inhibition of NO synthesis by L-NMMA was able to eliminate parasite growth restrictions (Figure 3). Although these interesting IL-9-induced NO effects were observed in C2C12 cells, the bone marrow-derived macrophages did not demonstrate alterations in NO levels in response to IL-9 or T. cruzi infection (Supplementary Figure 2), suggesting that IL-9 controls intracellular amastigote multiplication by an NO-independent mechanism in macrophages.




Figure 3 | rIL9 treatment (post-treatment) increased NO production after 72 h of parasite multiplication in C2C12 cells and addition of L-NMMA inhibited the parasitic control of these cells. C2C12 cells were infected with tissue derived trypomastigotes of Y strain (TCTs-Y) for 3 h and then treated with rIL9 or 9CI. After 72 hpi (A) and 96 hpi (B), the supernatant was collected and assayed for NO concentration using the Griess test. After 72 hpi of L-NMMA, rIL9, or L-NMMA + rIL9 treatment, infected and untreated cells were fixed with 4% PFA for 15 min and then DAPI stained to count the number of internalized parasites (in 100 infected cells) (C). Anova test *p < 0.001.



Macrophages are an important source of cytokines in response to inflammatory or infectious stimuli; indeed, T. cruzi-infected macrophages treated with rIL9 demonstrated reduced TGF-β and increased IL-6 levels after 72 h of infection compared with the corresponding levels in untreated infected cells (Figure 4). In addition, no changes in cytokine levels were observed in the C2C12 cells treated with rIL9 or in the other cytokines evaluated in macrophages (Supplementary Figure 3).




Figure 4 | Cytokine levels in medium from infected macrophages with and without rIL9 treatment. Cell culture medium was collected at 72 hpi from C2C12 cells and macrophages cultured with RPMI medium only, cells infected and not treated, and cells infected and treated with rIL9. For infected macrophages, TGF-β secretion was lower with rIL9 treatment (post-treatment) than without treatment (A), and rIL9 treatment increased IL-6 levels compared with the other evaluated groups (B). Anova test *p < 0.01.





3.2 IL-9 Regulates Expression of Inflammatory Cytokines and Heart Fibrosis During the Chronic Phase of Experimental Infection by T. cruzi

No significant differences in IL-9 levels or IL-9-secreting cells (evaluated according the gating strategy on Figure 5A) were detected in the acute phase of infection. However, during chronic infection, we found increased numbers of Th9 and Tc9 cells (Figure 5B) and elevated synthesis of IL-9 in these cell populations (Figure 5C). Furthermore, increased production of IL-9 was detected in the hearts of infected mice (Figure 5D).




Figure 5 | Y strain infection increased Th9 and Tc9 cells, synthesis of IL-9 in splenocytes, and cardiac IL-9 levels during chronic infection. Representative dot plots of frequency analysis of Th9 and Tc9 cells in the spleen after 90 dpi (A). For selection of the population of interest, aggregates were excluded and lymphocytes were selected by size X granularity (first line of panels). Then, mature lymphocytes were selected (CD3+) and CD4+ and CD8+ lymphocytes were separated from them (second line of panels). CD4+ and CD8+ populations were defined as Th9 and Tc9 subpopulations (third and fourth line of panels, respectively). Absolute number of CD3+CD4+IL-9+ T cells and CD3+CD8+IL-9+ T cells (B). Arbitrary units (Au) of IL-9 expression (C). Quantification of IL-9 in the hearts of BALB/c mice (D). Anova test *p < 0.01.



Since IL-9 production was demonstrated to be higher during the chronic phase of T. cruzi model infection, we investigated the role of this cytokine in the immunopathological response to parasite infection. We treated a group of mice with IL-9-neutralizing antibody (9CI) or rIL9 and evaluated cytokine levels, splenocyte populations, histological heart infiltrates, and heart fibrosis during acute and chronic infection phases (15 dpi and 60 dpi, respectively). As expected, IL-9 neutralization or treatment with rIL9 did not alter any cytokine levels in the serum or heart of the infected mice at 15 dpi (Supplementary Figures 4, 5).

However, at 60 dpi, IL-9 neutralization resulted in significantly higher levels of IFN-γ, IL-12, IL-6, and IL-10 (Figure 6), and increased production of IFN-γ, IL-6, and TNF-α in cardiac tissue compared to the corresponding levels in anti-IgG2a-treated mice (Figure 7). In contrast, rIL9 treatment decreased IL-6, IL-10, IL-12, and TGF-β serum levels (Figure 6), and TNF-α and IL-12 cardiac levels during the chronic phase (Figure 7). The other evaluated cytokines showed no significant differences in their levels (Supplementary Figures 4, 5).




Figure 6 | Cytokine levels in serum from infected BALB/c mice, those treated with 9CI or rIL9, and the respective control groups. Cytokines were quantified in serum from infected mice, those treated with 9CI or rIL9, and control mice (IgG2a and PBS, respectively) after 60 dpi (chronic phase). IL-9 neutralization stimulated IFN-γ (A), IL-12 (B) IL-6 (C), and IL-10 (E) synthesis relative to the control group (IgG2a) during chronic infection. rIL9 treatment reduced IL-6 (C), IL-12 (B), TGF-β (D), and IL-10 (E) production. Anova test *p < 0.001. Basal: uninfected and untreated mice.






Figure 7 | Cytokine levels in heart lysates from infected BALB/c mice, those treated with 9CI or rIL9, and the respective controls. Cytokines were quantified in heart lysates (40 μg of protein) from infected mice, those treated with 9CI or rIL9, and control mice (IgG2a and PBS, respectively) after 60 dpi (chronic phase). IL-9 neutralization stimulated IFN-γ (A), TNF-α (B), and IL-6 (C) synthesis during chronic infection. rIL9 treatment reduced IL-12 (D) production Anova test *p < 0.001. Basal: uninfected and untreated mice.



To understand the impact of IL-9 neutralization and treatment with rIL9 in the development of cardiac fibrosis in T. cruzi-infected mice during the chronic stage, we quantified the total collagen area and type I and III collagen levels in cardiac tissue. IL-9 neutralization significantly increased total collagen production compared to that in controls (Figures 8A, B). Moreover, rIL9-treated mice showed a reduction in total collagen area compared with PBS-treated mice, but no difference in type I or III collagen production (Figures 8C, D).




Figure 8 | IL-9 neutralization increased and rIL9 treatment reduced cardiac fibrosis in Trypanosoma cruzi-infected mice after 60 dpi. (A) Representative photomicrograph of cardiac fibrosis after 60 dpi in uninfected and untreated mice (basal), and those infected and treated with: PBS, rIL9 (50 ng/animal), 9CI (100 μg/animal), or IgG2a (100 μg/animal). Black arrow shows the collagen network stained with picrosirius red. (B) Graph shows the quantification of total collagen fibers (fibrosis area) in 10 random fields. (C) Representative photomicrograph of type I collagen fibers (red), type III collagen fibers (green), and both fiber types (yellowish/orange) in cardiac tissue from uninfected and untreated (basal), infected and treated with PBS, infected and treated with rIL9 (50 ng/animal), infected and treated with 9CI (100 μg/animal), or infected and treated with IgG2a (100 μg/animal) mice after 60 dpi. (D) Graph shows the quantification of type I and III collagen fiber in 10 random fields (microscope objective 40×). Anova test *p < 0.001. Control: uninfected and untreated mice. Bar: 500 μM.



Next, we investigated the possible relationship between cardiac fibrosis and mast cell recruitment in the heart. The mast cell count was significantly higher in rIL9-treated mice than in the control mice during the chronic phase (Figure 9); most of the cells were granulated. IL-9 neutralization did not change mast cell recruitment into the cardiac tissue (Figure 9).




Figure 9 | rIL9 treatment increased the recruitment of total mast cells, mostly granulated mast cells, in cardiac tissue from Trypanosoma cruzi-infected mice after 60 dpi. Total numbers of mast cells, granulated mast cells, and degranulated mast cells were counted in cardiac tissue from T. cruzi-infected BALB/c mice, those treated with 9CI or rIL9, and the respective control mice (treated with IgG2a and PBS, respectively). The mice were euthanized after 15 dpi (acute phase) (A) and 60 dpi (chronic phase) (B). Control: uninfected and untreated mice. Anova test *p < 0.001.






4 Discussion

IL-9 is a pleiotropic cytokine mainly produced by Th9 and Tc9 cells; it participates in allergic or tumoral processes and autoimmunity responses (Licona-Limón et al., 2017). Some studies have shown the role of Th9/IL-9 in different parasitic infections, mainly involving the immune response against helminths (Tuxun et al., 2015; Licona-Limón et al., 2017). Data about the role of IL-9 in other pathologies are scarce and sometimes contradictory, and few studies have explored the influence of this cytokine on Chagas’ disease pathology.

In experimental studies, IL-9 acts in the signaling of diverse cells such as macrophages, myoblasts, and T and B lymphocytes through its receptor IL9Rαγ (Alvarez et al., 2002; Goswami and Kaplan, 2011). Our in vitro results showed that rIL9 treatment of T. cruzi-infected myoblasts and macrophages reduced invasion and intracellular amastigote multiplication. A previous experimental study indicated that IL-9 inhibited Coxsackievirus B3 viral replication and diminished the myocarditis induced by infection; these authors suggested that IL-9 reduced the levels of a host cell protein used by the virus to enter the cells (Yu et al., 2016).

We observed that IL-9-induced NO acts reducing parasite multiplication in myoblasts, although IL-9 treated cells could not abrogate intracellular amastigote growth, thus, NO seems to be an auxiliary microbicidal mechanism assisting the parasite multiplication control by C2C12 cells. Indeed, other studies in the literature support the role of NO in T. cruzi multiplication control, and its trypanocidal action on infected myocytes (Balligand et al., 1994; Machado et al., 2000). Many studies have shown that nitrite induced by T. cruzi infection can downmodulate PGE2 and COX-2, and these molecules may inhibit parasite invasion and tissue damage of heart muscle cells (Borges et al., 1998; Pinge-Filho et al., 1999; Malvezi et al., 2014; Guerrero et al., 2015; Lovo-Martins et al., 2018), so this may be an intracellular pathway triggered by IL-9 in C2C12 myoblast cells, but further studies are required to investigate this mechanism. Regarding infected and uninfected macrophages, no significant difference in NO levels was detected among groups, and this phenomenon can be partially explained by the fact that BALB/c-naive macrophages produce only small amounts of NO (Mills et al., 2000).

In the present study, we observed that rIL9 treatment of infected macrophages reduced TGF-β and increased IL-6 levels, resulting in parasitic control. TGF-β production is associated with the invasion and survival of parasites in cells, as well as with myocardial fibrosis (Waghabi et al., 2002). IL-6 is a proinflammatory cytokine that acts as an antiparasitic agent against T. cruzi during the acute phase, but in the chronic phase, it is related to tissue damage (Gao and Pereira, 2002; Zanluqui et al., 2020). Interestingly, chronic phase also demonstrated elevated IL-6 serum levels in response to infection and also in heart lysates when neutralizing IL-9, probably these cytokines can interplay a fine tune between beneficial inflammation and tissue damage throughout Chagas’ disease.

Recently, it has been argued that T. cruzi survival is related to the ability of the parasite to remain dormant under stressful conditions, like benznidazole treatment or inflammatory environment (Sánchez-Valdéz et al., 2018; Martins et al., 2020). Some intracellular amastigotes may decrease or interrupt their replication cycle and remain inconspicuous to the immune system or intracellular killing mechanisms and this dormancy state is reversible, thus, under favorable conditions, the parasite can return to its normal replicative state (Sánchez-Valdéz et al., 2018; Resende et al., 2020). Maybe IL-9 effect on parasite multiplication led to a stressful condition and, despite the decreased number of infected cells and parasites, these mechanisms were not completely effective in killing intracellular parasites, but just inducing amastigotes to enter a dormant state, later reversed when convenient.

We observed that myoblasts and macrophages responded differently to IL-9, and the different invasion mechanisms used by T. cruzi to invade phagocytic and non-phagocytic cells may interfere with the effect of this interleukin (Souza et al., 2010). IL-9 was effective in controlling the multiplication of replicative intracellular amastigotes, but was probably ineffective against dormant amastigotes. One possibility is that IL-9 can control parasite replication by stimulating NO synthesis (C2C12) or IL-6 secretion (macrophages) that contribute to a stressful environment, consequently favoring intracellular amastigotes to enter and/or remain in a non-replicative dormant state. Thus, the TCTs released into the extracellular medium probably originated from the reversed dormant state of amastigotes.

Regarding the role of IL-9 in vivo, Guedes et al. (2016) observed that patients with indeterminate Chagas’ disease exhibited higher levels of IL-9 in peripheral blood than did cardiac patients. However, Poveda et al. (2014) demonstrated that patients with cardiomyopathy showed increased IL-9 expression in the blood when compared to individuals without CCC. Guedes et al. (2016) and Poveda et al. (2014) showed that IL-9 participates in the chronic phase of Chagas’ disease, although there are population (Colombians without comorbidities versus Brazilians with or without comorbidities) and methodology (cytokine measurement by flow cytometry versus mRNA quantification, respectively) differences between the studies. However, the association of IL-9 with protective or cardiomyopathy-promoting effects in Chagas’ disease was not conclusive. Similarly, we demonstrated that infection with Y strain T. cruzi induced an increase in IL-9 production by Th9 and Tc9 cells after 90 dpi (chronic phase) in BALB/c murine splenocytes, but in our infection model we could demonstrate an important role of IL-9 in host protective response to control parasite load in vitro and also to diminish cardiac fibrosis in vivo.

CCC is associated with excessive inflammation and persistent immune system activation with a local increase in different proinflammatory cytokines by T lymphocyte and mononuclear cell infiltrates in the heart tissue (Cunha-Neto et al., 2011). The mechanism by which the parasite stimulates IL-9 production is unknown, but it could be related to parasite antigen recognition by pathogen-associated receptors. Parasitic antigens stimulate IFN-γ and IL-10 production, activating TLR2, which participates in the differentiation of Th9 cells derived from CD4+ T lymphocytes (Cardillo et al., 1996; Karim et al., 2017). IL-4 and TGF-β synthesis during the chronic phase potentiate the generation of IL-9-producing cells (Soares et al., 2001; Waghabi et al., 2002; Goswami and Kaplan, 2011).

A previous study by our research group showed that G strain T. cruzi infections induced early IL-9 production in the serum of BALB/c mice, however, mice that were infected with the CL strain showed increased IL-9 levels at the peak of parasitemia; with either strain, the levels returned to baseline during chronic infection (Ferreira et al., 2018). Furthermore, no change in IL-9 synthesis was observed at any of the evaluated time points (2 dpi, 8 dpi, and 90 dpi) in the serum from CL or G strain-infected C57BL/6 mice (Ferreira et al., 2018). However, Rodrigues et al. (2016) reported that C57BL/6 mice orally infected with the G or CL strain showed increased IL-9 expression in the heart during chronic infection. The results mentioned above demonstrate how the parasite’s genetic variability, infective form, and inoculation pathway are decisive factors in the parasite-host interaction and consequent development of the response against infection, disease outcome, and treatment efficacy.

New functional subtypes of Th and Tc lymphocytes have been described, such as Th9 and Tc9 lymphocytes. However, no studies to date have described their roles and importance in the context of T. cruzi infection. For the first time, we present data demonstrating increased splenic Th9 and Tc9 lymphocytes, both large IL-9-producing populations during chronic infection by the Y strain. Patients in the chronic phase of Chagas’ disease show an increase in activated T lymphocyte frequency and these cells secrete proinflammatory and anti-inflammatory cytokines (Dutra et al., 2009). CD8+ T lymphocytes mediate protection against infection by secreting cytokines such as IFN-γ and TNF; however, chronic stimulation is involved in the inflammatory process of Chagas’ disease (Sathler-Avelar et al., 2012). CD4+ T cells are important for generating an immune response against the parasite, and the low frequency of these IFN-γ-producing cells with T. cruzi infections is associated with the severity of cardiomyopathy in patients (Acevedo et al., 2018).

rIL9 treatment reduced cardiac fibrosis but did not alter collagen I and III synthesis. These results show that IL-9 is an important cytokine that acts along with the response to infection. The effect of IL-9 is evident in the chronic infection stage of the Y strain in our model, demonstrated mainly by the control of cardiac fibrosis.

IL-9 neutralization intensifies cardiac fibrosis during chronic infection, concomitantly with an increase in the systemic circulation and local synthesis of proinflammatory cytokines (TNF-α, IFN-γ, IL-6, and IL-12) that are related to cardiac damage (Satoh et al., 1999; Kassiri et al., 2005; Sun et al., 2007; Rodríguez-Ângulo et al., 2017). IL-9 reduces TNF-α levels in the heart, and the latter cytokine is linked to cell signaling cascades that modulate the host’s defense against injury, promote apoptosis, increase metalloproteinase expression (MMP), and induce tissue fibrosis (Sun et al., 2004; Connolly et al., 2009; Chaves et al., 2019). Increased TNF-α expression is associated with the development of several cardiac diseases, such as myocardial infarction, ventricular remodeling, and CCC (Satoh et al., 1999; Kassiri et al., 2005; Sun et al., 2007). Rodrigues et al. (2012) showed a positive correlation between cardiac damage and cardiac fibrosis in biopsies from patients who died after CCC complications. TNF-α induces cardiomyocyte apoptosis and activates nitric oxide synthase 2 (NOS2) to produce NO, which contributes to tissue damage during chronic infection in Chagas’ disease (Finkel et al., 1992; Tostes et al., 2005).

Chagas disease patients with ventricular dysfunction show an increase in TNF-α, IFN-γ, IL-12, IL-6, and IL-10 plasma levels, which act as important biomarkers of heart disease and suggest an association between the synthesis of Th1 and Th2 profile cytokines in serum and local cardiac inflammation (López et al., 2006; Rodríguez-Ângulo et al., 2017). Some studies have correlated IFN-γ and IL-10 synthesis with severe cardiac deficiency (Bahia-Oliveira et al., 1998; Corrêa-Oliveira et al., 1999). These results corroborate our data since IL-9 neutralization, in addition to increasing the synthesis of proinflammatory cytokines, intensified IL-10 production in the serum. Meléndez et al. (2010) showed that the pathogenic increase in circulating IL-6 levels in hypertensive rats resulted in extensive cardiac fibrosis. Endogenous IL-6 in the presence of soluble IL-6 receptor (sIL6R) increases collagen synthesis in fibroblast cultures, in addition to stimulating the differentiation of fibroblasts into myofibroblasts that act in the development of tissue fibrosis (Meléndez et al., 2010). Some studies have shown that the increase in IL-6 synthesis during chronic infection by T. cruzi is related to the development of chronic inflammation and cardiac fibrosis (Fontes et al., 2015; Ayala et al., 2016). According to López et al. (2006), IL-6 is strongly associated with cardiac damage progression and the symptomatic chronic phase of Chagas’ disease.

TGF-β is another cytokine that has a strong profibrotic property and contributes to cardiac damage in several fibrotic diseases (Dobaczewski et al., 2011). This cytokine is related to Chagas’ disease pathophysiology and acts in different stages of disease progression (Araújo-Jorge et al., 2012). Chagas disease patients who develop severe heart disease demonstrate high levels of circulating TGF-β (Pérez et al., 2011; Araújo-Jorge et al., 2012). These data are in agreement with our results since our infected rIL9-treated group showed reduced fibrosis and decreased TGF-β serum levels at 60 dpi.

With respect to mast cell recruitment in cardiac tissue, we observed that rIL9 treatment increased the total number of mast cells during chronic infection, and most of these were granulated cells. IL-9 neutralization did not alter mast cell recruitment, which may be explained by the fact that the absence of IL-9 activity maintains mast cells at baseline levels (Goswami and Kaplan, 2011; Sismanopoulos et al., 2012). Endogenous IL-9 increases the expression of vascular endothelial growth factor (VEGF) and IL-13; however, it does not induce degranulation or release of other mediators such as TNF-α (Sismanopoulos et al., 2012; Tete et al., 2012). VEGF and IL-13 are molecules related to the antifibrotic role of mast cells. In the presence of apoptotic neutrophils, IL-13 stimulates the polarization of macrophages to the M2 profile and reduces the expression of proinflammatory cytokines associated with decreased tissue fibrosis (Allakhverdi et al., 2007; Bosurgi et al., 2017; Legere et al., 2019). VEGF promotes angiogenesis and capillarization of cardiac tissue, a process that contributes to reduced tissue fibrosis (Legere et al., 2019). We hypothesize that rIL9 treatment stimulates the recruitment of mast cells to the heart and induces the secretion of VEGF and IL-13, which helps in extracellular matrix remodeling and consequent reductions in cardiac fibrosis.

Thus, our results demonstrate that rIL9 treatment controls T. cruzi infection in myoblasts and macrophages via different mechanisms. IL-9 possessed important activity in the control of intracellular parasitic load and chronic infection by the NO synthesis pathway in myoblasts and the regulation of inflammatory balance through IL-6 increases and TGF-β decreases. In vivo, Y strain TCTs stimulated the production of IL-9 in the heart and Th9 and Tc9 splenic cells in the chronic phase of Chagas’ disease. We believe that increased IL-9 production during chronic infection in T. cruzi-infected BALB/c mice contributes to the control of local inflammatory responses and acts to balance the inflammation related to CCC development.
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Chagas’ disease is caused by the protozoan Trypanosoma cruzi, described in the early 20th century by the Brazilian physician Dr. Carlos Chagas. There was a great amount of research devoted to diagnosis, treatment and prevention of the disease. One of the most important discoveries made since then, impacting the understanding of how the parasite interacts with the host’s immune system, was the description of trans-sialidase. It is an unique enzyme, capable of masking the parasite’s presence from the host, while at the same time dampening the activation of CD8+ T cells, the most important components of the immune response. Since the description of Chagas’ disease in 1909, extensive research has identified important events in the disease in order to understand the biochemical mechanism that modulates T. cruzi-host cell interactions and the ability of the parasite to ensure its survival. The importance of the trans-sialidase enzyme brought life to many studies for the design of diagnostic tests, drugs and vaccines. While many groups have been prolific, such efforts have encountered problems, among them: the fact that while T. cruzi have many genes that are unique to the parasite, it relies on multiple copies of them and the difficulty in providing epitopes that result in effective and robust immune responses. In this review, we aim to convey the importance of trans-sialidase as well as to provide a history, including the initial failures and the most promising successes in the chasing of a working vaccine for a disease that is endemic in many tropical countries, including Brazil.
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Introduction

Chagas disease is an anthropozoonosis caused by the flagellated protozoan Trypanosoma cruzi. American trypanosomiasis received this name in honor of Dr. Carlos Chagas, who described in his work, in 1909, the etiologic agent of the disease, the evolutionary cycle of the parasite as well as the vectors and clinical manifestations of the acute phase (Chagas, 1909). According to the World Health Organization, Chagas disease is classified as a neglected tropical disease with an estimated 8 million people infected worldwide and almost 100 million at risk of infection, the majority being found in Latin America.

The main form of transmission is vector, predominant in rural areas with rudimentary infrastructure, promoting an environment favorable to the reproduction of vectors as well as proximity to the wild cycle (Bern et al., 2019). Due to prevention and chemical control policies adopted since 1975 by most Latin American countries cases of domestic vector transmission have decreased substantially, reducing the occupation and prevalence of the main vectors in these areas (WHO, 2017). Nonetheless, Chagas’ disease is considered a reemerging infection due to alternative transmission routes of T. cruzi. One of them is the migration of asymptomatic infected individuals to non-endemic areas, allowing the transmission of the parasite via blood, organ or tissue donation, especially in countries that do not routinely search for T. cruzi in samples (Angheben et al., 2015). Another route occur through the consumption of food contaminated with both the feces of vectors and the secretion of infected mammals (Pereira et al., 2009). In these cases, individuals receive a high parasitic burden, which results in a more severe acute clinical manifestation with a high mortality rate (Yoshida et al., 2011).

In addition, the phenomenon of ecological succession allows new species to occupy niches previously occupied by removed ones, demonstrating that some species of triatomines are highly anthropophilic with a great capacity to adapt to new habitats. The increase of temperature has a direct effect on the development of vectors whose feed more frequently, putting more people at risk of infection (Short et al., 2017). This is a growing concerning in non-endemic areas as the southern United States of America, due to the increase in infestation of these insects in recent years. Even when serological testing for Chagas disease started in 2008 for blood donors in the state of Texas, seropositivity for T. cruzi was found in 1 in 6500 donors (Garcia et al., 2015b), with 5 of these cases being postulated as autochthonous transmission (Garcia et al., 2015a). Moreover, bedbugs (Cimex lectularius) may have an impact on the recent epidemiology of Chagas disease, since the species has been reported as a potential vector by sharing eating patterns similar and infecting mice both oral and vectorially (Salazar et al., 2015).

T. cruzi infection presents distinct two phases. The acute phase is characterized by high parasitemia, which can be asymptomatic, symptomatic and in rare cases fatal (Bern et al., 2019). Acute phase is recognized in only 2% of patients, since it is usually asymptomatic or displays non-specific symptoms (WHO, 2017). The absence of treatment results in the evolution to the chronic phase. In the indeterminate form, most individuals remain asymptomatic over the years, although they present positive serology for T. cruzi. However, about 30% of patients may progress to the determinate form of Chagas’ disease, with cardiac, digestive or mixed clinical manifestations (Bern, 2015). Currently, there is no vaccine to prevent Chagas disease and chemotherapy is the only alternative for curing infected individuals. The success of treatment depends on stage of the disease, age of the patient and biochemical characteristics of the parasite strain (WHO, 2017). Benznidazole is the drug of first choice with a cure rate of approximately 80% when administered in the acute phase. In the chronic phase, its effectiveness is reduced, as the real benefits of the treatment are not clear since the damage to affected organs is irreversible (Bern et al., 2019; Francisco et al., 2020).

Protective vaccines against several microorganisms have contributed to public health policies, allowing the effective control of diseases such as rabies, polio, diphtheria, measles, smallpox and tetanus. However, there is an urgency for the designer of vaccines against several other microorganisms, mainly parasites that cause serious human infections and a great public expense, such as Chagas disease, Leishmaniasis and Malaria. The production of a vaccine emerges as an economically advantageous alternative due to the reduction of expenses with patients, as well as an alternative to the reduction in the number of deaths. In recent years, several groups have focused on the development of vaccines for different immunodominant epitopes found in T. cruzi. Here, we will focus on advances in trans-sialidase (TS) protein-based vaccines. Basically, immunization against infectious agents can be divided into whole cell, toxoid, subunit and virus-vectored vaccines (Delany et al., 2014). In the second-last group are protein-based vaccines, which are purified from the entire pathogen or produced by recombinant genetic engineering (Lee et al., 2018). In recent years, recombinant protein technology has become efficient, allowing for cost-effective production in bacteria, yeast and other expression systems (Francis, 2018). This type of vaccine is considered safer even in immunosuppressed individuals due to the lack of an infectious agent. However, they usually have low immunogenicity, requiring booster doses and/or the use of adjuvants (Vetter et al., 2018).



Trans-Sialidase and Its Effects on the Immune System

Out of all T. cruzi virulence factors, TS is likely the most important and by far the most interesting (Freire-De-Lima et al., 2015). It  was already a known fact that T. cruzi would sport sialic acid (Sia) residues in the epimastigote’s surface membrane (Pereira et al., 1980; Schauer et al., 1983), despite being incapable of synthetizing Sia by itself. Our group first described it in 1985, when Previato et al. proposed that T. cruzi was capable of incorporating Sia residues in α-2,3 bonds to its own surface glycoproteins (Previato et al., 1985) thanks to TS activity in a mechanism that was later demonstrated both in vitro (Zingales et al., 1987; Schenkman et al., 1991) and in vivo (Previato et al., 1990).

The TS genes are part of the largest multigene superfamily in T. cruzi, composed of 1430 genes and 639 pseudogenes in the genome of the CL Brener strain (Herreros-Cabello et al., 2020). However, this number can vary considerably depending on the strain analysed (Berna et al., 2018; Callejas-Hernandez et al., 2018; Herreros-Cabello et al., 2020). Its members are currently divided into eight groups and all share the characteristic motif of the TS and TS-like superfamily: VTVxNVxLYNR (Freitas et al., 2011). Only proteins that clustered in group I present trans-sialidase and/or neuraminidase enzymatic activities and gave the superfamily its name. Most members from group I are formed by two main regions: N-terminal catalytic region and C-terminal one, containing repeating 12-amino acid sequences, known as Shed Acute Phase Antigen (SAPA), and GPI anchor (Pollevick et al., 1991). From its 19 members listed in the genome, the known members SAPA and TCNA are expressed in trypomastigotes and TS-epi, in epimastigotes (Freitas et al., 2011; Herreros-Cabello et al., 2020). The catalytic domain is rich in aromatic amino acids and a substitution mutation, with Tyrosine342 replaced by histidine being the most common, results in an inactive isoform of TS (iTS) (Cremona et al., 1995). iTS functions as a lectin capable of binding Sia residues (Todeschini et al., 2002a), and although it does not have catalytic properties, it must have a role during the cell invasion process (Freire-de-Lima et al., 2015). TS activity has been considered essential for parasite invasion and perpetuation in the infected host (Teixeira et al., 2015).

Regarding the other groups, group II comprises the genes of the known GP85 surface glycoproteins, such as ASP-1, ASP-2, TSA-1, Tc85, SA85, GP82, GP90, among others, which are expressed in trypomastigotes and associated with T. cruzi adhesion and invasion. Group III genes are also expressed in trypomastigotes and are able to inhibit the complement system, protecting T. cruzi from lysis. Known members include CRP, FL160, CEA and TESA. Group IV presents as a representative sequence TsTc13 and has no known function yet. Members of groups V to VIII have the gene sequence identified in the genome, but their function has not yet been described (Freitas et al., 2011; Callejas-Hernandez et al., 2018; Herreros-Cabello et al., 2020).

TS groups are defined by specific motifs, with group I being found in all T. cruzi strains and in different species of the genus (Herreros-Cabello et al., 2020). However, groups II and V are the most abundant in the genome of CL Brener (Freitas et al., 2011) and of other strains genome (Herreros-Cabello et al., 2020). The TS and TS-like superfamily have highly antigenic peptides, capable of eliciting a robust humoral response (Freitas et al., 2011) and are vaccine candidates against Chagas disease, such as TSA-1 (De La Cruz et al., 2019; Dumonteil et al., 2020), ASP-1, ASP-2 (Garg and Tarleton, 2002) and CRP (Sepulveda et al., 2000) and others. Nonetheless, only group I members that exhibit enzymatic activity and are referred to here as TS protein are the focus of this review.

Throughout evolution, T. cruzi developed elegant mechanisms to disrupt the host immune response (Figure 1). Examples include its ability to induce anergy of T cells, as well as the production of low affinity antibodies (Oladiran and Belosevic, 2012; Nardy et al., 2016), which may be enabled by the action of TS proteins (Silva-Barrios et al., 2018; Da Fonseca et al., 2019). Since its discovery, several research groups have proposed molecular mechanisms displayed especially by the enzymatically active members to dampen the mammalian immune system, such as inducing apoptosis in thymocytes or even matures T lymphocytes (Mucci et al., 2002; Mucci et al., 2005) and also by dampening the ability of effector cells to combat the infection (Chuenkova and Pereira, 1995; Gao and Pereira, 2001; Gao et al., 2002; Freire-De-Lima et al., 2010; Bermejo et al., 2013; Nunes et al., 2013; Ruiz Diaz et al., 2015). In addition, given Sia’s ubiquitous distribution in the surface of mammalian cell, and its importance for both innate and adaptive immunity, it is not at all surprising to see that a foreign enzyme capable of such modulation of Sia expression has such ability to modulate the host’s immune system (Amon et al., 2014; Chen et al., 2014).




Figure 1 | Effects of Trypanosoma cruzi trans-sialidase (TS) on the host immune system. The TS enzyme can be secreted by parasite or anchored in the membrane of trypomastigote forms of T. cruzi. The active form incorporates sialic acid from host sialoglycoproteins to acceptor molecules in the parasite membrane. The inactive form has no enzymatic activity and functions as a lectin. This sialylation allows the escape of parasite from detection by the immune system, allowing its survival and the establish the infection.



Our own group described how T. cruzi, due to TS activity is not only able to remove Sia from the host cells, but is also able to sialylate CD43 molecules present in the surface of T CD8 cytotoxic lymphocytes (Todeschini et al., 2002b; Mucci et al., 2006; Freire-De-Lima et al., 2010; Da Fonseca et al., 2019), this loss of Sia residues is one the necessary steps in the activation of these immune cells, since the presence of Sia prevents an effective interaction with MHC class I (Moody et al., 2001). Adding to that notion, the sialylation of CD43 in thymocytes by TS has been correlated to increased apoptosis in these immature cells, and not only that, but the use of TS inhibitors has been shown to halt the process (Mucci et al., 2006).

In a previous study, it was demonstrated that active TS induces the secretion of the cytokine IL-17 by B cells. Interestingly, such phenomenon was dependent on the sialylation of cell surface glycoconjugates, especially the CD45 glycoprotein (Bermejo et al., 2013). Although the mechanisms involved in many of those effects are not fully determined, it is clear they are dependent on the activity of T. cruzi TS, since they cannot be replicated by viral or bacterial neuraminidases and also, since TS does not affect mortality of SCID (severe combined immunodeficiency) mice, at least the main effects seem to involve mature host lymphocytes (Chuenkova and Pereiraperrin, 2005).

Given the many effects T. cruzi TS has on the host immune system and its importance to cell invasion, and adding the fact that there is no analogous enzyme in humans or other mammalian hosts, it does not come as a surprise that TS has always been considered a prime target for pharmacological intervention. Efforts to thwart TS effects in the immune system are not a recent novelty. Because sialoglycans play a crucial role in T. cruzi interaction and invasion events in host cells (Schenkman et al., 1993; Freire-De-Lima et al., 2017; Campetella et al., 2020), several groups, including ours, have searched for suitable strategies that could potentially be used to improve the outcome of Chagas patients. A previous study demonstrated that the use of neutralizing antibodies aimed at TS was effective in reducing parasitemia and mortality in mice, as well as preserved B cell areas both in ganglia and in spleen, and thymus architecture (Risso et al., 2007). Results published by our group confirmed the relevance of Sia on parasite-host cell contact from the use of a Vibrio cholerae neuraminidase suicide-type inhibitor (Carvalho et al., 2010). In this study, we demonstrated that besides inhibiting both TS and neuraminidase activities, the suicide-type inhibitor significantly reduced the parasite survival in T. cruzi-infected cells (Carvalho et al., 2010). In fact, over the last fifteen years, many natural and/or synthetic molecules have been tested as specific inhibitors (Buchini et al., 2008; Arioka et al., 2010; Carvalho et al., 2010; Giorgi et al., 2010; Lieke et al., 2011; Chen et al., 2018; Vazquez-Jimenez et al., 2021) of T. cruzi-TS activity, aiming towards the discovery of new agents for the cure of Chagas’ disease, but so far, a strong inhibitor has not been found. Since Sia cannot be synthesized by the parasite, and acts as an essential molecule for both communication and invasion of host cells, further studies are needed to better understand the catalytic mechanisms of the enzyme to favor the rational design of potential TS inhibitors.



Trans-Sialidase Based Vaccine

In 1912, Blanchard demonstrated that animals surviving acute infection with T. cruzi were resistant to reinfection. Since then, active immunization against Chagas disease has been investigated besides methods to prepare the parasite for inoculation. Later, Pizzi and Prager used for the first time the cultivated and attenuated forms of T. cruzi to induce immunization and protect animals from infection by virulent strains (Rodriguez-Morales et al., 2015). Currently, there are several vaccine formulations against Chagas disease tested in animal model in the pre-clinical phase. Dumonteil and Herrera listed the recent formulations and platforms against T. cruzi, being 8 therapeutic and 19 protective vaccines (Dumonteil and Herrera, 2021). However, no vaccine is in clinical phase according to data from the Clinicaltrials.gov website. The main candidates for vaccines against infectious diseases already in clinical studies are based on attenuated microorganisms, DNA, viral vectors and recombinant proteins. Although there are many vaccines in phase one of the clinical trial, only vaccines with attenuated microorganisms and recombinant proteins are advancing to phases two and three. Possibly because DNA vaccines have shown low immunological efficacy in humans, although several strategies are being investigated to increase their immunogenicity (Suschak et al., 2017). Vector vaccines present greater safety issues due to immune cross-reactivity with the vectors and, consequently, the presence of adverse effects (Delany et al., 2014). As a result of the particularities of T. cruzi subculture that has an obligatory intracellular cycle, vaccines with live parasites pose a challenge for large-scale production as well as storage and distribution. Thus, vaccine candidates with recombinant proteins present a more promising proposal for success against T. cruzi.

In the 1990s, the development of DNA vaccines against infections caused by Plasmodium yoelli (Sedegah et al., 1994) and Leishmania major (Xu and Liew, 1995) showed great results of immunogenicity. In 1998, a study addressed the question of whether DNA vaccination could elicit immunization against experimental T. cruzi infection using as antigen the enzyme TS (Costa et al., 1998). Possibly, the idea of using TS came from several evidences suggesting that this enzyme is a virulence factor involved in the establishment of the infection (Chuenkova and Pereira, 1995; Leguizamon et al., 1999; Mucci et al., 2002; Tribulatti et al., 2005). Furthermore, a year earlier, Franchin and collaborators demonstrated that the passive transfer of monoclonal antibodies (MAb) recognizing sialic acid-dependent epitopes on the surface of bloodstream trypomastigotes was able to reduce parasitemia and the number of T. cruzi parasites found in the heart, skeletal muscle and liver, increasing the survival of immunized and challenged animals (Franchin et al., 1997). This reduction was specific since the passive transfer of MAbs recognizing the C-terminal repeated region of the TS did not produce the same effects. Thus, Costa et al. demonstrated that active immunization with plasmid DNA for the catalytic domain of TS elicited protective activity against T. cruzi infection in BALB/C mice (Costa et al., 1998). The IgG1 antibody class is the predominant one detected in the serum of immunized mice, being able to inhibit TS activity in vitro. Similarly, mice actively immunized and subsequently challenged with bloodstream trypomastigotes had a reduction in peak parasitemia and mortality. Although the study did indeed evaluated as occurs this protective response, recombinant TS evoked a significant type IV hypersensitivity response, a unique type of mediated immunity cells, and induced an intense proliferation in lymphoid cells derived from the lymph node and spleen of immunized mice (Costa et al., 1998).

The following year, a study compared the effects of immunogenicity from plasmids containing the catalytic domain gene of T. cruzi TS and recombinant and native TS. Both forms of immunization produced a peak humoral response after 3-4 doses, having no additive effect with the administration of a fifth dose (Pereira-Chioccola et al., 1999). Any immunization originated from the recombinant as native TS produced ten times more antibody titers that performed TS plasmid. Again, the two forms of immunization produced antibodies capable of inhibiting TS activity in vitro, requiring lower concentrations of antibodies from immunization with the protein (Pereira-Chioccola et al., 1999). Unlike Costa et al.’s results (Costa et al., 1998), naked DNA immunization produced mostly IgG2a class antibodies that did not protect mice from death after challenge with T. cruzi. On the other hand, immunization with the recombinant protein mainly produced IgG1 antibodies and 60% of the immunized mice survived the infection (Pereira-Chioccola et al., 1999). Thus, the authors speculate that immunization with recombinant TS with aluminum as weak adjuvant generated a Th2-type immune response, while naked DNA immunization generated a Th1-type response. It is noteworthy the difference in the survival of animals immunized and challenged with the Y strain of T.cruzi compared to the study by Costa et al. (1998). However, this change may be due to the murine model used in the studies. The murine A/Sn strain is more sensitive to Y strain infection than the BALB/C strain. The amount needed to kill most animals of the first lineage is less than 250 bloodstream trypomastigotes, while for the last strain, at least 1500 parasites are necessary (Costa et al., 1998; Pereira-Chioccola et al., 1999; Gamba et al., 2021). Later, another study confirmed this immunomodulatory duality in vaccine with DNA versus recombinant protein, demonstrating that the simultaneous administration of both types of immunization (DNA vaccination + recombinant protein) still induced a Th2 type response. However, when two doses of TS gene DNA vaccine were administered prior to vaccination with recombinant TS, the response reverted to the Th1 type (Vasconcelos et al., 2003).

Cells from the lymph node of BALB/C mice vaccinated with the TS gene were characterized as gamma-interferon (INF-γ)-producing Th1-type CD4 T cells, with highly cytotoxic activity in vitro and capable of inhibiting the development of T. cruzi in infected macrophages (Rodrigues et al., 1999). Surprisingly, the production of Th2-type cytokines such as IL-4 and IL-10 has been identified in some CD4 T cell clones. Additionally, CD8 T cells derived from the spleen of the immunized animals showed uniform response mediated by cytotoxic T lymphocytes (CTL), which also secrete INF-γ and induce lysis and DNA degradation of cells expressing TS (Rodrigues et al., 1999). Generally, vaccines that use naked DNA produce a Th1-type immunomodulatory response due to the presence of Cpg oligopeptides in bacterial plasmids (Klinman et al., 1997; Leclerc et al., 1997). Clearly, the TS gene induces predominantly Th1 type cells, but also induces Th2 type cells (Pereira-Chioccola et al., 1999; Rodrigues et al., 1999), being possible the coexistence of these two populations as verified in DNA vaccine models with other genes (Mor et al., 1995; Chow et al., 1998).

To unravel the immunodominant epitopes of this response, Martin and colleagues revealed that a single TS epitope was responsible for stimulating more than 30% of circulating INF-γ-producing CD8 T cells from C57BL/6 mice infected with Brazil strain T. cruzi (Martin et al., 2006). Factors that appear to contribute to immunodominance include abundance and expression kinetics, release of peptides by cellular proteases, peptide affinity for MHC and CD8 T cell repertoire. Interestingly, this immunodominance for a single epitope is extremely high, as the typical frequencies reported for the same assay range from 2-20% of CD8 T cells from mice infected with other diseases (Murali-Krishna et al., 1998). This ability of CD8 T cells to respond to a pool of few epitopes has also been observed in patients chronically infected with T. cruzi (Martin et al., 2006). In contrast, peptides encoded by genes from cruzipains, mucin-associated surface proteins, β-galactofuranosyl transferase and gp63 proteins showed a 4 to 20-fold lower frequency of stimulation of INF-γ-producing cells compared to TS epitopes, suggesting that specificity of epitopes of CD8 T responses in experimental T. cruzi infection is strongly dominant by peptides encoded by the TS family (Martin et al., 2006). However, Tzelepis et al. provide evidence that this could be explained by competition of T cells by APC, as mice infected simultaneously with two strains of parasites containing different immunodominant peptides generated maximal responses to both peptides (Tzelepis et al., 2008). The interpretation was that whether the peptides are presented by different APCs, the immunodominant pattern was disrupted. Thus, the immunodominance mechanism would be a mechanism used by the parasite to reduce the immune response and favor the progression to the chronic phase of the disease. Two years later, Rosemberg and colleagues induced simultaneous tolerance to two immunodominant T. cruzi epitopes in a resistant mouse strain. After infection, there was an increased susceptibility to infection, but the animals were still controlled and survived the infection (Rosenberg et al., 2010). The authors suggested that the response was mediated by CD8 T cells specific for subdominant epitopes that would replace the immunodominant ones. Dominguez et al. demonstrate that induction of response to subdominant antigens provides some degree of protection, although it does not produce an optimal response compared to immunodominant epitopes (Dominguez et al., 2011). Consequently, an artificial amplification of the immune response to subdominant antigens could be a strategy to improve the immunity induced by vaccination, favoring the host.

Despite the immunodominance capacity of TS peptides to stimulate CD8 CTL in mice infected with T. cruzi (Martin et al., 2006), vaccines with recombinant TS produce a predominantly Th2 response with activation of CD4 T cells, although they can protect immunized mice (Pereira-Chioccola et al., 1999). Parasitic diseases such as Leishmaniasis, Malaria and Chagas disease induce a large CD8 T response that is crucial for the resolution of the infection (Belkaid et al., 2002; Morrot and Zavala, 2004). Likewise, a vaccine model that induces a strong activation of CD8 CTL appears to contribute to a satisfactory protective response (Dumonteil, 2009). Generally, immunization with protein subunits does not stimulate CD8 CTL, as exogenous antigens are absorbed by endocytosis by antigen-presenting cells (APC), generating epitopes that are processed and presented exclusively via MHC class II, recognized only by CD4 T cells. However, some APCs are able to perform an alternative mechanism of cross-presentation of exogenous antigens via MHC class I, priming CD8 CTL in a process known as cross-priming (Rock and Shen, 2005). It is suggested that parasitic infections, such as Chagas disease, the induction of a TCD8 response comes from immunodominant peptides that may be favored in cross-priming in relation to subdominant peptides (Dominguez et al., 2011). This would explain why CD8 T cells respond to only a reduced pool of TS peptides.

Hoft and collaborators synthesized a Cpg mixed TS vaccine (TS/Cpg) administered intranasal or intramuscularly that induced systemic immunity in BALB/C mice challenged with the Tulahuen strain of T. cruzi, producing TS-specific IgG antibodies and reducing the mortality of infected animals. Immunization with intranasal TS/CpG mobilized activation of CD4 Th1 cells, as well as CD8 CTL with potential cross-presentation of antigens by B cells (Hoft et al., 2007). Furthermore, previous immunization with TS/Cpg induced the production of IgA detected in fecal extracts and significantly reduced the number of viable parasites in draining gastric lymph nodes and recoverable molecular equivalents of parasite from the gastric epithelium after oral infection, demonstrating in addition to systemic protective immunity also mucosal immunity (Hoft et al., 2007). Intranasal administration of vaccines is even more advantageous since DNA vaccines are degraded and/or are not well absorbed via the mucosa.

For over 20 years, it has been discovered that TS gene vaccination induces Th1 immunity in mice and other laboratory animals (Dumonteil et al., 2012; Luna and Campos, 2020). However, these DNA vaccines have not advanced to the clinical trial phases, possibly because they are not as efficient or safe for testing in humans (Schalk et al., 2006; Hobernik and Bros, 2018). On the other hand, immunization with recombinant protein subunits associated with adjuvants is less disputed regarding safety, being better accepted for clinical trials by regulatory agencies (Dumonteil et al., 2012). Aware of these facts, Fontanella and collaborators designed a vaccine candidate with a mutant TS (mTS - enzymatically deficient containing the catalytic domain and without the SAPA repeats), which showed a great protective response to infection by the Tulahuen strain in BALB/C mice in relation to those not immunized or immunized with recombinant TS (Fontanella et al., 2008). For the first time, an immunization protected 100% of the animals and prevented the development of tissue damage, especially in the myocardium. Knowing the role of TS in the pathogenesis of Chagas disease, the design of a mutant candidate enabled a more appropriate protective response, since animals immunized with recombinant TS and challenged still exhibited tissue inflammation in skeletal and cardiac muscle, moderate splenomegaly and changes in hematocrit (Fontanella et al., 2008). Anti-SAPA antibodies were not found in immunized animals; they are not protective and seem to be associated with tissue damage and humoral response delay (Fontanella et al., 2008). Although Freund’s complete adjuvant (FCA) used in the work has an excellent performance, ensuring a mixed humoral and cellular response that is hardly surpassed by other adjuvants, FCA is not recommended for human use due to the injuries associated with its administration. Local necrosis and granulomatous inflammatory response are characteristics from FCA injection site (Stills, 2005).

With that in mind, Bontempi and colleagues used mTS with a new adjuvant called ISCOMATRIX (IMX), composed of saponin, cholesterol and phospholipids that combined form 40-50 nm like-cage structures. IMX was chosen due to the antigen trafficking more efficient and persistent to draining lymph nodes (up to seven days after injection). Moreover, it promotes epitope processing and addressing both via MHC class II, presenting to CD4 T cells and inducing a B cell response; and via MHC class I, facilitating the cross-priming of CD8 T cells (Baz Morelli et al., 2012). Thus, immunization with mTS-IMX equaled the effects with mTS-FCA in terms of TS-specific antibody production, avidity, type IV hypersensitivity response, Th1 profile, and reduction in mortality and tissue damage (Bontempi et al., 2015). Again, there was 100% survival of mice immunized and challenged with T. cruzi, even with ten times more inoculated bloodstream trypomastigotes than in the work by Fontanela et al. (Fontanella et al., 2008). Additionally, splenocytes from immunized animals showed a production of INF-γ five times greater than infected mice, in addition to the production of IL-10 that could be responsible for halting an exacerbated inflammatory response (Bontempi et al., 2015). Subsequently, immunization with mTS-IMX proved to be more efficient in inducing humoral and cellular responses when compared to other immunogenic proteins such as flagellar repetitive protein (which contains tandem repeats), tryparedoxin peroxidase (involved in the metabolic pathway) and cruzipain (involved in parasite invasion) using the same adjuvant (Bontempi et al., 2017).

Based on background of TS-based vaccines, Prochetto and collaborators engineered a new peptide of only 290 amino acids, missing the SAPA domain and the Nh2 terminal region, making it inactive (Prochetto et al., 2017). The reduced size of the TS fragment (TSf) would facilitate the development of vaccines, considering the expression of recombinant proteins in bacteria is improved when the size of the DNA sequences is less than 1000 base pairs (Makino et al., 2011). TSf showed 90% identity with the mTS sequence, derived from random mutagenesis in yeast, which showed a robust humoral and cellular response with IMX adjuvant, protecting 100% of the infected animals (Bontempi et al., 2015). TSf also showed 92% identity against TS sequences indexed in GenBank from different strains of T. cruzi (Prochetto et al., 2017). In addition, TSf was formulated with a new adjuvant called ISPA, composed of 70 nm-liposomes with a cage-like structure from phosphatidylcholine, cholesterol, sterylamine, tocopherol and saponin (Bertona et al., 2017). TSf-ISPA showed similar results to immunization with mTS-IMX promoting stimulation of several Th1 profile components. Interestingly, TSf-ISPA immunized mice challenged with T. cruzi showed an increase of regulatory T splenocytes (Treg, CD4+Foxp3+) compared to non-immunized and challenged mice, although there was no change in the percentage of the population (Prochetto et al., 2017). Treg cells constitute about 3-5% of the peripheral T cell population and have an important anti-inflammatory activity for the regulation of immune homeostasis (Richards et al., 2015). The authors believe that this increase has a beneficial effect on the survival of immunized animals and, possibly, in the chronic phase of Chagas disease, taking into account that asymptomatic patients have a greater number of Treg cells than symptomatic patients. On the other hand, immunization reduced the percentage and absolute number of myeloid-derived suppressor cells (MDSC), heterogeneous population of immature innate cells composed of monocytes, granulocytes and dendritic cells expressing CD11b and GR-1 in mice, able to potently suppress pro-inflammatory immune responses (Yaseen et al., 2021). In the proposed model by authors, the formulation with TSf-ISPA generates a better control of the inflammatory response induced by components of the Th1 response, increasing protective FoxP3 Treg cells and reducing MDSC-induced generalized immunosuppression (Prochetto et al., 2017).

Some infection studies have shown an improvement in the vaccine response associated with a reduction in MDSC (Sui et al., 2014; Prochetto et al., 2017; Dorhoi et al., 2020). Recently, Gamba and collaborators decided to evaluate the role of MDSC cell depletion by 5-fluoracil in the vaccine model with TSf-ISPA. The depletion of MDSC cells in BALB/C, 15 days after infection with T. cruzi, promoted an increase in parasitemia and 100% of the animals died by day 21, even with a lower infective dose of the Tulahuen strain (900 bloodstream trypomastigotes). This result is possibly due to an exacerbated pro-inflammatory response by CD8 T cells. In contrast, 60-100% of mice survived the challenge when they were previously immunized with TSf-ISPA, even with an almost complete reduction of the granulocytic population (G-MDSC) and partial reduction of the monocytic population (M-MDSC). These animals showed an increase in CD8 T cells, Treg cells and maturation of CD8 dendritic cells greater than mice immunized only and challenged with parasites, suggesting that modulation of MDSC cells may have beneficial effects on immunization against T. cruzi. Noteworthy, when MDSC depletion was early in immunized animals (day 5 post-infection or pre-immunization), there was a reduction in parasitemia and an increase in the survival of animals than late depletion (day 15 post-infection), even at lethal doses of T. cruzi (1500 bloodstream trypomastigotes) (Gamba et al., 2021) As a result, the possibility of modulating MDSC could be an interesting tool for the design of vaccines and adjuvants in TS-based vaccines.

The difficulty in producing vaccines when talking about Chagas disease is due to many factors. One of them is the great genetic and biochemical variability of the different strains of T. cruzi (Zingales, 2018). Since 2009, T. cruzi strains have been classified into six discrete typing units (DTU): I and II would be ancestral strains; III and IV, homozygous hybrids of ancestral strains; and V and VI, heterozygous hybrids of II and III (Zingales et al., 2009). TcBat is a new strain discovered in bats and has been considered as DTU VII (Lima et al., 2015). Breniere and collaborators provided an inventory with 6343 DTU analyzed according to geographic region and host origin. Although T. cruzi is considered a diploid organism, it presents variations in size and number of chromosomes between strains and within the same clone, demonstrating great genomic plasticity (Reis-Cunha et al., 2018). The TS family genes are part of the non-systemic disruptive compartment and are considered recent and still evolving. Possibly, its location close to telomeric and sub-telomeric regions favors genetic variability of this family due to the occurrence of recombination events (Chiurillo et al., 2016; Ramirez, 2019). This could generate a pool of different phenotypes within the same population and increase adaptability to different selective pressures, such as the evasion capacity of the immune system (Herreros-Cabello et al., 2020). In addition, the parasite has different evolutionary stages in host cells, expressing different patterns of surface glycoproteins that make it difficult for the host antibodies to recognize antigens. Additionally, the parasite has a great capacity to subvert pro-inflammatory immune responses using dual mechanisms to allow its permanence in the host (Cardoso et al., 2015; Da Fonseca et al., 2019). Therefore, these factors must be taken into account when developing TS-based vaccines.

The success of a recombinant TS vaccine for T. cruzi depends on its ability to produce an epitope-specific humoral response that experiences little variability between strains. As it is an exogenous protein, its antigens will be processed by APC and presented via MHC class II, recognized by CD4 T cells, which will induce stimulation of antibody-producing B cells. Certain types of APC can perform cross-presentation of antigens via MHC class I, recognized by CD8 T cells (Figure 2). This cross-presentation is enhanced with the use of a new generation of adjuvants as IMX and ISPA, being essential for a long-lasting protective response in subunit vaccine. Furthermore, these new adjuvants showed rapid and persistent antigenic delivery to APC as well as a robust Th1 response similar to FCA without causing adverse effects on immunization, making them safer for testing in humans. Moreover, it is normal for antibody titers to decrease over time in immunized and unstimulated individuals, reinforcing the contribution that cellular response can make at the onset of infection. However, an exacerbated inflammatory response can induce intense tissue inflammation, producing unwanted clinical manifestations. Thus, vaccine candidates need to have a brake on the pro-inflammatory response. This function seems to be performed by the Treg cells in a murine model, which can be stimulated by reducing the MDSC population. As reported in the text, TS-based candidates have achieved high survival rates in animal model and reduced parasitemia. The increase in survival is essential but reducing the number of parasites is also an important parameter because it is associated with reduction of clinical symptoms in the chronic phase.




Figure 2 | Immune response model for trans-sialidase (TS)-based vaccines. In the immunization of mice with vaccines based on recombinant TS, exogenous antigens are usually processed and presented by antigen presenting cells (APC) via MHC class II, recognized by CD4 T cells. This pathway will stimulate B cells to produce and secrete TS-specific antibodies (Humoral response). Certain types of APC such as dendritic cells can process and present exogenous antigens via MHC class I, recognized by CD8 T cells, a process known as cross-priming. Both TS-specific CD8 and CD4 T cells can differentiate into cells with cytotoxic activity capable of killing Trypanosoma cruzi-infected cells as macrophage (Effector response). In addition, a group of specific-TS CD4 T cells (Foxp3) known as regulatory T cells are responsible for controlling the pro-inflammatory response in the host (Regulatory response). The immunization of animals with vaccines based on TS has reduced parasitemia, tissue damage and consequently the mortality rate.



The development of recombinant vaccines against Chagas disease, in addition to focusing on sequences that present great immunogenicity, should overcome the problem of the great genetic variability of the strains. An inventory with 6343 strains divided into the six existing DTUs according to their geographic location and host origin showed that strains belonging to DTU I are more frequent (found in more than 60% of the analyzed samples) and widely distributed geographically (Breniere et al., 2016). Moreover, they cause the clinical manifestation of cardiac disease, with high morbidity, and are also found in patients infected by the oral route (Zingales et al., 2012; Zingales, 2018). For this reason, vaccines may initially focus on DTU I strains due to their epidemiological impact. Regarding the TS multigene family, group I presents the characteristic sequences of the family (VTVxNVxLYNR) and other conserved sequences such as Asp-box (SxDxGxTW) and SAPA that must be taken into account in the design of the recombinant vaccine (Berna et al., 2018). It is noteworthy that similarities were found between the sequence of group I members of the T. cruzi TS with other species of the genus (Herreros-Cabello et al., 2020), suggesting the possibility of highly conserved sequences. In this way, we hope to have listed the strengths and weaknesses of TS-based vaccines and we believe that this protein due to its immunogenicity and conserved sequences still constitutes a great target to produce of a vaccine based on recombinant proteins that are cost effective on large scales and are safer when compared to other formulations.
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Chagas disease is a major public health problem, especially in the South and Central America region. Its incidence is related to poverty and presents a high rate of morbidity and mortality. The pathogenesis of Chagas disease is complex and involves many interactive pathways between the hosts and the Trypanosoma cruzi. Several factors have been implicated in parasite-host interactions, including molecules secreted by infected cells, lipid mediators and most recent, extracellular vesicles (EVs). The EVs of T. cruzi (EVsT) were reported for the first time in the epimastigote forms about 42 years ago. The EVsT are involved in paracrine communication during the infection and can have an important role in the inflammatory modulation and parasite escape mechanism. However, the mechanisms by which EVs employ their pathological effects are not yet understood. The EVsT seem to participate in the activation of macrophages via TLR2 triggering the production of cytokines and a range of other molecules, thus modulating the host immune response which promotes the parasite survival. Moreover, new insights have demonstrated that EVsT induce lipid body formation and PGE2 synthesis in macrophages. This phenomenon is followed by the inhibition of the synthesis of pro-inflammatory cytokines and antigen presentation, causing decreased parasitic molecules and allowing intracellular parasite survival. Therefore, this mini review aims to discuss the role of the EVs from T. cruzi as well as its involvement in the mechanisms that regulate the host immune response in the lipid metabolism and its significance for the Chagas disease pathophysiology.
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Introduction

Chagas disease is a neglected disease caused by infection with Trypanosoma cruzi, in which the persistence of the parasite and the prolonged activation of the immune system lead to a chronic inflammatory process and cardiomyopathies (D’Avila et al., 2011). The pathogenesis of Chagas disease is a multifactorial complex mechanism that involves a large number of molecules and vesicles, among them, the extracellular vesicles (EVs) – small lipid vesicles released from the host- cell and/or parasite-cell into the extracellular space, potentially modulating the immune response (Cestari et al., 2012; Torró et al., 2018).

The EVs traffic has been the target of important mechanisms of cellular communication. Moreover, the EVs can mediate parasite-parasite and host-parasite interactions. Infected cell-derived EVs induce the communication between distant parasites and facilitate the dissemination of virulence factors (Mantel and Marti, 2014). In addition, EVs from parasitic protozoa are important in the pathogenicity and disease progression (Gonçalves et al., 1991; Nogueira et al., 2015).

The persistence of parasitemia through immune evasion mechanisms demonstrates the success of T. cruzi in the chronic development of Chagas disease where the EVs play an important role in modulating the immune response to the parasite. The purpose of this mini review is to present the recent progress in elucidating the origin, morphology and functions of EVs from the host cells and T. cruzi, as well as their impact on the parasite escape mechanism.



Extracellular Vesicles Origin and Morphology

The term extracellular vesicles (EVs) is commonly used to indicate different membrane-bound structures delimited by a lipid bilayer, released in the extracellular environment. The EVs are heterogeneous, with different biogenesis, molecular composition, sizes (from 20 nm to 5 µm) and functions (Van Niel et al., 2018; Witwer and Théry, 2019). They are secreted by either prokaryotic or eukaryotic cells, thus extending their phenotype (Campos et al., 2010; Torrecilhas et al., 2012). Moreover, EVs can carry and transfer molecules for the maintenance of homeostasis, respond to cellular imbalance and help the rapid modulation and/or evasion of the immune response during different pathogenic infections (Oliveira et al., 2010; Marcilla et al., 2014; Vargas et al., 2015; De Pablos et al., 2016; Dong et al., 2019; Babatunde and Subramanian, 2020; Palacios et al., 2021).

The EVs populations are usually classified according to their origin and size into three different types: exosomes (20–100 nm), microvesicles (MVs) (ectosomes like EVs - 100–1,000 nm) and apoptotic bodies (>1000 nm) (Akers et al., 2013; Witwer and Théry, 2019). The main type of EVs are categorized according to their intracellular origin in eukaryotic cells: the exosomes, formed inside multivesicular bodies and released upon fusion of these endosomal compartments with the plasma membrane and the microparticles, formed by direct budding and constriction from the plasma membrane (Akers et al., 2013). In EVs from trypanosomatids, the vesicles have been described as larger vesicles that bud from the plasma membrane and smaller vesicles that bud within the flagellar pocket. They are released through exocytosis of multivesicular bodies carrying components of the parasite membrane and intracellular environment (Silveira et al., 1979; Lovo-Martins et al., 2018). In general, EVs from parasites or hosts cells are isolated from the culture after spontaneous secretion, then the supernatants containing EVs are filtered for a total exosome isolation (Cestari et al., 2012; Lovo-Martins et al., 2018) (Table 1).


Table 1 | Extracellular vesicles (EVs) in T. cruzi and other parasites.



The EVs participate in intercellular communication (parasite-parasite, parasite-host cell or host cell-host cell), modulate the immune response and act as pro-inflammatory mediators (Lovo-Martins et al., 2018). Thus, they can potentiate the course of the infection from the delivery or capture of its content by the host cells, through distinct routes: endocrine, paracrine, juxtacrine or autocrine signaling (Torró et al., 2018). These pathways, however, can be influenced by several factors such as the phase of the disease, immunocompromised patient, levels of parasitemia and parasite life cycle (Ramirez et al., 2017; Torró et al., 2018).



Role of EVs From T. cruzi (EVsT) in the Imunne System Modulation

For years, numerous studies have been conducted on EVs in the context of diseases (Silveira et al., 1979; Lovo-Martins et al., 2018; Cronemberger-Andrade et al., 2020). The EVs are constantly shedding and sharing their products with the extra- or intracellular milieu which is correlated with the niche for proliferation and survival used by the different pathogens. The role and impact of EVs secreted by parasites during infection have been highlighted in several studies. However, the capacity of EVs to modulate the host-cell response is not clear.

The EVsT are produced in the different life cycle phases of the parasite and participate in the host cell infection process (Torrecilhas et al., 2020). In addition, several signaling cascades are activated by EVsT components modulating host-cell responses (Torrecilhas et al., 2020) (Figure 1A). They can modulate the cytoskeleton as well as the invasion of the metacyclic trypomastigotes by inducing tyrosine kinase phosphorylation and the actin nucleation (Yoshida and Cortez, 2008; Torrecilhas et al., 2020).




Figure 1 | Schematic model summarizing the molecules involved on parasite-host cell interaction process and EVs secreted by trypomastigotes of Trypanosoma cruzi (A). Mechanisms of action triggered by T. cruzi, EVs and EVsT in macrophages (B). (A) Parasite exhibiting major components of its membrane associated with EVsT. Note the parasite cytoplasm containing microvesicles, exosomes, and lipid bodies (LBs). In detail, EVsT showing a lipid bilayer containing the main macromolecules carried by these structures, such as DNA, RNA, fatty acids, enzymes, mucin-associated surface proteins (MASP), among others. (B) T. cruzi internalized by macrophage (infected cell) induces LB formation and PGE2 derived from LBs contributing to amastigote replication, as well as release of microvesicles from the host cell (EVs). We suggest that the EVsT from T. cruzi and EVs from infected host cells are also recognized by uninfected macrophages via TLR2 inducing LB formation and PGE2 synthesis (dashed lines). However, further studies are needed to define the receptors and signaling responses induced upon EVs and EVsT-macrophage interaction and how these interactions/responses change as the exosome composition is modified during an infection. In general, T cruzi and/or EVs/EVsT via TLR2 active PPAR-y to translocate to nucleus, heterodimerize with RXR and binding to specific DNA response elements (PPRE) in target genes, altering the lipid metabolism and inducing LB formation. The PGE2 (produced in LBS via COX-2 enzyme activation) is a potent lipid mediator which reduces the host Th1 immune response (by inhibition of the TNF-α and IL-6 and induction of the IL-10) and down modulates the microbicidal function of the macrophage. In parallel, the activation of NK-κB also modulates the synthesis of cytokines. In detail, representation of the structure and composition of LB. Arachidonic acid (AA); cyclooxygenase -2 (COX-2), triacylglycerol (TAG), diacylglycerol (DAG), peroxisome proliferator-activated receptor-y response element (PPER).



In T. cruzi infection, it is proposed that the intracellular life cycle should be responsible not only for parasite-parasite transmission but also for parasite-host cells, since the EVsT develop in a compartmentalized environment which increases their probability of coupling and delivery within the host cell (Torró et al., 2018). Thus, the EVsT can function as effectors in the host-parasite interaction mechanisms modulating the host immune response, increasing the number of cells infected as well as the parasitaemia (Moreira et al., 2019).

The role of the EVs in the immune system modulation is controversial. In general, some studies have demonstrated that the EVs present a protective role (Oliveira et al., 2010; Cronemberger-Andrade et al., 2014; Nogueira et al., 2015; Ribeiro et al., 2018). However, in other studies, the EVsT have a role in the evasion mechanism of the immune response, followed by an increase (50% to 250%) in parasitaemia in mice cells (Lovo-Martins et al., 2018; Moreira et al., 2019).

In the early stages of T. cruzi infection, the parasites promote the release of vesicles from the host cell plasma membrane, which may contribute to their survival (Cestari et al., 2012; Bautista-López et al., 2017). According to Ramirez et al., 2017, the close contact between the membranes results in the bidirectional fusion of microvesicles (host-parasite and vice-versa), thus facilitating the interaction between the parasite and the host cell plasma membranes. In metacyclic, tissue culture-derived trypomastigote and noninfective epimastigote, T. cruzi forms were shown to induce different levels of EVs release from host cells (Ramirez et al., 2017). Furthermore, the EVs released during the interaction of the parasite with host cells were able to increase (around 40-50%) the host cell invasion by metacyclic trypomastigotes (Ramirez et al., 2017).

In the T. cruzi infection, the mobilization of intracellular Ca2+ deposits by the host cell during the cell invasion leads to the depolarization of the host plasma membrane, the depolymerization of F-actin and to lysosomal recruitment to the point of infection (Tardieux et al., 1994; Caler et al., 2000; Scharfstein et al., 2000). The family of small membrane proteins of T. cruzi (TcSMP) detected in the EVsT trigger Ca2+ signaling and mobilization/exocytosis of lysosomes, events that induces parasitophorous vacuoles formation and invasion of the parasite (Neves et al., 2014; Martins et al., 2015). Thus, contributing to the invasion of host cells and the increase in the percentage of cellular parasitism (Moreira et al., 2019).

Furthermore, the evasion of the complement-mediated response is triggered by the formation of EVs in host cells that are induced by metacyclic trypomastigotes (Cestari et al., 2012; Lidani et al., 2017). The release of EVs from the parasitized cells is done as an escape mechanism of the innate immunity response, by invading host cells and inhibiting complement-mediated lysis and also facilitating host cell invasion. The parasite has been shown to be able to escape the immune system by depositing host cell-derived EVs on its surface, which inhibits the action of C3 convertase (Cestari et al., 2012). Once trypomastigotes reach the bloodstream, the parasite bypasses complement-mediated lysis and opsonization with the aid of surface proteins such as calreticulin and the complement regulatory protein (CRP) also called GP160. The Gp160 and the conserved regions of the N- and C-terminal of the mucin-associated surface proteins (MASPs) were found in the EVs secreted by trypomastigotes (De Pablos et al., 2016). The Gp160 is a trypomastigote GPI anchor surface protein that binds to C3b and C4b dissociating the classical and alternative C3 convertase from complement (Norris et al., 1991; Norris, 1998).

The EVs can also contribute to the activation of the immune response with the release of proinflammatory cytokines (Torró et al., 2018). Different strains of T. cruzi have been shown to release EVsT and promote the activation of macrophages via TLR2 (Nogueira et al., 2015). Cronemberger-Andrade et al., 2020, showed that THP-1 cells infected by EVsT were able to induce the activation and translocation of NF-κB via TLR2 signaling. In addition, the EVs released by uninfected THP-1 cells also activated the cells via TLR2 (Cronemberger-Andrade et al., 2020). Furthermore, the EVs enriched with α-galactosyl triggered proinflammatory responses in macrophages via TLR2-signaling pathway (Nogueira et al., 2015; Ribeiro et al., 2018), (Figure 1B). Also, Choudhuri and Garg, 2020, demonstrated a proinflammatory response in macrophages stimulated by EVsT and EVs from infected cells and plasma of acutely and chronically infected mice, in a mechanism dependent on PARP1 (a DNA repair enzyme). EVs containing oxidized DNA fragments are recognized by cytosolic DNA sensors, cyclic GMP-AMP synthase (cGAS) and as consequence they synergize with PARP1 inducing a NF-κB-mediated proinflammatory cytokine production (Choudhuri and Garg, 2020).

However, in infection-derived inflammatory processes, the pre-treatment with EVsT from Y strain (EVsY) can downmodulate the release of TNF-α and nitric oxide (around 50%) as well as the increase in cardiac parasitism (2.5 times) in mice (Lovo-Martins et al., 2018). These data were associated with a reduction in TNF-α in plasma, decreased production of TNF-α and IL-6 by the spleen cells of infected mice (Lovo-Martins et al., 2018). Also, macrophage stimulation with EVsY before infection by T. cruzi increased (around 100%) the internalization rate of the parasite and the release of infecting trypomastigotes by these cells (Lovo-Martins et al., 2018), (Figures 1A, B).

Recently, Madeira et al., 2021, observed a lower concentration of circulating EVs associated with differential activation of the immunological system in patients with chronic Chagas disease, with increased production of IFN-γ, when compared with uninfected healthy controls (Madeira et al., 2021). This data was associated with parasite persistence suggesting that the EVs can be potential candidates as biomarkers during the course of Chagas disease.



Composition of EVsT And Its impact In The Course of Chagas Disease

The EVs composition contains proteins involved in host-parasite interactions, signaling, traffic and membrane fusion, transporters, oxidation-reduction, oxidized DNA, small RNAs derived from tRNAs and rRNAs among others (Théry et al., 2002; Bayer-Santos et al., 2013; Bautista-López et al., 2017; Witwer and Théry, 2019; Choudhuri and Garg, 2020), (Figure 1A). Moreover, EVs contain specific proteins involved in vesicle formation and specific markers of the endosomal pathway, such as Rab GTPases, chaperones and tetraspanins (Ostrowski et al., 2010).

The EVsT also carry a wide range of potential virulence factors, such as peptidases (calpain cysteine peptidase, oligopeptidase, thermostable carboxypeptidase 1 or aminopeptidase P), responsible for the proteolysis of different peptide substrates (Alvarez et al., 2012), oxidized DNA (Choudhuri and Garg, 2020) and ribosomal subunit (Torró et al., 2018). The epimastigotes forms also release fragments of tRNA that can induce epigenetic changes in host cells, changing the expression profile of genes involved with cytoskeleton, extracellular matrix and immune response pathways (Garcia-Silva et al., 2014; Torrecilhas et al., 2020).

The probability of the EVsT to reach distant cells is related to the cellular microenvironment of the infected tissue and its distance to the appropriate means of transport (blood and lymphatic fluid) (Rank et al., 2011; Torró et al., 2018). In addition, different post-translational modifications in the EVs nucleus shared by the different forms of the parasite can also cause changes in the vesicle composition, protein targets and/or biological functions (Torró et al., 2018). Bayer-Santos et al., 2013, analyzed the proteomic composition of EVsT, confirming that a large proportion of the T. cruzi secretome is constitutively released via EVs (Bayer-Santos et al., 2013).

It has been demonstrated that T. cruzi PAMPs are poorly detected by the innate immune system at the beginning of the disease, delaying the activation of the immune response of infected host cells (Torró et al., 2018). By immuno electron microscopic analysis, on the surface of the EVsT it was found mucin-associated proteins (MSPs), that induced an insufficient switching from IgM to IgG during the infection in mice, allowing the parasite to escape the humoral response (De Pablos et al., 2016). Similar data was observed in chagasic patients (Lozano et al., 2017).

In general, these studies suggest that EVsT are able to modulate the inflammatory response by inhibition of pro-inflammatory cytokine and NO production, as well as alteration on the humoral response in favor of the parasite (Torrecilhas et al., 2009; De Pablos et al., 2016; Lozano et al., 2017; Lovo-Martins et al., 2018).

In summary, the studies show that there is no consensus on the role of EVs during the acute and chronic phases of Chagas disease. Most of the studies discussed here during the acute phase of the disease suggest that EVs and EVsT collaborate with the development of the parasite escape mechanism. In the chronic phase there is insufficient IgG exchange during infection in mice, which allows the parasite to escape the humoral response, Choudhuri and Garg, 2020, demonstrating that EVs contained damaged DNA, thus collaborating to a pro-inflammatory profile during the chronic phase. (Choudhuri and Garg, 2020).



T. cruzi and EVsT Elicits Lipid Body Biogenesis and Lipid Mediator Synthesis in Macrophages During Infection

Lipid body (LB) accumulation within macrophages is a common feature observed in models of Chagas disease and other parasite infections (D’Avila et al., 2008; Almeida et al., 2018). In in vitro and in vivo T. cruzi infection, LBs are present in both, host and parasite cells (Toledo et al., 2016). Moreover, EVsT induce LB formation and lipid mediator synthesis that modulate the host response in favor of the parasite (Lovo-Martins et al., 2018).

The mechanism of biogenesis of LBs is a regulated event highlighting the role of peroxisome proliferator-activated receptor-γ (PPAR-γ), a member of the nuclear receptor family. When activated, PPAR-γ acts as a transcription factor, translocating to the nucleus and heterodimers with the retinoid X receptors in target genes. (Figure 1B) The PPAR-γ is involved in the mechanisms of synthesis of inflammatory mediators, fatty acid uptake and lipid storage in macrophages. Also, the activation of the TLR2 initiates a signaling cascade that culminates in LB biogenesis through the PPAR-γ activation (Almeida et al., 2009; Almeida et al., 2014). This data suggests that the TLR2 activation by EVsT may also activate PPAR-γ translocation during the mechanism of LB formation in Chagas disease (Figure 1B).

In unstimulated cells, LBs are present in small numbers. However, in cells involved in inflammatory processes, infectious or non-infectious, the number of LBs can increase considerably, depending on the type of cell and the stimulus (Murphy, 2012). In the experimental infection by T. cruzi in rats and mice, it was demonstrated that the parasite promotes an intense inflammatory response characterized by monocytes migration to the infectious sites (Freire-De-Lima et al., 2000; Melo et al., 2003). In these sites, LBs formation in macrophages was associated with enhancement of parasitism, characterized by increased numbers of parasite nests in cardiomyocytes (Melo et al., 2003; Toledo et al., 2016).

Although not presenting a typical membrane, LBs are delimited by an electron-dense hemi-membrane formed by a hydrophilic monolayer composed of phospholipids and structural proteins. The hydrophobic core consists mainly of neutral lipids such as triacylglycerol (TAG – the major components of LBs), diacylglycerol (DAG) and cholesterol ester, as well as unsaturated fatty acids, such as arachidonic acid (AA) and oleic acid (OA) (Murphy, 2001; Walther et al., 2017).

The LBs hemi-membrane display structural proteins from perilipin family (PLIN), including perilipin/PLIN1, PLIN2/ADRP (for “adipose differentiation-related protein”), PLIN3/TIP47 (for “tail-interacting protein of 47 Kda”) (Figure 1B). The LBs present proteins involved in cell signaling processes, in vesicular transport, histones and cytokines in eukaryotic cells (Bozza et al., 2009; Li et al., 2012). Therefore, the LBs directly or indirectly act as hubs for many cell functions, such as metabolic processes, energy, store of neutral lipids for membrane synthesis, membrane traffic, intracellular signaling, lipid metabolism and the production of several inflammatory mediators (Walther et al., 2017; Almeida et al., 2018).

These organelles are considered intracellular sites of substrates and enzymes involved in the synthesis of lipid mediators biologically active, such as eicosanoids (D’Avila et al., 2006; D’Avila et al., 2011; Almeida et al., 2018). Arachidonic acid (AA) is the precursor of the eicosanoids, which is metabolized by enzymes, such as cyclooxygenase-2 (COX-2), to produce lipid mediators such as prostaglandins (PGs). Earlier studies have demonstrated that during T. cruzi infection, macrophages were positively immunostained for COX-2, (Freire-De-Lima et al., 2000; D’Avila et al., 2011). Although a COX-like enzyme has been reported in parasites, they do not express mammalian homologues COX-1 or COX-2. Thus, a synthesis of PGs is performed by PG synthases, which has already been identified in parasites with homology to humans (Kubata et al., 2007). Trypomastigotes stimulated with AA showed an increased number of LBs, representing sites of PGE2 synthase (Toledo et al., 2016). In all these studies, both macrophages and parasite released large amounts of PGE2 from new formed-LBs.

In summary, these data support the hypothesis that PGE2 synthesis derived from LBs in infected cells are involved in the production of inflammatory mediators which can potentially inhibit the Th1 response in the host promoting the replication and survival of the parasite via enhancement of IL-10 production and a drastic reduction of TNF-α (D’Avila et al., 2011; Kalinski, 2012). Moreover, T. cruzi LBs are involved in the mechanism of release of the immunosuppressive inflammatory mediators, acting as an evasion strategy by the parasite (Toledo et al., 2016).

Interestingly, LBs biogenesis and PGE2 synthesis have been observed in infected cells and in cells that do not contain internalized parasites, suggesting paracrine stimulation or a bystander amplification for the formation of these organelles and PGE2 derived from LBs during in vivo and in vitro infections (Melo et al., 2003; D’ Avila et al., 2011). This intercellular communication can occur through host-host cells or host-parasite mediators. Corroborating this fact, Lovo-Martins et al., 2018, demonstrated that EVsT from the Y strain alone were able to induce LBs and PGE2 production by macrophages. In addition to LB formation, EVsT-stimulated macrophages showed higher PGE2 production than non-stimulated macrophages (Lovo-Martins et al., 2018). PGE2 derived from LBs inhibit the synthesis of TNF-α and antigen presentation, causing decreased NO production, thus allowing intracellular parasite survival (Freire-De-Lima et al., 2000; D’ Avila et al., 2011).

Lovo-Martins et al., 2018, also demonstrated that infected macrophages primed with EVsT produced more PGE2 (10 times) and less TNF-α and IL-6 (around 90% and 80%, respectively) than infected macrophages without prior EVsT exposure (Lovo-Martins et al., 2018). These authors hypothesized that EVsT could be down modulating the expression and activity of COX-2. As a result, the immune modulation exerted by PGE2 production induced by EVsT seems to be important specifically in the beginning of the infection. In general, these data suggest that EVsT create a more favourable environment for T. cruzi infection, with a reduction in inflammatory cytokines and in the trypanocidal molecule NO.

These data support the role of EVsT in the complex pathogenesis of the acute phase of Chagas disease and provide new insights for a better understanding of the parasite-host interaction. However, the functionality of the EVs and the charges they carry in their compartments as well as the relevance of these products to the host cell should be further studied, as little is known about the ability of the EVs to modulate the conditions of the host cell.



Conclusion

The EVs shedding is a highly conserved parasite-host-cell interaction mechanism. The interaction between T. cruzi and its host cells is a bidirectional phenomenon, with thousands of EVs shared during the process. In this mini-review, we discuss the paradoxical role of EVs, which might coexist and affect differently the host response, presenting on one hand a protective role while in other studies, it contributes to the evasion mechanism, mainly through the modulation of the lipid metabolism for the production of PGE2. Also, in this mini-review, we mentioned several typical implications of EVs during T. cruzi infection, with an important impact in the host-lipid metabolism even in uninfected cells. Thus, the importance of EVs in the modulation of the host immune response presents a potential target for biomarkers of the Chagas disease progression.
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Trypanosoma cruzi infection in humans leads to progression to chronic chagasic myocarditis (CCM) in 30% of infected individuals, paralleling T cell inflammatory infiltrates in the heart tissue. T-cell trafficking into the hearts of CCM patients may be modulated by in situ expression of chemotactic or haptotactic molecules, as the chemokine CXCL12, the cytokine tumor necrosis factor-alpha (TNF-α), and extracellular matrix proteins (ECM), such as fibronectin. Herein we evaluated the expression of fibronectin, CXCL12, and TNF-α in the myocardial tissue of T. cruzi seropositive (asymptomatic or with CCM), as well as seronegative individuals as healthy controls. Hearts from CCM patients exhibited enhanced expression of these three molecules. CXCL12 and TNF-α serum levels were also increased in CCM individuals. We then evaluated T lymphocytes from chronic chagasic patients by cytofluorometry, in terms of membrane expression levels of molecules involved in cell activation and cell migration, respectively, HLA-DR and the VLA-4 (very late antigen-4, being one integrin-type fibronectin receptor). Indeed, the expression of HLA-DR and VLA-4 was enhanced on T lymphocytes from chagasic patients, especially in the CCM group. To further approach the dynamics of T cell migratory events, we performed fibronectin-, TNF-α-, and CXCL12-driven migration. Peripheral blood mononuclear cells (PBMCs) and T cells from CCM patients presented an ex vivo enhanced migratory capacity driven by fibronectin alone when this ECM protein was placed in the membrane of transwell migration chambers. When TNF-α was previously placed upon fibronectin, we observed a further and significant increase in the migratory response of both PBMCs and T lymphocytes. Overall, these data suggest the existence in patients with chronic Chagas disease of a cardiac inflammatory infiltrate vector that promotes the recruitment and accumulation of activated T cells, driven in part by enhanced tissue expression of fibronectin and TNF-α, as well as the respective corresponding VLA-4 and TNF receptors.




Keywords: lymphocyte migration, chronic chagasic myocarditis, VLA-4, cortisol, chemokines



Introduction

Chagas disease is the main parasitic disease in Latin America, being caused by infection with the protozoan parasite Trypanosoma cruzi. It is estimated that ~30% of T. cruzi–infected individuals progress to chronic and irreversible disorders, where chronic chagasic myocarditis (CCM) is the most frequent clinical manifestation (Rassi et al., 2010). Despite that Chagas disease etiopathogenesis remains controversial, a bulk of evidence supports the hypothesis that T. cruzi may persist in the host during several years, stimulating the development of a chronic inflammatory response that results in tissue damage (Tarleton, 2001). Yet, the simultaneous existence of autoimmune reactions cannot be ruled out (Bonney and Engman, 2015).

In recent times, much effort has been made to identify immunological factors and molecular mechanisms involved in the development of CCM. Among them, the recruitment of activated T lymphocytes and the accumulation of these cells within the cardiac tissue are believed to play a pivotal role in the pathogenesis of the disease, favoring a proinflammatory microenvironment compatible with chronic inflammatory myocarditis (Vitelli-Avelar et al., 2006; Silverio et al., 2010). In addition, we recently showed that CCM is associated to persistently increased levels of immune and metabolic proinflammatory mediators, along with an adverse endocrine anti-inflammatory response that may contribute to the underlying mechanisms related to myocardial tissue damage (González et al., 2018).

During T. cruzi infection, the recruitment and migration of activated T lymphocytes to the heart seem to be key steps to contain parasitism but also contributing to tissue damage. Both processes are complex and not only depend on the state of activation of T lymphocytes but also involve proinflammatory cytokines, chemokines, adhesion molecules, and extracellular matrix (ECM) constituents and corresponding receptors.

Integrins are cell surface receptors capable of mediating cell–cell and cell–matrix contacts. The integrin very late antigen-4 (VLA-4) has a key role in the cellular immune response since it mediates the recruitment of leukocytes to sites of inflammation and also bind to ECM components. The vascular cell adhesion molecule-1 (VCAM-1) and fibronectin are the two well-characterized interaction partners of VLA-4 (Schlesinger and Bendas, 2015). In the context of T. cruzi infection, some findings from animal models proposed that VCAM-1 expression on vascular endothelial cells may have an essential role in T cell attraction to the heart, with recruitment of peripherally activated VLA-4+CD8+ T lymphocytes (dos Santos et al., 2001). Additionally, VLA-4 expression in infiltrating T cells may contribute to T cell attachment to ECM, particularly fibronectin, resulting in a prevalence of this cell population in the inflamed heart. Moreover, VLA-4/fibronectin interactions may stimulate their effector functions and consequently prompt myocarditis (dos Santos et al., 2001). Previous studies on immature T lymphocytes from T. cruzi–infected animals showed an enhancement of their migratory capacity when fibronectin acted as a haptotatic stimulus in combination with the chemokine CXCL12 (Mendes-da-Cruz et al., 2006).

In addition, the proinflammatory cytokine TNF-α plays a key role in controlling parasite load during acute T. cruzi infection (Lima et al., 1997; Castaños-Velez et al., 1998; Lannes-Vieira et al., 2011). However, the presence of TNF-α in the myocardium of chronically infected mice and humans suggests that besides controlling tissue parasitism, they may contribute directly or indirectly to the recruitment of inflammatory cells and the establishment of myocarditis (Reis et al., 1993; Higuchi et al., 1997; Talvani et al., 2000). We previously showed that TNF-α can modulate the ex vivo fibronectin-driven migration of immature T cell precursors during experimental T. cruzi infection and can influence the severity of myocarditis (Pérez et al., 2007; Pérez et al., 2009; Pérez et al., 2012).

Aiming to understand more clearly the dynamics of T-cell migratory events that may influence the development of CCM, we evaluated herein the migratory capacity of T cells derived either from healthy or chronic chagasic patients, with or without cardiac involvement, and whether such migratory response is influenced by chemotactic, e.g., CXCL12, TNF-α, or haptotactic molecules such as the ECM protein fibronectin.



Material and Methods


Study Population

The population in which the migratory responses of T lymphocytes were evaluated consisted of 46 individuals with T. cruzi chronic infection and 20 age-matched healthy volunteers recruited at the Chagas Disease Service from the Department of Cardiology, Hospital Provincial del Centenario de Rosario, National University of Rosario (Rosario, Argentina). The diagnosis of Chagas disease was based on at least two standard serological tests (including ELISA, indirect immunofluorescence, and/or hemagglutination), together with clinical symptoms, heart/chest X-ray, and 12-lead resting electrocardiogram (ECG). None of these patients received parasite-specific treatment (i.e., Benznidazole or Nifurtimox) or had concomitant pathological disorders. Exclusion criteria comprised other infections, neuroendocrine disturbances, immunological diseases, or treatment with hormones or immunomodulators. Control subjects were consistently seronegative to T. cruzi–specific tests.

Patients with chronic Chagas disease were grouped according to their degree of cardiac involvement, as follows: Asymptomatic group (n=20), with normal ECG and chest X-ray and without symptoms, and Cardiac group (n=26). In some analyses, the Cardiac group was further split into a subgroup with mild cardiac involvement (Mild group, n=13). In this subgroup, patients showed any of the following alterations: incomplete right bundle branch block or complete right bundle branch block, ventricular arrhythmia, and chest X-ray cardiothoracic ratio <0.55 but without congestive heart failure. The second subgroup was characterized by severe myocarditis (Severe group, n=13), bearing congestive heart failure, pathological ECG profiles, and/or heart enlargement detected by chest X-ray (cardiothoracic ratio >0.55). All participants provided written informed consent to protocols used here and approved by the local Ethical Committee of the Medical Faculty of National University of Rosario (Resolution n° 2854/2008). The main characteristics of the studied population are summarized in Supplementary Table 1.



Histology and Immunofluorescence of Cardiac Tissue

Heart tissue samples from cardiac transplanted patients bearing chronic Chagas disease were collected at Favaloro Hospital, Buenos Aires. Heart control samples were obtained from cardiac transplanted individuals serologically negative for T. cruzi. All participants provided written informed consent to protocols used here and approved by the Fundación Favaloro Ethical Committee (Res. N° 605/16). Histological analysis of inflammatory infiltrates was performed on paraffin sections stained with hematoxylin-eosin. To analyze the expression of fibronectin, CXCL12, and TNF-α, tissue samples were deparaffinized and hydrated in the sequence of two baths of xylene absolute ethanol 95% and 70% distilled water, followed by PBS. Slides were then immersed in sodium citrate buffer (10 mM, pH 6.0) and inserted in the microwave at full power (three cycles of 5 min each) followed by a PBS bath. Possible interactions with Fc receptors were blocked with incubation of the samples with PBS/BSA/2% goat serum for 1 h. Slides were subjected overnight to optimal concentrations of primary antibodies specifically recognizing fibronectin (DAKO Co., USA), CXCL12 (Santa Cruz, USA), and human TNF-α (Abcam, UK). After PBS washing, we applied appropriate Alexa-488 fluorochrome-labeled secondary antibodies (Invitrogen, USA) for 45 min. Settings were adjusted using an isotype control antibody (Santa Cruz, USA). Following the immunostaining, the specimens were washed in PBS and mounted on coverslips with mounting medium containing antifading reagent (ProLong, Invitrogen, MA, USA) and analyzed with a fluorescence microscope Zeiss Axio Imager A2 and Axiovision Release software (USA). The quantification of the mean fluorescence intensity was determined using ImageJ software, through analysis of five random fields for each marker.



Cytofluorometry

Peripheral blood mononuclear cells (PBMCs) were obtained from fresh EDTA-treated blood samples. The blood was layered over a Ficoll-Paque-PLUS (GE-Healthcare, IL, USA) gradient and centrifuged at 400 g for 30 min at 25°C. The buffy coat was washed and resuspended in RPMI 1640 medium. PBMCs thus obtained were stained by monoclonal antibodies conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE), phycoerythrin coupled to the cyanine dye Cy5TM (PE Cy5), peridinin-chlorophyll-protein (PerCP), or allophycocyanin (APC) for the following cell surface markers: CD3, CD4, CD8, HLA-DR, and CD49d (alpha-4 integrin chain); all from BD Bioscience (CA, USA). Before adding antibodies, the Fc receptor was blocked with total human AB+ serum (Sigma-Aldrich, MO, USA) for 15 min. Cells were then incubated with the antibodies in the dark for 30 min at 4°C. For flow cytometry analysis, cells were gated based on their forward versus side scatter profiles, and data were collected using a FACSCalibur or FACSAria device. Data analysis was performed using the FlowJo software (all from BD Bioscience, CA, USA).



Ex Vivo Cell Migration Assays

Ex vivo cell migration assays were performed using transwell chambers (Corning Costar, Cambridge MA, USA). Aliquots of one million isolated PBMCs were placed onto 5 µm pore transwell inserts previously coated on both sides with fibronectin (10 µg/ml) for 1 h and then blocked on both sides with BSA (10 µg/ml) for 45 min. In a second group of experiments, we added or not different stimuli: CXCL12 (400 ng/ml) or TNF-α (250 pg/ml) 15 min before migration over fibronectin-coated upper chamber. For migration assays, 1.106 cells were placed in the upper chamber of transwell inserts and incubated in RPMI medium with 1% BSA at 37°C in 5% CO2 for 4 h. Cells that migrated towards the lower compartment were collected, counted, and analyzed by flow cytometry after staining with the same markers described above. Assays were conducted in duplicates and compared with control wells that contained medium with BSA alone. For migration over fibronectin, results were reported as the percentage of input: % Input = (absolute number of migrating cells with a given phenotype/Total number of starting cells with the same given phenotype) × 100. For cell migration driven by CXCL12 or TNF-α, results are shown as Δ Input = (% Input with TNF-α or CXCL12) − (% Input over fibronectin).



Statistical Analysis

Comparisons among all groups were done by applying the Kruskall-Wallis non-parametric analysis of variance followed by the Mann-Whitney U test. Results were expressed as mean ± standard error (SE) unless otherwise indicated. The GraphPad InStat 6.0 software (GraphPad, CA, USA) was applied for statistical analyses, and differences were considered significant when the p value was ≤0.05.




Results


Chagasic Cardiomyopathy Correlates With Enhanced Expression of Fibronectin, CXCL12, and TNF-α in Myocardial Tissue and Higher Circulating Levels of CXCL12 and TNF-α

T cell trafficking process into the heart of infected patients may be modulated by in situ expression of chemotactic or haptotactic molecules, like ECM proteins and immune factors. In this context, we first performed a histological analysis and immunofluorescence detection of fibronectin, CXCL12, and TNF-α in myocardial tissues obtained from explanted hearts from non-chagasic individuals (Control group) and from T. cruzi–infected patients with chronic myocarditis (Cardiac group) that underwent cardiac transplantation. Compared to Controls (Figure 1A), myocardial tissue sections from Cardiac patients exhibited obvious infiltrates and fibrosis (Figure 1B) and increased immunoreactivity for fibronectin (Figures 1C–E), CXCL12 (Figures 1F–H), and TNF-α (Figures 1J–L).




Figure 1 | Histological and immunofluorescence analyses of the cardiac tissue of Control subjects and T. cruzi–infected patients with chronic myocarditis. Hematoxylin and eosin staining of healthy myocardium from Control individuals (A) and from Cardiac patients (B) showing the typical diffuse inflammatory infiltrate of T. cruzi chronic infection associated with the inflammatory cell influx. Immunofluorescence images reveals an increased fibronectin (FN) deposition (fibronectin in green, cell nuclei in blue) in the heart sections from Cardiac patients compared to Controls (C, D). The mean fluorescence intensity (MFI) of fibronectin was also increased in the Cardiac group (E). CXCL12 immunolabeling (CXCL12 in green, cell nuclei in blue) showed an augmented expression (F, G) and MFI (H) in Cardiac patients compared to Controls. Systemic amounts of CXCL12 are also enhanced in T. cruzi–infected individuals, despite being Asymptomatic or Cardiac (I). Immunofluorescence images of heart sections from Cardiac patients showing an increased TNF-α expression (TNF-α in green, cell nuclei in blue) (J, K) and MFI (L) compared to Controls. Systemic amounts of TNF-α are also enhanced in Cardiac individuals (M). Isotype controls are shown in the upper left corner of each image. In all cases, MFI was evaluated by measuring five images/heart per study group (Control, n = 3 and Cardiac, n = 3). *p < 0,05 versus Controls. Mann-Whitney U test was used for statistical analyses. Co, Control; Asy, Asymptomatic; Card, Cardiac.



Moreover, CXCL12 circulating levels were higher in all T. cruzi–infected patients (both Asymptomatic and Cardiac), with the Cardiac group presenting the largest increase (Figure 1I). At the systemic level, TNF-α amounts were also increased in the Cardiac group compared with Controls (Figure 1M). Additional analysis also indicated TNF-α amounts were higher in Cardiac subjects with more severe pathology compared to those with mild carditis (Mild = 3.1 ± 1.8; Severe = 7.7 ± 2.4; p<0.05). Together, these data suggest that a systemic inflammatory profile and an increase in chemotactic/haptotatic stimuli driven by these factors might boost the recruitment of activated T lymphocytes into the cardiac tissue.



The Expression of HLA-DR and VLA-4 on T Lymphocytes Positively Correlates With Chagas Disease Progression

To define whether we could find a correlation between the membrane expression profiling for HLA-DR and VLA-4 on T lymphocytes with disease progression, we evaluated by flow cytometry the proportion and surface density of each marker in peripheral T cells from Control, Chagasic Asymptomatic, and Cardiac patients. Figure 2A shows the gating strategy used for flow cytometry analysis. The proportions of the different subpopulations are showed in Table 1. While the percentage of circulating CD3+ T cells decreased in Asymptomatic and Cardiac compared to Control individuals, the relative numbers of CD3+ T cells expressing HLA-DR and VLA-4 increased, especially in Cardiac patients. Table 1 also shows that CD4+ and CD8+ T cell activation is notorious as the severity of the pathology increases (Cardiac over Control HLA-DR fold-increase for CD8+ T cells ~3.2 and for CD4+ T cells ~4.1). Total CD8+ T cells as well as activated CD8+HLA-DR+ T cells showed a high expression of VLA-4, regardless of whether individuals were infected or not (Table 1). On the contrary, we found an increased expression of VLA-4 in CD4+ T cells from T. cruzi–infected patients, whereas its co-expression with HLD-DR is ~15% higher in infected than in Control individuals (Table 1). Furthermore, CD4+ T cells and CD4+HLA-DR+ T cells significantly increased the surface density of VLA-4, mainly in the Cardiac group (Figure 2B).




Figure 2 | VLA-4 and HLA-DR surface expression in T lymphocytes from chronically T. cruzi–infected individuals. (A) Gating strategy for flow cytometry analysis. Cells were first gated on SSC-A versus FSC-A. The lymphocyte gate thus obtained was further analyzed to determine T cell proportions and their expression of HLA-DR and VLA-4 expression. (B) The median fluorescence intensity (MFI) of HLA-DR and VLA-4 were also evaluated in each subpopulation. *p < 0.05 versus Controls. Kruskal-Wallis followed by Mann-Whitney U test were used for statistical analyses. Co, Control (n = 20); Asy, Asymptomatic (n = 20); Card, Cardiac (n = 26).




Table 1 | Percentages of T cell subpopulations expressing VLA-4 and HLA-DR in Control, versus Asymptomatic and Cardiac chagasic groups.





Activated T Cells From Patients With Cardiomyopathy Exhibited Enhanced Fibronectin-Driven Migratory Response

To evaluate the migratory potential of PBMCs and particularly T cells derived from chronically T. cruzi-infected subjects compared to cells from Control individuals, we performed ex-vivo transwell cell migration assays under the stimuli of fibronectin, CXCL12, and TNF-α, combined or not. First, we investigated the putative role of fibronectin upon T cell migration in Chagas disease. Since T cells from infected individuals might exhibit higher ex vivo cytokinesis than T cells from Control subjects, we systematically discounted the values recorded after migration in transwells covered with BSA alone. As shown in Figure 3A, PBMCs from infected subjects showed an enhanced migratory response compared to Controls, being significantly higher in the Cardiac group (~5-fold increase, as compared to Controls) when fibronectin was used as coating of transwell chambers without any other stimulus.




Figure 3 | Migratory capacity of T cells from chagasic patients over fibronectin. (A) The graph shows the absolute number of migrating peripheral blood mononuclear cells (PBMC). (B) Percentage of input of CD3+ T cell subpopulations. (C) Percentage of input of CD4+ T cell subset. (D) Percentage of input of CD8+ subpopulations. In all cases, cells were allowed to migrate in transwell chambers coated with fibronectin or BSA. The values shown correspond to specific migration after subtracting numbers obtained for each sample in wells coated with BSA alone. *p < 0.05 and **p < 0.01 versus Controls. Kruskal-Wallis followed by Mann-Whitney U test were used for statistical analyses. Co, Control (n = 20); Asy, Asymptomatic (n = 20); Card, Cardiac (n = 26).



To evaluate activation of migrant T cells and correlate this pattern with the influx observed in ex-vivo migration, we analyzed the co-expression of HLA-DR+ and VLA4+ in T cells after migration. The input of CD3+ T cells favored by fibronectin is clearly enhanced in Cardiac patients, being this augmented motility positively correlated to VLA-4 expression but not to HLA-DR (Figure 3B). Total CD4+, CD4+VLA-4+, and CD4+HLA-DR+ T cells from Cardiac patients also exhibited enhanced motility, and cells from Asymptomatic subjects showed a similar tendency (Figure 3C). Migratory CD4+ T cells co-expressing VLA-4 and HLA-DR were also significantly augmented in Cardiac patients (Figure 3C). A similar pattern was observed for CD8+ T cells, with exception of CD8+HLA-DR+ T cells (Figure 3D).



TNF-α but Not CXCL12 Enhanced the Ex Vivo Fibronectin-Driven Migratory Response of PBMCs and Activated T Cells From Cardiac Patients

Considering that CXCL12 is strongly chemotactic for T lymphocytes, and since TNF-α could generate a significant enhancement in the migratory response of T cells when associated with other molecules as fibronectin, we evaluated if both molecules could increase the ex vivo fibronectin-driven migratory response of PBMCs and T cells. Although a tendency could be observed towards an increase in migratory response to CXCL12 in PBMCs from the Cardiac group, the differences seen were not statistically significant (Figures 4A, B). Strikingly, however, the addition of TNF-α significantly increased the fibronectin-driven migratory response of PBMCs from Cardiac patients (Figures 4C, D).




Figure 4 | Evaluation of the migratory capacity of peripheral blood mononuclear cells (PBMCs) driven by CXCL12 or TNF-α. (A) Graphs show the absolute numbers of by migrating  PBMCs from control, asymptomatic, and cardiac subjects in transwell chambers coated by fibronectin (FN) or FN+CXCL12. (B) The absolute number of migrating PBMCs in the different groups without and with CXCL12. (C) The absolute number of migrating PBMCs in transwell chambers coated with FN and FN+TNF-α from control, asymptomatic, and cardiac subjects. (D) The absolute number of migrating PBMCs in the different groups without and with TNF-α. In all cases, the values shown correspond to specific migration after subtracting numbers obtained for each sample in wells coated with BSA alone. *p < 0.05 and **p < 0.01 versus Controls. Kruskal-Wallis followed by Mann-Whitney U test were used for statistical analyses. Co, Control (n = 20); Asy, Asymptomatic (n = 20); Card, Cardiac (n = 26).



We then assessed the migration of activated T cells under CXCL12 and TNF-α stimuli. While no changes were observed in CD4+ T cell subpopulations, total CD8+ and activated CD8+HLA-DR+VLA-4+ T cells from the Cardiac group migrated more in the presence of CXCL12 (Figure 5A).




Figure 5 | CXCL12- or TNF-α-driven migratory response of T cells from chagasic patients. (A) Percentage of input of different T cell subpopulations expressing VLA-4 and HLA-DR in FN+CXCL12 coated transwells. (B) Percentages of input for different T-cell subpopulations expressing VLA-4 and HLA-DR in FN+ TNF-α coated transwells. *p < 0.05 and **p < 0.01 versus Controls. Kruskal-Wallis followed by Mann-Whitney U test were used for statistical analyses. Co, Control (n = 20); Asy, Asymptomatic (n = 20); Card: Cardiac (n = 26).



Under TNF-α stimulus, activated CD4+ T cells (CD4+VLA-4+, CD4+HLA-DR+, CD4+HLA-DR+VLA-4+) from chronically T. cruzi–infected patients presented a tendency of an increased migratory activity (Figure 5B). In addition, all CD8+ T cells subpopulations from Cardiac patients exhibited an increased fibronectin-driven migratory response (Figure 5B), reinforcing the notion that molecular interactions mediated by fibronectin and TNF-α stimulate the influx of activated cytotoxic lymphocytes inside the myocardium, particularly CD8+HLA-DR+VLA-4+ T cells.




Discussion

Chagasic cardiopathy is the most serious manifestation of chronic Chagas disease, where the contribution of T cells to heart tissue damage is evident. However, some aspects of CCM pathogenesis remained partially unclear, in particular regarding the molecular interactions involved in the T cell infiltration process. Herein, we provided in situ and ex vivo evidence indicating that T cell trafficking into the heart of patients with CCM may be supported by the in situ enhanced expression and/or deposition of fibronectin and TNF-α.

We found that serum and heart tissue from Cardiac patients exhibited a proinflammatory milieu enriched in TNF-α, as previously shown (Ferreira et al., 2003; Perez et al., 2011; Rodrigues et al., 2012). Moreover, increased fibronectin deposition was observed in the heart tissue of CCM individuals (Waghabi et al., 2009), thus in agreement with our present results. Similarly, within the myocardium of mice infected with T. cruzi, an enhancement of fibronectin and other ECM components was detected, overlapping with the accumulation of the inflammatory infiltrate (Pereira et al., 2014; Coelho et al., 2018). In the transwell migration assays, the combination of fibronectin with TNF-α induced an increase in the migratory response of lymphocytes from patients with Chagas disease, revealing the functional relationship between cytokines and ECM proteins such as fibronectin.

It has been reported that T. cruzi–infected humans and mice displayed an enhanced frequency of CD4+ and CD8+ cells within the intracardiac inflammatory infiltrates, with a predominance of CD8+ T cells being correlated with the progression of the cardiac disease (Higuchi M de et al., 1993; Tarleton et al., 1994; Fuenmayor et al., 2005). In the same vein, activated CD3+HLA-DR+ T effector cells were observed in the blood of Cardiac patients (Dutra et al., 1994; Lepletier et al., 2014). Herein, we also showed that Cardiac individuals displayed circulating HLA-DR+VLA-4+ T cells, thus compatible with an activated/memory phenotype (dos Santos et al., 2001) potentially being attracted by fibronectin alone or in combination with TNF-α, as shown by the ex vivo cell migration assays. Accordingly, PBMCs and T cells from Cardiac patients presented an enhanced migratory capacity driven by fibronectin, but not by CXCL12, despite the existence of a marked tendency, which is in line with previous studies using immature T cells from T. cruzi–infected mice, showing that the presence of CXCL12 increase the migratory capacity of thymocytes (Mendes-da-Cruz et al., 2006).

Based on the present and previous results (Mendes-da-Cruz et al., 2006; Pérez et al., 2012), we postulate that circulating HLA-DR+VLA-4+ T lymphocytes are involved in the development of a cardiac inflammatory infiltrate vector. Furthermore, under these conditions, it is conceivable that inflammatory cytokines such as IFN-γ or TNF-α induce in the infiltrating T lymphocytes an additional increase of HLA-DR, thereby improving the recognition of parasite-derived peptides or parasite-mimetic peptides displayed on the surface of the cardiomyocytes (Corrêa-Oliveira et al., 1999). Thereby, the association between VLA-4/fibronectin and VLA-4/fibronectin/TNF-α seems to be important for T-cell functional activation, as well as for the stimulation of their migratory capacity. Our results suggest that the presence of TNF-α and the enhanced deposition of fibronectin in the myocardium may contribute to the recruitment of inflammatory T cells, resulting in a complex chain of events that reinforce themselves through a feedback loop, ultimately favoring the development and establishment of carditis.

Lastly, since leukocyte influx towards target tissues is at least in part regulated by the interaction of cytokines and/or chemokines with ECM components, manipulating these interactions before the establishment of the cardiac damage may represent a potential therapeutic approach in chronic chagasic patients. Nevertheless, discordant results were reported in preclinical settings after blocking TNF-α (Bilate et al., 2007; Pérez et al., 2009; Pereira et al., 2014; Pereira et al., 2015), and the administration of an anti-TNF antibody to chronic chagasic patients correlated with Chagas disease reactivation (Vacas et al., 2017; Ringer et al., 2021), thus preventing its use in chagasic patients. By contrast, the administration of an anti-VLA-4 antibody attenuated experimental T. cruzi–driven brain inflammation, since it abrogated T-cell influx towards neuroendocrine tissues by blocking VLA-4/VCAM-1 and VLA-4/fibronectin interactions (Roffê et al., 2003). These findings indicate that such interaction can be envisioned as a therapeutic target aiming at blocking the influx of activated and pathogenic T cells to the heart.
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Chagas disease is a parasitic infection caused by the intracellular protozoan Trypanosoma cruzi. Chronic Chagas cardiomyopathy (CCC) is the most severe manifestation of the disease, developed by approximately 20-40% of patients and characterized by occurrence of arrhythmias, heart failure and death. Despite having more than 100 years of discovery, Chagas disease remains without an effective treatment, especially for patients with CCC. Since the pathogenesis of CCC depends on a parasite-driven systemic inflammatory profile that leads to cardiac tissue damage, the use of immunomodulators has become a rational alternative for the treatment of CCC. In this context, different classes of drugs, cell therapies with dendritic cells or stem cells and gene therapy have shown potential to modulate systemic inflammation and myocarditis in CCC models. Based on that, the present review provides an overview of current reports regarding the use of immunomodulatory agents in treatment of CCC, bringing the challenges and future directions in this field.
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Introduction

Chagas disease, caused by Trypanosoma cruzi infection, is a neglected disease classically transmitted to animals and people by hematophagous triatomine vectors (Santos et al., 2020; Mansoldo et al., 2020). It represents an important public health problem, affecting around 7 million people worldwide (WHO, 2021). Although it is endemic in Latin American countries, due to international immigration, it is found nowadays in other regions, such as North America, Japan, Australia, and some countries in Europe (Losada et al., 2021).

The disease courses with an acute and a chronic phase, being, therefore, a long-lasting infection (Andrade et al., 2011). The acute phase is marked by high parasitemia and intense inflammatory response, leading to tissue damage in liver and spleen (Mills, 2020). In the chronic phase, even with the establishment of antiparasitic cellular and humoral immunities and elimination of parasites from the blood, residual parasitism persists in different tissues, including the myocardium and gastrointestinal tract (Mills, 2020). About 20–40% of patients develop digestive form and/or chronic Chagas cardiomyopathy (CCC) in a time period varying the years to decades after infection (Marin-Neto et al., 2013; Bern, 2015).

The pathogenesis of CCC involves parasite-dependent myocardial and immune-mediated tissue damage, being the most severe and frequently found form of symptomatic Chagas disease (Caldas et al., 2019). Symptoms range from mild to severe, presenting with inflammation, fibrosis, arrhythmias, and thromboembolic events, which can lead to congestive heart failure and sudden death (Rassi et al., 2017). The treatment of Chagas disease is still limited to two antiparasitic drugs, which is effective to eradicate the parasite during the acute phase of infection. Since the treatment with trypanocide agents has not yet been proven to be beneficial for patients with CCC (Morillo et al., 2015; Rassi et al., 2017), standard care to treat the symptoms of cardiac disease is provided. So far, the alternative for advanced CCC is heart transplantation, which is a limited procedure due to the availability of the organ and complications generated after immunosuppression therapy that favors the reactivation of the parasite (Morillo et al., 2015). Due to the tissue damage caused by the intense inflammatory response in CCC, an ideal therapeutic intervention should not only comprise strategies capable of eliminating the parasite, but also reducing the heart inflammation. In this context, immunomodulatory agents represent a promising approach to improve CCC treatment. Based on that, the present review provides an overview of current knowledge regarding the use of immunomodulatory agents for treatment of CCC, bringing the challenges and future directions in this field.



Immunopathogenesis of Chagas Disease

During the acute Chagas disease, the first line of defense against the parasite is the innate immune system, which is crucial for T. cruzi elimination. Members of Toll-like receptors (TLR) and Nod-like receptors (NLR) families play important roles in the regulation of the immune response against T. cruzi (Pereira et al., 2014a). These receptors are involved in the recognition of molecular patterns associated with pathogens (PAMPs) and subsequent activation of innate immunity cells, which leads to modulation of the adaptive response (Pereira et al., 2014a). During the process of intracellular multiplication, the parasite releases numerous antigens, promoting the activation of the host’s immune response (Teixeira et al., 2006; Teixeira et al., 2011). Innate immune cells have TLR on their surface, which are able to recognize PAMPs, directly or indirectly inducing an immune response (Rodrigues et al., 2012; Pereira et al., 2014a). After activation via TLR, macrophages and dendritic cells produce pro-inflammatory molecules involved in local and systemic responses against the parasite, such as the cytokines Interleukin (IL)-1β, IL-6, IL-8, IL-12, tumor necrosis factor (TNF), and chemokines, as well as microbicidal substances, such as nitric oxide (Rodrigues et al., 2012). Macrophages and dendritic cells (DC) detect and eliminate parasites and may act as antigen presenting cells (APCs) (Figure 1).




Figure 1 | Immune responses during Trypanosoma cruzi infection. After activation via Toll-like receptors, innate immune cells, such dendritic cells and macrophages, produce pro-inflammatory molecules, such as IL-1β, IL-6, IL-8, IL-12, TNF, and nitric oxide, which help in combating the parasite. However, these molecules contribute to inflammation in the heart in both phases of disease. IL-12 production promotes a shift towards Th1 lymphocyte profile. CD4+ and CD8+ T cells, mainly through the production of IFN-γ, contribute to the activation of other immune cells and increase the production of pro-inflammatory molecules, such as IL-12, TNF, and nitric oxide, cooperating for the control of infection. The persistence of high levels of pro-inflammatory cytokines, such as IFN-γ and TNF, and the increase in IFN-γ-producing CD4+ and CD8+ T lymphocytes contribute to the persistence of inflammation in heart. Moreover, the low-recruitment of T-regulatory cells (Treg) and reduced IL-10 production also favor the persistence of heart inflammation in CCC.



Macrophages play a central role the control of T. cruzi infection, despite representing their initial site of development (Basso, 2013; Acevedo et al., 2018). Macrophages and neutrophils produce IL-12, causing natural killer cells (NK cells) to secrete interferon-gamma (IFN-γ), which, in turn, increases the production of IL-12, TNF and nitric oxide, cooperating for the control of parasitemia. In the acute phase of infection, the stimulation of inflammatory responses is essential for the control parasitemia, requiring the action of several mediators, such as IL-12, IL-18, IFN-γ, and nitric oxide (Antúnez and Cardoni, 2000).

In the chronic phase of Chagas disease, increased frequencies of circulating T lymphocytes are found, which exert a key role in the regulation of the inflammatory process via secretion of pro- and anti-inflammatory mediators (Dutra and Gollob, 2008; Acevedo et al., 2018). T CD4+ lymphocytes release cytokines that stimulate or inhibit the action of other cells, such as macrophages, dendritic cells, and lymphocyte subpopulations, including antigen-specific B lymphocytes to produce antibodies against T. cruzi. There is evidence, in mouse models, that a combined response between the Th1 and Th2 profiles shows better results in parasite control, with Th1 predominating in the control and elimination process of T. cruzi (Silva et al., 1992; Hoft and Eickhoff, 2005; Acevedo et al., 2018). Additionally, increased frequencies of T CD8+ cells are usually found in places where the parasite remains, suggesting an important role of this cell population in the control of residual tissue parasitic load. Therefore, the parasite’s persistence may be due to the non-recruitment of CD8+ cells or to the inhibition caused by CD4+CD25+ Treg cells and TGF-β production (Tzelepis et al., 2008; Basso, 2013).

The production of TNF, IFN-γ, IL-12, IL-22, and IL-6 may vary, depending on the T. cruzi strain, as well as the host’s genetic background (Poveda et al., 2014; Cardillo et al., 2015). The production this cytokines can cause an exacerbated and persistent inflammatory response that induce significant damage to the host’s tissue. Therefore, in order to regulate this inflammatory process, the production of anti-inflammatory cytokines, such as IL-10 and IL-4, is induced to avoid the harmful effects that too much stimulation of the immune system could cause. Furthermore, IL-4 also plays a role in the process of stimulating the production of TGF-β, responsible for controlling the activity of antigen-presenting cells (Basso, 2013; Cardillo et al., 2015; Acevedo et al., 2018).

CCC is characterized by multifocal myocarditis, fibrosis and damage to cardiac muscle fibers, as a result of the persistence of the parasite, inflammatory cells, or both (Higuchi et al., 1987; Cunha-Neto and Chevillard, 2014). IFN-γ-producing cells are found in the hearts of mice and patients with CCC (Ferreira et al., 2014). The persistence of high levels of pro-inflammatory cytokines and the increase of IFN-γ-producing CD4+ and CD8+ T lymphocytes in peripheral blood, in addition to the reduction of Treg cells, promote tissue injury (Nogueira et al., 2014). In contrast, there is a predominance of a regulatory environment in the indeterminate chronic form, with an increase in the number of regulatory cells and elevated production of IL-10, which promotes the deactivation of macrophages and inhibits the effects of T and NK cells (Gomes et al., 2003; Cunha-Neto et al., 2009). Thus, the contribution of an exacerbated Th1 response to cardiac involvement is evident.

In order to control the infection, there must be a balance between the effector mechanisms against the parasite and the production of chemical mediators that prevent this exacerbated immune response and, consequently, tissue damage (Basso, 2013; Acevedo et al., 2018). Therefore, tuning the immune response with immunomodulatory agents may help in the prevention or control of CCC.



Conventional Antiparasitic Therapies

Nifurtimox and benznidazole are the only drugs potentially effective against T. cruzi available for almost 50 years (López-Muñoz et al., 2010; Lourenço et al., 2018). However, they have efficacy limited to the chronic phase of the disease and their use is associated with side effects (López-Muñoz et al., 2010).

Nifurtimox, derived from nitrofuran - a class of drugs with antibiotic and antimicrobial activity – was developed as a therapeutic option for the treatment of Chagas disease in the 1960s (Coura and Castro, 2002). During the phase of acute infection or congenital Chagas disease, treatment with nifurtimox promotes parasitological cure in 70% of patients after two months of treatment, reducing the severity and duration of the infection and, consequently, the risk of death (Marin-Neto et al., 2009; Salomon, 2012).

The administration of nifurtimox is done orally, with recommended dosage of 8-10 mg/kg/day, for up to 90 days; however, the dosage can be adapted according to the patient’s age (Pérez-Molina et al., 2015; Pérez-Molina and Molina, 2017). On the other hand, treatment with this antiparasitic drug was discontinued in Brazil from the 1980s and later and in other South American countries, such as Argentina, Chile, and Uruguay (Coura and Castro, 2002) due to the side effects caused in about 40% of patients, including headaches, anorexia, vomiting, nausea, drowsiness, and irritability of psychiatric disorders (Benziger et al., 2017). However, these adverse effects can be reversed by reducing the dose or discontinuing treatment.

On the other hand, benznidazole, derived from nitroimidazole, has been used since the 1970s (Bern et al., 2007). Its administration has been shown to be effective for the treatment of Chagas disease in the acute phase, as well as in cases of reactivation of the infection in transplanted patients (Marin-Neto et al., 2009).

Despite presenting results similar to nifurtimox, with a parasitological cure rate of around 70%, benznidazole is considered the treatment of first choice (Salomon, 2012) due to the advantage of having a lower occurrence of adverse effects, such as allergic dermatitis, insomnia, anorexia, and weight loss (Tanowitz et al., 2009). Benznidazole is also administered orally, but its dosage varies between 5-10 mg/kg, two or three times, usually for 60 days (Pérez-Molina and Molina, 2017).

Both benznidazole and nifurtimox have excellent results in treating the acute phase or congenital infection, but its efficacy in the chronic phase still shows controversial results (Marin-Neto et al., 2009; Salomon, 2012). Nifurtimox may be harmful for adult patients who already have some type of cardiac involvement due to chronic Chagas disease, since it presents toxicity against the heart and pancreas in an experimental model (Urbina, 2010).

Although the administration of benznidazole in the chronic phase has a reduced percentage of cure, its use has been associated with the prevention of complications caused by the disease (Rassi et al., 2017), in the chronic phase, it was shown a cure rate ranging between 60-93% in children, while for adults this rate is around 40% (Andrade et al., 1996).

Aiming at developing alternatives to benznidazole and nifurtimox, inhibitors of cruzipain (or cruzain), the main cysteine protease of the parasite, and of ergosterol biosynthesis, were investigated. Among the cruzain inhibitors, the K11777 peptide stands out for its potent in vitro activity and for its beneficial effect on infected mice in acute and chronic infection models of Chagas disease (Engel et al., 1998; Chen et al., 2010). Unfortunately, the advance of this compound in preclinical trials was stopped due to its low tolerability in dogs and primates (Drugs For Neglected Diseases, 2014). As for compounds capable of inhibiting ergosterol synthesis, a promising example is posaconazole, which acts on the parasite’s C14α-sterol demethylase enzyme. This antifungal showed promising activity in preclinical studies, however, when tested in a phase II clinical trial, it showed a low cure rate (around 20%) in chronic chagasic individuals (Buckner and Urbina, 2012; Molina et al., 2014).

Therefore, for the chronic phase of Chagas disease, there is still no proven effective therapy. The detrimental role of inflammation in CCC, however, indicates that anti-inflammatory strategies may be beneficial in controlling the tissue damage promoted by pro-inflammatory cells. Thus, an interesting therapy for CCC may involve moderate immunosuppression, allowing the antiparasitic defenses to maintain the parasitemia control, while reducing tissue damage.



Immunomodulatory Agents and CCC


Drugs

As previously described, chemotherapy based on antiparasitic drugs is not able to stop or reverse the damage caused by the inflammatory response in CCC, although they can decrease or eradicate parasite load (Morillo et al., 2015). In this context, immunomodulatory drugs used alone or in combination with antiparasitic drugs can be a promising approach for the treatment of CCC. Both strategies seek to reduce inflammation, prevent organ deterioration and improve the quality of life and survival of CCC patients.

Several compounds of different pharmacological classes have already been shown to act as immunomodulatory agents in experimental models of mild and severe (Table 1). These compounds were able to modulate inflammatory process in CCC, acting in different pathways (Figure 2). Interestingly, none of compounds reactivated the parasitemia, proven that a moderate immunosuppression can be beneficial for CCC treatment.


Table 1 | Immunomodulatory drugs used in CCC models.






Figure 2 | Main effects of immunomodulatory therapies on CCC models. Immunomodulatory drugs and cell/gene therapies are able to modulate systemic inflammation and myocarditis though different pathways in CCC models. The main immunomodulatory effects shown are: recruitment of T regulatory T cells (Treg) or myeloid-derived suppressor cells (MDSC); increased production of IL-10, recruitment of macrophages with a M2 phenotype; and decrease of IFN-γ, TNF, and adhesion molecules (ICAM-1, VCAM-1 and E-selectin) levels. In addition, several therapies described here also promoted a reduction of fibrosis and parasite load, which ameliorate the heart deterioration.



Acetylsalicylic acid (aspirin), when tested in a BALB/c mouse model of chronic Chagas disease, decreased cardiac inflammatory infiltrate and cardiac fiber disarrangement (González-Herrera et al., 2017). These effects were associated with known actions of aspirin, which as reduction of thromboxane levels and adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin, key molecules for the recruitment of monocytes and lymphocytes, which are involved in CCC pathogenesis (Molina-Berríos et al., 2013). Interestingly, simvastatin, a cholesterol-lowering statin, also decreased myocardial inflammation alone or in combination with benznidazole, as well as the area of fibrosis in the heart. Moreover, it inhibited endothelial cells (EC) activation, as shown by the reduced expression of endothelial cell adhesion molecules, such as ICAM-1, VCAM-1, and E-selectin (González-Herrera et al., 2017). The effects of simvastatin in EC activation were partially reversed in 5-lipoxygenase knockout mice, suggesting a central role of 15-epi-lipoxin A4 production in the beneficial mechanisms of simvastatin in CCC (González-Herrera et al., 2017).

Another drug with potential use for treatment of CCC is pentoxifylline, a phosphodiesterase inhibitor with anti-inflammatory and cardioprotective effects (Sliwa et al., 2002; Shaw et al., 2009). Treatment of chagasic C57BL/6, which represents a model of mild CCC, with pentoxifylline reversed electrical abnormalities, decreased the number of inflammatory cells and reduced distances of connexin-43+ gap junctions in the heart. Moreover, it promoted the reduction of fibronectin area and CK-MB activity, markers of heart injury in T. cruzi-infected mice (Pereira et al., 2015). Interestingly, pentoxifylline also ameliorated the heart injury and electrical alterations in T. cruzi-infected C3H/He mice, which present a higher inflammation and heart parasitism than infected C57BL/6 mice, being considered a model of severe CCC (Pereira et al., 2014b). Furthermore, Vilar-Pereira et al. (2016) demonstrated that pentoxifylline associated with benznidazole was able to reduce the parasite load, myocarditis and fibrosis, in addition to restoring normal heart rate (QTc) corrected QT intervals in a C57BL/6 mice model for CCC.

In a different way, G-CSF, a pleiotropic cytokine, promoted a reduction of o inflammation and fibrosis in chronic chagas heart with improvement of heart function (Macambira et al., 2009; Vasconcelos et al., 2013). Correlating to the histological findings, a decrease in pro-inflammatory molecules such as, ICAM-1, galectin-3, IFN-γ, syndecan-4 and TNF was found In addition, G-CSF induced an increase of the anti-inflammatory cytokine IL-10 levels and the recruitment of Treg cells, which constitute an anti-inflammatory T-cell population (Belkaid et al., 2006). Interestingly, G-CSF also promoted a reduction in the parasite load in hearts of infected mice. Through in vitro experiments, a trypanocidal effect of G-CSF against T. cruzi was confirmed, characterizing the dual effect (antiparasitic and immunomodulatory) of this cytokine (Vasconcelos et al., 2013).

N-N-dimethylsphingosine (DMS), a pan sphingosine inhibitor, has also shown a dual nature of action in CCC, by reducing the parasitism, as well as heart inflammation and fibrosis in T. cruzi-infected C57BL/6 mice (Vasconcelos et al., 2017). The dual nature of DMS was supported by in vitro experiments showing that DMS inhibited lymphocyte proliferation, reduced nitric oxide and cytokine production in cultures of activated macrophage, having, in contrast, a direct effect on trypomastigotes and amastigotes forms of T. cruzi. Interestingly, DMS was shown to activate the inflammasome pathway, which contributes to its antiparasitic effect (Vasconcelos et al., 2017).

Lastly, BA5, an amide semi-synthetic derivative from the natural pentacyclic triterpenoid betulinic acid, was also proven to be a promising treatment for CCC. Initially, BA5 was characterized by its potent anti-T. cruzi activity, with values of IC50 against trypomastigotes (IC50 = 1.8 µM) and amastigotes (IC50 = 10.6 µM) lower than benznidazole (IC50 trypomastigotes = 10.6 µM; IC50 amastigotes = 13.5 µM) (Meira et al., 2016). In a second investigation, BA5 promoted the reduction of important inflammatory mediators, such as nitric oxide and TNF, as well as inhibition of nuclear factor-кβ (NF-кβ) in cultures of activated macrophages and also show a protective effect against a lethal dose of LPS in a mouse model of endotoxic shock and decrease edema in a delayed type of hypersensitivity model (Meira et al., 2017). Finally, in a mouse model of CCC, BA5 attenuated attenuated heart inflammation and fibrosis in the hearts of infected mice. These effects were related to a reduction of pro-inflammatory molecules, such as IFN-γ, IL-1β, and TNF, and increased IL-10 production. Moreover, polarization to anti-inflammatory/M2 macrophage phenotype was evidenced by a decrease in the expression of NOS2 and proinflammatory cytokines and the increase in M2 markers, such as Arg1 and CHI3, in mice treated with BA5 (Meira et al., 2019).

In summary, immunomodulatory compounds may be an interest therapeutic tool to the management of CCC, especially those with dual effects (antiparasitic and immunomodulatory actions) or in combination with antiparasitic drugs, such as benznidazole (Cevey et al., 2017; González-Herrera et al., 2017).



Cell Therapy

As mentioned previously, APCs are essential elements for the immune system due to the connection established between innate and adaptive immunity and the unique ability to modulate the adaptive response, which can induce immunity or tolerance. These cells have been the target of several studies of immunotherapy aimed to promote immunomodulation (García-González et al., 2016; Moreau et al., 2017).

DCs have the ability to activate or induce T cell tolerance (Stagliano and Oppenheim, 2013), as determined by their state of maturation (Jansen et al., 2017). When mature DCs mediate immune responses in inflammatory conditions, these cells have a regulatory profile with the ability to induce immune tolerance, oppositely to DCs expressing an immature phenotype (Domogalla et al., 2017; Moreau et al., 2017).

Tolerogenic dendritic cells (tDCs) have been tested as a therapeutic tool to reduce or prevent autoimmune diseases (Hermansson et al., 2011; Lee et al., 2014; Choo et al., 2017; Huang et al., 2017; Aragão-França et al., 2018). Considering the pathogenetic mechanisms of Chagas disease and the important role of DCs in the regulation of immune responses, Santos et al. (2020) tested the therapeutic potential of tDCs in an experimental model of CCC. Administration of tDCs reduced cardiac inflammation and fibrosis, hallmarks of CCC. Furthermore, tDCs increased the frequency of Treg cells, elevated IL-10 production and inhibited the expression of markers associated with fibrosis, such as galectin-3, demonstrating a potential use of these cells in the immunotherapy for CCC.

Regenerative therapies have also been investigated for the treatment of chronic Chagas heart disease since stem cell-based therapies have emerged as an alternative to CCC treatment due to their regenerative and immunomodulatory properties (Table 2). Initially, bone marrow mononuclear cells (BMMC), a cell fraction containing both mesenchymal and hematopoietic stem cells, were used due to their easy obtention, low cost and long experience in their use in other diseases, facilitating translation for clinical use. In 2004, Soares et al., observed a decrease in inflammatory cell number and percentage of fibroblasts in chronically infected BALB/c and C57BL/6 mice intravenously treated with BMMC, a result that lasted up to 6 months after transplantation. Later, Goldenberg et al. (2008) demonstrated a beneficial effect of BMMC therapy in the heart function of chronically infected C-129 mice, which represents a model of right ventricular (RV) cavity dilation. The authors observed a significant reduction in the RV dilation 3 months after treatment with BMMC. Additionally, BMC treatment prevented RV dilation when applied one month after the infection.


Table 2 | Cell therapy studies in mice models of chagasic cardiomyopathy.



To investigate the mechanisms by which BMMC exerted its beneficial effects in CCC a cDNA microarray analysis was performed in hearts of chronically T. cruzi-infected mice, showing a large number of alterations in gene expression when compared to naïve mice (Soares et al., 2010; Soares et al., 2011). BMMC-transplanted infected mice, however, had a marked decrease in gene expression changes in the heart two months after cell therapy, showing a potent modulatory effect of BMC infusion (Soares et al., 2011). Of special interest, it was observed the down-regulation of several genes related with inflammation and fibrosis, including galectin 3, SDF-1, and TIMP-1, indicating a potent immunomodulatory action of transplanted BMMC.

The results found in the experimental models led to the development of a clinical trial to evaluate the safety and efficacy of BMC transplantation in patients with heart failure of Chagas etiology (Vilas-Boas et al., 2011). In this study, 28 patients were treated by the coronary route and evaluated 180 days later. The authors observed an improvement in the left ventricular ejection fraction, in the NYHA functional class, in the Minnesota quality of life score and in the six-minute walk test after autologous BMMC infusion, and no changes related to the procedure were found (Vilas-Boas et al., 2011). Subsequently, a randomized multicenter clinical trial was conducted with 183 patients divided into BMMC-treated and placebo groups (Santos et al., 2012). Patients were treated or not with BMMC by intracoronary route and evaluated 6 and 12 months after therapy. However, there were no statistically significant differences between groups when comparing several parameters, such as left ventricular ejection fraction (LVEF), NYHA functional class, Minnesota quality of life score, and six-minute walk test (Santos et al., 2012).

The reasons why the therapy with BMMC, despite producing good results in mice, was not observed in humans are unknown. One possible explanation may be o the differences between the mouse experimental models and the disease in humans, such as the lack of dilatation of right ventricular chamber in mice while humans present with left ventricular dysfunction. In addition, apical aneurysm and fatal arrhythmias occur in humans but not in mice, although T. cruzi-infected mice may show ECG changes, arrhythmias and conduction defects. Another factor to be considered is the number of cells used in the therapeutic scheme. To use in humans a dose equivalent to that used in studies with mice, it would be necessary to transplant 3.5 billion cells, while in the study performed on humans the treatment was done with 100 to 250 million cells (Carvalho et al., 2017).

In view of the above, other types of stem cells, such as mesenchymal stem/stromal cells (MSC), began to be studied as a better alternative to cell therapy in Chagas disease. MSC can be obtained from different sources, such as bone marrow, adipose tissue, and cardiac tissue, they are easy to obtain and expand, and possess immunomodulatory activity and low immunogenicity (Chamberlain et al., 2007). Such characteristics have made these cells a promising alternative for use in the treatment of CCC, due to its immunological pathogenetic mechanism.

Using bone marrow-derived MSC in the acute phase of Chagas disease, Jasmin et al. (2012) observed that, despite the low number of cells homing to the heart, MSC-treated animals had a decreased right ventricular internal diameter (RVID), suggesting a paracrine action of these cells. MSC may exert paracrine effects due to the secretion of different factors, such as growth factors, cytokines, microRNA (miRNA), and small molecules (collectively called secretome), which act in resident, as well as in immune cells, modulating their function and reducing fibrosis and inflammation, among other effects (Chang et al., 2021). When tested in the chronic phase, MSC showed similar results were observed in relation to homing and reduction of RVID (Jasmin et al., 2014). Other studies reinforced the hypothesis of paracrine effect of MSC, regardless of the source, as is the case of adipose-derived human mesenchymal stem cells (AD-MSC), transplanted by intraperitoneal route. In this case, these cells were found located in the abdominal or subcutaneous fat and, even so, the treated animals had a reduction in cardiac inflammation, parasitism and fibrosis, and prevented RV dilation (Mello et al., 2015). Additionally, Larocca et al. (2013), using the same route for MSC administration, observed a significant reduction in heart inflammation and fibrosis, but there was no improvement in arrhythmias in mice with CCC.

In another study, Silva et al. (2014) tested MSCs obtained from the mouse cardiac tissue. After treatment by intramyocardial injection in mice with CCC, a reduction in inflammation and TNF in cardiac tissue was observed two months after therapy. However, there was no significant reduction in the area of fibrosis, which correlated an increase in TGF-β expression. Although MSCs used were obtained from cardiac tissue, these cells were not able to differentiate into cardiomyocytes, since the few cells observed in cardiac tissue did not express specific cardiomyocyte markers such as troponin T and connexin 43.

Since the paracrine effects are an important mechanism of action of MSC, the genetic modification of these cells has been used as a tool to increase the production of specific factors that would enhance their therapeutic effect. Such a strategy allows bioactive molecules to be delivered systemically or directly to the injury site.

Genetic modification was carried out to induce the production of G-CSF, a growth factor known to mobilize bone marrow-derived stem cells to the peripheral blood (Anderlini and Champlin, 2008), and previously known to promote beneficial effects in the mouse model of CCC (Macambira et al., 2009; Vasconcelos et al., 2013). Silva et al. (2018) observed that G-CSF-genetically modified MSC were able to reduce inflammation and fibrosis and also reduce the production of inflammatory mediators (such as TNF and IFN-γ) and increase IL-10 levels in a more pronounced way the control MSC, when transplanted into mice with CCC. The authors attributed the observed effects to an increase in the ability to recruit suppressor cells, such as Treg cells and myeloid derived suppressor cells (MDSC).

Another growth factor tested by this approach was insulin like growth factor-1 (IGF-1), which increases the viability and differentiation of stem cells and progenitor cells (Rebouças et al., 2016). IGF-1 also improved the engraftment of MSC, which inhibits cardiomyocyte cell death in a model of myocardial infarction (Enoki et al., 2009). Using genetically modified MSC to overexpress IGF-1 (MSC-IGF-1) in a model of CCC, a reduction of inflammation and fibrosis in the heart and systemic TNF levels were found in mice treated both with IGF-1-modified or control MSC. However, MSC-IGF-1 therapy promoted a potent reduction of myofiber loss in skeletal muscle in T. cruzi-infected mice, compared to control groups (MSC or vehicle).

Although MSC have shown to promote beneficial effects in the mouse model of chronic Chagas heart disease, clinical trials are needed to demonstrate whether this therapy has beneficial effects in humans.



Gene Therapy

As previously described, fibrosis and cardiac inflammation are the main features of CCC and excessive fibrosis leads to ventricular dilation and heart failure (Rassi et al., 2010; Bern, 2015; Morillo et al., 2015). Thus, seeking interventions focused on improving cardiac fibrosis could reflect an improvement in cardiac function and even a reduction in the risk of mortality (Yuan et al., 2017). Some genes related to this disease process have already been identified, but there are still gaps in relation to regulatory mechanisms (Frey and Olson, 2003).

Within the gene processes related to remodeling pathways, there is the action of microRNAs (miR), which are short 18-25 nucleotide RNA sequences that specifically regulate gene expression and apparently act as regulators of gene expression, exerting, among its functions, the inhibition of translation or promotion of mRNA (messenger RNA) degradation (Van Rooij et al., 2006; Bartel, 2009; Shukla et al., 2011).

In fact, microRNAs have been described as regulators in several pathophysiological processes, including cell proliferation, differentiation, apoptosis, and carcinogenesis. Recently, miRs have been linked to several processes regulating heart disease, such as mMiR-29, miR-30 and miR-133, described as inhibitors of collagen expression (Van Rooij et al., 2008; Duisters et al., 2009), and miR-21, shown to be an important regulator in fibroblast proliferation and fibrosis (Thum et al., 2008; Yuan et al., 2017).

In order to modulate fibrosis and inflammation present in CCC, Nonaka et al. (2021) explored the potential of miR-21 as a therapeutic target. Initially, upregulation of circulating and cardiac miR-21 was identified in patients with CCC, as well as in T. cruzi-infected mouse hearts. In vitro and well as in silico analyses showed the pro-fibrotic action of miR-21. In the same study, using a mouse experimental model of CCC, the authors showed that miR-21 blockage using nucleic acid (LNA)-anti-miR-21 caused a reduction of inflammation and fibrosis in the heart tissue. Further studies involving gene therapy are needed to explore the potential of miR-21 and other microRNAs as therapeutic candidates for CCC.




Concluding Remarks

Despite having more than 100 years of discovery, Chagas disease remains without an effective treatment, especially for patients with CCC. Since the pathogenesis of CCC depends on a parasite-driven systemic inflammatory profile that leads to cardiac tissue damage, the use of immunomodulators has become a rational alternative for the treatment of CCC. As shown here, the use of immunomodulatory agents, such as drugs, gene and cell therapy, is able to modulate systemic inflammation and myocarditis, and promote, in certain cases, an improvement of heart function, through different pathways (Figure 2). In addition, the positive effects can be enhanced in therapeutic regimens that use the association of antiparasitic and immunomodulatory agents. There is a need, however, to conduct pre-clinical studies with animal models more representative to human CCC, such as non-human primates, and then clinical studies to indicate the potential clinical application of immunomodulatory agents considering the complex pathogenesis of CCC.
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Trypanosoma cruzi infection causes Chagas’ disease in humans. The infection activates the innate and adaptative immunity in an orchestrated immune response to control parasite growth, guaranteeing host survival. Despite an effective immune response to the parasite in the acute phase, the infection progresses to a chronic stage. The parasite infects different tissues such as peripheral neurons, the brain, skeletal muscle, and heart muscle, among many others. It is evident now that tissue-specific immune responses may develop along with anti-parasite immunity. Therefore, mechanisms to regulate immunity and to ensure tissue-specific tolerance are operating during the infection. Studying those immunoregulatory mechanisms is fundamental to improve host protection or control inflammatory reactions that may lead to pathology. The role of IL-2 during T. cruzi infection is not established. IL-2 production by T cells is strongly down-modulated early in the disease by unknown mechanisms and remains low during the chronic phase of the disease. IL-2 activates NK cells, CD4, and CD8 T cells and may be necessary to immunity development. Also, the expansion and maintenance of regulatory T cells require IL-2. Thus, IL-2 may be a key cytokine involved in promoting or down-regulating immune responses, probably in a dose-dependent manner. This study blocked IL-2 during the acute T. cruzi infection by using a neutralizing monoclonal antibody. The results show that parasitemia and mortality rate was lower in animals treated with anti-IL-2. The percentages and total numbers of CD4+CD25+Foxp3+ T cells diminished within three weeks of infection. The numbers of splenic activated/memory CD4 and CD8 splenic T cells increased during the acute infection. T cells producing IFN-γ, TNF-α and IL-10 also augmented in anti-IL-2-treated infected mice. The IL-2 blockade also increased the numbers of inflammatory cells in the heart and skeletal muscles and the amount of IL-17 produced by heart T cells. These results suggest that IL-2 might be involved in the immune regulatory response during the acute T. cruzi infection, dampening T cell activation through the expansion/maintenance of regulatory T cells and regulating IL-17 production. Therefore, the IL-2 pathway is an attractive target for therapeutic purposes in acute and chronic phases of Chagas’ disease.
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Introduction

Trypanosoma cruzi infection causes Chagas’ disease in humans (Koberle, 1968; Umezawa et al., 2001; Chagas, 2008; Rassi et al., 2010). Parasites in the bloodstream are a characteristic of acute illness. The infection activates the innate and adaptative immunity in an orchestrated immune response to control parasite growth (Brener and Gazzinelli, 1997; Cardillo et al., 2015). Despite an effective immune response to the parasite in the acute phase, the infection progresses to a chronic stage (Cardillo et al., 2015). The parasite infects different tissues such as peripheral neurons, brain, skeletal muscle, and heart muscle, among many others (Rassi et al., 2010). In humans, trypanocidal drugs may clear the parasite if used in the acute infection but seem ineffective in stopping disease progression when given during the chronic illness (Rassi et al., 2010; Morillo et al., 2015). It is evident now that tissue-specific immune responses may develop along with anti-parasite immunity (Leon and Engman, 2003; Lu et al., 2010). Therefore, mechanisms to regulate immunity and ensure tissue-specific tolerance are likely to operate during the infection. These observations suggest that a balanced immune response must be achieved to control the condition and the host survival with minimal tissue damage. Only about 30% of infected people developed clinical disease, arguing that most infected subjects develop an appropriate immune response (Leon and Engman, 2003; Cardillo et al., 2015). So, studying immunoregulatory mechanisms is fundamental to either improve host protection or control inflammatory reactions that may lead to pathology (Hunter et al., 1997; Hori and Sakaguchi, 2004). Cytokines and their pathways are crucial targets for immunotherapies in many immune-mediated pathologies (Hunter et al., 1997; Boyman and Sprent, 2012; Arenas-Ramirez et al., 2015). Many cytokines are necessary for immunity during the acute T. cruzi infection (Abrahamsohn and Coffman, 1996; Cardillo et al., 1996; Basso et al., 2004; Bastos et al., 2007; Miyazaki et al., 2010; Roffe et al., 2012). Interleukin (IL)-17, IFN-γ, TNF-α, and IL-10 may be critical to the host survival and infection control (Abrahamsohn and Coffman, 1996; Cardillo et al., 1996; Basso et al., 2004; Bastos et al., 2007; Miyazaki et al., 2010; Roffe et al., 2012). IL-2 may activate NK cells, γδ T cells, CD4, and CD8 T cells and may also be necessary during acute and chronic T. cruzi infection (Liao et al., 2013; Mengel et al., 2016).

Furthermore, IL-2 is required to expand and maintain regulatory T cells (Horak, 1995; Furtado et al., 2002; Malek, 2003; Thornton et al., 2004; Liao et al., 2013). The role of Tregs during the acute phase of T. cruzi infection is not settled. Some authors have reported that these cells have a modest but significant biological function, as their inactivation improves the host resistance to T. cruzi (Kotner and Tarleton, 2007; Mariano et al., 2008; Sales et al., 2008; Nihei et al., 2014; Bonney et al., 2015). However, the studies above have used different monoclonal antibodies to CD25 molecules, interfering directly with the IL-2 axis (Sakaguchi et al., 1995). In this study, we blocked IL-2 using a neutralizing monoclonal antibody (Setoguchi et al., 2005). We further analyzed the frequency of regulatory T cells and the effector conventional T cell pool for their activation status and the secretion of cytokines implicated in the resistance and survival to T. cruzi infection as biomarkers for immunoregulation. The results show that parasitemia and mortality rate was lower in mice treated with anti-IL-2. The percentages and total numbers of CD4+CD25+Foxp3+ T cells diminished within three weeks of infection in animals treated with anti-IL-2 mAb. Neutralization of IL-2 increased the numbers of recently activated CD4+CD69+ T cells and memory CD4 and CD8 T cells after three weeks of infection and the numbers of splenic T cells producing IFN-γ, TNF-α and IL-10. The IL-2 blockade also increased the number of inflammatory cells and T cells secreting IFN-γ, IL-17, and IL-10 in the heart and skeletal muscles. These results suggest that IL-2 might be involved in the immune regulatory response during the acute T. cruzi infection, dampening T cell activation and the production of inflammatory cytokines. These functional activities might be related to the expansion/maintenance of regulatory T cell function/numbers, a direct effect of IL-2 on cells that express high-affinity receptors (CD25), as previously shown (Horak, 1995; Furtado et al., 2002; Malek, 2003; Thornton et al., 2004; Liao et al., 2013).



Materials and Methods


Animals

C57Bl/6 mice (1-2 months old) were from the Centro de Pesquisas Gonçalo Moniz animal house. The animals were kept in micro-isolators under conventional conditions and were manipulated according to institutional ethical guidelines. The Committee approved all the protocols used in this study for Ethics of the Oswaldo Cruz Foundation, under the protocol number: CpQGM 015-09.



Infection and Treatment With Anti-IL-2 Monoclonal Antibody

Groups of 5 to 20 mice were infected intraperitoneally with 103 blood-form trypomastigotes of the Tulahuen strain of T. cruzi in 0.2 ml of 0.15 M phosphate-buffered saline (PBS). Control mice received the same volume of PBS. The numbers of parasites were evaluated in 5 μL volumes of blood. Anti-IL-2 mAb (clone JES6-1A12) and rat Ig were semi-purified from ascitic fluid or sera, as previously described (Setoguchi et al., 2005; Nihei et al., 2014). Rat Ig has been used as a control in infected mice. A half milligram of the antibody preparations was injected intravenously on days -1, +1, +3, +5, and +7 of the infection.



Preparation of Heart and Skeletal Muscles Mononuclear Cells

Skeletal muscle or heart fragments were obtained from C57Bl/6 infected mice. Muscles were sliced into small pieces (less than 2 mm diameter) and incubated in collagenase (Sigma-Aldrich) at a 1 mg/ml concentration, diluted in RPMI for 45 min at 370C. Cell suspension and the remaining tissue were further passed through a metal mesh (70 μm pore). Recovered cell suspension was washed three times in incomplete RPMI, and the pellet diluted in 40% Percoll (GE Healthcare Biosciences AB, Uppsala, Sweden). A discontinuous Percoll gradient 40/80% was used to separate mononuclear cells as described before (Dong et al., 2004). Cells at the 40/80 interface were recovered, washed three times in incomplete RPMI, and used further. In addition, cells from different mice in the same group were pooled to allow enough cells for in vitro culture and further analysis.



In Vitro Cell Culture

Cells were cultured in triplicates at a density of 107 cells/well in 24-well plates (Nunc) in RPMI 1640 (Gibco, Grand Island, NY) or IMDM (Sigma-Aldrich, Merck, Darmstadt, Germany) supplemented with 10% fetal bovine serum (FBS, Hyclone), 50 mM 2-ME, and 1 mM HEPES (complete medium). In the experiments designed to quantitate IL-17, the cells were cultured in IMDM. Cells were cultured at 37°C and 5% CO2 for 24 hours in complete medium alone or in the presence of 2 μg/mL of anti-CD3 monoclonal antibody (clone 2C11). In addition, heart or muscle mononuclear cells were cultured as for the splenic cells (Dong et al., 2004). In some experiments, a combination of PMA plus calcium ionophore was used for cell stimulation. In addition, Brefeldin-A was added 6 hours before the cells were harvested to stain them for flow cytometric analysis.



Flow Cytometric Analysis

Spleen cells were isolated as described (Cardillo et al., 1993) and placed in ice-cold PBS supplemented with 5% FBS and 0.01% sodium azide. The fluorochrome-conjugated monoclonal antibodies used were anti-CD4 (clone GK1.5), anti-CD8 (clone 53-5.8), anti-CD44 (clone IM7), anti-CD62L (clone MEL-14), anti-CD69 (clone H1.2F3), anti-CD25 (clone PC61), anti-foxp-3 (clone FJK-16s), anti-IL-10 (clone JES5-16E3), anti-IL-17 (clone TC11-18H10.1), anti-IFN-γ (clone XMG1.2) and anti-TNF-α (MP6-XT22) were purchased from eBioscience, Biolegend, or CALTAG. Streptavidin-PE-Cy5.5 revealed biotin-conjugated antibodies from CALTAG. Intracellular staining for IL-10, IL-17, IFN-γ, and TNF-α were performed as described (Cardillo et al., 2007). After surface stainings, live cells were fixed with 1% paraformaldehyde in PBS. All samples were analyzed using a tree colors FACScan (Becton and Dickinson). At least 106 total events were collected per sample. For spleen cells, mice were analyzed individually. For tissue-derived mononuclear cells, a pool of cells from different mice was used in each experiment. Files were analyzed using Flowjo software. An electronic gate was made on lymphocytes using FSCxSSC parameters. Other gates to study activation/memory markers or cytokines were done in CD4+ or CD8+ T cells.



Histological and Quantitative Morphological Studies

Heart and skeletal muscle tissues were removed from infected mice and fixed in buffered 10% formalin, paraffin-embedded, and sections used for histological studies. Mononuclear cells or intact parasite nests were counted in 30 non-successive microscopic fields, using a 10x ocular and a 40x objective. In addition, counting was performed on paraffin sections of heart muscle tissues from infected mice during acute infection. The slides were coded, and the studies have done double-blind.



Statistical Analysis

The results are presented as means ± SD. The significance of differences between the experimental and control groups was determined as described in each figure legend. P values below 0.05 were considered significant.




Results


The Production of IL-2 by Splenic T Cells Increased at Day Four Post-Infection, Decreasing After That

To study the production of IL-2 by T cells during the acute T. cruzi infection, spleen cells from uninfected mice (Figure 1, plot A) or infected mice obtained on days 4 (Figure 1, plot B) and 21 (Figure 1, plot C) after infection were cultured for 24 hours in the presence of medium alone (upper charts) or anti-CD3 mAb (lower charts). CD4+ (Figure 1, representative upper plot panel) or CD8+ (Figure 1, representative lower plot panel) gated T cells are shown in Figure 1. The results demonstrate an augmented percentage of IL-2+ CD4+ T cells on day four after infection compared to days 0 or 21 with or without stimulation with anti-CD3 mAb. In addition, the percentage of IL-2+ CD4+ T cells upon anti-CD3 stimulation was decreased compared to day 0 or day four post-infection. We did not find increased percentages of IL-2 producing CD8+ T cells at any moment after infection. On the contrary, a decreased percentage of IL-2+ CD8+ splenic T cells on day 21 after infection compared to days 0 or 4 was demonstrated.




Figure 1 | Quantitation of IL-2 production by splenic T cells during acute infection. Spleen cells from uninfected (A) or infected mice obtained on the day fourth (B) and 21th (C) of infection were studied after 24 hours of culture in medium alone (upper plots) or after stimulation with anti-CD3 mAb (lower plots). CD4+ (upper panel) and CD8+ (lower panel) gated T cells are represented. Each plot represents one mouse from the same experiment. Experiments were repeated three times with similar results. P values for IL-2+CD4+ T cells cultured in medium alone: (A) vs. (B), P < 0.05; (A) vs. (C), P > 0.05; (B) vs. (C), P < 0.05. P values for IL-2+CD4+ T cells cultured with anti-CD3: (A) vs. (B), P < 0.001; (A) vs. (C), P > 0.05; (B) vs. (C), P < 0.001. P values for IL-2+CD8+ T cells cultured with anti-CD3: (A) vs. (B), P > 0.05; (A) vs. (C), P < 0.05; (B) vs. (C), P < 0.05. Numbers in bold depicted in the flow cytometry plots represent the mean + SD of each group. ANOVA with Tukey-Kramer’s post-test was used to compare groups of mice, n= 4.





In Vivo Treatment With Blocking Antibody to IL-2 in C57Bl/6 Mice Infected With the Tulahuen Strain of T. cruzi Resulted in Lower Parasitemia and Higher Survival Rates

C57Bl/6 mice treated with blocking mAb to IL-2, starting one day before infection, presented lower parasitemia on the 28th day than mice treated with rat Ig as a control (Figure 2A). C57Bl/6 mice infected with the Tulahuen strain of T. cruzi are extremely susceptible, and 100% of the mice died in the group treated with rat Ig up to day 40 of infection. On the other hand, 40% of the mice were alive by day 40 after infection in the group treated with anti-IL-2 mAb, and these mice survived more than six months (Figure 2B and data not shown).




Figure 2 | Parasitemia and survival rates of mice treated with blocking antibody to IL-2 or rat Ig in C57Bl/6 infected mice. The number of parasites in the bloodstream of C57Bl/6 mice treated with blocking mAb to IL-2 or rat Ig is shown in panel (A). Statistical significance was observed only at a one-time point, at the parasitemia peak (28 days after initial infection). Mann-Whitney test was used to compare different groups of mice (*P < 0.05). Panel (B) shows that survival rates were higher in the group treated with anti-IL-2 mAb compared to infected controls treated with rat Ig (P < 0.05, n = 10 at the beginning of the experiment, Gehan-Breslow-Wilcoxon test).





In Vivo Treatment With Anti-IL-2 mAb Led to An Increased Number of Early Activated CD4+CD69+ T Cells During the Acute Phase of T. cruzi Infection in C57BL/6 Mice

The numbers of activated T cells increased during the acute phase of T. cruzi infection. The expression of CD69 molecules reveals early T cell activation. Figure 3A shows that the total numbers of splenic CD4+CD69+ T cells increased by day 21 after the initial infection. The increment was higher in mice treated with anti-IL-2 mAb than infected control mice treated with rat IgG.




Figure 3 | IL-2 blockade leads to increased numbers of early activated splenic CD69+ T cells during the acute phase of T. cruzi infection in C57BL/6 mice. Panel (A) shows the total numbers of splenic early activated CD4+ and CD8+ T cells bearing the CD69 molecule 21 days after infection. Anti-IL-2 treated animals were compared to infected or uninfected control mice treated with rat Ig. Panel (B) shows one representative experiment with FACS plots from 3 pooled spleen cells per group of mice. Histograms represent the expression of CD69 in gated CD4+ or CD8+ splenic T cells. Experiments were repeated on three occasions with similar results (**P < 0.01, n = 3 group, Mann-Whitney test).



CD8+CD69+ splenic T cells were increased in infected mice irrespectively of treatments. However, their total numbers did not differ between infected control (rat IgG treated) or anti-IL-2 mAb treated mice. Figure 3B shows one representative experiment with flow cytometry plots from 3 pooled spleen cells per group of mice. Histograms represent the expression of CD69 in gated CD4+ or CD8+ splenic T cells.



Increased Numbers of Central (CD44highCD62Lhigh) and Effector (CD44highCD62Llow) Memory T Cells Accompany Anti-IL-2 mAb Treatment During the Acute Phase of T. cruzi Infection

As the numbers of activated/memory T cells were previously related to resistance in another experimental model of T. cruzi infection (Cardillo et al., 2002), we asked if the administration of blocking monoclonal antibodies to IL-2 could somehow induce higher numbers of memory T cells. In fact, in vivo treatment with anti-IL-2 resulted in increased numbers of both splenic CD4+ (Figure 4A) and CD8+ (Figure 4B) central (CD44highCD62Lhigh) and effector (CD44highCD62Llow) memory T cells when these mice were compared to control rat IgG treated mice. Illustrative flow cytometry plots from one representative experiment are shown in Figure 4C (gated CD4+ T cells) and 4D (gated CD8+ T cells).




Figure 4 | IL-2 blockade increased the numbers of central (CD44highCD62Lhigh) and effector (CD44highCD62Llow) memory T cells during the acute phase of T. cruzi infection. Total numbers of splenic CD4+ (A) and CD8+ (B) central (CD44highCD62Lhigh) and effector (CD44highCD62Llow) memory T cells are compared to infected or uninfected control rat Ig-treated mice. Illustrative FACS plots from one representative experiment, where three pooled spleen cells per group of mice were analyzed, are shown in panel (C) (gated CD4+ T cells, upper plots and CD8+ T cells, lower plots). These experiments were repeated three times with similar results (*P < 0.05, n = 3 group, Mann-Whitney test).





The Numbers of Splenic T Cells Producing IFN-γ, IL-10, and TNF-α Were Increased in Anti-IL-2 Treated Mice During the Acute Phase of the Infection

The production of IFN-γ and TNF-α during the acute phase of the infection was previously related to resistance to T. cruzi infection (Abrahamsohn and Coffman, 1996). For this reason, we asked if the treatment with anti-IL-2 was modulating the overall production of these cytokines. Figure 5 shows that the in vivo treatment with JES6-1A12 monoclonal antibody increased the total splenic CD4+ and CD8+ (Figure 5A) T cells that produced IFN-γ and TNF-α when compared to control groups that received rat IgG. In addition, we have also observed an increase in the total numbers of CD4+ and CD8+ T cells that produced IL-10 (Figure 5A). The flow cytometry plot panel (Figure 5B) is from one representative experiment demonstrating gated CD4+ and CD8+ splenic T cells from control infected rat IgG or anti-IL-2 treated mice, stained for intracellular cytokines.




Figure 5 | Total numbers of splenic T cells producing IFN-γ, IL-10, and TNF-α were increased in infected mice treated with anti-IL-2 mAb. Panel (A) shows the numbers of splenic CD4+ and CD8+ T cells producing IFN-γ, IL-10, and TNF-α compared to infected control groups that received rat Ig. The results of three individual mice per group are shown. The FACS plot panel (B) represents one experiment demonstrating gated CD4+ and CD8+ splenic T cells from 3 to 4 pooled spleens from infected rat Ig- or anti-IL-2-treated mice stained for intracellular cytokines as indicated. Spleen cells were stimulated with anti-CD3 for 24 hours and brefeldin-A for the last six hours. The experiment represents a total of three studies with similar results (**P < 0.01, n = 3 group, Mann-Whitney test).





In Vivo Administration of Anti-IL-2 mAb Diminishes CD4+CD25+ T Cells and Decreases the Percentage and Numbers of Splenic CD4+CD25+Foxp3+ T Cells

In Figure 6, we have compared the in vivo activity of anti-IL-2 mAb with rat IgG administration during T. cruzi acute infection; Figures 6A, B show a strong reduction in total numbers of splenic CD4+CD25+ and CD4+CD25+Foxp3+ T cells on day 21 after infection upon IL-2 blockade. Control and Infected mice were treated with rat IgG. Previous experiments showed that this scheme of rat IgG treatment did not affect the numbers of splenic CD4+CD25+Foxp3+ T cells in infected or non-infected mice (data not shown). Figure 6C (upper panel) shows that anti-IL-2 mAb could drop the CD4+CD25+ T cell population; this was especially impressive for the CD25+ high subpopulation 21 days after infection. The percentage of Foxp3+ cells inside gated CD4+CD25+ T cells has diminished by half of the numbers found in infected mice treated with rat IgG as a control within 21 days after infection (Figure 6C, lower panel).




Figure 6 | Numbers of splenic CD4+CD25+ and CD4+CD25+Foxp3+ T cells after In vivo administration of anti-IL-2 mAb. In Figure 6, total numbers of splenic CD4+CD25+ (A) and CD4+CD25+Foxp3+ T cells (B) are shown. Days 4 and 21 after infection are compared with uninfected controls. Mice that received anti-IL-2 mAb treatment were compared with uninfected or infected mice treated with rat Ig. Rat Ig treatment did not produce differences concerning control PBS-treated mice (not shown). (C) (upper panel) shows representative plots of gated splenic CD4+CD25+ T cell population after in vivo treatment with anti-IL-2 mAb treated mice after different time-points post-infection compared to controls. Representative histograms (C, lower panel) from 3 pooled spleen cells per group of mice show the percentage of Foxp3+ cells inside gated CD4+CD25+ T cells compared in distinct time-points after infection. Experiments were repeated on three occasions with similar results (**P < 0.01, n = 3 group, Mann-Whitney test).





In Vivo Administration of Anti-IL-2 mAb Augments Heart Tissue Inflammation and the Numbers of CD4+ T Cells Producing IL-17

A quantitative study of the inflammatory infiltrate presented in the heart, and striated muscle was performed. Figure 7 shows that the number of inflammatory cells in the skeletal muscle (A) or heart (B) was significantly higher in infected mice treated with anti-IL-2 mAb when compared to control mice treated only with rat IgG. In addition, although not statistically significant, the numbers of parasite nests tended to be lower in the group treated with anti-IL-2 (data not shown), suggesting that a potentiated immune response developed despite parasite tissue load. Figures 7C, D illustrate, in high magnification, heart sections from Ig-treated and anti-IL-2 C57Bl/6 infected mice, respectively. Please note the larger inflammatory foci in the heart of animals treated with anti-IL-2.




Figure 7 | In vivo administration of anti-IL-2 mAb augments heart tissue inflammation and the numbers of heart T cells producing IFN-γ, IL-10, and IL-17. Figure 7 shows the number of inflammatory cells in mice treated with anti-IL-2 in the skeletal muscle (A) and heart (B), compared to uninfected or infected control mice treated with rat Ig (*P < 0.05, n = 5-7 group, Mann-Whitney test). Representative heart sections from Ig-treated and anti-IL-2 treated C57Bl/6 infected mice are shown in panels (C, D), respectively, using a 40x objective. Panels (E–H) show the percentage of heart CD4+ and CD8+ T cells producing IL-10 and IFN-γ, respectively, compared to the infected control group treated with rat Ig. Tissue-derived cells were stimulated with anti-CD3 mAb for 24 hours, followed by brefeldin-A for the last 6 hours. Panel (I) shows the percentage of heart CD4+ T cells producing IL-17 in infected mice treated with anti-IL-2 mAb compared to infected controls injected with rat Ig. In this experimental set, cells were incubated with complete medium alone or activated with Cell Stimulation Cocktail for 36 hours, followed by brefeldin-A for the last 6 hours. (PMA plus ionomycin, Tonbo Biosciences, San Diego, CA, USA). All tissues were removed after 21 days of infection. Each symbol represents one independent experiment done with pooled cells from 3 to 5 mice per group. (*P < 0.05, Mann-Whitney test).



Interestingly, IL-10+CD4+ (Figure 7E) and IL-10+CD8+ (Figure 7F) heart T cells were increased in mice treated with anti-IL-2 mAb during this phase of the infection compared to control infected rat IgG-treated mice. In Figure 7G, it is demonstrated that the percentage of CD4 T cells from heart tissues producing IFN-γ was not different compared to the infected control group. However, the amount of CD8+ heart T cells producing IFN-γ was higher in the group treated with anti-IL-2 (Figure 7H). In addition, the percentage of heart CD4+ T cells expressing IL-17 was augmented under IL-2 blockade, as depicted in Figure 7I. The increased frequency of CD4+IL-17+ cells in the heart of mice treated with anti-IL-2 was further potentiated by using a short period of stimulation with PMA and calcium ionophore (Figure 7I).




Discussion

Trypanosoma cruzi infects many cell types and mainly produces pathology in the digestive tube’s neuronal tissues, heart muscle, and intracardiac neurons (Rassi et al., 2010). The pathology is associated with tissue inflammation that, on the one hand, helps curb infection but, on the other hand, induces direct or bystander tissue damage mainly in the acute phase of the disease where parasites are abundant (Cardillo et al., 2015). Once tissue infection is controlled to very low levels, the immune response checks parasite numbers (Ward et al., 2020). At this early chronic stage, tissue inflammation is not evident but limited to focal inflammatory infiltrates with or without low numbers of parasites (Mengel and Rossi, 1992). Secondary tissue damage at the early chronic disease is less important than acute infection, but it may provoke chronic tissue lesions (Chatelain, 2017; Chadalawada et al., 2020). The host can survive for years (humans) or months (mice), or even for the entire life without showing any signs of organ failure or only minimal clinical and laboratory findings (Rassi et al., 2010). This condition is called indeterminate chronic disease (Chadalawada et al., 2020). However, in about 30% of infected human subjects or some mice/parasite strain combinations, a conspicuous heart and skeletal muscle inflammation with severe damage and fibrosis develop at the disease’s chronic stage (Rassi et al., 2010). Parasite load remains at very low levels in either symptomatic or asymptomatic hosts, arguing that other factors related to the host may have a role in determining pathology versus non-pathology (Cunha-Neto et al., 2011; Bonney and Engman, 2015; Mengel et al., 2016). Although some cases of expontaneous cure of Chagas disease are suggested, definitive proof on this issue lacks (Dias et al., 2008). Therefore, a lifetime chronic infection is a rule. Available trypanocidal drugs are only effective in the early phases of the disease and did not benefit established symptomatic chronic patients (Morillo et al., 2015). In addition to more efficient and less toxic trypanocidal drugs (Rao et al., 2019), treatments aiming at the host factors to limit tissue damage are needed (Nihei et al., 2014; Mengel et al., 2016). Therefore, it is crucial to understand the inflammatory tissue process that may or may not induce tissue damage and fibrosis during the acute and chronic phases of the disease (Lewis et al., 2014; Lewis et al., 2018).

Many cells and cytokines are involved in the acute and chronic immune response and tissue inflammatory process during T. cruzi infection (Meyer Zum Buschenfelde et al., 1997; Ferreira et al., 2003; Cardillo et al., 2004; Fiuza et al., 2009; Nogueira et al., 2014; Pack and Tarleton, 2020). In addition, it is known that cells from the innate and adaptative immune response are activated during acute illness and remain activated for long periods after that (Cardillo et al., 2004; Sathler-Avelar et al., 2009). Therefore, cells from the adaptative immunity are fundamental to restrain infection in the tissues by producing inflammatory cytokines such as IFN-γ, TNF-α, and IL-17 (Abrahamsohn and Coffman, 1996; Cardillo et al., 1996; Basso et al., 2004; Bastos et al., 2007; Miyazaki et al., 2010; Roffe et al., 2012). On the other hand, the production of IL-10 and the activity of regulatory T cells may downregulate the inflammatory process, limiting tissue damage and perhaps the effectiveness of parasite control in some infections (Hunter et al., 1997; Sakaguchi, 2004; Roncarolo et al., 2018). A delicate balance between these two arms of the immune response might favor the host survival in the expenses of sterile immunity (Hunter et al., 1997; Sakaguchi, 2004; Roncarolo et al., 2018). Different populations of regulatory T cells have been described so far (Sakaguchi et al., 2006; Ligocki and Niederkorn, 2015). In many experimental systems, the activity of CD4+CD25+Foxp3+ Treg cells has a major impact on immune system regulation. It has been shown that a lower number of Treg cells is found in Chagasic patients that have cardiomyopathy when compared to infected patients without clinical signs of heart disease (de Araujo et al., 2012). In mice, the picture is less clear. Evidence favoring an important role for Tregs in acute infection exists (Bonney et al., 2015; Araujo Furlan et al., 2018), but other studies show minimal activity (Kotner and Tarleton, 2007; Sales et al., 2008). These controversies could be due to different experimental designs. Also, the use of monoclonal antibodies to CD25 may affect other effectors and activated cells that may express this molecule, making the results open to different interpretations.

CD4+CD25+Foxp3+ Treg cells depend on the presence of IL-2 to expand and perform their regulatory functions (Horak, 1995; Furtado et al., 2002; Malek, 2003; Thornton et al., 2004; Liao et al., 2013). In vivo administration of blocking monoclonal antibodies to IL-2 diminishes the total number of Treg cells by depleting IL-2 bioactivity, causing autoimmune diseases (Setoguchi et al., 2005). Therefore, IL-2 blocking antibodies allow us to take a different approach to investigate the IL-2/Treg axis, previously proposed as a target for host-centered clinical interventions (Mengel et al., 2016). Previous studies have shown that the production of IL-2 is downregulated during the acute phase of T. cruzi infection in mice and humans (Briceno and Mosca, 1996; Tarleton, 1988). Our results confirm that the frequency of CD4+ and CD8+ T cells producing IL-2 drops along with the acute illness, but a peak of IL-2 production on day four after infection preceded the decay (Figure 1). Based on our data, we have decided to start administering anti-IL-2 blocking antibody on day -1 and extend the treatment for the first week after infection, therefore avoiding the in vivo IL-2 production peak. This treatment resulted in lower parasitemia and lower mortality of anti-IL-2 treated mice (Figure 2). These results suggested that IL-2 was involved in mechanisms that could be related to susceptibility and resistance.

Resistance to T. cruzi infection is due, among other factors, to a faster production of activated/effector/memory T cells along with the acute infection (Cardillo et al., 2002). CD69 is an early marker presented in recently-activated T cells (Hamann et al., 1993). FACS analysis of splenic T cells concerning the presence of CD69 showed that mice treated with anti-IL-2 mAb had increased numbers of CD4+CD69+ splenic T cells 21 days after initial infection (Figure 3). We could also see a tendency (non-statistically significant) of having increased numbers of recently activated splenic CD8+ T cells in the groups treated with anti-IL-2 mAb. A similar picture for central and effector memory T cells of either CD4+ or CD8+ subsets could be observed. Inside both T cell subsets, there was an increased number of central and effector splenic memory T cells 21 days after infection in the group treated with anti-IL-2 mAb (Figure 4). Therefore, IL-2 blockade induced the formation of a larger set of recently activated and memory T cells compared to control rat Ig-treated infected mice. These larger numbers of activated/memory T cells may reflect functional differences that may translate into the potentiation of cytokine patterns such as Th1 or Th2, influencing the outcome of the infection (Locksley and Scott, 1991; Hoft et al., 2000; Stockinger et al., 2006). As far as one is concerned, there is no clear bias in the T cell cytokine patterns (Th1 or Th2) correlated with susceptibility or resistance during T. cruzi infection (Hoft et al., 2000). However, some inflammatory cytokines, namely IFN-γ and TNF-α, are closely related to better-controlling parasite growths (Abrahamsohn and Coffman, 1996; Cardillo et al., 1996). In addition, IL-10 has been associated with better survival and control of parasite numbers in some models of T. cruzi infection (Roffe et al., 2012). These surprisingly biological effects probably allow higher tissue levels of inflammatory cytokines, limiting collateral tissue damage or possibly directly impacting CD8 T cell activation improvement, as previously suggested (Hunter et al., 1997; Guo et al., 2021). Our study provides evidence that IL-2 dampened the production of IFN-γ, TNF-α, and IL-10 by splenic T cells, as shown in Figure 5. These data, all together, indicate that IL-2 has a dominant down regulatory role during the acute phase of T. cruzi infection either in the development of an activated/memory T cell response or in the frequency of cells producing inflammatory and non-inflammatory cytokines. As previously pointed out, IL-2 may be crucial for the expansion and function of Tregs (CD4+CD25+Foxp3+) in peripheral lymphoid tissues (Boyman et al., 2006; Boyman and Sprent, 2012). Lack of IL-2 or their different receptor chains produces T cell hyperactivation and the development of various autoimmune disorders (Horak, 1995; Schimpl et al., 2002). Our data showed that upon anti-IL-2 mAb administration, mice had fewer CD4+CD25+Foxp3+ T cells at day 21 post-infection (Figure 6B). Therefore, the decay of Treg numbers may well justify the greater increase of the numbers of activated/memory T cells and the increased frequency of T cells producing different cytokines. The new balance created by the precocious inactivation of IL-2 may influence the outcome of the disease with better control of parasite numbers and improved survival in the acute phase of the infection.

As discussed above, the inflammatory process is an important step of the immune response that clears tissue infection. We have previously observed that blocking CD25 with a nondepleting mAb may curb inflammation in the early chronic phase of T. cruzi infection (Nihei et al., 2014). We and others have hypothesized that blocking CD25 would favor the accumulation of bioactive IL-2 and a subsequent increase in Treg cells that, in turn, would downregulate the inflammatory reaction (Nihei et al., 2014; Huss et al., 2015). So, the game played by IL-2 and Tregs would be very sensitive to possible therapeutic manipulations by increasing or decreasing the availability of IL-2 in many different ways (Boyman et al., 2006; Arenas-Ramirez et al., 2015; Chen et al., 2020; Khoryati et al., 2020; Solomon et al., 2020). Therefore, we hypothesized that blocking IL-2 during the initial phases of T. cruzi infection would also cause modifications in the inflammatory reaction. Figures 7A, B showed that blockade of IL-2 during acute infection potentiates inflammation by increasing the numbers of mononuclear cells in the heart and skeletal muscle tissues. In addition, the frequencies of T cells secreting IFN-γ and IL-10 were increased within 21 days of infection, as demonstrated in Figures 7E–H.

Furthermore, the blockage of IL-2 led to an increased frequency of Th17 cells in the heart, which may contribute not only to control tissue parasitism but also to potentiate tissue lesions (Miyazaki et al., 2010; Erdmann et al., 2013; Kitada et al., 2017). IL-2 downregulates the production of IL-17 either directly through STAT5 (Laurence et al., 2007) or indirectly by inhibiting the IL-23 activity on Th17 cells and, therefore, IL-2 blockade may directly correlate with higher IL-17 production (Stockinger, 2007; Dai et al., 2017; Chen et al., 2021). However, IL-2 may not be directly responsible for the control of IFN-γ and IL-10 production. Recently, IL-27 was described as a new important player during intracellular parasitic infections (Kastelein et al., 2007; Cobb and Smeltz, 2012). For instance, IL-27 limits IL-2 production during Th1 differentiation (Owaki et al., 2006). By diminishing IL-2, interleukin-27 could also inhibit the expansion of Treg cells, allowing the development of a stronger Th1 response and higher production of IFN-γ (Owaki et al., 2006). IL-2 production is profoundly suppressed during conventional mice’s acute T. cruzi infection, and a marked Th1 response is usually observed (Tarleton, 1988; Cardillo et al., 2004). Artificial IL-2 blocking earlier in the course of acute infection resulted in the potentiation of IFN-γ production, which parallels a lower frequency and numbers of CD4+ Foxp3+ Treg cells, as shown herein. Altogether, these data suggest that IL-27 may improve Th1 responses indirectly by limiting IL-2 production and Treg expansion. However, the IL-27 receptor is also expressed on Tregs, and IL-27 may stabilize Treg functions helping to control T cell over-reactivity in situations where Tregs are in relatively high numbers (Do et al., 2017).

Interestingly, inhibition of IL-2 activity in T. cruzi infected mice was followed by increased levels of IL-10 produced by splenic and heart-derived T cells (Figures 5 and 7). There is no previous indication that IL-2 could control the production of IL-10 by T cells, but mice that lack IL-27 receptor (IL-27ra-/-) on Tregs develop a more severe autoimmune condition accompanied by higher levels of T cells’ IL-10 production (Do et al., 2017). In conclusion, IL-27 and IL-2 may work in conjunction to set up the numbers and function of Foxp-3+ Treg cells during acute infections. In more limited Treg numbers (absence of IL-2), the resulting IL-27 activity would favor hyperactivation, whereas IL-27 would stabilize and potentiate Treg activity on a Treg sufficiency scenario. Although the nature of the argument considering the interplay between IL-2 and IL-27 is completely theoretical and is devoided of experimental evidence, it remains an open question, easily testable.

In conclusion, this study and others strongly suggest that the IL-2 pathway is an attractive target for manipulating Treg activity in Chagas’ disease.
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Trypanosoma cruzi is a protozoan parasite that affects millions of people in Latin America. Infection occurs by vectorial transmission or by transfusion or transplacental route. Immune events occurring immediately after the parasite entrance are poorly explored. Dendritic cells (DCs) are target for the parasite immune evasion mechanisms. Recently, we have demonstrated that two different populations of DCs display variable activation after interaction with the two infective forms of the parasite: metacyclic or blood trypomastigotes (mTp or bTp) in vitro. The skin constitutes a complex network with several populations of antigen-presenting cells. Previously, we have demonstrated T. cruzi conditioning the repertoire of cells recruited into the site of infection. In the present work, we observed that mTp and bTp inoculation displayed differences in cell recruitment to the site of infection and in the activation status of APCs in draining lymph nodes and spleen during acute infection. Animals inoculated with mTp exhibited 100% of survival with no detectable parasitemia, in contrast with those injected with bTp that displayed high mortality and high parasite load. Animals infected with mTp and challenged with a lethal dose of bTp 15 days after primary infection showed no mortality and incremented DC activation in secondary lymphoid organs compared with controls injected only with bTp or non-infected mice. These animals also displayed a smaller number of amastigote nests in cardiac tissue and more CD8 T cells than mice infected with bTp. All the results suggest that both Tp infective stages induce an unequal immune response since the beginning of the infection.




Keywords: T. cruzi, parasite stages, dendritic cells, cell activation, T cells



Introduction

Trypanosoma cruzi is the etiological agent of Chagas disease, the most important parasitic infection in Latin America. Six to seven million people are infected in endemic areas (WHO, 2021), and as a consequence of active migration, hundreds of thousands of individuals are infected in non-endemic areas such as the United States and Europe (Requena-Méndez et al., 2015; Bern et al., 2019).

The parasite presents different routes of entry. In endemic areas, human infection mainly occurs by vectorial transmission when metacyclic trypomastigotes (mTp), found in insect feces, enter into the host via mucous membranes (oral/ocular/gastric) or damaged skin, such as the wound made by the bite of the triatomine insect. In addition, blood trypomastigotes (bTp) enable congenital or transfusion transmission. While congenital transmission occurs in endemic and non-endemic areas, infection by transfusion is described in areas without blood donor screening and testing for Chagas (Bern et al., 2019). Some structural and molecular differences have been described for the two Tp forms that explain, in part, why each form is adapted to infect and/or disseminate through different host microenviroments (Cortez et al., 2012). For example, while bTp are more sensitive to gastric degradation in comparison to mTp (Cortez et al., 2012), the last ones are less resistant to the complement (Yoshida and Araguth, 1987). A previous work has consistently demonstrated the replication of the parasite in the gastric mucosa after oral infection with mTp (Hoft et al., 1996); however, studies involving the skin are scarce.

Trypanosoma cruzi acute infection shows high parasitemia and parasite load in tissues followed by a chronic phase where the parasite persists in tissues as amastigote nests (Ward et al., 2020). After a variable period of latency, it was described that 30% of the patients can display symptoms including arrhythmias, heart failure, and sudden death (Andrade and Andrews, 2005; Marin-Neto et al., 2007).

Parasitemia during the acute phase of the infection can be followed by an inflammatory storm that includes different cellular mediators such as microbicide molecules and cytokines. After innate immunity takes place where tissular macrophages and NK cells play central roles in the control of the parasite, adaptive immunity is characterized by polyclonal expansion of T and B cells with a potent effector response that controls the parasite load but is inefficient to eradicate it (Basso, 2013). Parasite persistence is actually associated with multiple evasion mechanisms displayed by the parasite, including cell reclusion in immune-tolerant sites, the development of non-dividing dormant forms, and the active ways in which T. cruzi avoids the triggering of the immune responses or exhausts the existing ones (Lewis and Kelly, 2016; Sánchez-Valdéz et al., 2018).

Trypanosoma cruzi infection triggers an inflammatory response, effective in the control of the parasite spreading; however, in comparison with other infections, it is delayed in time (Sánchez-Valdéz et al., 2018). Dendritic cells (DCs) link innate and adaptive immunity. In steady state, DCs patrol tissues and are central in the recognition of danger signals. They capture, process, and present antigens to T cells. Basically, DCs are sentinels specialized in the regulation of adaptive immunity not only by priming T-cell responses but also by driving immune tolerance. DC subsets are heterogeneous and display a complex network with specializations related to differentiation/residence niches (Merad et al., 2013; Anselmi et al., 2020).

DCs are present in all tissues and biological barriers and are probably one of the first immune cells to interact with T. cruzi when the portal of entry is the skin. Previous reports have shown the tolerogenic properties of bTp on human monocyte (Mo)-derived DCs (Van Overtvelt et al., 1999) or bone-marrow-derived DCs in mice (Poncini et al., 2008). In addition, our group has demonstrated the relevance of early monocyte mobilization at the site of the parasite entry and the relevance of this heterogeneous population, which includes Mo-DCs, at the first steps of infection (Poncini and González Cappa, 2017). More recently, results obtained in vitro demonstrated that not only the parasite infective stage but also the origin and activation status would define the subset behavior of DCs (Gutierrez et al., 2020). The objective of the present work is to study the scope of the findings obtained in vitro in the experimental model of infection. Our results demonstrate that mTp and bTp infective stages are differentially recognized by the immune system since the beginning of infection. Animals intradermally inoculated with mTp display low parasite load, enhanced DC activation, and benign manifestations of the experimental infection compared with animals injected with bTp. These results suggest that not only the biological properties of the parasite but also the proper activation of the immune response compromises the outcome of T. cruzi infection.



Materials and Methods


Animals, Parasites, and Infection

C3H/HeN and CF1 mice were maintained at the animal facilities of IMPaM UBA-CONICET, Facultad de Medicina, Universidad de Buenos Aires and bred ad libitum under sanitary barrier in specific pathogen-free conditions (Gutierrez et al., 2020).

Briefly, RA T. cruzi bTp were obtained from whole blood at the peak of parasitemia of CF1 mice (7 days post-infection) by differential centrifugation as previously reported (Poncini et al., 2008). Epimastigotes (epi) were routinely differentiated from bTp and cultured in vitro in liver infusion tryptose (LIT) medium at 27°C to the exponential phase of growth and centrifuged at 3,000×g for 15 min at 10°C (Isola et al., 1986). mTp were obtained by one round of differentiation from epi as described by Gutierrez et al. (2020). After in vitro culture of 10 × 107 epi in 10% fetal bovine serum (FBS) LIT plus Grace’s insect medium (MERC) and incubated at 27°C in tightly closed culture flasks, parasites were purified in DEAE column equilibrated with PBS-glucose (20%) at pH 8.2. Purity was analyzed by microscopic examination.

Ten- to 12-week-old C3H male mice received intradermic (ear or hindfoot) or intraperitoneal injection with 1,000 parasites. Animal health condition, parasite load, and mortality were periodically recorded.

All experiments were performed according to protocols CD N° 04/2015 approved in Res. 923/21 by the University of Buenos Aires’s Institutional Committee for the Care and Use of Laboratory Animals (CICUAL) in accordance with the Council for International Organizations of Medical Sciences (CIOMS) and International Council for Laboratory Animal Science (ICLAS), international ethical guidelines for biomedical research involving animals.



Tissues and Cell Samples

For cell collection, histology, or DNA extraction, samples were obtained at different time points after injection with PBS (negative control of infection; NI) or the parasite. Tissue sections (25 mg) were preserved at −80°C until processing for DNA extraction. Epidermal cells were obtained from ear skin sheets using trypsin (1% and 0.3%; Sigma), as previously described (Poncini and González Cappa, 2017). Spleens were enzymatically digested with hyaluronidase type IV-S (200 U/ml; Sigma-Aldrich) and collagenase type II (250 U/ml; Gibco, Invitrogen) cocktail. After mechanical and/or enzymatic disaggregation, samples from the spleen, skin, and draining lymph nodes (dLNs) were homogenized through a tissue strainer and debris removed by passing samples through a 100-µm nylon mesh. When it was necessary, red blood cells were lysed by Tris 0.83% ammonium chloride buffer, pH 7.2, and mononuclear cells were obtained by centrifugation (400×g, 30 min) in Histopaque 1083 (Sigma) gradient. Cells were washed in fresh medium and viable cell count was determined by Trypan blue dye exclusion using a Neubauer chamber. Samples with more than 85% of live cells were used for the experiments.



Histological Analysis

At different time points after PBS or Tp inoculation (3, 7, 12, 15, or 30 dpi), the ears and/or heart sections were fixed and preserved in 10% (v/v) formalin and then embedded in paraffin. Sections of 5 μm in thickness were stained with hematoxylin and eosin. In the heart sections, quantification of amastigote nests was estimated after the observation of at least 25 fields per preparation (set in triplicate with three preparations per condition) using ZEISS Primovert light microscope and Axiocam ERc 5s camera.



Flow Cytometry

Single-cell suspensions from the skin, dLNs, and spleen were stained with a mix of monoclonal antibodies (Ab) conjugated with different fluorophores: anti-MHCII-PeCy5 (M5/114.15.2, eBiosciense), CD11c-FITC (N418) and CD11b-PE (M1/70) (both from BD Biosciences) or CD207-PEVIO770 (caa8-28H10), CD45-APC (ALI-4A2), CD3-biot (145-2C11), CD8-PerCP (53-6.7), and MHCII-FITC (M5/114.15.2) from Miltenyi Biotec. Staining with biotin-conjugated Ab was followed by PE-Cy7-streptavidin (BD Biosciences). Cells were acquired on FACSAria II flow cytometer (BD Biosciences) and analyzed by FlowJo 7.6 software. Gating strategies were used to exclude doublets (FSC-A vs FSC-H) and debris/dead cells by size and complexity.



Parasite DNA in Tissues

Endpoint and quantitative (q)PCR were performed in order to detect parasite DNA in the skin and spleen. DNA samples were extracted using ADN puriprep T-kit (Inbio Highway, Argentina), a spin-column-based extraction protocol, following the instructions of the manufacturer. Individual samples were tested by endpoint PCR and qPCR with primers specific for T. cruzi genome satellite sequences (Duffy et al., 2009). TNF gen was used as internal control. The primer sets were as follows: SAT Fw (5′-GCAGTCGGCKGATCGTTTTCG-3′) and SAT Rv (5′-TTCAGRGTTGTTTGGTGTCCAGTG-3′) and TNF Fw (5′-GGTGCCTATGTCTCAGCCTCTT-3′) and TNF Rv (5′-GCCATAGAACTGATGAGAGGGAG-3′). Samples from infected and non-infected mice and without target DNA were assayed as positive and negative controls of amplification. Amplification was carried out as previously reported (Duffy et al., 2009; Davies et al., 2014; Poncini et al., 2015).

Quantitative PCR was performed using EvaGreen qPCR Mix Plus (Solis BioDyne) and was set in a StepOnePlus™ (Thermo Fisher Scientific). After 5 min of preincubation at 95°C, PCR amplification was carried out for 40 cycles (94°C for 10 s, 65°C for 10 s, and 72°C for 10 s). The plate was read at 72°C at the end of each cycle. Results were normalized to the internal control and expressed as arbitrary units (AU). Three independent experiments with three technical replicates per sample were conducted. Endpoint PCR was carried out as described by Davies et al. (2014). Briefly, the 20-µl reaction tube contained 100 ng of template DNA, 1 U of Taq (Pegasus, PB-L Productos BioLógicos, Argentina), 2 µl of buffer 10×, 1.5 mM of MgCl2, 0.2 µM of primers, 2 mM of dNTPs, and distilled water to complete the volume. The cycling condition was as follows: a first step at 95°C for 3 min followed by 35 cycles at 95°C for 45 s, 55°C for 60 s, and 72°C for 45 s and a final elongation at 72°C for 1 min. Amplification products were assessed by gel electrophoresis in 1% agarose TAE1X and 1× of Page GelRed (Biotium).



Statistical Analysis

Student’s t-test was used for the comparison of two different experimental conditions and one-way ANOVA and Bonferroni’s or Dunnett’s post-test was used for multiple comparisons. Survival curve was analyzed by Kaplan–Meier. All tests were performed with GraphPad Prism® 5.01 and a p-value <0.05 was considered significant.




Results


Inflammatory Foci at the Inoculation Site With bTp or mTp

Recently, we have reported differences in the in vitro stimulatory capacity and infectivity of mTp and bTp in the culture with DCs from different origins (Gutierrez et al., 2020). Here, we compare some immunologic parameters after id injection of both infective stages in the experimental model.

First, we analyzed the CD45+ leukocyte population in the ear skin at day 3 and 7 pi by flow cytometry (Figure 1A). No significant differences were detected in the percentage of CD45+ cells infiltrating the parasite entry site with bTp or mTp in comparison with PBS (Figures 1A, B). Of note, at 3 dpi, bTp but not mTp displayed the presence of CD207int cells (Figures 1A, B), compatible with migratory monocyte-related myeloid cells as previously described for bTp (Poncini and González Cappa, 2017). At day 7 pi, a slight influx of leukocytes was detected at the infection site with both bTp and mTp, but no significant difference was found with PBS at the epidermal sheet of the skin (Figure 1A, right panels and data not shown). These results suggested that bTp and mTp would trigger different patterns of cell recruitment into the skin.




Figure 1 | Metacyclic trypomastigote (mTp) or blood trypomastigote (bTp) inoculation recruits different leukocyte populations into the skin. (A) C3H/HeN mice were intradermally injected in the ears with bTp, mTp, or PBS (non-infected; NI). Gating strategy and characterization of leukocyte infiltrate in the epidermis at 3 days post-infection (dpi, left panels) and 7 dpi (right panel) analyzed by flow cytometry. One representative result of three independent experiments (three biological replicates with two pooled animals per condition) with similar results is shown. (B) Percentage of CD45+ and CD11b+CD207+ cells in skin samples at 3 dpi expressed as the mean + SEM. *p < 0.05 (N = 3, one-way ANOVA and Bonferroni’s post-test).





mTp Displayed a Long Prepatent Period of Infection

Although previous works demonstrated a high sensitivity of bTp to gastric degradation (Cortez et al., 2012), controversially, other reports showed that mTp presented low infectivity in comparison with bTp, not only orally but also by different routes of infection (Dias et al., 2013; de Souza et al., 2014).

The infection with mTp displayed different presentation in oral versus gastric or by intraperitoneal inoculation of the parasite (Kuehn et al., 2014; Barreto de Albuquerque et al., 2015), and no reports have characterized the infection via the skin. Here, we observed that, in sharp difference with bTp, animals injected with mTp did not show detectable parasitemia, neither by fresh drop nor by microhematocrit during acute infection (data not shown and Figure 2A). In addition, animals injected with mTp survived the chronic infection (Figure 2B). We conducted PCR analysis in different tissues to test infection with mTp. DNA from the parasite was detected in the skin of mTp-infected mice by qPCR at a very low load in comparison with those infected with bTp at 12 dpi (Figure 2C). To discard contamination with parasite DNA at the inoculation site, we analyzed the infection by endpoint PCR in the skin and spleen at 12 dpi, confirming successful infection with both bTp and mTp (Figure 2D). Interestingly, at 30 dpi, parasite persistence in amastigote nests associated to skin infection was only detected in mice infected with bTp (Figure 2E). Next, we challenged animals infected with mTp with a lethal dose of bTp. Mice showed no detectable parasitemia during acute infection in addition to no mortality (Figures 2A, B). These results suggested that the infection with culture-derived mTp generates a strong immunity against T. cruzi.




Figure 2 | Animals injected with mTp present a prepatent infection. (A) Peripheral blood parasitemia and (B) mice survival were monitored during comparative experimental infections. Mice were inoculated with mTp (unfilled square), bTp (triangles), or mTp injected and challenged with an intraperitoneal lethal dose of bTp (filled circle) as described in the Materials and Methods. One experiment of five with four to five mice per group is shown. (C) Quantitative PCR from skin samples and (D) endpoint PCR from skin or spleen samples were conducted at 12 days post-infection. (C) Results were normalized to the internal control TNF and expressed as arbitrary units (AU). Three independent experiments with three technical replicates per sample were conducted. (D) SAT bands correspond to parasite DNA detection in ear skin and spleens in mice inoculated with mTp or bTp. TNF detection bands were also found in samples from PBS-injected control mice (non-infected; NI). One independent experiment of three with two technical replicates per condition is shown. (E) Skin sections obtained from mice at 30 dpi were stained with hematoxylin and eosin and analyzed by optic microscopy. Magnification of the boxes shows amastigote nests in dermal auditory pinna. Two representative images from different biological replicates are shown. Data are from three independent experiments set in duplicates with similar results. For microscopic examination, at least 25 fields were analyzed (five sections per animal). Original magnification: ×400 and ×1,000.





Infection With mTp Enhances the Activation Status of DCs

APC impairments during T. cruzi infection were previously described by our group and others (Van Overtvelt et al., 1999; Alba Soto et al., 2003; Planelles et al., 2003; Poncini et al., 2008). Here, we analyze the activation status of myeloid (CD11c+CD11b+) and non-myeloid (CD11c+CD11b−) cells compatible with DCs in dLNs 2 dpi and spleens at day 15 pi with mTp and/or bTp.

As previously reported (Poncini et al., 2015; Poncini and González Cappa, 2017), bTp incremented the number of CD11c+ in dLNs at day 2 pi. However, neither cell recruitment nor the percentage of CD11c+ cells in dLNs from mTp-infected mice significantly differ from PBS-injected controls (Figure 3A). Interestingly, both the myeloid and non-myeloid CD11c+ populations incremented the expression of MHCII in mTp-infected animals compared with the ones injected with PBS or bTp (Figure 3B), suggesting a higher activation status in these cells. In the spleen, the CD11c+ population is enlarged in bTp-infected mice (Poncini et al., 2015; Poncini and González Cappa, 2017). Animals infected with mTp display no significant difference in CD11c+ cell recruitment to the spleen (data not shown). However, in mTp infection and challenged with bTp, mice sustained the recruitment of CD11c+CD11blow/neg (R3) cells observed for bTp at 15 dpi (Figure 3C). Of note, both CD11c+CD11blow/neg (R3) and CD11c+CD11b+ (R4) subpopulations in animals infected with mTp and challenged showed increased MHCII expression compared with bTp-infected mice, suggesting greater activation of DCs also in the spleen (Figure 3D).




Figure 3 | Analysis of DC populations from draining lymph nodes (dLNs) and spleen in mTp- and bTp-infected mice by flow cytometry. (A) Absolute cell number in dLNs (submandibular LN) expressed as the mean + SEM of three independent experiments (left) and percentage of DC population in total cells from dLNs (right). *p < 0.05 (one-way ANOVA and Dunnett’s post-test). (B) MHCII expression on myeloid and non-myeloid CD11c+ cells from animals infected with mTp (red line) or bTp (black line) in dLNs at 2 dpi (left). Mean fluorescence intensity (MFI) of MHCII expressed in myeloid and non-myeloid CD11c+ cells represented as the mean + SEM (right). Data are representative of three independent experiments (three biological replicates with duplicates per condition). *p < 0.05 (one-way ANOVA and Bonferroni’s post-test). (C) Gating strategy for the selection of myeloid and non-myeloid populations (CD11c+CD11b+, CD11c+CD11blow/neg, R1–4) in the spleen at 15 dpi. Data are representative of three independent experiments (three biological replicates with duplicates per treatment) with similar results. (D) MHCII expression in R3 and R4 populations. The gray histogram corresponds to NI samples, the gray line corresponds to the mTp, and the black line to samples from mTp-infected mice and challenged with bTp (left). Mean fluorescence intensity (MFI) of MHCII expressed in myeloid (R4) and non-myeloid (R3) populations represented as the mean + SEM (right). *p < 0.05, **p < 0.01 (N = 3 with duplicates as expressed above, one-way ANOVA and Bonferroni’s post-test).





Mice Infected With mTp and Challenged With bTp Show Better Control of Parasite Load in Cardiac Tissue

To identify the extent of the results here described in cardiac tissue integrity, we analyzed the presence of amastigote nests in heart samples. Neither cellular infiltrates nor parasites were detected in animals infected with mTp. In fact, no differences were detected in the cardiac tissues between these samples and the negative control of the infection (data not shown).

Mice infected with mTp and challenged with bTp showed cellular infiltrates and less parasite load in cardiac tissue, measured as the number of amastigote nests as described in the Materials and Methods (Figures 4A, B). Consistent with the high activation status of APCs and the controlled parasitemia in animals infected with mTp and challenged with bTp, we detected an expansion of CD3+CD8+ T cells in dLNs at 15 dpi (Figure 4C). All results together strongly suggest that, while it is not sterilizing, the infection with in-vitro-obtained mTp induces the development of an effective immune response against T. cruzi.




Figure 4 | mTp infection enables better control of the parasite load in the cardiac muscle of mice. (A) Histology of cardiac tissue from NI, infected with mTp or bTp, or challenged animals, stained with H&E. Black arrows show amastigote nests and white arrows show cellular infiltrates in tissue. (B) Number of amastigote nests in cardiac muscle from 25 random fields per sample, n = 3, 15 dpi. *p < 0.05 (one-tailed, unpaired Student’s t-test). (C) Frequency of CD3+CD8+ T cells in dLNs at 15 dpi analyzed by flow cytometry. Bars represent the summary data of three independent experiments (N = 3 with duplicates per treatment; mean + SEM). *p < 0.05 (one-tailed, unpaired Student’s t-test).






Discussion

Recently, it has been reported that DCs with diverse origins, bone-marrow-derived DCs in steady state, and epidermic-derived DCs responded differently to mTp and bTp infection and stimulation. In fact, not only the cell type but also the cellular activation status would condition APC response, in addition to the difference in the antigenic properties of the parasite (Gutierrez et al., 2020). As previously revised by Fernandes and Andrews (2012), trypomastigote-infective forms show big differences in molecular surface composition between mTp and bTp. In addition, the presence of lineages increments the variability since it was reported that there was a heterogeneous expression of surface molecules that trigger different signaling cascades during cell infection (Maeda et al., 2012; Mattos et al., 2014).

Studies in dogs demonstrated that mTp obtained from the vector and bTp developed dissimilar immune responses in vivo (de Souza et al., 2014). In addition, Dias and colleagues have demonstrated that mice inoculated with bTp orally or via the intraperitonal route present high parasitemias than those with mTp. However, they found that orally the infectivity could be influenced by the volume of the inoculum for mTp and the parasite load for bTp, variables that may ameliorate or counteract the acid gastric environment (Dias et al., 2013). These results reinforced the importance of revising the reproducibility and the scope of the models described in order to study T. cruzi infection. An increasing number of research studies demonstrate that parasite strains, genetic characteristics, routes of infection, and the host genetic background affect the immune response and the outcome of the infection (Planelles et al., 2003; Dias et al., 2013; Vorraro et al., 2014; da Costa et al., 2014; Barreto-de-Albuquerque et al., 2015).

Pathogen elimination or dissemination involves sequenced steps including its proper recognition by the host. Several studies have shown that resident macrophages are at the frontline as target cells for parasite invasion and multiplication (Cardoso et al., 2016), but T. cruzi can infect and persist in diverse cells and tissues (Barreto de Albuquerque et al., 2018; Ward et al., 2020). Here, we observed that intradermal injection of mTp or bTp resulted in polarized infections. Of note, since the very beginning of infection, mTp and bTp inoculated into the skin triggered a different cellular recruitment to the parasite portal of entry. Because of the lack of detectable parasitemia and the absence of mortality in mTp-injected animals, we performed parasite DNA detection by PCR at different tissues confirming infection despite detecting low parasite load. At first, we questioned the infectivity of mTp obtained in vitro from cultured epi, but other works using both mTp from in vitro metacyclogenesis or from insect feces demonstrated less virulence in the mTp infective stage independent of its origin (Dias et al., 2013; de Souza et al., 2014; Barreto-de-Albuquerque et al., 2015). Interestingly, at 30 dpi, amastigote nests in the skin were only detected during infection with bTp, demonstrating that depending on the infective stage, the skin can work as a tissue for the parasite establishment and persistence. For mTp, it was previously demonstrated that there was parasite persistence and replication in gastric mucosa (Hoft et al., 1996); however, there is scarce information for skin models of infection.

It has been already mentioned that immune response against the parasite can be modulated by the strain of the parasite, the stage, and the route of infection. Furthermore, recently, it was demonstrated that in vectorial transmission, feces contain a mix of epi and mTp in addition to intermediate stages. Adding complexity to the infection, Kessler and colleagues demonstrated infectivity by recently differentiated epi (Kessler et al., 2017). All these results open new clues about the role each parasite stage or other components such as the feces of triatomines or saliva play in the development of the immune response against the parasite (Mendes et al., 2016; Monteon et al., 2016).

Here, we observed that via intradermal inoculation, mTp are less virulent than bTp and that animals infected with mTp developed a long prepatent infection. In addition, the response developed by mice during mTp infection is strong enough to control a challenge infection with a lethal dose with bTp. Dias et al., 2013 found that although mTp infection presented low parasitemia, when orally inoculated, it displayed enhanced inflammatory foci in organs and tissues, probably associated with a potent antiparasite response. Consistent with this result, in the present work, animals showed enhanced activation of DCs in the dLNs and spleen, less parasite load, and enhanced cell infiltrate in cardiac tissues. All these data suggest that mTp are more immunogenic than bTp, partially confirmed here by the enlarged population of CD8+ T cells in dLNs from animals infected with mTp and challenged with bTp.

In conclusion, the results presented here strongly suggest that mTp and bTp trigger different early immune responses clearly evidenced in the skin model of infection. In addition, we confirm that mTp obtained in vitro successfully infected mice although with an extended prepatent infection, a situation that might mimic what is observed in T. cruzi vectorial transmission. The identification of the molecular pathways involved in early immune activation is an attractive strategy to identify possible targets for therapy development.
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The anti-inflammatory cytokine transforming growth factor beta (TGF-β) plays an important role in Chagas disease (CD), a potentially life-threatening illness caused by Trypanosoma cruzi. In this review we revisited clinical studies in CD patients combined with in vitro and in vivo experiments, presenting three main sections: an overview of epidemiological, economic, and clinical aspects of CD and the need for new biomarkers and treatment; a brief panorama of TGF-β roles and its intracellular signaling pathways, and an update of what is known about TGF-β and Chagas disease. In in vitro assays, TGF-β increases during T. cruzi infection and modulates heart cells invasion by the parasite fostering its intracellular parasite cycle. TGF-β modulates host immune response and inflammation, increases heart fibrosis, stimulates remodeling, and slows heart conduction via gap junction modulation. TGF-β signaling inhibitors reverts these effects opening a promising therapeutic approach in pre-clinical studies. CD patients with higher TGF-β1 serum level show a worse clinical outcome, implicating a predictive value of serum TGF-β as a surrogate biomarker of clinical relevance. Moreover, pre-clinical studies in chronic T. cruzi infected mice proved that inhibition of TGF-β pathway improved several cardiac electric parameters, reversed the loss of connexin-43 enriched intercellular plaques, reduced fibrosis of the cardiac tissue, restored GATA-6 and Tbox-5 transcription, supporting cardiac recovery. Finally, TGF-β polymorphisms indicate that CD immunogenetics is at the base of this phenomenon. We searched in a Brazilian population five single-nucleotide polymorphisms (-800 G>A rs1800468, -509 C>T rs1800469, +10 T>C rs1800470, +25 G>C rs1800471, and +263 C>T rs1800472), showing that CD patients frequently express the TGF-β1 gene genotypes CT and TT at position -509, as compared to noninfected persons; similar results were observed with genotypes TC and CC at codon +10 of the TGF-β1 gene, leading to the conclusion that 509 C>T and +10 T>C TGF-β1 polymorphisms are associated with Chagas disease susceptibility. Studies in genetically different populations susceptible to CD will help to gather new insights and encourage the use of TGF-β as a CD biomarker.
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Introduction


Chagas Disease: An Overview of Epidemiological, Economic, and Clinical Aspects

More than 100 years ago, Trypanosoma cruzi was identified as the etiological agent of Chagas disease (CD), which remains an important social and health problem in Brazil and Latin America, endemic in 21 countries according to the World Health Organization (WHO) (Araujo-Jorge et al., 2017; World Health Organization - WHO, 2021). CD is still considered a neglected tropical disease (NTD) and was inserted in the WHO road map for “ending the neglected to attain the sustainable development goals” as a major economic and public health problem in most Latin American countries (World Health Organization, 2021). Nowadays, around 6-7 million people are estimated to be infected by T. cruzi worldwide leading to a mortality near to 10,000 patients per year (World Health Organization - WHO, 2021) Approximately 22 million people live in areas at risk of contamination in Brazil (Pan American Health Organization, 2006), where the most recent Health Minister Bulletin (Brasil, 2021) indicates the current CD epidemiological profile: 1.36 - 3.2 million estimated infected persons for 2020, a mean of 4.663 deaths/year (2007-2017), with more than 320 new cases/year (2017-2019). Until 2020 only acute cases were mandatorily reported in but the new guidelines for notification of chronic cases (Brasil, 2021) and for treatment (CONITEC and Ministério da Saúde, 2018) are still challenges to be implemented as public health policies. No biomarkers are available to predict the risk of CD progression (CONITEC and Ministério da Saúde, 2018).

The net global amount used for medical care for individuals affected by CD is currently 24-73 billion dollars (Lee et al., 2013). Thus, the annual amount spent with CD results in an expense of US$ 4,660/person, and over the course of life an individual can generate US$27,684 in public expenses, including spraying insecticide to control vectors (Lee et al., 2013). The economic cost of CD is very similar or even higher compared to other diseases in the world, such as: rotavirus (US$ 2.0 billion), cervical cancer (US$ 4.7 billion), Lyme disease ($2.5 billion). These data reinforce the economic relevance for more attention and effort to CD control. The globalization process brought challenges and changes in the public health scenario in different countries (Gascon et al., 2010). Due to the migratory movement from the 1980s onwards CD became a concern in the developed world (Rodari et al., 2018). Therefore, we currently observe a large number of cases of the CD in non-endemic countries, such as Australia, Canada Spain and, US (Ribeiro et al., 2012; Forsyth et al., 2021), leading to a broad organization of affected person’s Associations (Brasil, 2021). About 59,000 to 108,000 individuals are estimated to be infected by T. cruzi on the European continent. Since CD is not transmitted by direct contact with the infected person, in non-endemic countries the relevant transmission mechanisms of T. cruzi are transfusion with infected blood, organ donation and congenital transmission (Martelli et al., 2017).

The natural history of CD includes two distinct and successive phases (CONITEC and Ministério da Saúde, 2018; Simões et al., 2018). The acute phase is characterized by a high parasite load in the bloodstream of the infected individual (parasitemia), a short period of time, starting between 6 to 10 days after infection and lasting on average 1-2 months in humans, with intense inflammatory response and parasitism of several cell types. Most acute cases through vector transmission are not reported, as the clinical symptoms are nonspecific, such as fever, malaise, headache, which are typical of many infections. In some cases, the presence of edema is observed at the site of the T. cruzi entry, the inoculation chagoma (skin inflammation causing an edematous swelling), which is called the Romaña’s sign when located on the eyelids (Araujo-Jorge et al., 2017). Severe acute Chagas disease is not common, but in cases of symptomatic patients at this stage, they include generalized adenopathy, hepatosplenomegaly, lymphadenopathy, meningoencephalitis, and myocarditis (CONITEC and Ministério da Saúde, 2018). However, serious symptoms such as mortality from encephalomyelitis or severe heart failure can occur, but these symptoms represent 5% of cases, in which most infected individuals are children from endemic regions (Ribeiro et al., 2012). Most acute cases in Brazil are currently related to oral transmission and present a different clinical scenario with a higher prevalence of symptomatic cases, acute myopericarditis and death (Pinto et al., 2008).

Untreated acute CD progresses to the chronic phase, which has two clinical forms: indeterminate and determined (Dias et al., 2016). In the indeterminate form, individuals have positive serology, but there are no symptoms or signs of target organ involvement confirmed by complementary tests such as X-ray and electrocardiogram. Most patients remain in the indeterminate chronic stage until the end of their lives, without developing symptoms of the determined chronic phase. However, after a period of 10-30 years, 15-30% of infected individuals evolve to the determined forms of the disease, associated with tissue damage that includes cardiac, digestive, and mixed forms (Dias et al., 2016).

From the patients who move on to the chronic phase, 20-30% develop cardiac form, up to 10% exhibit digestive form, and it is still possible to identify mixed form (cardiac and digestive), in less than 5% (Gascón et al., 2007). The chronic CD cardiac form (CCC) is the most important cause of morbidity and mortality among people affected by CD, also resulting in a significant medical and social impact (Rassi et al., 2010). The most important CCC manifestations are arrhythmias, including sudden cardiac arrest, heart failure, and stroke. However, many patients may present stroke or sudden cardiac arrest as the first clinical presentation of the cardiac form. Regarding the digestive form, the most important presentations are megaesophagus and megacolon (Gascón et al., 2007; Henao-Martínez et al., 2012; Dias et al., 2016).

A variety of structural changes in the cardiovascular system have been described in patients with CCC (Rassi et al., 2017). The main change is observed in the reparative and fibrotic process, with a diffuse and dense accumulation of interstitial collagen that involves individual fibers or even an entire group of fibers. Thus, heart fibrosis is the most important histopathological outcome in CCC, both in humans and in experimental models (Rassi et al., 2010). Fibrosis is defined as an excessive deposition of extracellular matrix components in organs and tissues, because of the fibroblasts´ proliferation and activation, triggered by pro-inflammatory cytokines produced by cells of the innate and adaptive immune system (Wick et al., 2013). Basically, this is a process where the damaged tissue is replaced by connective tissue resulting in remodeling and in the functional impairment of the organ (Pohlers et al., 2009). The fibrosis pattern varies from focal to diffusely distributed fibrosis (Simões et al., 2018). Furthermore, the fibrotic reaction molded by the connective tissue after the inflammatory response is mainly characterized by an increase of extracellular matrix components production and by proliferation, migration, and accumulation of mesenchymal cells. When the inflammatory process ceases, the fibrotic process is sustained, and the installed fibrosis compromises the correct functionality of damaged tissues and organs (Pohlers et al., 2009). Some molecules influence these processes but transforming growth factor beta cytokine (TGF-β) plays a key role in this process by inducing the synthesis of extracellular matrix components and decreasing its degradation and turn-over (Leask, 2004).



Transforming Growth Factor Beta and Its Intracellular Signaling Pathways

In the early 1980s, it became evident that cell growth was controlled by different polypeptides and hormones (Sporn and Todaro, 1980) and a new polypeptide called TGF-β was identified in neoplastic cells (Roberts et al., 1981; Eisinger et al., 1988): a growth factor that induced proliferative phenotype in fibroblasts and collagen production in vivo and in vitro. Shortly after its discovery, a dual role of this cytokine was described, also showing the inhibition of cell proliferation. In these cells, TGF-β acted synergistically with another platelet-derived growth factor and inhibited colony formation (Roberts et al., 1985). TGF-β is a homodimeric protein that is part of the TGF-β superfamily and is found in most eukaryotic organisms, including C. elegans, Drosophila, Xenopus, rats, and humans (Harada et al., 2015). It is expressed in all cell types and in almost all developmental stages of organisms, playing an important role in the regulation of various biological and cellular responses, including cell proliferation and differentiation, extracellular matrix production, embryonic development, epithelial cell growth, carcinogenesis, and apoptosis (Massagué, 2012). In mammalian cells, there are three TGF-β subtypes: 1, 2 and 3. These isoforms are well characterized as small (25 kDa) homodimeric secreted proteins (Wilson, 2021) that are encoded by distinct genes located on different chromosomes. These molecules present significant homology (80%) and are 100% conserved across species, consisting of two monomers with a cysteine core linked by a disulfide bond (Huang et al., 2014). Although the three-dimensional structures of the isoforms are similar, intrinsic differences contribute to the activity and existence of each of these isoforms in vivo (Huang et al., 2014).

TGF-β synthesis is widespread in all cell types (Saharinen et al., 1996). However, due to its pleiotropic activity TGF-β is under strict control in organisms and is secreted in its latent, biologically inactive form (Figure 1). This latent inactive TGF-β is synthesized in a dimeric precursor form associated with the latency-associated protein (LAP), forming the small latent complex (Saharinen et al., 1996; Massagué and Chen, 2000). To perform its biological activities TGF-β needs to be activated to further interact with type I (TβRI), type II (TβRII) and type III (TβRIII) surface receptors, identified in virtually all cell types (Massagué and Gomis, 2006). Thus, activated TGF-β is recognized by its surface receptors following a time sequence (Figure 1): (i) initially, TβRIII acts by modulating the interaction between TGF-β with the appropriate signaling receptors (TβRI and TβRII). Therefore, TβRIII binds to TGF-β and directs it to TβRII; (ii) the binding of TGF-β to TβRII induces the dimerization and formation of a TβRI and TβRII complex, in which TβRII phosphorylates the serine/threonine domain of the TβRI resulting in the activation of an intracellular signaling cascade (Massagué, 1998; Massagué and Chen, 2000; Massagué and Gomis, 2006; Massague, 2008; Massagué, 2012) (Figure 1) Two types of signaling pathway triggered by active TGF-β have been described (Figure 1): the classic pathway, when the TβRI phosphorylates and activates the SMADs proteins (considered as important markers for the activation of the TGF-β signaling pathway) and the alternative pathway, when TβRI phosphorylates and activates other proteins such as: mitogen-activated protein kinases (ERK), C-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinases (Massague and Wotton, 2000; Massagué and Gomis, 2006). This process results in the recruitment of transcriptional cofactors or corepressors that lead to transcriptional activation or repression of TGF-β responsive genes (Shi and Massague, 2003).




Figure 1 | A scheme for (A) TGF-β activation, (B) alternative pathway, (C) Classic pathway and, (D) TGF-β inhibitors.





TGF-β and Chagas Disease

The first study involving the role of TGF-β in the development of CD was carried out in 1991, observing that, when peritoneal macrophages from mice and humans were treated with TGF-β, the trypanocide capacity of IFN-γ was inhibited (Silva et al., 1991). Furthermore, the treatment of human macrophages with TGF-β resulted in increased parasite replication. The effect of TGF-β on T. cruzi infection in vivo was also investigated. Mice infected by T. cruzi and treated with TGF-β developed higher parasitemia with decreased survival. The authors then proposed that TGF-β could play an important role in the regulation of the T. cruzi infection (Silva et al., 1991).

In 1996, Zhang and Tarleton (1996) observed increased TGF-β levels in inflammatory and regulatory cells in the spleen from different in vivo experimental models, at the beginning of the acute phase of T. cruzi infection. They also described that the peak of TGF-β production in the spleen of infected animals was concomitant with the peak of parasitemia in the three experimental models analyzed (Zhang and Tartelon, 1996). In addition, Zhang and Tarleton observed many TGF-β-producing cells in the heart tissue of infected animals during acute phase and persisting through the chronic phase (Zhang and Tartelon, 1996). A study developed with T. cruzi-infected primates also showed that TGF-β was produced in the first week of the acute phase and was constantly and systemically expressed during the chronic phase of the infection (Samudio et al., 1999). The gene expression of TGF-β increased in the heart of primates from two weeks after infection, remaining increased up to 10 years after infection (Samudio et al., 1999).

In 2002, Araújo-Jorge et al. (Araujo et al., 2002) observed that CCC patients had on average 10-20 times higher levels of circulating TGF-β1 when compared to healthy individuals (Araujo et al., 2002). These same patients were re-evaluated, and we demonstrated the predictive value of TGF-β1 as a biomarker of clinical progression in Chagas disease: patients in the early stages of the chronic phase, who presented high levels of circulating TGF-β1, evolved with worse prognosis after 10 years of follow-up (Saraiva et al., 2013). T. cruzi infection in different cell lines (human fibroblasts and epithelial cells) also resulted in a significant increase in the production of TGF-β in the supernatant of these cultures (Martello et al., 2013). An intriguing data was obtained in a further study that described low levels of TGF in stages C and D (Curvo et al., 2018). These results were justified because of different treatment schemes with carvedilol or spironolactone, since these drugs improved the survival of heart failure, but decreased TGF-β transcription.

We also demonstrated another important TGF-β role in Chagas disease: its involvement in cardiac tissue homeostasis, acting as a regulator of cell proliferation and death, extracellular matrix remodeling, electric coupling, and angiogenesis (Araujo-Jorge et al., 2012). Therefore, this cytokine is a key molecule to be studied in infectious diseases that damage the heart tissue, such as CD. Immunohistochemical analyzes of cardiac biopsies from patients with CCC presenting moderate or severe cardiac dysfunction showed intense staining for fibronectin in the extracellular matrix, as well as the presence of phosphorylated Smad2 (Araujo et al., 2002).

In addition to participating in the different processes already described in the progression of the CD, studies have shown that TGF-β also acts in the control of the different stages of T. cruzi life cycle (Waghabi et al., 2005; Waghabi et al., 2007). Waghabi et al. (2005) demonstrated that T. cruzi directly activates latent TGF-β, as a necessary strategy for host cell invasion. Ten years later, it was described that this activation is performed by a cysteine peptidase produced by T. cruzi, called cruzipain (Ferrão et al., 2015). These results represented the first example in the literature of a new mechanism by which a protozoan uses a host cell molecule, TGF-β, to control its own intracellular life cycle (Waghabi et al., 2005).

In 2016, we analyzed the kinetics of the TGF-β signaling pathway during the acute phase of experimental CD, observing that the T. cruzi infection: (i) significantly increases the expression of receptors: TβRI and TβRII; (ii) stimulates the phosphorylation of both the classical signaling pathway proteins (Smad2/3) and the alternative one (JNK, p38, ERK); (iii) significantly increases the TGF-β1 mRNA levels; (iv) leads to a high expression of TGF-β-responsive proteins: CTGF and fibronectin and; (v) with increased collagen deposition (Ferreira et al., 2016). Once again, these data confirm the main role of TGF-β in the development and maintenance of cardiac damage in response to T. cruzi infection (Ferreira et al., 2016). Silva et al. (2019) also determined TGF-β regulatory mechanisms in CD. This study in Trypanosoma cruzi-infected cardiomyocytes and cardiac fibroblasts demonstrated that p38 and c-Jun pathways could participate in regulatory process of fibrosis mediated by TGF-β (Silva et al., 2019). A recent in-silico study showed the prediction and verification of nine potential genes that were strongly associated with the virulence mechanisms of T. cruzi and the host immune response. One of these target genes was a member of the Smad5 family, a protein involved in the classical TGF-β signaling pathway (Ballinas-Verdugo et al., 2021). Other in-silico study described that some known and novel PIWI-interacting RNA (piRNAs) from the host could be dysregulated and could target and potentially regulate the expression of genes including TGF-β and two other piRNAs target genes, with one degree of interaction to TGF-β1. However, the role of these piRNAs in the CD pathogenesis remains unknown (Rayford et al., 2020).

CD susceptibility and its clinical manifestations could be influenced by genetic factors of the host (Ayo et al., 2013). A review article updated the current knowledge of the genetic basis of Chagas disease. Acosta-Herrera at el. (2019) concluded that more than 50 polymorphisms are associated with the susceptibility to T. cruzi infection and to the chronic manifestation of Chagas disease (Acosta-Herrera et al., 2019). In 2009, a study carried out in Peru and Colombia identified the association of TGF-β1 gene polymorphisms with susceptibility to the development of CD. Calzada et al. (2009) observed that the T allele at codon 10, which is associated with low production of TGF-β1, was found more frequently in healthy individuals than in cardiac patients. Conversely, the frequency of the C allele, which is associated with high production of TGF-β1, was higher in the group of infected individuals, indicating that this allele is a risk factor for susceptibility to the development of the disease (Calzada et al., 2009).

In 2018, we evaluated the importance of the TGF-β1 polymorphism in Brazilian patients in the chronic phase, including the indeterminate form and the different stages of the cardiac form. We also correlated the expression of different TGF-β1 alleles with the susceptibility of CD development. We demonstrated that two TGF-β1 polymorphisms, -509 C>T (rs1800469) and codon 10 T>C (rs1800470), are associated with the susceptibility to the development of the disease in Brazilian cohort (Ferreira et al., 2018). Thus, TGF-β1 is a potential serological marker with predictive value in the clinic for patients in the early stages of the disease. Considering the extensive involvement of TGF-β in the development of infectious and genetic diseases, in cell proliferation and differentiation, extracellular matrix production and consequent fibrosis, inhibition of TGF-β activity could be a possibility for treatment or even cure of some disease and biological and cellular processes. In other infections such as HIV (Jiang et al., 2021) and COVID-19 (Carlson et al., 2020) the important role of TGF-β in the remodeling of the extracellular matrix is also proposed, contributing to fibrosis. TGF-β involvement in various diseases increased the efforts for the development of compounds that inhibit the activity and signaling pathway of this molecule. Thus, our group has intensively evaluated pre-clinically the therapeutic action of some pharmacological compounds that inhibit the activity of TGF-β in CD, such as SB-431542, GW788388 and 1D11 (Araujo-Jorge et al., 2012) (Figure 1).

In 2007, Waghabi et al. (2007) evaluated the role of SB-431542 (TβRI inhibitor) in an in vitro infection model. As shown in the Table 1, we observed that the compound: (i) inhibits the activation of the TGF-β pathway induced by the presence of the parasite in epithelial cells and cardiomyocytes; (ii) reduces T. cruzi invasion in cardiomyocyte; (iii) decreases the number of parasites per infected cell; (iv) impairs T. cruzi differentiation, and release of trypomastigote forms, and (v) induces the death of intracellular parasites. We also evaluated the effect of SB-431542 on Gap junction proteins connexin-43 (Cx-43) finding a reduction and disorganization profile in the expression of Cx-43 (Waghabi et al., 2009a). These changes contribute to the abnormal conduction of the electrical impulse, which was reserved after treatment with SB-431542, resulting in an increased expression of Cx-43 and reestablishment of the organization of its plaque structure in cardiomyocytes. Thus, for the first time in the literature, we demonstrated in animal models that inhibition of the TGF-β pathway could be tested as a possibility for the treatment of CD.


Table 1 | Pre-clinical and clinical approaches implicating TGF-β in modulation of pathology in Chagas disease.



In 2009, Waghabi et al. (2009) demonstrated that male Swiss mice infected with the T. cruzi Y strain and treated with SB-431542: (i) reduces mice mortality; (ii) decrease in parasitemia; (iii) improve the electrocardiographic profile; and (iv) reduces the enzymatic tissue damage biomarkers (aspartate aminotransferase and creatine kinase). Thus, the inhibition of the TGF-β signaling pathway in vivo significantly attenuate the infection, preventing aggressive damage to the heart of infected animals (Waghabi et al., 2009b). The therapeutic activity of another TGF-β pathway inhibitor was also evaluated in an acute infection model of CD: male Swiss mice were infected with the T. cruzi Y strain and treated with GW788388. The compound was administered at the beginning of the infection and reduced parasitemia, increased animal survival, maintained cardiac electrical conduction and baseline of Cx43 expression. In addition, administration of GW788388 at the end of the acute phase increased animal survival and decreased cardiac fibrosis. These results reaffirm that inhibition of the TGF-β signaling pathway could be considered an important alternative strategy for the treatment of cardiomyopathy developed in CD (Oliveira et al., 2012). Another outstanding study established a therapeutic approach for controlling T. cruzi-driven fibroblast differentiation by poly [ADP-ribose] polymerase 1 inhibitors through modulation of the profibrotic macrophages signaling of the activator protein 1-MMP9 -TGF-pathway, thus controlling chronic fibrosis in CD by indirect inhibition of TGF-β’s functions (Choudhuri and Garg, 2020).

More recently, we also investigated the effect of GW788388 in a chronic CD experimental model (Ferreira et al., 2019). Ferreira et al. (2019) observed that treatment with GW788388 had a relevant therapeutic effect on the cardiac tissue of T. cruzi infected mice, resulting in: (1) decreased circulating TGF-β levels; (2) improved the electrocardiographic profile: decrease of the PR and QTc intervals, increase in heart rate, reversal of sinus arrhythmia and reversal of disturbances in atrial and atrioventricular conduction; (3) reversed the altered formation of intercellular plaques enriched with Cx-43; (4) decreased fibrosis in cardiac tissue; (5) decreased of the expression and activities of SMAD2/3 proteins, important proteins involved in TGF-β intracellular signaling pathway; (6) increased of the activity of MMP9, an enzyme important in the process of degradation of extracellular matrix proteins to decrease fibrosis; (7) decreased the protein expression of TIMP1/2/4, which are inhibitors of the activity of MMPs; and (8) recovered the transcription of GATA-6 and Tbox-5 genes, important markers of cardiac regeneration (Ferreira et al., 2019). Thus, the therapeutic effects of the TGF-β signaling pathway inhibition are promising and suggest a new possibility for the treatment of cardiac fibrosis in the chronic phase of CD.

Some studies evaluated the inhibition of the TGFβ-signaling pathway, and some molecules are under investigation in clinical trials for other diseases. AVID200, a potent TGF-beta 1 and 3 inhibitor, entered clinical trials phase I for the treatment of patients with advanced solid tumors. Weill Medical College of Cornell University New York, United States, is now recruiting patients for the investigation of safety and feasibility of Vactosertib, a small TGF-β type I receptor inhibitor molecule for the treatment of anemic chronic myeloproliferative neoplasms patients. Translation of the in vitro and in vivo result of TGF studies on Chagas disease development to patients into clinical trials is challenging but, as well as to other disease, could represent a new therapeutic strategy to be assessed.




Concluding Remarks

Chagas disease affects approximately 8 million people in Latin America, and its prevalence in non-endemic countries has increased due to increasing international migration and non-vector transmission routes. The present drugs available for the treatment of CD in acute and chronic phases are first-generation trypanocidal drugs (benznidazol and nifurtimox) and only few new drugs are under evaluation in clinical trials, with no focus on cardiac physiopathological mechanisms of CD. Therefore, research to identify new treatments for CD is needed. To decrease the impact of CD on the population and the public health budget, governments must invest in treatment and health promotion policies as well as on innovation for new treatment strategies. The role of TGF-β as an inducer of several pathological processes leading to development and maintenance of cardiac damage in CD transforms this cytokine in a relevant target for the advancement of therapies for CCC patients. The therapeutic effects of inhibiting the TGF-β signaling pathway, in vitro and in vivo, are well described and promising. Thus, evaluation of the effect of the TGF-β signaling pathway inhibitors could be considered as: (i) a new strategy for the treatment of cardiac fibrosis in CD; (ii) a suggestion of effective and specific treatment for CCC. After 20-years of work in this line of research, we consider these conclusions as an important outcome.
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Chronic Chagas disease (CCC) is an inflammatory dilated cardiomyopathy with a worse prognosis compared to other cardiomyopathies. We show the expression and activity of Matrix Metalloproteinases (MMP) and of their inhibitors TIMP (tissue inhibitor of metalloproteinases) in myocardial samples of end stage CCC, idiopathic dilated cardiomyopathy (DCM) patients, and from organ donors. Our results showed significantly increased mRNA expression of several MMPs, several TIMPs and EMMPRIN in CCC and DCM samples. MMP-2 and TIMP-2 protein levels were significantly elevated in both sample groups, while MMP-9 protein level was exclusively increased in CCC. MMPs 2 and 9 activities were also exclusively increased in CCC. Results suggest that the balance between proteins that inhibit the MMP-2 and 9 is shifted toward their activation. Inflammation-induced increases in MMP-2 and 9 activity and expression associated with imbalanced TIMP regulation could be related to a more extensive heart remodeling and poorer prognosis in CCC patients.
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Introduction

Chronic Chagas cardiomyopathy (CCC) is the most important chronic clinical manifestation of Chagas disease, a zoonosis caused by the protozoan parasite, Trypanosoma cruzi (T. cruzi) naturally transmitted through hematophagous reduviid bugs, and also by blood transfusions, organ transplants or congenitally (Coura and Borges-Pereira, 2010). The World Health Organization estimates that approximately 7–8 million people are infected with T. cruzi in Central and South America (Schofield et al., 2006), with an estimated 300,000 cases in the United States and 120,000 cases in Europe alone due to migration of people from endemic areas. The acute phase of Chagas disease usually lasts 6–8 weeks, and most frequently is oligo- or asymptomatic (Rassi et al., 2010). About 30% of the asymptomatic patients will develop CCC, a progressive, fibrotic disease in which myocardial inflammation plays a fundamental role causing tissue damage; indeed, lymphocytic myocarditis is proportional to the degree of cardiac dysfunction in Chagas disease (Higuchi et al., 1987). The myocarditis leads to a major dysregulation of heart extracellular matrix (ECM) leading to a maladaptive cardiac remodeling that constitutes the basic step to a progressive heart failure (Liu et al., 2006; Kret and Arora, 2007; Benchimol-Barbosa and Barbosa-Filho, 2009; Levick and Goldspink, 2014).

The term cardiac remodeling describes a response mechanism in response to injury and differs from the physiological cardiac hypertrophy observed during gestation and intensive exercising (Mihl et al., 2008; Kehat and Molkentin, 2010). Different cardiovascular disorders, like myocardial infarction, ischemia, reperfusion injury and viral myocarditis displays an intense cardiac remodeling that involves cardiac fibroblasts, the main cell type responsible for ECM regulation and homeostasis (Kret and Arora, 2007; Chen et al., 2013). Cardiac fibroblasts perform important functions by synthetizing ECM molecules and regulating the ECM turnover by secreting matrix metalloproteinases (MMPs) (Kret and Arora, 2007; Apte and Parks, 2015). MMPs are zinc-dependent endopeptidases responsible for degradation and remodeling of ECM components, namely, collagens, proteoglycans, fibronectin and laminin within the injury zone (Apte and Parks, 2015). Because MMPs have a dual role functioning in both physiological and pathological processes, their functions should be tightly regulated. MMPs are synthesized and secreted, in most cases, as inactive proenzymes (pro-MMPs) that are activated by other proteinases (Nagase et al., 2006; Spinale and Villarreal, 2014). MMPs also regulate the activities of effector proteins involved in inflammation and fibrosis (Niu et al., 2016). The homeostasis in a normal healthy heart is dependent on the balance between activation of pro-MMPs to active degradative MMPs, a process controlled by complex formation with their endogenous inhibitors: tissue inhibitors of MMPs (TIMPs) (Nagase et al., 2006; Lindsey and Zamilpa, 2012). MMPs expression and activity were shown to be dysregulated in different cardiovascular diseases and in failing hearts of various etiologies like acute myocardial infarction, DCM and heart failure (Morishita et al., 2015). Two important members of MMPs, MMP-2 and MMP-9, are from the group of gelatinases and have been indicated as key enzymes responsible for profound cardiac remodeling (Yasmin et al., 2005; Spinale and Zile, 2013). Right after an acute injury, like a myocardial infarction, the pre-existing pro-MMP-2 and 9 within the myocardium are activated and disrupt the fibrillar collagen network to allow inflammatory cells to infiltrate into the infarct zone to remove the necrotic cells (Spinale, 2007). Myocytes, fibroblasts, and activated macrophages and also neutrophils are thought to be the main cellular sources for the increased MMP-2 and MMP-9 levels (Ma et al., 2014). Previous studies have shown higher serum and plasma levels of MMP-2 and MMP-9 in CCC (Bautista-Lopez et al., 2013; Fares et al., 2013). Other MMPs, such as MMP-3, MMP-8, MMP-13 and MMP-12 also have as substrate collagen types I and III, main components of heart extracellular matrix (Polyakova et al., 2011; Rubis et al., 2016); Extracellular matrix metalloproteinase Inducer EMMPRIN, an inducer of MMP2 and MMP9 (Siwik et al., 2008; Kaushik et al., 2015). Here, we show for the first time, gene and protein expression, and also enzymatic activity of MMP-2, MMP-9 and gene and protein expression of their specific inhibitors TIMP 1, 2, 3, and 4 and EMMPRIN in myocardial tissue samples from CCC patients compared to DCM and from organ donors (control samples). Our results suggest an important role of MMP-2 and MMP-9 in myocardial remodeling and in cardiac dysfunction observed in patients with CCC.



Materials and Methods


Ethics Statement

The protocol was approved by the Institutional Review Board of the School of Medicine, University of São Paulo (Protocol number 492/682) and written informed consent was obtained from the patients. In the case of samples from heart donors, written informed consent was obtained from their families.



Samples of Human Myocardium

Myocardial samples were obtained from left ventricular-free wall heart tissue from end-stage heart failure patients at the moment of heart transplantation. The patients belonged to three diagnostic groups: CCC (at least 2 positive results in 3 independent anti-T. cruzi serology tests—ELISA immunoassay, indirect immunofluorescence assay and indirect hemagglutination test), DCM (idiopathic dilated cardiomyopathy) and controls, left ventricular free wall samples obtained from healthy hearts of organ donors, which were not used for transplantation due to size mismatch with available recipients (Table 1). All Chagas disease patients underwent standard electrocardiography and echocardiography. Echocardiography was performed in the hospital setting using an Acuson Sequoia model 512 echocardiographer (Siemens, Germany) with a broad-band transducer. The left ventricular dimensions and regional and global function evaluations were performed using a 2-dimension and M mode approach, in accordance with the recommendations of the American Society of Echocardiography. Patients with CCC presented with abnormal electrocardiography findings that ranged from typical conduction abnormalities (right bundle branch block and/or left anterior division hemiblock) to severe arrhythmia (Jorge et al., 2003; Bocchi et al., 2009). A group of patients also presented varying degrees of ventricular dysfunction classified on the basis of left ventricular ejection fraction with all other causes of ventricular dysfunction/heart failure excluded. Characteristics of patients and normal donors whose samples were used in this study are described in Table 1 and Supplementary Table 2.


Table 1 | Clinical characteristics of the study subjects.





Samples Preparation

All samples were cleared from pericardium and fat and 100 mg pieces of left ventricle heart wall were quickly frozen in liquid nitrogen and stored at −80°C and another set was fixed in a solution of 10% neutral buffered formalin, embedded in paraffin and sectioned at thickness of individual 5 µm sections. The slides were stained with Hematoxylin–Eosin (H&E) for evaluation of the intensity and location of the inflammatory infiltrate and PicroSirius Red (Abcam, UK) staining to visualize the degree of fibrosis. Stained sections were imaged with a ×20 objective lens by Leica DM2500 microscope (Leica Cambridge, Ltd, UK) and true color digital images were captured. Slides were scored for the intensity of myocarditis and for the presence or absence of hypertrophy (Supplementary Table 2).



Morphometric Analysis for Myocardial Collagen Area

A total of 15 images were captured per myocardium tissue sample under ×10 magnification; we studied 5 samples of each patient group (CCC, DCM, and control). For quantitative evaluation of fibrosis, collagen area was calculated using Leica Qwin Plus 3.5 image analysis software, as percentage of fibrosis area per total area of heart tissue sections.



Isolation of Total RNA

Total RNA was isolated from 100 mg of tissue from each heart sample (CCC N = 17, DCM N = 12, Control N = 6) by mechanical disruption with the Precellys 24-bead-based homogenizer (Bertin Technologies, France) using 3 cycles of 15 s with pause of 20 s each at 6,000 rpm. Samples were homogenized in 1 ml of Trizol reagent (Life Technologies, USA) following the protocol of the manufacturer. All samples had an OD 260/280 ration ≥1.9. The RNA integrity was analyzed on a Bioanalyzer 2100 (Agilent, USA). Only samples with RIN (RNA Integrity Number) value >6.5 were used in our analysis.



Analysis of mRNA Expression by Quantitative Real Time Polymerase Chain Reaction (Real Time-qPCR)

RNA from each sample was treated with Rnase-free DNAse I (United States Biological, Ohio, USA) cDNA was obtained from 5 µg total RNA using Super-script II reverse transcriptase (Invitrogen, USA) and mRNA expression was analyzed by real-time qPCR with SYBR Green I PCR Master Mix (Applied Biosystems, USA) with 250 nM of sense and anti-sense specific primers using the ABI Prism 7500 Real Time PCR System. The following primers were designed using Primer Express software version 3.0 (Applied Biosystems, USA; Supplementary Table 1). All the samples were processed in triplicate for the target and for the endogenous reference gene, RPLP0. A set of “no RT” and “no template controls” controls were included in each experiment. Ct values were averaged for the replicates and expression was calculated as the mean ± interquartile ranges per group for each individual data point using the relative expression equation (fold change over control samples) by the 2−DDCT method.



Protein Extraction From Heart Tissue Samples

Protein was isolated from each heart sample with RIPA buffer containing 150 mM sodium chloride, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 100 mMl/Tris–HCL pH 7.5, and proteolytic enzyme inhibitors (1 mM phenymethylsulfonylfluoride, PMSF and 1% aprotinin) (Sigma-Aldrich, USA) by mechanical disruption with the Precellys 24-bead-based homogenizer using 3 cycles of 15 s with pause of 20 s each at 6,000 rpm at 4°C. The homogenate was sonicated for 3 cycles of 10 s each of 10 W (60 Dismembrator Sonic, Fischer Scientific, USA), centrifuged at 12,000g for 30 min at 4°C. Supernatants were collected and protein quantification was performed using the Bradford method (Bio-Rad Laboratories, USA).



Protein Expression Analysis by Western Blotting

About 70 µg of isolated protein from each myocardial sample (5 samples per group: CCC, DCM and Control) were heated for 5 min at 95°C, and subjected to one dimensional electrophoresis (SDS-PAGE) using 12.5% polyacrylamide using the vertical electrophoresis System Ruby SE600 (GE Healthcare, USA). After electrophoresis, proteins were transferred from gel to a nitrocellulose membrane using the TE Semi-Dry Transfer Unit (GE Healthcare, USA). The nitrocellulose membranes (Bio-Rad, Laboratories, USA) were blocked for nonspecific binding with 5% non-fat dry milk in Tris-buffered saline and 0.1% Tween 20% (TBST) for 2 h at room temperature. Blots were washed in TBST twice over 30 min and the ECL Plus Western Blotting Detection Reagents, were used for detection. Images were capture using the ImageQuant LAS 4000 equipment (GE Healthcare, USA) and membranes were imaged using a LI-Cor Odyssey scanner (LI-COR Biotechnology—UK Ltd). Analysis of densitometry was performed using the program ImageQuant TL, and the data was normalized to beta-actin.



Zymography Assay Analysis of MMP-2 and MMP-9 Activity

Activities of MMP-2 and MMP-9 in myocardium tissue sample from CCC, DCM and Control (5 samples/each group) were examined by gelatin zymography. About 70 µg protein isolated from each heart tissue sample were applied to 1D electrophoresis using 10% polyacrylamide gel copolymerized with 1% gelatin type A from porcine skin (Sigma, USA) as a substrate for gelatinolytic proteases. After electrophoresis, the gels were washed twice in 2.5% Triton X-100 (Amersham Biosciences, UK) in water for 30 min. The gels were then incubated overnight at 37°C in reaction buffer (5 mM CaCl2, 2 mM NaN3 and 50 mM Tris–HCL buffer pH 7.4). After incubation, the gels were stained for 3 h in 45% methanol,10% glacial acetic acid containing 1% Coomassie Blue R-250 (Amersham Biosciences/GE Healthcare, USA) and were subsequently partially destained with the same solution without dye. The gelatinolytic activity of each MMP was qualitatively evaluated as a clear band of digested gelatin against a blue background. To confirm that the visualized bands of lysis were due to MMP activity, selected duplicate gels were incubated with MMP inhibitors (5 mM EDTA or 10 mM 1,10-phenanthroline). Proteolytic signals of active MMP-2 and MMP-9 were quantified based on the peak area, using the software ImageQuant TL (Hu and Beeton, 2010).



Statistical Analysis

Difference between groups was determined by one-way Analysis of Variance (ANOVA) followed by a non-parametrical test (Mann–Whitney Rank Sum Test). All statistical analyses were performed with GraphPad Prism 6.0 software (GraphPad Prism Software, Inc., USA). Results were expressed as mean ± SEM. P-values were considered significant if ≤0.05 (marked with a * symbol).




Results


Cardiomyocyte Hypertrophy and Collagen Deposit in Heart of CCC and DCM Patients

The histopathological analysis revealed that both groups CCC and DCM present cardiomyocyte hypertrophy with nuclear enlargement (Figure 1A). As expected, myocarditis associated with a predominant interstitial mononuclear infiltration was observed only in heart samples of CCC patients, evidenced by H&E staining (Supplementary Table 2 and Figure 1A, CCC sample). To evaluate ECM fibrosis distribution, heart tissue sections were stained with Picro Sirius Red to detect collagen deposition. Both CCC and DCM displayed a significantly higher percentage of fibrosis area as compared to Controls (Figure 1B). Collagen area was also significantly higher in the heart tissue sections from CCC compared to DCM group. There were no significant differences in the analyzed clinical parameters such as ejection fraction (EF), left ventricle diastolic diameter (LVDD) and left ventricle systolic diameter (LVSD) between DCM and CCC groups (Table 1).




Figure 1 | Histopathological features of myocardial samples. (A) Slides of hematoxylin–eosin (H&E) and picrosirius red stained myocardial sections of representative patients with CCC, DCM and individuals without cardiomyopathies (Controls). Representative heart sections were shown with magnification: ×20. Myocardial hypertrophy characterized by fiber and nuclear enlargement is evident in the CCC and DCM groups. Diffuse mononuclear or lymphocytic myocarditis is present only in the CCC group. Interstitial fibrosis stained in red with picrosirius red is present in the CCC and DCM groups. (B) The severity of fibrosis was quantified by collagen area fraction (%) in DCM and CCC group exhibit a significant increase in the deposition of collagen. Groups were compared by a non-parametrical test (Mann–Whitney Rank Sum Test) with GraphPad Prism software (version 6.0; GraphPad). Results were expressed as mean ± SD. *P-values were considered significant if p-value (0.05) corrected for multiple comparisons by Bonferroni’s method (corrected p-value = 0.05/3 = 0.0166).





MMPs are Significantly Altered in Heart From CCC and DCM Patients

We evaluated gene and protein expression of different classes of MMPs (MMP-2, MMP-3, MMP-8, MMP-9, MMP-12, MMP-13) and EMMPRIN in heart samples from DCM, CCC and CONT patients. We observed a significant upregulation in gene expression of MMP-2, MMP-9 (Figure 2A), MMP-12, MMP-13 and EMMPRIN in both DCM and CCC heart samples compared to Control (Supplementary Figure 1). MMP-3 and MMP-8 mRNA expression were undetectable in all samples tested. Western blotting analysis showed that MMP-2 protein is increased in both DCM and CCC heart samples and MMP-9 protein is exclusively increased in CCC compared to Control group (Figure 2B). There were no significant differences in protein expression of MMP-3, MMP-8, MMP-12, MMP-13 and EMMPRIN between CCC, DCM and control samples (Figure 3D).




Figure 2 | MMP-2 and MMP-9 mRNA and protein expression and activity in myocardium tissue from control, DCM and CCC samples. Myocardial expression of MMP-2 and MMP-9 mRNA. Real-time PCR analysis of mRNA expression in control (n = 6), DCM (n = 12) and CCC (n = 17) myocardium. The expression was calculated as the mean ± SEM for each group as individual data points using the relative expression (fold change over control) by the 2−ΔΔCt method, normalized with the endogenous gene RPL0, as described in the Materials and Methods section. (A) Relative expression of MMP-2 mRNA and MMP-9 mRNA. (B) Western blotting image showing protein of MMP-2 and MMP-9 in extracts from myocardium samples from the control, DCM and CCC (n = 5 in each group). The densitometric values of each protein for each sample were normalized by the values of Beta actin, as described in the Materials and Methods section. Densitometry analysis of the MMP-2. Densitometry analysis of the MMP-9. (C) Zimography image showing activity of MMP-2 and MMP-9 in extracts from myocardium samples from control, DCM and CCC (n = 5 in each group). (D) Densitometry analysis of the activated MMP-2 (66 kD band) and activated MMP-9 (88 kD band) results. Groups were compared by a non-parametrical test (Mann–Whitney Rank Sum Test) with GraphPad Prism software (version 6.0; GraphPad). Results were expressed as mean ± SD. *P-values were considered significant if p-value (0.05) corrected for multiple comparisons by Bonferroni’s method (corrected p-value = 0.05/3 = 0.0166). Primary antibodies (with their respective dilution) against the following proteins were used: MMP-2 (mouse monoclonal, 1:1,000, Abcam, UK); MMP-3 (rabbit polyclonal, 1:500, Abcam, UK); MMP-8 (rabbit polyclonal, 1:500, UK); MMP-9 (rabbit polyclonal, 1:1,000, UK); MMP-12 (rabbit polyclonal, 1:1,000, UK); MMP-13 (rabbit polyclonal, 1:1,000, UK); EMMPRIN (mouse monoclonal, 1:500, Santa Cruz, Biotechnology, USA); TIMP-1 (1:1,000); TIMP-2 (1:1,000); TIMP-3 (goat plyclonal,1:500, Santa Cruz Biotechnology, USA); TIMP-4 (goat polyclonal,1:500, Santa Cruz Biotechnology, USA); Reck (mouse polyclonal,1:1,000, Abcam, UK). Anti- beta-actin antibody (mouse monoclonal, 1:2,000, Sigma, USA), was used to detect beta-actin, used as protein loading control. All antibodies were diluted in TBST and incubated at 4°C overnight. After washing twice over 30 min with TBST, each membrane was incubated with compatible secondary antibodies horseradish peroxidase conjugate (goat anti-rabbit, rabbit anti-goat or goat anti-mouse, 1:10,000, Calbiochem, USA) for 2 h at room temperature.






Figure 3 | Expression of MMP-3, MMP-8, MMP-12, MMP-13 and EMMPRIN in heart tissue from CCC and DCM samples. Myocardial expression of MMP-12, MMP-13 and EMMPRIN mRNA. Real-time PCR analysis of mRNA expression in control (n = 6), DCM (n = 12) and CCC (n = 17) myocardium. The expression was calculated as the mean ± SD for each group as individual data points using the relative expression (fold change over control) by 2−ΔΔCt method, normalized with the endogenous gene RPL0, as described in the Materials and Methods section. (A) Relative expression of MMP-12 mRNA. (B) Relative expression of MMP-13 mRNA. (C) Relative expression of EMMPRIN mRNA. The expression of mRNA of MMP-3 and MMP-8 was undetectable in all samples tested (data no show). (D) Densitometry analysis of the MMP-3, MMP-8, MMP-12, MMP-13, and EMMPRIN. Groups were compared by a non-parametrical test (Mann–Whitney Rank Sum Test) with GraphPad Prism software (version 6.0; GraphPad). Results were expressed as mean ± SD. *P-values were considered significant if p-value (0.05) corrected for multiple comparisons by Bonferroni’s method (corrected p-value = 0.05/3 = 0.0166).



Gelatin zymography was carried out on DCM, CCC and control patient heart samples (5 samples per group) to assess MMP-2 and MMP-9 enzymatic activity. Figure 2C shows the detection of gelatinolytic bands for MMP-2 (62 kDa) and MMP-9 (88 kDa) on SDS-PAGE gel. Densitometry analysis (Figure 2D) shows that both enzymes MMP-2 and MMP-9 are significantly more active in CCC heart tissue samples as compared to both control and/or DCM samples. MMP-2 and MMP-9 activities in the DCM group were not significantly different from control tissue.



Expression of MMP-3, MMP-8, MMP-12, MMP-13 and EMMPRIN

We evaluated gene and protein expression of the other classes of MMPs and EMMPRIN in myocardial samples from the CCC, DCM and control. Figures 3A–C show that gene expression levels of MMP-12, MMP-13 and EMMPRIN were significantly higher in CCC and DCM myocardial tissue in comparison to samples from control group (P ≤0.05). The gene expression of MMP-3 and MMP-8 were undetectable in all samples tested. There were no significant differences in protein expression of MMP-3, MMP-8, MMP-12, MMP-13, and EMMPRIN between CCC, DCM and control samples (Figure 3D).



Gene and Protein Expression of Tissue Inhibitors of MMPs (TIMPs) in Heart From CCC and DCM Patients

We assessed gene and protein expression of TIMPs 1, 2, 3, and 4 in heart tissue from CCC, DCM, and control samples. A significant upregulation in gene expression was found for all TIMPs analyzed in CCC and DCM heart tissue samples (Figure 4A) compared to the control group (P ≤0.05). TIMP-2 was the only inhibitor with significantly increased protein levels, both in DCM and CCC heart tissue samples as compared to Control samples (Figure 4B).




Figure 4 | Tissue inhibitors of MMPs (TIMPs) mRNA expression and protein expression in heart tissue from CCC and DCM samples. Real-time PCR analysis of mRNA expression in control (n = 6), DCM (n = 12) and CCC (n = 17) myocardium. The expression was calculated as the mean ± SD for each group as individual data points using the relative expression (fold change over control) by the 2−ΔΔCt method, normalized with the endogenous gene RPL0, as described in the Materials and Methods section. (A) Relative expression of TIMP-1 mRNA; TIMP-2 mRNA; TIMP-3 mRNA; TIMP-4 mRNA. (B) Western blotting image showing protein of the 21 kDa TIMP-2 bands in extracts from myocardium samples from the control, DCM and CCC (n = 5 in each group). The densitometric values of TIMP-2 protein for each sample were normalized by the values of 42 kD Beta actin band, as described in the Materials and Methods section. Groups were compared by a non-parametrical test (Mann–Whitney Rank Sum Test) with GraphPad Prism software (version 6.0; GraphPad). Results were expressed as mean ± SD. *P-values were considered significant if p-value (0.05) corrected for multiple comparisons by Bonferroni’s method (corrected p-value = 0.05/3 = 0.0166).





Balance Between MMP-2 and MMP-9 and Their Tissue Inhibitors (TIMPs) is Shifted Towards Activation in CCC and DCM Heart Tissue

We observed that the MMP-2/TIMP-1, MMP-2/TIMP-2, MMP-2/TIMP-3 and MMP-2/TIMP-4 MMP activity/TIMP protein ratios were increased in CCC heart tissue compared to DCM or control group samples (P ≤0.05) (Figures 5A–D). As shown in Figures 6A–C, MMP-9/TIMP-1 and MMP-9/TIMP-3 ratios were also increased in CCC heart tissue in comparison to DCM or control group (P ≤0.05); MMP9/TIMP2 and MMP-9/TIMP-4 ratio did not show any significant changes between the analyzed groups (Figure 6D).




Figure 5 | Ratios of MMP2/TIMP in heart tissue from CCC and DCM samples. Activity of MMP-2/expression protein TIMP stoichiometric ratios were calculated for samples CCC, DCM and control. (A) MMP-2/TIMP-1. (B) MMP-2/TIMP-2. (C) MMP-2/TIMP-3. (D) MMP-2/TIMP-4. *P-values were considered significant if p-value (0.05) corrected for multiple comparisons by Bonferroni’s method (corrected p-value = 0.05/3 = 0.0166).






Figure 6 | Ratios of MMP9/TIMP in heart tissue from CCC and DCM samples. Activity of MMP-9/expression protein TIMP stoichiometric ratios were calculated for samples CCC, DCM and control (A) MMP-9/TIMP-1. (B) MMP-9/TIMP-2. (C) MMP-9/TIMP-3. (D) MMP-9/TIMP-4. Groups were compared by a non-parametrical test (Mann–Whitney Rank Sum Test) with GraphPad Prism software (version 6.0; GraphPad). Results were expressed as mean ± SD and arbitrary units. *P-values were considered significant if p-value (0.05) corrected for multiple comparisons by Bonferroni’s method (corrected p-value = 0.05/3 = 0.0166).






Discussion

Here, we report for the first time that the myocardium from CCC and DCM patients have alterations in MMP-2, MMP-9, and their TIMPs. We found that collagen area, MMP-2 and TIMP-2 protein levels and mRNA expression of the MMPs-2, -9, -12, -13, the TIMPs-1, -2, -3, -4 and MMP inducer EMMPRIN were increased in both CCC and DCM samples as compared to controls. Importantly, MMP-9 protein levels and MMP-2 and MMP-9 enzymatic activity were increased only in CCC. Moreover, MMP Enzymatic activity/TIMP protein ratios MMP-2/TIMP-1, MMP-2/TIMP-3, MMP-9/TIMP-1 and MMP-9/TIMP-3 were increased in CCC as compared with DCM and control, and MMP-2/TIMP-2 and MMP-2/TIMP-4 ratios were higher among CCC than DCM.

Our findings on MMP-2 and MMP-9 corroborate the important involvement of MMPs in physiological and pathological myocardial remodeling (Li et al., 2000; Vanhoutte et al., 2006; Schulz, 2007). Gutierrez et al. described an increase in MMP-2 and MMP-9 expression in hearts of mice acutely infected with T. cruzi, and TIMP treatment reduced myocarditis and increased survival (Gutierrez et al., 2008). Polyakova et al. demonstrated that increased expression of MMP-2 and MMP-9 is associated with collagen maturation in heart failure, showing an important role of these enzymes in fibrosis through collagen configuration, activation and deposition with cardiomyocyte hypertrophy and fibrosis contributing with remodeling and cardiac dysfunction (Polyakova et al., 2011). Myocardial TNF-α was correlated with MMP-9 activity in a mouse model of myocardial infarction (Tao et al., 2004). These authors demonstrated that TNF-α blockade decreased left ventricular dilation, which was associated with a decrease in the production and activity of MMP-9. Activation of TNF-α receptors can induce the synthesis of MMP-9 by activating the transcription factors, AP-1 (activator protein-1) and NF-kB (Nuclear factor kappa B), both capable of binding to MMP-9 promoter regions (Bradham et al., 2002; Deschamps and Spinale, 2006). Inflammatory cells present in the CCC myocardium produce high levels of TNF-α and other pro-inflammatory cytokines, like IFN-γ and IL-6 (Costa et al., 2006). Human macrophages infected with T. cruzi produced increased levels of MMP-9, which was related to the production of cytokines such as IL-1β, TNF-α and IL-6 (de Pinho et al., 2014). Medeiros et al. reported that neutrophils and monocytes from indeterminate and cardiac Chagas disease patients had higher intracellular levels of MMP-2 and MMP-9 than those found in non-infected individuals (Medeiros et al., 2017). Together with our data showing increased protein levels of MMP-9 in CCC myocardium, this suggests that MMP-9—possibly coming from inflammatory cells—might be the main MMP with activity induced by locally produced inflammatory cytokines. Our results that MMP-2 and MMP-9 activities are predominantly increased in CCC myocardium are consistent with the hypothesis that local inflammation induces metalloproteinase activity, exacerbating extracellular matrix remodeling with progressive fibrosis, and leading to the detection of MMPs in serum samples from CCC patients. MMP-2 and MMP-9 activity increases in CCC myocardium thus indicate increased cardiac remodeling secondary to inflammation, which may lead to increased collagen deposition along time.

An imbalance in the proportions of MMPs and their endogenous TIMP inhibitors may lead to excessive degradation of ECM and disease (Brew and Nagase, 2010). The finding of increased ratios of MMP-2 and MMP-9 activity/TIMP protein levels suggest an overall dominance of MMP-2 and MMP-9 activity over TIMPs inhibition in myocardium samples from CCC but not DCM patients. The finding that only TIMP 1 and 3 showed significantly increased MMP/TIMP ratios in CCC vs both DCM and control might suggest TIMP-1 and TIMP-3 imbalance was key to the increased activity of both MMP-2 and -9 in CCC myocardium. Although all TIMPs have affinity for MMP-9, TIMP-1 was described to be the major endogenous inhibitor of MMP-9 (Ohbayashi and Shimokata, 2005). Conversely, our data showing that TIMP-2 and TIMP-4 ratios were increased in CCC vs DCM in MMP-2 but not MMP-9 are consistent with TIMP-2 and TIMP-4 having an effect on MMP-2, but not on MMP-9. TIMP-2 is the most universal MMP inhibitor (Li et al., 2000; Polyakova et al., 2011), binding with high affinity to both the active and pro-form of MMP-2 (Li et al., 2000). Transcriptional regulation of MMP and TIMPs is partially overlapping; MMP-2 and TIMP-2 share the same transcription factor, AP-2 (activator protein) (Li et al., 2000), which might explain the increased mRNA and protein expression of TIMP-2 and MMP-2 in myocardium samples from CCC and DCM patients.

Previous studies showed that patients with Chagas disease cardiomyopathy have higher circulating MMP-2 and MMP-9 protein and activity compared to patients with asymptomatic form of the disease (Fares et al., 2013; Clark et al., 2015). Sherbuck et al. showed that in patients with severe chagasic cardiomyopathy MMP-2 could be a predictive marker of mortality (Sherbuk et al., 2015). Fares et al. showed that CCC patients have a higher plasma levels and activity of MMP-2 and MMP-9 compared to patients with asymptomatic form of the disease, and they hypothesized that the increased activity of MMP-9 favors the development of the cardiac form of Chagas disease. Authors also noted that MMP-9 expression was positively correlated with the production of pro-inflammatory cytokines, like TNF-α and IL-1β (Fares et al., 2013). It is likely that the increased tissue activities of MMP-2 and -9 are the proximal cause of the increased circulating levels of the same MMPs. Regarding the other MMP studied, the finding of increased mRNA of collagen I-degrading MMP-12, MMP-13 and MMP inducer EMMPRIN in CCC and DCM myocardial tissue in the absence of a corresponding increase in protein expression may be simply a response to similar transcriptional signals.

Our study had limitations. The sample size was reduced and the ages and sex were not matched between the control and patient samples. This is linked to the fact that organ donors are almost always younger than the recipient cohort. However, in one of our previous studies (Laugier et al., 2017), we had shown that these two covariates had a limited impact on the whole transcriptomic pattern.

Taken together, results suggest that myocardial remodeling and MMP-2 and MMP-9 activity are increased in CCC as compared with DCM, possibly by means of differential TIMP regulation of MMP activity. These findings may suggest a possible mechanism for the increased fibrosis, myocardial remodeling and cardiac dysfunction observed in patients with CCC as compared to other forms of cardiomyopathy. Pharmacological modulation of endogenous agents linked to fibrosis in CCC, like Galectin-3 (Souza et al., 2017) and microRNA-21 (Nonaka et al., 2021), or treatment with spironolactone (Ramires et al., 2006), colchicine (Fernandes et al., 2012) or bone marrow cells (Soares et al., 2011) promoted a significant reduction in cardiac fibrosis in rodent models of Chagas disease, showing that pathological remodeling is a promising therapeutic target in CCC.
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Supplementary Figure 1 | Western blots showing MMP-3 (54 kD), -8 (65 kD), -12 (54 kD), -13 and EMMPRIN/CD147 (60 kD) protein bands. Protein bands stained with specific antibodies and developed as in Methods are depicted, together with the densitometric measurements using beta actin as a loading control.

Supplementary Figure 2 | Western blots showing TIMP-1, TIMP-3 and TIMP-4 protein bands. The densitometric values of TIMP-2 protein for each sample were normalized by the values of 42 kD Beta actin band, as described in methods section. Groups were compared by a non-parametrical test (Mann-Whitney Rank Sum Test) with GraphPad Prism software (version 6.0; GraphPad). Results were expressed as mean ± SD.

Supplementary Table 1 | Oligonucleotide primers used in gene expression analysis.

Supplementary Table 2 | Histopathological features of the samples
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During the acute phase of Chagas disease, Trypanosoma cruzi circulation through the bloodstream leads to high tissue parasitism in the host. In primary lymphoid organs, progenitor cell reduction paralleled transient immunosuppression. Herein we showed that acute oral infection in mice promotes diffuse parasitism in bone marrow cells at 14 and 21 days post-infection (dpi), with perivascular regions, intravascular regions, and regions near the bone being target sites of parasite replication. Phenotypic analysis of hematopoietic differentiation in the bone marrow of infected mice showed that the cell number in the tissue is decreased (lineage-negative and lineage-positive cells). Interestingly, analysis of hematopoietic branching points showed that hematopoietic stem and progenitor cells (HSPCs) were significantly increased at 14 dpi. In addition, the pool of progenitors with stem plasticity (HSC-MPP3), as well as multipotent progenitors (MPPs) such as MPP4, also showed this pattern of increase. In contrast, subsequent progenitors that arise from MPPs, such as common lymphoid progenitors (CLPs), lymphoid-primed MPPs (LMPPs), and myeloid progenitors, were not enhanced; conversely, all presented numeric decline. Annexin V staining revealed that cell death increase in the initial hematopoietic branching point probably is not linked to CLPs and that myeloid progenitors decreased at 14 and 21 dpi. In parallel, our investigation provided clues that myeloid progenitor decrease could be associated with an atypical expression of Sca-1 in this population leading to a remarkable increase on LSK-like cells at 14 dpi within the HSPC compartment. Finally, these results led us to investigate HSPC presence in the spleen as a phenomenon triggered during emergency hematopoiesis due to mobilization or expansion of these cells in extramedullary sites. Splenocyte analysis showed a progressive increase in HSPCs between 14 and 21 dpi. Altogether, our study shows that the bone marrow is a target tissue in T. cruzi orally infected mice, leading to a hematopoietic disturbance with LSK-like cell bias accounting on HSPCs possibly affecting myeloid progenitor numbers. The LMPP and CLP reduction converges with defective thymocyte development. Lastly, it is tempting to speculate that the extramedullary hematopoiesis seen in the spleen is a mechanism involved in the hematological maintenance reported during the acute phase of oral T. cruzi infection.
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Introduction

Hematopoietic stem and progenitor cells (HSPCs) are capable of differentiating, sustaining, and replenishing the hematopoietic and immune system cell pools. The widely accepted concept of hierarchical hematopoietic differentiation reports uncommitted hematopoietic stem cells (HSCs) in the top of the hematopoietic branching point (Kondo et al., 1997; Akashi et al., 2000; Nakorn et al., 2003). These cells are recognized as being negative for lineage markers and present the stem phenotype Lin−Sca-1+c-Kit+ (LSK cells). Yet the LSK population is heterogeneous, and the positive modulation of the protein FLT3 characterizes multipotent progenitors (MPPs) harboring the phenotype Lin−Sca-1+c-Kit+FLT3+ (Adolfsson et al., 2005). The FLT3 protein is mostly found on the surface of progenitors with robust multipotency and the ability to differentiate into lymphoid progenitors. MPPs have been shown to be richer in FLT3+ cells as compared to the HSC population (Mooney et al., 2017). One broadly applicable scheme separates the most quiescent HSCs (CD34−/Flk2−/CD150+/CD48− LSK) from the more metabolically active MPP1 (CD34+/Flk2−/CD150+/CD48− LSK) and subdivides MPPs into three further distinct subsets: MPP2 (Flk2−/CD150+/CD48+ LSK), MPP3 (Flk2−/CD150−/CD48+ LSK), and MPP4 (Flk2+/CD150−/CD48+/− LSK) (Pietras et al., 2015).

These MPPs maintain the ability to differentiate into all blood cell types but do not self-renew as HSC (Adolfsson et al., 2005; Boyer et al., 2011). Further commitment to the myeloid lineage is defined by the negative loss of Sca-1, turning into Sca-1−Lin−c-Kit+ population (Pu et al., 2016), while common lymphoid progenitors (CLPs) are characterized by the Lin−Sca-1+c-Kit+FLT3+CD127+ phenotype (Adolfsson et al., 2005).

The progenitor cell differentiation is regulated in the inter-sinusoidal spaces of the bone cavity that extends from the endosteum to the endothelial cell membrane of the sinusoids (Osawa et al., 1996). In this sense, microenvironmental cells foment instructive signals, guiding the HSPCs’ fate in the bone marrow niche (Kondo, 2010; Brown et al., 2015; Cordeiro Gomes et al., 2016). Actually, the bone marrow microenvironment operates as an absolute requirement for the maintenance of HSCs and their future fate (Allen and Dexter, 1984). In fact, HSPCs are influenced by different cellular, extracellular, and soluble mediators. Among them, the crosstalk with the immune system has been pointed as being central in hematopoietic regulation (Monteiro et al., 2005; Monteiro and Bonomo, 2005; Mirantes et al., 2014; Bonomo et al., 2016).

Like mature immune cells, HSCs can be activated directly by pathogen recognition receptors (PRRs) via Toll-like receptors (TLRs), or proinflammatory cytokine signals based on IL-6, TNF-α, and IFN-γ overproduction (Takizawa et al., 2017).

Following oral Trypanosoma cruzi infection, the immune response drives a powerful proinflammatory scenario, comprising elevated levels of plasma IFN-γ and TNF-α, favoring control of the parasite burden (Barreto-de-Albuquerque et al., 2015). Recently, the systemic influence of the T. cruzi infection has been reported leading to changes in bone marrow homeostasis causing anemia, thrombocytopenia, leucopenia, and bone marrow hypoplasia. Moreover, transference of bone marrow cells from infected to irradiated mice failed to replenish host hematopoiesis (Marcondes et al., 2000).

The T. cruzi-induced functional unbalance of the hematopoietic bone marrow is accompanied by a deficiency in IL-7 production by microenvironmental cells, resulting in impairment of pro- and pre-B-cell development (Muller et al., 2018). Furthermore, thymic atrophy occurring in mice following classic i.p. acute T. cruzi infection apparently involves a decay in CLP production in the bone marrow with parallel reduction in late differentiation stages of immature CD4−CD8− (DN) thymocytes (Carbajosa et al., 2017). These findings suggest that T. cruzi infection elicits bone marrow disturbance, leading to a reduction in precursor cells engaged in the replenishment of the B-cell and T-cell pools. Both populations are pointed as sources of key cytokines and effector activities that contribute to parasite replication control (Lenardo, 1991; Lopes and DosReis, 1996).

Albeit evidence demonstrates that T. cruzi infection induces disturbances in committed progenitors, the impact on progenitors with stem and multipotency as HSCs and MPPs is unknown. Additionally, most studies rely on intraperitoneal experimental infection, which is an unnatural route of transmission and critically generates a different feature on host immune response and disease outcome (Barreto-de-Albuquerque et al., 2015; Silva-Dos-Santos et al., 2017). In the last 10 years, oral T. cruzi infection has accounted for more than half of the cases of acute Chagas disease in the Brazilian Amazon. Oral infection leads to more severe disease than vectorial transmitted disease, with an 8%–35% mortality rate in comparison with the classical vectorial transmission death rates of less than 10% (Rassi et al., 2010; Filigheddu et al., 2017).

Recently, we established a model of experimental oral infection, which recalls the human disease (Barreto-de-Albuquerque et al., 2015; Silva-Dos-Santos et al., 2017). Using this model, we investigated the presence of the parasite in the bone marrow environment and its impact on the balance of progenitors in each hematopoietic branching point, extending to changes in the thymus.



Methods


Mice and Ethics Statement

BALB/c male mice aged 6–8 weeks were obtained from the Science and Technology Institute for Biomodels, Oswaldo Cruz Foundation (Rio de Janeiro, Brazil). Mice were maintained under specific pathogen-free conditions and were used according to protocols approved by the Institutional Ethics Committee for Animal Research of the Oswaldo Cruz Foundation (CEUA-Fiocruz, License: L-028/2016). The experiments were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Brazilian National Council of Animal Experimentation and the Federal Law 11.794 (October 2008).



Parasite and Oral Infection

T. cruzi freshly obtained from excreta of infected Triatoma infestans in the 5th stage of development, or trypomastigote forms obtained from infected VERO cell line supernatants, were provided for infection. Mice were starved 4 h before and 15 min after oral parasite inoculation; 30 μl of the triatomine excreta or Roswell Park Memorial Institute (RPMI) medium containing 5 × 104 parasites of the Tulahuen strain DTU TcVI of T. cruzi were released into mouse oral cavity. Parasite quantification in the bloodstream was performed through the Pizzi–Brenner method between 7 and 50 dpi.



Sampling and Histological Processing

Tibias, femurs, and humeri were obtained and fixed for 48 h in Carson’s Millonig formalin at room temperature, and mineralized bone decalcification was made through EDTA protocol (Carson et al., 1973). Samples were processed in a Shandon Citadel 2000 tissue processor (Thermo, Waltham, MA, USA) according to standard histological techniques for paraffin embedding. Paraffin sections with a thickness of 5 μm were obtained in a rotary microtome (Microm HM-325 or Leica RT2125). These sections were de-waxed in xylol and hydrated in decreasing ethanol concentrations until being washed in distilled water to prepare for staining with H&E and Sirius red. Slides with sections from tibias, femurs, and humeri were analyzed in an Axiovert 200M microscope and the images were acquired with an AxioCam HRc color camera (Carl Zeiss, Oberkochen, Germany).



Immunofluorescence

Paraffin sections with a thickness of 5 μm were de-waxed in xylol, hydrated in decreasing ethanol concentrations, and washed in distilled water to prepare for heat-induced epitope retrieval, using acidic buffer (citrate pH 6.0) at a Pascal chamber (DAKO, Carpinteria, CA, USA) for 3 min. After being cooled at room temperature for 10 min, slides were washed in distilled water and then with phosphate-buffered saline (PBS) before being incubated overnight at 4°C with a mouse anti-T. cruzi primary antibody (1:400) obtained from mice infected with Tulahuen strain. After 1 day, slides were washed 3 times in PBS, incubated for 1 h at 37°C with goat anti-mouse AlexaFluor 488 secondary antibody (A-11001, Thermo Fisher, Waltham, MA, USA), washed 3 times with PBS, counterstained during 10 min with 1:15,000 DAPI (4′,6-diamidino-2-phenylindole, D1306, Invitrogen, Carlsbad, CA, USA), diluted in PBS, and mounted with ProLong gold (P36934, Life Technologies, Carlsbad, CA, USA). Histological sections were acquired using an LSM 710 confocal laser microscopy (Zeiss, Germany) equipped with AxioObserver Z2.



Flow Cytometry

Bone marrow cells were flushed from tibias or femurs and humeri in RPMI 10% fetal calf serum (Cultilab, São Paulo, Brazil), homogenized, and eluted through a Falcon 70-μm cell strainer (Corning, New York, USA). Red blood cell lysis buffer (Merck, Darmstadt, Germany) was used in the isolation of HSPCs, and bone marrow cells were counted using a Neubauer chamber.

The HSPC phenotypes were characterized as HSCs Lin−SCA−1+cKit+FLT3−, MPP as Lin−SCA-1+cKit+FLT3+, CMP as Lin−SCA−1-cKit+FLT3−, lymphoid-primed MPP (LMPP) as Lin−SCA-1+cKit+FLT3+CD127−, and CLP as Lin−SCA-1+cKit+FLT3+CD127+. The gating strategies were performed using Boolean analyses (Supplementary Figure 1). Lin+ cells were further evaluated by immunostaining for the expression of CD3ϵ, CD11b, CD45R, B220, TER-119, Ly-6G, and Ly-6C (Supplementary Table 1). APC-coupled mouse lineage isotype control cocktail contained equivalent concentrations of isotype-matched negative-control immunoglobulins. Annexin staining was performed as recommended on annexin V staining protocol (Thermo Fisher Scientific, Waltham, MA, USA) and used to identify dead cells as shown on the annexin histogram in the middle of the panel (Supplementary Figure 1).

A total of 100,000–200,000 events of freshly isolated samples were collected within the morphological gate using CytoFLEX high-performance flow cytometer (Beckman Coulter, Indianapolis, IN, USA). HSPC analysis was achieved after gating in singlets and by the limit of autofluorescence found in isotype control or unlabeled cells. Fluorescence spread, compensation test, and gate adjustment were done using the Fluorescence Minus One (FMO) method.

Thymuses were removed and minced, and thymocytes were washed and incubated in PBS containing 3% fetal calf serum (Gibco, California, USA). For immunostaining, 1 × 106 thymocytes were incubated with a given mix of specific fluorochrome-conjugated monoclonal antibodies for 30 min at 4°C in the dark. The mix comprised antibodies with the following specificity: Lin cocktail, CD4, CD8, CD44, CD25, and CD16/32 (for Fc receptor blockage). Negative controls were defined from fluorochrome-conjugated antibody isotype controls (Becton Dickinson reagents, Becton Dickinson, Franklin Lakes, NJ, USA).

HSPCs in the spleen were investigated by labeling splenocytes with Lin, Sca-1, c-Kit, and CD16/32 (to block Fc receptors).

In all cases, flow cytometry acquisition was performed through the CytoFLEX high-performance flow cytometer (Beckman Coulter, Indianapolis, USA) and analyzed using the Kaluza software.



Statistical Analyses

All statistical analyses were done using the GraphPad Prism 6 software (GraphPad Inc.). Data were subjected to Shapiro’s normality test to determine whether they were sampled from a Gaussian distribution. The Kruskal–Wallis with Dunn’s multiple comparison test or ANOVA with Tukey’s multiple comparison test was applied for samples that, respectively, deviated or assumed a Gaussian distribution; outliers were calculated by Grubbs’ test. When p < 0.05, differences between groups were considered statistically significant.




Results


Bone Marrow Is a Target Organ in Orally Induced Trypanosoma cruzi Acute Infection

During the acute phase of oral T. cruzi infection, trypomastigote forms disseminate through the bloodstream (Supplementary Figure 2) and infect different organs as previously reported (Silva-Dos-Santos et al., 2017). Although it was shown that the spleen, liver, and brain as well as different segments of the digestive tract were infected, the bone marrow had never been evaluated after oral infection.

To investigate parasitism in the bone marrow, corresponding tissue sections were evaluated at 7, 14, and 21 dpi by H&E staining. Parasites were not detected at 7 dpi (data not shown), although nests of T. cruzi amastigotes were clearly seen in cells close to the bone matrix at both 14 and 21 dpi (Figures 1A, B). The infection also comprised cells at the cartilage intersection with the nascent osseous tissue and perivascular region (Figures 1C, D). The presence of both amastigote and trypomastigote forms of the parasite suggests that the bone marrow might be an active site of replication and release of the parasite at 21 dpi (Figures 1E, F), as previously suggested (Morocoima et al., 2006). Immunofluorescence analysis performed at 14 and 21 dpi confirmed parasitism in different regions of the bone marrow (Supplementary Figure 3).




Figure 1 | Oral Trypanosoma cruzi acute infection induces parasitism in different sites of the bone marrow. (A, B) The microarchitecture of the mouse femur at 14 and 21 dp, showing amastigote forms of the parasite in stromal cells (yellow dashed rectangles) near the bone spicula. The Insert shows an infected cell in higher magnification. (C) The histological profile of the femur from one infected mouse at 14 dpi showing parasitism in the cartilage–bone intersection (yellow dashed rectangle). (D) Histology of the humerus of an infected mouse at 21 dpi, in which amastigotes in the perivascular space and near bone spicule can be seen. (E) A histological section of the humerus from an infected mouse at 21 dpi showing amastigote forms in bone marrow stromal cells. (F) Histology of the humerus from an infected mouse at 21 dpi, revealed in the inset as elongated forms with typical kinetoplasts (red arrows) and amastigote forms of the parasite within bone marrow microenvironmental cells (black arrows). Tissue sections were stained by H&E. The data are representative of 5 mice per group, 14 and 21 dpi. Bars show the magnification of each micrograph in each panel, as well as insets.





Hematopoietic Progenitors Are Affected After Oral Trypanosoma cruzi Infection

Since the bone cavity harbors hematopoiesis, it was reasonable to ask if the presence of T. cruzi nests within the bone/blood interface was affecting hematopoiesis. The total numbers of bone marrow cells were decreased at 14 dpi and recovered by 21 dpi (Figure 2A). Following analysis of Lin− and Lin+ populations, we found that both were diminished at day 14, suggesting smaller numbers of uncommitted and committed progenitors (Figure 2B). Such a decrease was restored at 21 dpi only for the more immature Lin− progenitors, with cell numbers being similar to those found in non-infected mice. Differently, the more mature Lin+ subpopulation remained low (Figure 2B), indicating an arrest at later points of differentiation. Moreover, the quantification of the HSPC population (Lin−c-kit+Sca-1+) shows increased numbers of immature progenitors at 14 dpi within Lin− population, suggesting that hematopoiesis could be demanded (Figure 2C).




Figure 2 | Oral Trypanosoma cruzi acute infection alters bone marrow hematopoiesis. (A, B) A transient, yet significant, reduction in total cell numbers and the immature Lin− components. Total numbers of Lin+ cells are also down at 14 dpi, but differently, remained lower than controls even at 21 dpi, as seen in Panel (B, C) Representative dot plots of Sca-1 versus c-kit expression gated in Lin− cells and HSPC absolute cell numbers, with phenotype Lin−SCA-1+c-Kit+. Bars indicate the medians in each group; circles depict individual mice. The data comprised results from 5 infected animals at 7 dpi, or pooled from 5 independent experiments with 3–7 animals per analysis at 14 dpi, or pooled from 5 independent experiments with 2–7 animals per analysis at 21 dpi. All control animals were grouped in each setting. Control versus infected groups compared through a non-parametric Kruskal–Wallis ANOVA test with Dunn’s multiple comparison test. *p < 0.05, **p < 0.001.



We further investigated the maintenance of the different progenitors throughout the hematopoietic hierarchy, aiming at defining the point of possible unbalance. We designed a multiparametric flow cytometry evaluation detailing the characterization of HSCs to MPP3 (Lin−c-kit+Sca-1+FLT3−CD127−) and MPP4 (Lin−c-kit+Sca-1+FLT3+CD127−). MPPs pursue stem plasticity to differentiation and replenishment of committed myeloid progenitors as CMPs–GMPs (Lin−c-kit+Sca-1−CD16/32+) and CLPs (Lin−c-kit+Sca-1+FLT3+CD127+). Our results revealed that HSPC numbers were sustained mainly by the increase of the HSC-MPP3 pool in both 14 and 21 dpi, as well as MPP4 at 14 dpi (Figure 3A). By contrast, lineage-committed progenitors as myeloid showed a remarkable decline at 14 and 21 dpi, while CLPs were unchanged at 14 dpi but significantly decreased at 21 dpi (Figures 3B, C).




Figure 3 | Augmentation of HSCs and MPPs in forward oral Trypanosoma cruzi infection without parallel CLPs and myeloid progenitor expansion in bone marrow occur concomitantly with LSK-like cells increase. (A) Representative histogram of HSCs FLT3− and MPPs FLT3+ gated within Lin−SCA-1+c-kit+CD127− cells and absolute cell number of HSCs (Lin−SCA-1+c-kit+FLT3−CD127−) and MPPs (Lin−SCA-1+c-kit+FLT3+CD127−) at 14 and 21 dpi. (B) Absolute cell number of myeloid progenitors at 14 and 21 dpi. (C) Representative dot plot of CLPs FLT3 versus CD127 gated within Lin−SCA-1+c-kit+ cells and absolute cell number of CLPs (Lin−SCA-1+c-kit+ FLT3+CD127+) at 14 and 21 dpi. (D) Annexin-defined cell death rate on HSCs and MPPs at 14 and 21 dpi. (E) Representative dot plot of CD16/32+ gated within Lin−SCA-1+c-kit+ cells and absolute cell number of LSK-like cells (Lin−SCA-1+c-kit+CD16/32+) at 14 dpi. Representative dot plot of increased SCA-1 expression gated within Lin− cells shown previously in dot plot in Figure 2C. Bars indicate median; circle depicts individual mice. The data are representative of pooled results from 5 independent experiments with 2–7 animals per analysis at 14 dpi and 4 independent experiments with 2–5 animals per analysis at 21 dpi (A–C). Statistical analyses of cell death were pooled from 2 independent experiments with 3–7 animals per analysis at 14 dpi and 1 independent experiment with 7 animals at 21 dpi. All CT animals were grouped in the same set. Non-parametric, Kruskal–Wallis ANOVA test with Dunn’s multiple comparison test [(A–C) and HSCannexin] and one-way analysis of variance ANOVA test with Tukey’s multiple comparison test (MPP annexin). *p < 0.05, **p < 0.001, ***p < 0.0001. HSCs, hematopoietic stem cells; MPPs, progenitors with multipotency; CLPs, common lymphoid progenitors; CT, control.





Cell Death Does Not Account for the Diminished Numbers of Hematopoietic Progenitors

We addressed whether annexin V-positive HSC-MPP3 pool and MPP4 could account for the smaller numbers of lineage-committed progenitors following oral T. cruzi acute infection. The lower frequency of annexin V on HSC-MPP3 pool and MPP4 population (Figure 3D) makes it tempting to speculate that a possible cell death increase in this initial hematopoietic branching point does not seem to be associated with the minor output of the myeloid and CLPs forward hematopoietic demands at 14 dpi and CLPs at 21 dpi.

Subsequently, we also investigated whether oral T. cruzi infection becomes altered on the hematopoietic program, eliciting a phenotypic bias. Accordingly, we found an increase in Sca-1 expression on HSPCs. Previous work reported the LSK-like cells from CMPs-GMPs CD16/32+ as bearing an atypical expression of Sca-1 (Yang et al., 2017). The presence of this population was significantly expanded in frequency at 14 dpi within the HSPC compartment (Figure 3E).



Bone Marrow Lymphoid-Primed Progenitors With Multipotency and Intrathymic T-Cell Development Are Also Impaired in Trypanosoma cruzi Orally Infected Mice

The immune cell replenishment and lymphoid organ settling by precursors are dependent on a dynamic process of polarization. For T cells, the LMPP with high migratory potential to the thymus comprises a wide PSGL-1+CCR9+ subset in MPPs and CLPs. We found a significant decrease in the number LMPPs at 21 dpi within the bone marrow (Figure 4).




Figure 4 | Reduced numbers of downstream LMPPs in the bone marrow of Trypanosoma cruzi orally infected mice. Representative dot plots of LMPP (Lin−Sca-1+c-kit+FLT3+PSGL-1+CCR9+) and absolute cell number along with days post-infection. Bars indicate the medians in each group; circles depict individual animals. The data comprised results from 3–12 mice at 14 and 21 dpi. Control animals were grouped in each setting. Control versus infected groups compared through non-parametric, Kruskal–Wallis ANOVA test with Dunn’s multiple comparison test. **p < 0.001, ***p < 0.0001. LMPPs, lymphoid-primed progenitors with multipotency.



Since a decrease in the number of lymphoid progenitors could influence thymocyte differentiation, it seemed worthy to evaluate the thymus following acute oral infection. In fact, the total numbers of thymocytes diminished at day 21, reaching all CD4/CD8-defined subpopulations (Figure 5).




Figure 5 | Progressive thymic atrophy with CD4+CD8+ thymocyte depletion in mice subjected to Trypanosoma cruzi oral acute infection. (A) Progressive decrease in total thymocyte numbers. (B) CD4/CD8-defined cytofluorometric dot plots revealing progressive loss in the relative numbers of CD4+CD8+ double-positive thymocyte subset. The data are representative of 2 experiments with 3–5 animals per group at 14 dpi and 2 independent experiments with 2–5 animals per analysis at 21 dpi. (C) Absolute numbers of each CD4/CD8 cell. Statistical differences were ascertained with the non-parametric, Kruskal–Wallis ANOVA test with Dunn’s multiple comparison test. *p < 0.05, **p < 0.001, ***p < 0.0001.



As previously shown for i.p. T. cruzi infection, the main thymocyte population affected is the DP, usually targeted by the glucocorticoid-related stress response (Perez et al., 2007; Savino, 2017). However, lack of progenitors could also contribute to the low thymocyte number, and in this case, it should be reflected in the number of DN population. Total numbers of DN thymocytes increase at day 14, before thymic atrophy, and return to control levels by day 21, suggesting demand for progenitors, coming from the bone marrow (Figure 5C). Paradoxically, the very immature Lin− population remains with decreasing tendency at 14 and 21 dpi (Figure 6A).




Figure 6 | Decrease in the relative numbers of CD4−CD8− immature thymocyte subsets following Trypanosoma cruzi acute oral infection. (A) Decreased absolute (but not relative) numbers of Lin− population. (B) Within the Lin− compartment, DN thymocytes were followed by immunostaining with CD25 and CD44. In late oral T. cruzi infection, the absolute numbers of virtually all DN subsets (except for DN2 cells) were significantly decreased in late days post-infection. The data are representative of 2 experiments with 3–5 animals per group at 14 and 21 dpi. Statistical differences were ascertained with the non-parametric, Kruskal–Wallis ANOVA test with Dunn’s multiple comparison test. *p < 0.05, **p < 0.001.



We then checked the DN stages defined by the expression of CD25 and CD44 within the Lin− population. In late oral T. cruzi infection (21 dpi), when thymic atrophy is evident, the absolute numbers of virtually all DN subsets (except for DN2 cells) tend to diminish (Figure 6B). We found a decrease in the absolute numbers of DN Lin− population (Figure 6A), suggesting that either smaller numbers of immature migrants are arriving from the bone marrow or they are further differentiating into more mature subsets. Both possibilities are plausible. Of note is the variability in the results obtained in individual mice by 14 dpi.



Trypanosoma cruzi Oral Infection Triggers Splenic Hematopoiesis

The results observed in the hematopoietic bone marrow, regarding the increase in HSC-MPP3 pool and MPP4, suggest that hematopoiesis is being demanded. We thought that if the hematopoietic request is indeed the case, splenic hematopoiesis could be present (Oda et al., 2018).

To tackle this issue, we performed a histologic evaluation of the spleen to check for active hematopoiesis. At 14 and 21 dpi, we found enlarged spleens, with the presence of megakaryocytes and myelocytes. Moreover, a hypertrophic red pulp along with an atrophic white pulp due to follicle coalescence was observed (Supplementary Figure 4). Additionally, we observed a massive increase of HSPC frequency in the spleen at 21 dpi when compared with control animals (Figure 7).




Figure 7 | Extramedullary hematopoiesis during oral Trypanosoma cruzi infection. Representative dot plots of Sca-1 versus c-kit expression gated in the Lin− compartment and relative number of HSPCs (Lin−Sca-1+c-Kit+) in the spleen. Bars indicate median; circle depicts individual mice in infected (14 and 21 dpi) and control (CT) groups. The data are representatives of 1 experiment with 5–7 animals per group. Statistical differences were ascertained with the non-parametric Kruskal–Wallis ANOVA test with Dunn’s multiple comparison test. ***p < 0.0001. US, stained cells.



Considering our previous results demonstrating partial hematological changes in the complete blood cell analysis (Antunes et al., 2019), we speculate that HSPC expansion in the spleen is in line with the emergency hematopoiesis triggered by oral T. cruzi infection.




Discussion

Clinical studies have demonstrated that outbreaks of acute Chagas disease caused by consumption of food contaminated with T. cruzi might induce severe cases with relatively high lethality (Alarcon de Noya et al., 2010; Shikanai-Yasuda and Carvalho, 2012). In the current study, we documented for the first time an experimental model using the oral route of acute T. cruzi infection that leads to parasitism in the bone marrow, compromises thymocyte development, and augments HSPC number in the spleen.

Previously, we used a model of oral infection with luciferase transgenic T. cruzi and confirmed by real-time PCR that the parasite disseminates systemically. Sites of infection in the nasomaxillary region and the whole digestive system plus the mesentery, liver, spleen, heart, brain, and testicles were shown at later moments of the acute phase (Silva-Dos-Santos et al., 2017).

In the present work, we found active sites of infection and parasite replication in the bone marrow, where cells with eosinophilic cytoplasm are close to the bone matrix and perivascular region and present large amastigote nests. This is in line with a previous report showing chondrocytes and bone marrow macrophages infected after i.p. injection of the parasite (Morocoima et al., 2006).

Our histopathological observation was confirmed by immunofluorescence analysis revealing diffuse parasitism in the bone marrow at 14 and 21 dpi. Coincidentally, both time points paralleled elevated levels of parasitemia when compared with 7 dpi, when parasitism was not found.

The presence of T. cruzi in the bone marrow in human Chagas disease is unknown. Albeit information concerning hematological disorders during the acute phase of human oral Chagas disease is scarce, individuals had higher plasma levels of activated protein C and lower levels of factor VII of the coagulation cascade among the clinical manifestations. Events such as anemia or blood cell count abnormality were not mentioned (de Goes Costa et al., 2017; Santos et al., 2020).

The activation of an effector program is critical for the control of the parasite burden during the acute phase of Chagas disease. Albeit few studies are available in the literature covering a qualitative analysis of human immune response during acute T. cruzi infection, T-cell responses and antibody production, as well as activation of innate mechanisms, seem to be important for parasite control during the acute phase (Campos and Gazzinelli, 2004; Krettli, 2009; Andrade et al., 2014). It is noteworthy to mention that parasite control during the acute phase is highly efficient, given that parasitemia is undetectable as patients enter the chronic phase. Studies in murine models of T. cruzi infection have shown that a robust inflammatory response triggered in the acute phase, with cytokines such as IFN-γ and TNF-α, was considered pivotal (Silva et al., 1995; Marins-Dos-Santos et al., 2020). This assumption is supported by the findings that IFN-γ and TNF-α knockout animals are highly susceptible to T. cruzi infection, as are nitric oxide-deficient mice (Romanha et al., 2002). During the acute phase of oral T. cruzi infection, high plasma levels of IFN-γ and TNF-α were also reported (Barreto-de-Albuquerque et al., 2015; Antunes et al., 2019). Similar to TLRs, inflammatory signaling molecules, including IFN-γ and TNF-α, induce HSC response (Baldridge et al., 2010).

Thus, we raised the hypothesis that transversally, this infection scenario affects bone marrow function, reducing the ability to sustain bone marrow cellularity at 14 dpi. Based on earlier investigations, T. cruzi infection through the subcutaneous and intraperitoneal routes induces a decrease in the numbers of myeloblasts, monoblasts, megakaryoblasts, erythroblasts, pro- and pre-B cells, and CLPs, thus contributing to a reduced potential of immune cell replenishment (Marcondes et al., 2000; Carbajosa et al., 2017; Muller et al., 2018).

The hematopoietic function providing committed progenitor maintenance is dependent on progenitors with stem or multipotency ability (Nakorn et al., 2003; Akashi et al., 2005; Luc et al., 2008). In line with this concept, we documented herein a decrease in Lin− population. Interestingly, the number of HSPCs was transiently increased at 14 dpi, keeping similar numbers when compared to control mice until our last point of investigation at 21 dpi. However, the increased number of HSC-MPP3 pool and MPP4 does not seem to contribute sufficiently to repopulate myeloid progenitors and CLPs, at least inside the bone marrow. In this regard, a detailed analysis separating HSCs and MPPs based on CD34, CD150, and CD48 expression, besides using FLT3, could enrich our data regarding the disturbance of quiescent stem cells and MPPs (Oguro et al., 2013; Cabezas-Wallscheid et al., 2014; Mooney et al., 2017).

Expansion of the myeloid compartment is often mediated by proinflammatory cytokines, microbial products, or hematopoietic emergencies (Baldridge et al., 2010; Belyaev et al., 2013). Emergency GMPs are associated with high proliferative potential, thus resulting in the generation of a larger progeny in the periphery (Buechler et al., 2013). Conversely, we found decreased myeloid progenitors in the bone marrow together with a concomitant increase of LSK-like cells.

In addition, the LMPPs in the bone marrow, which manifest a high potential to colonize the thymus, are reduced. This result agrees with recent findings, in which a significant decrease in bone marrow lymphoid progenitors during acute T. cruzi infection occurred concomitantly with thymus atrophy and alterations in immature thymocytes (Carbajosa et al., 2017).

Activated proliferating HSPCs and myeloid progenitor cells leave the bone marrow and migrate to the spleen, liver, and other inflamed target organs (Griseri et al., 2012; Burberry et al., 2014; Haas et al., 2015). Additionally, infection with Ehrlichia muris and Anaplasma phagocytophilum induced a decrease in bone marrow cellularity and increased extramedullary hematopoiesis in the spleen (Johns et al., 2009; MacNamara et al., 2009). In our model, the HSPC frequency at 21 dpi in the spleen was around eighteen-fold higher than that in controls. It is plausible to propose that extramedullary hematopoiesis following infection contributes to hematological maintenance. Previously, we demonstrated that leukocyte numbers were enhanced around three times in response to infection at 21 and 28 dpi (Antunes et al., 2019).

Albeit the bone marrow seems to maintain hematopoietic function expanding HSPCs, the evident unbalance between non-committed and committed progenitor cell number remains along with the acute infection. Along with the changes in the bone marrow, the thymus was also targeted, with a reduction in the numbers of differentiating thymocytes, particularly on CD4+CD8+ cells. Conceptually these findings clearly show that both types of primary lymphoid organs were compromised. Moreover, the enhancement of LSK-like cells and progressive expansion of HSPCs triggered in the spleen highlight the hematopoietic disturbance following oral acute T. cruzi infection.

Overall, regarding the mechanisms involved in HSPC activation causing effects in differentiation or mobilization, as well as the direct impact in hematological changes, immunosuppression by LSK-like cells as a mechanism in parasite persistence and immune cell replenishment remain to be explored during the acute phase of oral T. cruzi infection.



Limitations of the Study

Although our study unequivocally shows that T. cruzi infection impacts hematopoiesis, a more detailed characterization of the hematopoietic tree and the peripheral correlates was not approached. Also, analyses of the infected cellular components of the bone marrow and its consequence upon the hematopoietic mediators and hematopoietic hierarchy, as well as the investigation of hematological changes after 21 dpi, still need to be done.
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Supplementary Figure 1 | Flow cytometry gating strategy for analyzing bone marrow progenitors. The gate strategy was defined by backgating Lin- cells within FSC vs SSC dot plot. Follow this setting, the graph was ungated and all analyses were performed in singlets. The positive expression of progenitor cell markers was based on FMO controls to check for fluorescence spread and isotype controls to determine the level of non-specific binding.

Supplementary Figure 2 | Parasitemia quantification. Male BALB/c mice were infected through the oral cavity with 5× 104 insect-derived metacyclic forms of T. cruzi. Parasitemia (mean and SEM) was assessed during the acute phase. Parasitemia was calculated by the Pizzi-Brener method. The total number of animals in each time point was obtained from different experiments. n: 7 dpi =21, 10 and 14 dpi = 15, 18 dpi = 18, 21 dpi = 11, 23 dpi = 6, 28 dpi = 8, 36, 40, 42, 46, 48 and 53 = 4.

Supplementary Figure 3 | immunofluorescence of bone marrow following orally induced T. cruzi acute infection. (A-C and D-F) represent respectively immunofluorescence for T. cruzi detection of femur sections of infected mice at 14 dpi and 21 dpi. Representative micrographs derive from experiment with 5 mice at 14 and 21 dpi. The tissue was labeled with primary antibody with reactivity to T. cruzi and secondary antibody anti-mouse Alexa Fluor 488, green; eosinophil autofluorescence, red; and nucleus, DAPI, white. Bars show the magnification of each micrograph.

Supplementary Figure 4 | Splenic evaluation throughout acute phase of T. cruzi infection. (A) Spleen size measurements were made in all tissue sections in the control and infected mice at 7, 14 and 21 dpi. Panels (B, C) depict panoramic view and a higher magnification of the red pulp area showing exacerbated red pulp at 14 dpi. Panels (D, E) reveal similar areas at 21 dpi mice. Apparent megakaryocyte hyperplasia (*), intense erythropoiesis (E) and incipient myelopoiesis foci (M) were signposted. Tissue sections were stained by hematoxylin and eosin. The data are representative of 5 mice per group, both at 14 and 21 dpi. Bars show the magnification of each micrograph in each panel. The data are representatives of an experiment with 8 animals from control and 5, 3 and 5 animals from infected mice, at 7, 14 and 21 dpi, respectively. Statistical differences were ascertained with the Two-way Anova test with p<0.0001.
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Gene

FAS
IL12RB1
BTLA
BX21
BCL2
CD40LG
IL2RG
IL12A
CD2
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CD69
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IL7
STAT1
CSF1
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CD40
TNF
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Factor Loading for PC1

0.887
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0.808
0.808
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0.789
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0.771
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0.715
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-0.643
-0.691
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Database Pathway Description Number of DEG FDR

Reactome pathways HSA-451927 Interleukin-2 family signaling 6 537
KEGG pathways HSA-04658 Th1 and Th2 cell differentiation 10 1.3¢7"
Reactome pathways HSA-447115 Interleukin-12 family signaling 6 2.2
KEGG pathways HSA-04630 Jak-STAT signaling pathway 14 4.77¢71°
KEGG pathways HSA-04659 Th17 cell differentiation 7 3.02¢°°
KEGG pathways HSA-04650 Natural killer cell-mediated cytotoxicity 7 9.756°%

FDR, false discovery rate.
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Antigen-dependent B cell Stress induction of HSP Cytokines and inflammatory NO2-dependent IL 12 pathway
activation (n = 15) regulation (n = 14) response (n = 29) in NK cells (n = 15)
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DEG, differentially expressed genes; FC, fold change; FL, factor loading; PC1, principal component 1.
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Patient group Origin (%) Age (years) Sex [% female (F)/male (M)]

Mean (+ SD) Range
Healthy donors From non-endemic area (n = 20) 100% Spain 37.6 (12.8) 22-56 60% F
40% M
From endemic area (n=14) 28.6% Colombia 37.5(8.4) 21-54 64.3% F
14.3% Venezuela
7.1% Chile
7.1% Panama 35.7% M
7.1% Ecuador
35.7% ND
Indeterminate patients (n=71) 93% Bolivia 36.7 (9.6) 18-59 70.9% F
1.2% Salvador
1.2% Paraguay 29.1% M
4.7% ND

ND, Not determined.
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Characteristic

NI (Non-T. cruzi GO (patients without
infected, n=13) cardiac involvement, n=13)
Age, median (interquartile range) 42 (32-51) 54 (49-63)
Gender, F/M 6/7 7/6
Kuschnir stage, 0-1-2-3 NA 13-0-0-0
PCR, +/- NA 6/7
Anti-T. cruzi IgG titer, median (interquartile range) <10 2,135 (751-12,217)

The titer of anti-T. cruzi antibodies was considered as the maximum reactivity 50 (RMsp) of the plasma dilution factor. NA, not applicable.

G1 (patients with
cardiomyopathy, n=13)

56 (46-62)
7/6
0-12-0-1
5/8
6,084 (3,786-13,884)
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*These variables were positively or negatively correlated in T. cruzi-reinfected mice.

Increases or decreases in these parameters related to the infection outcome or the T cell response are represented with upward or downward arrowheads, respectively. Additionally, the

results that were similar between the infected or reinfected groups of mice are depicted as.
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CLINICAL PARAMETERS GROUPS

ccce DCM CONTROL
Age 47.8 £ 14,2 406 £17.1 28.3+11.0
Male, n (%) 6 (35%) 9 (75%) 6 (100%)
Sample size, n 17 12 6
Body Surface (m?) 1.6+03 1.7 £0.1 N.D.
Ejection Fraction—EF (%) 23.59 + 8.5 216+79 N.D.
Fractional shortening (%) 11.94+73 122 +3.7 N.D.
Left ventricular end diastolic diameter LVEDD (mm) 62.12 + 98 706 +19.8
Left ventricular end systolic diameter LVESD (mm) 48.82 + 15.6 62.7 + 20.1
Ventricular Septum (mm) 853+ 1.7 83+1.4
Posterior wall of left ventricle (mm) 85+1.8 86+1.4
Left atrial diameter (mm) 49.18 £ 5.5 521 +7.4
Aortic sinus (mm) 29.53 + 3.1 318+5.3
Myocardial mass index (g/m?) 187.88 + 69.3 233.8 + 76.6
Relative wall thickness (mm) 0.68 £0.5 0.60 + 0.1
Diastolic volume (ml) 288.41 £ 136.6 349.9 + 131.8
Systolic volume (ml) 194.06 + 131.8 267.5+127.4
N.D., not done.

Control, Heart donors; DCM, Idiopathic dilated cardiomyopathy; CCC, Chronic Chagas cardiomyopathy.

Datas were expressed as mean = SD.

Reference values: EF: Left Ventricular Ejection Fraction (>55%); Left ventricular end diastolic diameter—LVESD (mm): (42-59 mm); Left ventricular end systolic diameter—LVESD (mm):
(25-39 mmy); Ventricular Septum (mm): (6-10 mm); Posterior wall of the left ventricule (mm): (6-10 mm); Left atrial diameter (mm): (30-40 mm); Aortic sinus (mm): (31-47 mm); Myocardial
mass index (g/m?): (49-115 g/m?); Relative wall thickness (mm): (<0.42).
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Iniciadores Sense Antisense

GAPDH TGCAGTGGCAAAGTGGAGAT CGTGAGTGGAGTCATACTGGAA
TLR1 TCTCTTCGGCACGTTAGC CGTAAGAAATAAGAGCAGCCC
TLR2 CGAGTGGTGCAAGTACG GGTAGGTCTTGGTGTTCATTATC
TLR3 GGTGGTCCCGTTAATTTCCT CCCGAAAACATCCTTCTCAA
TLR4 CCTCTGCCTTCACTACAGAGACTTT TGTGGAAGCCTTCCTGGATG
TLRS CGCACGGCTTTATCTTCTCC GGCAAGGTTCAGCATCTTCAA
TLR6 CCGGTGGAGTACCTCAAT TCAGCAAACACCGAGTATAGC
TLR7 TGGAAATTTTGGACCTCAGC TTGCAAAGAAAGCGATTGTG
TLR8 CACGTGTGACATAAGTGATTTTCG TTTGATCCCCAGGATTGGAA
TLR9 CTGCCGCTGACTAATCTG CTGAAATTGTGGCCTATACCC
NOD1 GGACAACTTGCTGGAGAAT CTGCAGCACGTAGAGGAA
NOD2 CTTCATTTGGCTCATCCGTAG CTGGAGATGTTGCAGTACAAAG
NALP3 AGCCTTCCAGGATCCTCTTC GGGCAGCAGTTTCTTTC

TRIF ATTTCAGGTGCCCGGGCGTG TTTGCCGCTCTGCCTCCAGC
MyD88 TGATGCGGAGCCAGATT GAGGAGGCATGTGTGTACT
RIP2 GGAGGAACAATCATCTATATGCC ATGATCTGCAAAGGATTGGT
ASC AAGCTGCTGACAGTGCAAC GCCACAGCTCCAGACTCTTC
Caspase-1 AGATGGCACATTTCCAGGAC CCTCCAGCAGCAACTTC

IL-1B GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
IL-6 CCATCCAGTTGCCTTCTTG AAGTGCATCATCGTTGTTCATAC
IL-10 TGGACAACATACTGCTAACC GGATCATTTCCGATAAGGCT
IL-12p35 TCTCTGGACCTGCCAGGTGT CCTGTTGATGGTCACGACGCG
IL-12p40 CAACATCAAGAGCAGTAGCAG TACTCCCAGCTGACCTCCAC
IL-18 GTGAAGTAAGAGGACTGGCTGTG TTTTGGCAAGCAAGAAAGTGT
TNF-o. TGTGCTCAGAGCTTTCAACAA CTTGATGGTGGTGCATGAGA
IFN-y GCATCTTGGCTTTGCAGCT CCTTTTTCGCCTTGCTGTTG
iNOS CGAAACGCTTCACTTCCAA TGAGCCTATATTGCTGTGGCT
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Focus
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12

10
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Arginase, CD4, CD40, CD8, CD8A, Ctbp, Cyclooxygenase, CYP, IFN, IFN Beta, IFNG, IgE, IL-12 (family),
IL12B, IL2RA, immune complex, Interferon alpha, LIF, MHC Class | complex, MHC CLASS | (family), MHC
Class Il (complex), Mst/krs, NAD, NFKB2, NGF, NOS, Pias, Pro-inflammatory Cytokine, SOCS1, SOCS2,
STATS a/b, STAT6, TLR, TLR2/3/4/9, TNF (family)

26s Proteasome, ADRB, Alp, Ant, BAX, BCL2, BCL2L1, Calcineurin A, Calcineurin protein(s), calpain,
Caspase, CD40LG, CG, creatine kinase, CSF2, CXCL10, Cytochrome C, Cytochrome-c oxidase, DFF, FAS,
FasLg, Growth factor, Hdac, HISTONE, Hsp70, Hsp90, IL1, ITPR, LDL-cholesterol, NOS2, Notch, P38
MAPK, Rb, Vdac, VEGFA

ACE, Alpha Actinin, Alpha catenin, Alpha tubulin, CD34, Collagen, Collagen type | (complex), Collagen type Il,
Collagen type Ill, Collagen type IV, Collagen(s), collagenase, ECM, elastase, FGF, Fibrin, Granzyme, GZMB,
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kinase, G protein, GPCR, IKBKB, IL10, IL2, MAPK, MTORC1, NFKB1, P110, p85 (pik3r), Pdgfr, PI3Ky, PTK,
Rac, RAS, Ras homolog, Receptor protein tyrosine kinase, RNA polymerase Il, Secretase gamma, SELE, Sfk,
She, SRC (family), STAT, TCR, VEGF

14-3-3, Alpha actin, C-C chemokine receptor, Calcineurin B, Caspase 3/7, CCL3, CD28, CD3, CD3-TCR,
CDBE, CXCL11, CXCR3, Gm-Csf Receptor, H/K/NRAS, HLA-DR, IFNG, IL-2R, IL-10R, IL-8r, Importin beta,
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