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The CD4+ and CD8+ T cell immune response against T. cruzi, the parasite causing Chagas disease, are relevant for both parasite control and disease pathogenesis. Several studies have been focused on their phenotype and functionally, but only a few have drilled down to identify the parasite proteins that are processed and presented to these cells, especially to CD4+ T lymphocytes. Although approximately 10,000 proteins are encoded per haploid T. cruzi genome, fewer than 200 T cell epitopes from 49 T. cruzi proteins have been identified so far. In this context, a detailed knowledge of the specific targets of T cell memory response emerges as a prime tool for the conceptualization and development of prophylactic or therapeutic vaccines, an approach with great potential to prevent and treat this chronic disease. Here, we review the available information about this topic in a comprehensive manner and discuss the future challenges in the field.
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Introduction

Chagas disease, caused by the infection with the protozoan Trypanosoma cruzi, is a neglected tropical disease from the American continent that has spread from the limits established by vector ecology due to human migration (1) to non-endemic places such Canada, USA, Europe, Australia and Japan (2). Last estimates calculate that about 6-8 million people are infected in the world (1), with more than 70 million people living in areas at risk for infection (3).

The parasite can be transmitted through other routes than vectorial spread and its life cycle includes different intermediate hosts and developmental stages (Figure 1). When vectorially acquired, Chagas disease shows two major phases. The acute phase typically lasts for about 2 months and presents a high number of parasites circulating in the blood, but in most cases symptoms are absent, mild or unspecified (4) -for instance prolonged fever, headache, myalgia, lymphadenitis, hepatomegaly, and splenomegaly-. However, visible signs of infection such as skin lesion (chagoma) or a swollen eyelid (the so-called Romaña sign) can help in the diagnosis of new cases (1). If patients are not treated, a chronic phase follows, during which most people remain asymptomatic but infected for life. Nonetheless, it is estimated that up to 40% of chronically infected patients can develop organ involvement, being cardiomyopathy and megaviscera (megaoesophagus, megacolon, or both) the most prevailing (5). Based on these phases, some diagnostic tests are better suited than others. In the acute phase, the high parasitemia makes it possible to identify the presence of circulating parasites by the direct microscopic visualization of blood samples or by polymerase chain reaction (PCR)-based diagnostics methods. In contrast, serologic testing is preferred in the chronic phase when parasitemia is low. Since no single standard reference test is available, diagnosis should be based on the presence of IgG against various T. cruzi antigens by the use of at least two serological assays based on different principles, such as indirect fluorescent assay, indirect hemagglutination, and ELISA. And, a third assay is then indicated to clarify infection status when serology results are discordant and samples can yield persistent inconclusive results (5).




Figure 1 | Chagas disease transmission and parasite life cycle. The life cycle of T. cruzi can be conceptualized with its beginning at moment when the triatomine vector ingests bloodstream trypomastigotes from an infected mammalian host, which differentiate into replicative epimastigotes (1). Epimastigotes migrate to the hindgut and differentiate into non-replicative, infectious metacyclic trypomastigotes (2), which are excreted with the feces of the vector and are ready to infect a new mammalian host. Additionally, T. cruzi can be transmitted through other routes than vectorial spread, such as mother-to-child and oral transmission besides blood transfusion and organ transplantation. Trypomastigotes invade host cells and differentiate into the intracellular, replicative amastigote form (3), which can also transform into trypomastigotes (4). These are released when the host cells break down, and may invade new cells, migrate through the bloodstream, or be ingested by a vector (5). In addition, extracellular amastigotes, originated by the premature rupture of the host cell or by extracellular trypomastigote differentiation, can be engulfed by macrophages (6).



With regard to Chagas disease treatment, two drugs -benznidazole and nifurtimox- are currently available. Despite their effectiveness in the acute phase, there is no consensus for their use in the chronic phase. Furthermore, the drugs prolonged duration and the side effects, which include gastric intolerance, skin rashes or neuromuscular problems, can lead to treatment discontinuation and failure (6, 7). Thus, the recent clinical trial BENDITA (Benznidazole New Doses Improved Treatment & Therapeutic Associations) aimed to find effective regimes that produce fewer adverse effects and improve patients´ adherence to treatment (8). This work demonstrated the efficacy of the treatment protocol duration of 2 weeks with a daily dose of 300 mg/day of benznidazole after the 12-month follow-up (8). In summary, in chronic phase, generally a symptomatic supportive treatment is performed. Chagas disease patients with cardiomyopathy are treated with specific medication to control cardiac damage or with an implantable cardioverter defibrillator (9). Heart transplantation is the only course of action in case of advanced tissue failure, which is an expensive procedure, limited by the lack of donors and with a risk of reactivation of parasitaemia due to the use of immunosuppressive drugs. In patients with digestive involvement, conservative or even surgical treatment is indicated depending on the stage of the disease (2).



Specific T Cell Response in Chagas Disease

Upon infection with the parasite, mammal hosts develop both innate and adaptive immune responses that play a major role during the acute and chronic phases of the disease (10). Regarding T cells, CD8+ cytotoxic T lymphocytes have been predominantly studied (11), given that the replicative phase of T. cruzi life cycle within mammals host takes place in the intracellular environment (Figure 2). The activation of these T cells results in the acquisition of the molecular machinery for the elimination of the target cell, which includes cytoplasmic granules containing proteins such as perforin and granzymes and cytokine production, like IFN-γ, TNF-α and IL-2. In chronic Chagas disease, several types of dysfunction have been described. Thus, concomitant with terminal differentiation, CD8+ T cells from patients with severe disease present a higher frequency of cells coexpressing inhibitory receptors, and a lower frequency of polyfunctional parasite-specific CD8+ T cells (11). Besides its role in the elimination of the parasite, some evidence suggests that CD8+ T cells are involved in tissue damage and inflammatory processes linked to the clinical manifestations of Chagas disease (10).




Figure 2 | Specific T cell response in Chagas disease. The activation of T-cell immune responses is mediated by APCs, which deliver antigen-specific and costimulatory signals. Trypanosoma cruzi trypomastigote invades the host cell or is passively internalized, leading to the formation of the parasitophorous vacuole which fuses with a lysosome resulting in a phagolysosome. The parasite can escape to the cytoplasm (A) where it differentiates into the amastigote form and its proteins are targeted for proteosomal degradation. Peptides generated are then imported into the endoplasmic reticulum (ER) to be presented to CD8+ T cells in the context of MHC class I molecules. These molecules consists of a β2-microglobulin and a polymorphic alpha chain which contains the peptide binding groove and it is encoded by one of the mouse H2-K, H2-D and H2-L class I MHC genes and human HLA-A, -B or –C class I MHC genes. (B) Class II MHC is made up of polymorphic α and β chains that form the peptide binding groove, each encoding in mouse H2-A and H2-E class II MHC loci and in human HLA-DR, -DP and -DQ class II MHC loci. In the class II MHC pathway, proteins from parasite are degraded and antigenic peptides are loaded onto the binding cleft from the MHC. Peptide-MHC complexes are then presented in the host cell surface to the CD4+ T cell. In both CD8+ and CD4+ T cells, activation generates the expansion and differentiation into effector specific T cells (TE), their survival and function being sustained by cytokines and soluble mediators. Following antigen clearance, contraction takes place with a numerical reduction of antigen-specific cells. A subset of the activated T cells survives beyond this phase and differentiates into long-lasting memory T cells. During chronic infections, which entail persistent antigen exposure and/or inflammation, different degrees of dysfunctionality can be observed, including terminal differentiation and T cell exhaustion with progressive loss of effector functions and co-expression of inhibitor receptors. IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; TH, T helper; Treg, regulatory T cell; TSCM, stem cell memory T cell.



Much less is known about CD4+ T cells involvement (Figure 2), possibly because their ultimate action requires the collaboration with other cells (10). These cells are characterized by the expression of surface molecules and the secretion of cytokines that modulate the activity of other cells, mainly macrophages, DCs and other lymphocytes. The majority of proliferating activated CD4+ T cells differentiate into one of the multiple TH profiles, acquiring a diversity of effector properties. It has been suggested that a coordinated response between TH1 and TH2 profiles is desirable, with predominance of TH1 effector mechanisms for the control/elimination of the parasite (10). In addition, the subset of regulatory T cells (Treg), which operate tolerance mechanisms, is increased in asymptomatic patients compared to those with cardiac or digestive symptoms. Furthermore, CD4+ T cells develop some signatures of T cell response exhaustion in the chronic phase of the disease (10).

The specific responses of both types of T cells depend on the processing and presentation of T. cruzi peptides by antigen presenting cells (APC) and their recognition by the T cell receptor (TCR). For this reason, studies on new therapeutic approaches (12–15) attempt to understand the mechanisms underlying the interaction between peptide-MHC (pMHC, MHC: major histocompatibility complex) complexes and TCR, and also functional and phenotypic characteristics of antigen-specific T cells, which can be investigated by diverse strategies (16–23). In Chagas disease, different T. cruzi targets that can be processed and presented to T cells have been evaluated. Extensive research is mainly focused on members of the T. cruzi trans-sialidase (TS) superfamily, the largest T. cruzi gene family. These proteins are distributed along the cell body, flagellum and flagellar pocket of the parasite. This superfamily includes not only active trans-sialidases that transfer sialic acid from host glycoconjugates to the parasite membrane proteins, but also several proteins with unknown function, among others. In addition, non-trans-sialidase (non-TS) T cell activating antigens are also analyzed.

Taking into consideration the central role that T cell response plays in Chagas disease and the potential use of antigen-specific T cell response data in disease prevention or treatment, this review revisits the results of published research on the specific response against T. cruzi epitopes recognized by CD8+ and CD4+ T cells. To this end, reports about a variety of T. cruzi antigens are discussed, with particular emphasis on peptides that trigger T cell response in mouse models or human samples. Additionally, we comment on what we consider the greatest challenges faced by scientists today in the study of T-cell specificity in the immune response against this parasite.



Models for Chagas Disease Specific T Cell Response

Despite the translational challenges of animal models in Chagas disease (24, 25), they are still crucial for increasing the knowledge of the disease and the interaction between the host and the parasite (26–29). Indeed, mouse models (wild type mice with H2 –mouse MHC- molecules or transgenic ones expressing human MHC) are broadly utilized under different strategies to evaluate the specificity of T cell response against T. cruzi infection (Figure 3). Importantly, human samples, especially blood, are often used to validate results obtained from animal models and to analyze the particularities of human T cell responses against the parasite (Figure 3). In this regard, the HLA (Human Leukocyte Antigen, human MHC molecules) restriction ultimately determines the repertoire of peptides that are presented for interaction with the TCR, limiting the usefulness of non-human models to evaluate T cell specificity at the epitope level.




Figure 3 | Strategies for studying antigen-specific T cells in Chagas disease. (A) Experimentally identified or predicted candidate target peptides are synthesized and tested by MHC ligand assays. MHC-peptide binding can be evaluated by TAP deficient cells (cells lacking the transporter associated with antigen-processing that fail to transport peptides into the endoplasmic reticulum, reducing MHC class I stability and surface expression) loaded with the peptide and stained for the MHC, or by the ability to inhibit the binding of a radiolabeled probe peptide. (B) Splenocytes from mouse, PBMC from human or CD4+- or CD8+-depleted PBMC are used to detect antigen-specific T cells trough T cell assays. (C) MHC-peptide multimer/tetramer is based on the ability of TCR to recognize the pMHC complex from CD8+ or CD4+ T cells. (D) Other strategies evaluate the specific T-cell response on the basis of a functional readout. Activated cytotoxic CD8+ T cells are commonly detected by measuring chromium in the supernatant released by killed target cells. Assays that determine secretion of cytolytic granule contents (granzyme or perforin) and/or labelling responding cells with antibodies to CD107a and b provide an alternative way to measure cytolytic activity. On CD4+ T cells activation, the amplification of antigen-specific populations is tested through proliferation assays. Molecule release (cytokines or cytolytic granule contents) from activated CD8+ or CD4+ T cells can be evaluated by different methods. Intracellular staining of induced molecules detects specific T-cells on a single cell level whereas CBA measures secreted proteins produced by bulk cell populations. ELISPOT detects secretion “spots” of a specific mediator and quantifies the magnitude of this response. Monoclonal antibodies for phenotyping can be used to characterize specific T cells.





CD8+ T Cell Specificity in Chagas Disease

Several T CD8+ epitopes have been described and confirmed as immunogens in Chagas disease patients, being those derived from the trans-sialidase proteins family widely assessed (30–33). Most studies focus on MHC class I presentation restricted to HLA-A*02 alleles because of its high prevalence in individuals of various ethnic backgrounds, including those living in areas where Chagas disease is endemic (34, 35).

Within the TS family, immunogenic CD8+ T cell epitopes identified in HLA-A*02:01+ patients belong predominantly to trypomastigote surface antigen (TSA)-1, amastigote surface proteins (ASP)-1 and -2 and flagellum-associated protein FL-160 (Table 1). The first studies on the role of these antigens in Chagas disease were performed in mouse models and showed protective responses against T. cruzi infection after vaccination with antigen-encoding plasmids (53–55). Additionally, CD8+ cytotoxic T cells epitopes from those proteins (Table 2), restricted to the mouse H-2Kb class I molecule, sensitized RMA-S target cells (a TAP deficient cell line derived from the Rauscher leukemia virus-induced mouse T-cell lymphoma RBL-5) for lysis by specific spleen cells from T. cruzi-infected mice (55–57). The antigen-specific CD8+ cytotoxic T cells response was also demonstrated in T. cruzi-infected or peptide-immunized A2.1/Kb transgenic mice (expressing a chimeric class I molecule consisting of the human HLA-A2.1 α1 and α2 domains ligated to the mouse α3, transmembrane and cytoplasmic H2-Kb domains). Splenocytes from these animals were submitted to cytotoxicity assays, in which Jurkat A2.1/Kb or lymphoblastoid 721.221 A2.1/Kb targets cells were sensitized with TSA-1-, ASP-1- and ASP-2-derived peptides (36). Furthermore, specific CD8+ T cell response against peptides from these antigens has been also observed in peripheral blood mononuclear cells (PBMC) from HLA-A*02:01+ donors with chronic T. cruzi infection (32, 36) (Table 1). Interestingly, the cytotoxic activity induced by selected epitopes from ASP-1, ASP-2 and TSA-1 was reduced by the depletion of CD8+ T cells, but not CD4+ T cells, in samples from individuals living in endemic regions in Guatemala (36). Additionally, assays using MHC tetramers bound to some of those peptides demonstrated a low frequency of peptide-specific CD8+ T cells in HLA-A*02:01+ T. cruzi-infected patients residing in non-endemic areas of Argentina at the time of sample collection (32).


Table 1 | T. cruzi epitopes recognized by T cells from Chagas disease patients.






Table 2 | T. cruzi epitopes recognized by CD8+ T cell from mice (not tested in Chagas disease patients).




Studies based on peptides predicted to bind H-2Kb MHC molecules showed a CD8+ T cell response that is dominated by epitopes encoded by trans-sialidase family genes (33) (Table 2). Frequencies of IFN-γ-producing cells were lower against non-TS epitopes, and target splenocytes from naïve mice loaded with non-TS epitopes were poorly recognized in in vivo cytotoxic T lymphocyte assays (33). Similarly, the immunization of C57BL/6 mice with pools of trans-sialidase but not mucin genes provided protection against an otherwise lethal T. cruzi challenge (66). Moreover, the CD8+ T cell response focused on a few epitopes (33, 59–61) was interpreted in favor of the hypothesis of immunodominance against certain peptides as mechanism to evade the immune response (62). Nonetheless, experimental approaches with mouse models later demonstrated that the immune control of T. cruzi infection was independent of the recognition of the therein called “dominant” TSKB20 and “subdominant” TSKB18 epitopes (58, 63). In fact, despite the widespread idea of TS broad dominance of the T cell response against T. cruzi, there is insufficient evidence of a correlate in the context of human infection.

A similar approach to that described for the prediction and selection of H-2Kb–binding peptides allowed the determination of TS peptides (Table 1) that induced diverse levels of reactivity in IFN-γ ELISPOT experiments for HLA-A*02:01+ chronic Chagas disease patients (33). Interestingly, many TS peptides (Table 1), which were found by in silico prediction of their binding affinity to MHC from different HLA allele supertypes (HLA-A1, -A2, -A3, -A24, -B7 and -B44), showed a positive outcome in IFN-γ ELISPOT assays, being A2 supertype peptides the most frequently recognized (30).

Additional CD8+ T cell targets were identified from enzymatically active TS (F-TS), non-functional TS (NF-TS) and non-TS proteins (Table 2) after vaccination of HHD transgenic mice with dendritic cells pulsed with peptide pools (64). Furthermore, HLA-A*02:01-restricted epitopes from cruzipain (also known as GP 57/51 or cruzain, a cysteine peptidase) and the FL-160 protein (renamed FL-160-1, the 160 kDa flagellum-associated surface protein of trypomastigotes) were described (31). Peptides from those proteins (Table 1) were recognized by PBMC from chronic Chagas disease patients in IFN-γ ELISPOT and tetramer assays (31). Another cruzipain epitope was described in a recent publication of our group using an in silico guided approach (38). Sequences of T. cruzi proteins characterized as T cell immunogens in the Immune Epitope Database [IEDB-, www.iedb.org (67)] were screened and the binding to a set of HLA-A and HLA-B or HLA-DRB1 molecules were predicted. One out of the four novel peptides reported (namely TcCZp2, Table 1), revealed predominant CD8+ T cell activation in IFN-γ ELISPOT assays with PBMC depleted of CD4+ T cells (38). In addition, the predicted nested core of this peptide (TcCZp2me) allowed the identification of epitope-specific CD8+ T cells in HLA-A*31:01+ patients, with a predominant effector memory TEMRA (terminal effector T cells re-expressing CD45RA) or TEM (effector memory) cell phenotype (38).

Potential CD8+ T cells targets were also described in the paraflagellar rod proteins (known as PFR or TcPRP), located at the T. cruzi flagellum and specific to the kinetoplastids. Mice receiving injections of these proteins (namely PAR1 or PFR-3 and PAR2) had an immune response capable of reducing the level of circulating parasites, and improved survival (68). Another research on the subject showed that cytotoxic T lymphocyte lines generated from chronically T. cruzi-infected mice specific for peptides PFR-1164−171 and PFR-3123–130 (Table 2) had high levels of lytic activity and secreted IFN-γ in response to parasite-infected target cells. Moreover, CD8 knockout (Cd8atm1Mak) mice deficient in functional cytotoxic T cells, immunized with PFR and challenged with T. cruzi, showed higher parasitemia and lower survival than PFR-immunized control mice (65). DNA immunization with the PFR2/heat shock protein 70 (HSP70) fused genes not only triggered the cytotoxic activity of antigen-specific CD8+ T cells but also provided a protective response against a T. cruzi infection (69). Furthermore, the immunization of C57BL/6-A2/Kb transgenic mice with plasmids encoding the fusion proteins PFR2-HSP70 and PFR3-HSP70 induced a specific CD8+ cytotoxic T cells response against epitopes PFR2449–457 and PFR3481–489 (39). Regarding the response in the human host, peptides containing potential HLA-A*02:01-binding sites were identified by the analysis of T. cruzi PFR2 and PFR3 using the algorithms SYFPEITHI [www.syfpeithi.de, (70)] and BIMAS [www-bimas.cit.nih.gov, (71)] (39). Peptides from each protein (Table 1) were recognized by PBMC from chronic Chagas disease patients and peptide-specific CD8+ T cells exhibited a pro-inflammatory cytokine secretion profile (IFN-γ, TNF-α and IL-6). Remarkably, cytotoxic activity was observed in CD8+ T cells from asymptomatic patients but not in chronic patients with cardiomyopathy (39). Interestingly, some epitopes from PFR and other paraflagellar rod component proteins were described in a recent in silico study based on the identification of conserved epitopes (72).

Another vastly described T. cruzi protein containing CD8+ T cell epitopes is the kinetoplastid membrane protein-11 (KMP-11), which has been reported to be mainly located in the flagellar pocket. The first investigations into CD8+ T cell response against this antigen were carried out in mouse models. Immunization of A2.1/Kb transgenic mice with fused T. cruzi KMP-11/HSP70 genes generated a population of reactive CD8+ cytotoxic T cells against KMP-11 peptides (named K1, K3 and K4) (Table 2) containing predicted HLA-A*02:01 binding motifs (41, 42). With regard to humans, HLA-A*02:01+ chronic Chagas disease patients from endemic zones exerted a CD8+ T cell specific response towards the TcTLE peptide [previously known as K1 peptide, Table 1, (43)]. This peptide was also recognized by infected patients carrying HLA-A2 supertype alleles other than HLA-A*02:01 (A*0205, A*0222, A*0226, A*0259 and A*0287). Both HLA-A*02:01+ and HLA-A*02:01- infected patients had TcTLE-specific CD8+ T cells displaying a phenotype compatible with differentiated TEM cells (44). Moreover, the introduction of specific mutations in TcTLE showed limited effect on the functional activity of CD8+ T cells from HLA-A*02:01+ chronic Chagas disease patients (45). TcTLE also exhibited a promiscuous recognition in patients with Chagas disease expressing different HLA-A supertypes (HLA-A1, -A2 and -A24). Remarkably, the evaluation of IFN-γ, TNF-α, IL-2, perforin, GrB and CD107a/b after stimulation with this peptide demonstrated that HLA-A2- patients had mono- and polyfunctional (simultaneously expressing multiple cytokines and exhibiting cytotoxic activity at the single-cell level) CD8+ T cells and their frequency could be associated with disease severity (46). Similar results had been previously described when PBMC from patients at different stages of chronic Chagas disease were stimulated with KMP-11 recombinant protein. In fact, patients with less severe disease showed a higher frequency of polyfunctional KMP11-specific CD8+ T cells whereas patients at advanced stages of the disease demonstrated a higher frequency of monofunctional CD8+ T cells (73).

Class-I epitopes recognized by patient cells were identified in other T. cruzi proteins, such as HSP70 and the putative surface antigen TcCA-2. Two T. cruzi HSP70 CD8+ epitopes were shown to be processed and presented during natural infection. Peptides predicted with the algorithms SYFPEITHI and RANKPEP [http://immunax.dfci.harvard.edu/Tools/rankpep.html (74),] were recognized by cells from A2.1/Kb transgenic animals immunized with the HSP70 recombinant protein or infected with the parasite. Two of those peptides (HSP70210-8 and HSP70316-24,Table 1) recognized by CD8+ T cells of HLA-A*02:01+ Chagas disease patients from endemic areas residing in a non-endemic zone induced peptide-specific cytotoxic activity and pro-inflammatory cytokine (IFN-γ and TNF-α) secretion (47). With regard to the T. cruzi carbonic anhydrase protein TcCA-2, four CD8+ epitopes (TcCA-2273-281, TcCA-2442-451, TcCA-2607-615 and TcCA-2657-666) (Table 1) were found to be processed and presented during Chagas disease in a multiplexed cytokine secretion assay (48). CD8+ T cell specific for these epitopes were functionally active in both asymptomatic and symptomatic cardiomyopathy chronic Chagas disease patients (from endemic areas but residing in a non-endemic zone) (48). In addition, TcCA-2442-451 and TcCA-2607-615 peptides allowed the characterization of different phenotypical profiles in cells from asymptomatic versus cardiac Chagas disease patients. Thus, the TcCA-2-specific CD8+ T cells from patients with cardiac symptoms were mainly effector memory cells (TEM or TEMRA) whereas those present in the asymptomatic phase were predominantly naïve T cells (48). In a recent study, the same two peptides from TcCA-2, and those from PFR2 (PFR2449-457), PFR3 (PFR3428-436) and KMP-11 (K1) (Table 1), were used to evaluate the antigen-specific CD8+ T cell response in asymptomatic chronic Chagas disease patients, both before and after benznidazole treatment (40). Although different outcomes for memory phenotype, senescence and antigen experience were found depending on the peptide analyzed, CD8+ T cells specific to all the peptides showed a high percentage of these cells at an advanced stage of differentiation (CD45RA+CD127-) both before and after treatment (40). In a prior report, the same group had characterized the functional capacity of antigen-specific CD8+ T cells (based on the expression of IFN-γ, IL-2, TNF-α, granzyme B and perforin) before and after drug treatment but, in this case, they used recombinant proteins instead of peptides from those T. cruzi antigens (75). Patients showing therapeutic efficacy (based on serological response) presented polyfunctional antigen-specific CD8+ T cells whereas cells from patients with therapeutic failure were monofunctional (75).

Other targets for the CD8+ T-cell response were described in mouse models, but without confirmed immunogenicity in humans (Table 2). The sequences for flagellar Ca2+ binding protein (FCaBP), LYT-1 and AP-3 were scanned for peptides that matched the mouse H-2Kb allele-specific class I peptide binding motif. LYT-1, a protein predicted to be secreted by trypomastigotes, was found to be a target of cytotoxic T cell responses in chronically infected mice, and the immunization with a plasmid encoding a peptide from this protein protected mice from lethal T. cruzi challenge (66). Peptides from FCaBP and a homologue of the adaptin AP-3 complex β3 subunit (Tcβ3) were recognized by spleen cells from infected mice, and these lysed peptide-pulsed RMA-S target cells (66). With regard to ribosomal P2β protein (TcP2β), two peptides (TcP2-P7 and TcP2-P1, Table 2), containing known binding motifs for MHC molecule encoded by the HLA-A*02:01, elicited lytic activity when HHD transgenic mice were immunized with them individually (37).



CD4+ T Cell Specificity in Chagas Disease

Only a few proteins have been demonstrated to induce a recall response on CD4+ T cells from T. cruzi infected-individuals in the chronic phase of the disease (38, 49, 52, 76, 77).

Cruzipain elicited proliferative responses of PBMC from chronic Chagas disease patients both in its recombinant and isolated (from T. cruzi epimastigotes) forms. Moreover, T cell lines generated from PBMC using those antigens consisted of CD4+ T cells, and their stimulation with recombinant or isolated cruzipain induced their production of IFN-γ. Furthermore, anti-cruzipain T cell lines showed a strong proliferative response against one out 11 peptides spanning portions of the catalytic domain of the cruzipain protein [Table 1 (52)].

The recognition of the tandemly repetitive T. cruzi B13 protein (a homolog of TcCA-2) was also characterized by T cell lines, clones and PBMC from chronic Chagas disease patients (49). The PBMC proliferative response to recombinant B13 protein was similar between cardiac and asymptomatic patients and among non-infected control individuals. Likewise, when the proliferative response to B13-derived peptides (Table 1) was analyzed in HLA-DQ7+ subjects, peptide S15.4 was mainly recognized by patients with cardiomyopathy whereas S15.1 and S15.3 peptides more frequently targeted by cells from asymptomatic donors, and peptide S15.9 triggered a response in cells from both groups of Chagas disease patients (49). Additionally, a CD4+ T cell clone from an HLA-DQ7+ individual responder to the peptide S15.4 presented cross-reactivity against peptides from human β-cardiac myosin heavy chain according to the central HLA-DQ7 binding motif (50). Interestingly, proliferation assays on PBMC from S15.7-responder HLA-DQ7+ individuals revealed that peptide S15.7 was recognized by PBMC from all subjects tested whereas none bound to its highly resistant to proteolytic digestion analogues (51).

Concerning KMP-11, a specific CD4+ T cell response was shown as INF-γ production upon the stimulation of PBMC from chronic Chagas disease patients with the recombinant antigen (76). KMP-11 responders were mostly patients with severe cardiomyopathy (abnormal ECG and cardiomegaly in chest radiography) whereas only one subject was determined as responder out of eight evaluated donors in patients with normal findings on ECG, or abnormal ECG and no cardiac enlargement (76).

On the other hand, TSA-1 and Tc24 (flagellar calcium binding protein of 24 kDa) were evaluated for the ability to recall CD4+ T cell response in chronic Chagas disease patients (77). Results demonstrated a higher proportion of CD4+ T cells that proliferated after stimulation with rTc24, whereas CD3+ T cells responded when rTSA-1 was used as stimulus (77).

A recent in silico approach also enabled the identification of potential T. cruzi-specific CD4+ epitopes from a co-chaperone GrpE and from a hypothetical protein (72). And more recently, another predictive approach developed by our group led to the discovery of peptides demonstrated to induce CD4+ T cell response in Chagas disease patients (38). In fact, these cells were the leading producers of IFN-γ in response to the novel T. cruzi peptides TcTSp3, TcTSp4 and TcTSp5 (Table 1). Notably, the IFN-γ responses against TcTSp1, TcTSp2 and TcCZp1 (Table 1) were also predominantly attributed to CD4+ T cell activation, although they comprised sequences from cruzipain and TS proteins previously reported to induce CD8+ T cell response in Chagas disease or to bind HLA-A*02:01 (31, 33). Regarding phenotype characterization, CD4+ T cells showed heterogeneous degree of maturation between chronic Chagas´ disease patient population, although central memory (TCM) T cells seemed to be preponderant in patients with IFN-γ response against TcTSp4 (38).



Concluding Remarks and Future Perspectives

Experimental animal models and studies with clinical samples have shown that CD4+ and CD8+ T cells play a crucial role in the control of Chagas disease. For this reason, elucidating their specificity in relation with their functional features represents an opportunity for a deeper understanding of the immune response against T. cruzi infection. Up to now, almost 200 T cell epitopes from 49 T. cruzi antigens have been described (IEDB, accessed February 2021) whereas the haploid T. cruzi genome has more than 10,000 protein coding genes (78). Thus, continued efforts are required to explore the role of the majority of T. cruzi proteome in the host immune response.

Taking into account the disadvantages of treatments with current drugs (benznidazole and nifurtimox), which have an unclear efficacy at chronic stage (79–81), the identification of T. cruzi antigens could contribute not only to discover putative biomarkers for the follow-up of Chagas disease patients, but also to develop vaccines based on the induction of antigen-specific T cells. These could be an attractive and cost effective alternative (or complement) to current drug-based therapies. Therefore, it is crucial to consider the high biological complexity of T. cruzi and the huge diversity of HLA haplotypes, the major factors determining the repertoire of an individual´s T cell specificities. Targeting as many antigens as possible in a vaccine design could provide a way to overcome the limitations imposed by host diversity.

In this regard, in silico analyses to identify proteins conserved across diverse T. cruzi strains and expressed in stages of the parasite life cycle relevant to human infection, constitute useful approaches to narrow down the universe of T. cruzi antigens to a set of candidates addressable by laboratory scale immunoassays. However, these methods come with caveats and pitfalls of their own. Up to date, reports about antigen-specific T cell response against T. cruzi infection have focused on predicting peptide binding to MHC. Despite this prediction is very useful to limit the number of potential T cell epitopes to test experimentally, not all MHC presented peptides are immunogenic. Consequently, the TCR:pMHC interaction should be better understood in order predict MHC restricted peptides that actually become T cell epitopes. Remarkably, this issue may result challenging due to the promiscuity of TCRs (82), the limited information about the patterns that govern T-cell recognition and the ability of TCRs to cross-recognize structurally related elements (83). In general, extensive data on peptides-MHC binding is available, whereas there is less information linking specific TCRs to their cognate target (84). In this context, different approaches have been proposed to gain knowledge on TCR:pMHC interaction (84–89). Nonetheless, none of them has so far been used to analyze specific T cell response in Chagas disease.

In parallel with immunobioinformatics methods which have powered the search for epitope-based vaccines candidates against T. cruzi (72, 90), other promising and newer tools may be leveraged to detect MHC-bound peptides relevant to the parasite-specific T cell response. These include pipelines used for neoantigen discovery (91) and immunopeptidomics approaches (92–94), which consist in the isolation of peptides from the pMHC complexes purified from the APC surface and their identification by mass spectrometry and bioinformatics.

Taken together, our review highlights the importance of the specific T cell response in Chagas disease. Relevant information about peptides involved in this response has been accumulating across decades of research. Nonetheless, the available data is so far insufficient to effectively enable the translation of this knowledge into treatment strategies for this neglected disease. In this regard, attempts to successfully reach optimal solutions for the millions of people affected are still needed and emerging techniques employed in the study of other diseases are highly promising to this end.
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