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Molecular model of epitope binding to an HLA.DRB molecule. The colour reflects the surface potential (red for acidic and blue for basic charge); the arrows show the N- and C-terminal anchors and a ‘kink’ in the middle of the epitope. From Jurcevic et at Mol. Immunology 8: 1807-14, 1996.

Dissection of the specificity of host immune responses following infection with Mycobacterium tuberculosis is essential for designing effective vaccination and diagnostic biomarkers as well as for better understanding of immunopathogenesis of active tuberculosis. The articles in this volume of the Topics in Microbial Immunology review the significance of this area of research from both experimental models and clinical surveys. This includes T cell recognition of MHC permissive epitopes, use of algorithms for genome-based prediction of immunodominant epitopes, evaluation of candidate antigens/epitopes and adjuvants for vaccination and immunodiagnosis. Future research strategies indicate the need for better understanding of the relationship between epitope specificity and the phenotype of responding T cells and search for biomarkers with a capacity to discriminate and predict the change from latent infection to active disease. These research avenues have important potentials for improving the prevention and control of tuberculosis.
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Tuberculosis (TB) remains a major global health problem, because (i) diagnosis is usually made too late to avoid spread of infection to contacts; (ii) vaccination with bacillus Calmette–Guérin (BCG) does not prevent the most prevalent pulmonary disease; and (iii) defaulting from lengthy chemotherapy leads to an increase in drug resistant strains. The continued impact of human immunodeficiency virus (HIV) co-infections remains a major aggravating factor in TB resurgence. Intensive research on the specificity and function of immunological responses is of major importance since protective host defense is critically dependent on T cells, which selectively recognize only certain antigens and epitopes of the tubercle bacillus. Such knowledge is therefore necessary for designing a novel effective vaccine and better diagnostic tools. The specificity of the host immune response may also help to explain how the intracellular tubercle bacilli evade host resistance, probably by decoy pro-inflammatory actions of some of their antigens and/or immunomodulatory constituents, which lead to chronic infection and lung pathology.

The 12 articles in this Research Topic in the section Microbial Immunology of the journal Frontiers in Immunology review current knowledge, as well as gaps in our understanding of the mechanisms and functions of T and B cell recognition of antigens and constituent epitopes of Mycobacterium tuberculosis (Mtb). The abundant occurrence of major histocompatibility complex (MHC) class II-permissive epitopes in tubercle bacilli has important implications for the development of both subunit vaccines and diagnostic tests (1, 2). Moreover, an evolutionary interpretation has been that selection of Mtb strains carrying protective MHC-permissive epitopes could have extended the survival of infectious individuals and hence was advantageous for the protracted aerosol transmission of the pathogen (1).

Better understanding of the “antigenome” of Mtb has been advancing with the aid of new powerful strategies for the identification of antigens and its epitope determinants. These methods include bioinformatic approaches toward genome wide predictive algorithms for HLA binding and high-throughput tetramer generation (2). Hypothesis driven approaches or hypothesis free searches of the whole Mtb genome and functional screening algorithms led to the evaluation of candidate antigens, which are recognized well by T cells from latently infected individuals. They involve antigens expressed in vivo, encoded by the DosR regulon, resuscitation promoting factor (Rpf) proteins, and new HLA-class Ia or Ib (HLA-E) restricted Mtb epitopes, recognized by classical and non-classical CD8 T cells (3).

Mycobacterium tuberculosis-specific epitopes of immunodominant and HLA-permissive nature have been used extensively in IFNγ release assays (IGRAs). Several test kits can detect latent Mtb infection with better specificity than the tuberculin based skin test. However, these kits still need improving on their sensitivity and fail to distinguish active TB from latent infection. Moreover, biomarkers for predicting the risk of latent TB progressing into active TB are yet to be found (1, 3, 4). Further research on possible associations between epitope specificity and the phenotype of responding T cells could be an area of potential importance. Polyfunctional T cells have been associated with protective immunity on the grounds that the number of T cells producing IFNγ, IL-2, and/or tumor necrosis factor-α (TNFα) is correlated with vaccine induced protection in models of infectious diseases (4). However, the role of these cells is a subject of debate, since they are readily detectable also in patients with active or past TB. Although these cytokines are produced by several cell types [CD4, CD8, TCRγδ, mucosa-associated invariant T cells (MAIT), CD1-restricted T cells, and natural killer (NK) cells], it is significant that CD4 T cell depletion cannot be compensated with cell types other than CD4 T cells. Epitope-specific serum antibody levels in TB patients have been found to be influenced by the pulmonary bacterial load (associated with HLA-DR15), recent exposure to infection, and response to chemotherapy (5).

Identifying those antigenic determinants, which lead to host protection, is mandatory for designing more effective vaccination strategies. A recently failed vaccine trial in children employed Ag85A, which is highly immunogenic, but changes in its expression in infected cells could influence the susceptibility of infected cells to host immunity (6). Hence, there is a need to select suitable candidate antigens by more rigorous comparison of their protective capacity in animal vaccination models, before proceeding toward evaluation in human trials. In addition to antigen specificity, the success of a subunit vaccine may lie in its presentation, i.e., in the adjuvant formulation. To this effect, the fusion of antigens with interleukins, lipids, lipoproteins, and immune stimulatory peptides has been employed (7). Continued efforts to obtain better protection using recombinant strains of BCG engage over-expression of either Mtb-specific antigens (which had been lost during the attenuation process of BCG) or of some cytokines (IL-2, IL-12, IL-15, and GM-CSF) (8).

Although classical CD4 and CD8 T cells recognize peptide epitopes bound to MHC, molecules with different chemical structures could be of potential importance. Thus, T cells recognizing lipid antigens may contribute to natural host protection and might potentially be exploited for subunit based vaccination (9). Another structural aspect is the role of post-translational modifications of proteins identified using mass spectrometry-based proteomics (10). Recent attention to the proline–glutamic acid (PE) family of cell surface expressed proteins has been due to their immunomodulatory properties and possible evasion from host immunity by antigenic variation. Immunogenicity was attributed to the PE domain, while the specific epitopes were localized within the polymorphic GC-rich sequence (PGRS) domain. However, sensitization in human beings was found to be associated with BCG vaccination, rather than latent Mtb infection (11). Apparently, still other families of antigens need to be evaluated in the search for biomarkers, which could distinguish between stable protection and a tendency for recrudescence in latently infected populations and also for monitoring the efficacy of protection following prophylactic vaccination (12).

In conclusion, further research on Mtb antigen and epitope specificities seems mandatory for realizing the crucially important aims of both prophylactic and post exposure vaccination against TB. Advancing the knowledge of antigenic determinants is essential also for differentiating patients with active TB from latently infected healthy subjects. There is potential in the ambitious search for specific immunological biomarkers for predicting the reactivation of TB in populations, both without and with HIV infection. These endeavors will undoubtedly need to be combined with better knowledge of the functional phenotypes of the respective T cell subsets. Other potential avenues are the construction of fusion proteins with improved vaccine adjuvanticity (7) and the proposed construction of T cell receptor (TCR)-like ligands for immunotherapy (1). Future research may benefit also from advances in computer algorithm based analysis of Mtb epitopes and host cytokine signatures, as well as from reduced costs of DNA and RNA sequencing and synthetic peptide libraries.
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Study of the function of epitopes of Mycobacterium tuberculosis antigens contributed significantly toward better understanding of the immunopathogenesis and to efforts for improving infection and disease control. Characterization of genetically permissively presented immunodominant epitopes has implications for the evolution of the host–parasite relationship, development of immunodiagnostic tests, and subunit prophylactic vaccines. Knowledge of the determinants of cross-sensitization, relevant to other pathogenic or environmental mycobacteria and to host constituents has advanced. Epitope-defined IFNγ assay kits became established for the specific detection of infection with tubercle bacilli both in humans and cattle. The CD4 T-cell epitope repertoire was found to be more narrow in patients with active disease than in latently infected subjects. However, differential diagnosis of active TB could not be made reliably merely on the basis of epitope recognition. The mechanisms by which HLA polymorphism can influence the development of multibacillary tuberculosis (TB) need further analysis of epitopes, recognized by Th2 helper cells for B-cell responses. Future vaccine development would benefit from better definition of protective epitopes and from improved construction and formulation of subunits with enhanced immunogenicity. Epitope-defined serology, due to its operational advantages is suitable for active case finding in selected high disease incidence populations, aiming for an early detection of infectious cases and hence for reducing the transmission of infection. The existing knowledge of HLA class I binding epitopes could be the basis for the construction of T-cell receptor-like ligands for immunotherapeutic application. Continued analysis of the functions of mycobacterial epitopes, recognized by T cells and antibodies, remains a fertile avenue in TB research.
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INTRODUCTION

Pathogenic bacteria produce a wide range of constituents, which determine their virulence and host responses following infection. In the case of Mycobacterium tuberculosis (Mtb), antigenic and immunomodulatory constituents may be considered as virulence factors, because they can act as “decoys,” triggering excessive immune responses which can lead to pathology of the lungs in active tuberculosis (TB), instead of host protection (1). Hence, immunological research has been essential for the study of pathogenesis as well as for the development of prophylactic vaccination and for the detection of latent infection. Detailed analysis of the specificity and of the phenotype of immune responses is mandatory in the desire to discover biomarkers for protective immunity, for predicting the risk of reactivation from latent infection and for developing immunotherapies, adjunct to chemotherapy.

Dissection of the antigenic structure of Mtb to its epitope constituents has been driven by the newly developed technologies, starting with hybridoma-produced monoclonal antibodies (2, 3), followed by recombinant DNA expression libraries (4), T-cell cloning and hybridomas (5), and DNA sequencing. More recently, new epitopes predicted within the whole Mtb genome on the basis of algorithms (“silico mapping”) (6) have a useful rate of empirical confirmation (7). The location of discontinuous and conformational epitopes recognized by antibodies can be predicted by integrated analysis of the dynamical and energetic properties of proteins (8). Mapping of T-cell epitopes within the known protein sequence used synthetic peptides with overlapping sequence (“pepscan”) and single-residue substitutions identified epitope cores, flanks, and key residues involved in binding to major histocompatibility complex (MHC) or T cell receptor (TcR) molecules.

Characterization of the membrane markers and cytokine profiles of responding T cells identified the existence of T-cell subsets and their regulatory networks. Emphasis on the T-cell phenotype and recently on the transcriptomic signature of T cells is currently expanding (9), but without full attention to antigen and epitope specificity. However, restoring the balance of knowledge between the functional phenotype and recognition specificities of T cells seems compelling.

The extensive knowledge on the mapping of antigenic epitopes has been cataloged and made accessible by the NIH IEDB database http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2228276/; http://www.iedb.org/; http://help.iedb.org/entries/19150-user-documentation-iedb-version-2.

This inventory contains more than 1000 epitopes, mostly derived from only about 30 of the most immunogenic antigens, representing a very small fraction from the about 4000 known open reading frame proteins of the Mtb genome (10). Recently combined analysis of epitope predictions, high throughput ELISPOT, and T-cell libraries from latently Mtb-infected subjects, categorized the epitopes into prominent “antigenic islands” (11). The wider significance of epitope specificity of immune responses of Mtb-infected hosts has been reviewed recently (12).

This chapter points out the role of individual epitope specificities and aims to integrate this knowledge with different functions, relevant for the host–parasite relationship. Potentials for future research are targeted at improving the control of TB, particularly for vaccination, immunotherapy, detection of latent infection, and early diagnosis of infectious forms of active disease.

MHC-PERMISSIVE EPITOPES

Immunodominant epitopes were originally thought to be recognized in the context of only one or a few MHC class II alleles, though a number of genetically permissive epitopes were found in microbial pathogens. Initial mapping of CD4 T-cell stimulatory epitopes showed two hsp65 peptides recognized by several H-2-disparate mouse strains, one of them presented by both I-A and I-E molecules (13). Subsequent analysis of two glyco-lipoproteins and the α-crystallin (Acr) antigen identified the same few epitopes as immunodominant in a number of inbred strains of mice, carrying different H-2A alleles (14–16). H2I-A promiscuous recognition of p350–369 was demonstrated using CD4 T-cell hybridomas, though with allele-specific binding of IA polymorphic critical residues (17). Moreover, pepscan analysis revealed separate patterns of recognition by T hybridomas of the same H-2 haplotype, whereby every core residue was critical for at least one hybridoma, with only one substitution (74 Val → Ala) common to all hybridomas (18). While core residues were critical for both MHC and TcR binding, T-cell recognition was influenced also by the substitution of flanking residues (19).

The apparently abundant occurrence of MHC-permissive epitopes in tubercle bacilli may be an evolutionary consequence of selection of mutants carrying protective MHC-permissive epitopes. These organisms would have been advantageous to the pathogen, by being conducive to the longer survival of individuals, who were capable of aerosol transmission of the infection. This evolutionary concept is supported by the finding that T hybridomas from H-2Ab/d heterozygous mice had a higher frequency of IA-promiscuous recognition than hybridomas from each of the parental H-2 homozygous hybridomas (17). The IA-promiscuous hybridomas could also be stimulated with lower peptide concentrations, indicating TcR recognition of higher TcR affinity. Selection of MHC-permissive epitopes by low antigen concentrations in chronically Mtb-infected outbred populations would have had the advantage for the protection and survival of the infected hosts.

Analysis of HLA-DR heterozygous T-cell lines against the permissively recognized 91–110 epitope of the Acr antigen also showed superior stimulation in the context of heterozygous antigen presenting cells (APCs) (20). Moreover, stimulation in the context of DR-homozygous APCs showed that the HLA-DR haplotype influenced not only the magnitude, but also the IFNγ/IL-4 secretion profiles of the T-cell lines. The demography and evolution of Mtb lineages, virulence, and selection of epitopes of conserved structure were suggested also as an adaptation to other genetically diverse constituents in human macrophages, but without due consideration of the selective role of the HLA system for the selection of permissive epitopes (21).

The definition of MHC-permissive epitopes is mandatory for further development of both diagnostics and vaccines with a potential to function in large sections of genetically diverse human populations. HLA class II-permissive epitopes have been identified in a number of antigens of different structure, such as PstS1 glyco-lipoprotein (22), heat shock proteins hsp65 (23), and GroES (24), Acr (25), ESX proteins (26, 27), secreted proteins Ag85B (28) and MPB70 (29), and PE/PPE proteins (30) (Table 1). The abundance of human CD4 and CD8 T-cell responses to the respective epitopes was explained by their permissive binding to several HLA-DR (15, 22, 31, 32) and also HLA class I (26, 33, 34) molecules.

Table 1 | Mtb antigens with identified HLA-DR-permissive CD4+ T-cell stimulatory epitopes.
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Detailed analysis of the p350–369 epitope of PstS1 (35) showed a range of binding affinities to different DR molecules and identified the epitope core to be of 9–11 residues. Binding to both DR1 and DRB5*0101 shared F-354 as the common primary contact residue. Molecular modeling suggested that the peptide bound to DR1 in the elongated conformation as usual for MHC class II molecules, but in a “kink,” when bound to DRB5*0101, which is common for peptides bound to MHC class I complexes. The possible influence of different conformations imposed on the same peptide by distinct HLA alleles on T-cell responses has yet not been elucidated.

Substitution of single amino acids in the epitope core has been employed to identify both HLA-DR and TcR-binding contact residues within the DR17 restricted p3–13 epitope from the hsp65 antigen. Using this approach, TcR V gene families of human CD4 T-cell clones were analyzed in respect of the most immunodominant, HLA-DR promiscuous 91–110 epitope of Acr (25). The HLA-DR-binding and TcR-binding cores and contact residues were identified within 9-mer or 13-mer cores, which differed between the DR haplotypes. Notably, preferential TcR usage was demonstrated by the finding that the majority of clones used the BV2 TcR and contained a common R-L/V-G/S-Y/W-E/D sequence motif in the CDR3 region (36). These data may be useful to design peptides with altered HLA anchor residues or TcR interaction sites to increase their immunogenicity.

The “in silico” algorithms (ProPred1) predicted a number of HLA class I-permissive epitopes in histone or proteins of undefined function from Mtb (37). ProPred prediction of Mycobacterium leprae epitopes identified a number of both class I and II, HLA-permissive T-cell reactivity, in leprosy endemic populations in Brazil, Ethiopia, and Nepal (38). Comparing algorithms for HLA-binding promiscuity between ecologically diverse human microbial pathogens, found the promiscuity of Mtb epitopes to be of a similar degree as in HIV, S. pyogenes, or even higher for B. anthracis and C. tetani (39). However, these epitope predictions need empirical confirmation and should take into account that HLA binding affinities may not always associate with the magnitude of T-cell responses.

CROSS-REACTIVITY OF MYCOBACTERIAL EPITOPES

The antigens of Mtb are related to a number of proteins from non-tuberculous mycobacterial pathogens or commensal non-pathogenic mycobacterial species and more rarely with human proteins. These relationships are of interest, because environmental priming can influence resistance to Mtb, it can interfere or enhance the protective immune response to vaccination and may exclude from vaccine development, any molecules that can lead to autoimmunity. The latter category includes the chaperonins hsp65 and hsp71 with highly conserved sequences between prokaryotic and eukaryotic species and consequently extensive cross-reactivity between mycobacteria and humans (40). An hsp65 epitope at sequence 285–295, detected by mAb ML30 is strongly expressed on the surface of human cells with abundant mitochondria (40). Elevated expression was observed on monocyte-derived cells in different inflammatory diseases, including rheumatoid arthritis (41), atherosclerosis (42–44), and multiple sclerosis (45).

Analysis of antigen homologs from different species of mycobacteria showed that cross-recognition by T cells requires sharing fewer amino acids than cross-reaction by antibodies. Thus, polyclonal and monoclonal antibodies to ESAT-6 from Mtb and M. leprae, which share only 36% amino acids, are all strictly species-specific (46). In contrast, recombinant ESAT-6 from both species are similarly recognized by T cells from individuals, who were exposed to either tuberculous or leprosy infection (46). Cross-reactivity at the level of T-cell, but not B-cell recognition can lead to the recall of antibody production with specificity for the initial antigen (termed: “original antigenic sin”) (47). This interpretation was given to the finding of elevated antibody levels against Mtb-specific epitopes in lepromatous leprosy patients from TB endemic areas (48). However, M. leprae-specific antibodies in patients with active TB were not raised, since these patients were probably not exposed to M. leprae infection.

Cross-reactivity without sequence homology, i.e., mimicry, has been observed with a broad range of molecules of different structure, such as lactoferrin, transferrin, and proteoglycan. Another example of mimicry is the cross-recognition by CD4 T cells of an octamer epitope on two unrelated mycobacterial proteins, which is immunodominant for the 19-kDa protein of Mtb and cryptic for the 28-kDa protein of M. leprae (49, 50). Assumptions that epitope-based mimicry between proteins could lead to unsuspected cross-sensitization, maintain T-cell memory, or lead to autoimmunity, need further study.

Despite wide sequence homologies, heat shock proteins contain also species-specific epitopes. Increased Mtb-specific antibody levels were reported for hsp65, hsp71 (51, 52) in patients with active TB, including patients with smear-negative disease, which remains a diagnostic obstacle. Elevated serum antibodies to mycobacterial, but not to human hsp65 in Crohn’s disease, implied a pathogenic role of mycobacteria, whereas antibodies in ulcerative colitis bound to human hsp65 (53). Further support for the mycobacterial pathogenesis of Crohn’s disease came from the finding of elevated antibody levels against three different antigens derived from Mycobacterium paratuberculosis (54).

Immunodominant species-specific T- and B-cell epitopes can be found in a mycobacterial 10-kDa GroEL heat shock protein despite its highly conserved amino acid sequence. Despite a 90% sequence identity with Mtb, studies in mice identified two M. leprae-specific closely overlapping CD4 T-cell epitope cores (24–34 and 28–34), restricted by H-2Ad and H-2Ed, respectively and overlapping with an M. leprae-specific mouse mAb (ML6 and 10) epitope at residues 25–31 (55). The lack of antibody response to this epitope in lepromatous leprosy patients was suggested to be due to the T-cell epitope overlap.

The CD4 T-cell epitope repertoire of GroES was investigated also in TB and leprosy patients. The N-terminal (1–16) peptide (residues 1–16) was specifically stimulatory in the majority of active TB patients (56), while none of the other peptides was discriminatory. On the other hand, peptide 25–40 (29–37 core) of M. leprae, but not of Mtb sequence was specifically stimulatory in tuberculoid leprosy patients; this peptide bound to a number of HLA-DR molecules, of which HLA-DRB5*0101 had the strongest affinity (24). Four other leprosy-specific epitopes were identified on the 35-kDa protein of M. leprae, which has a homologous constituent in M. avium, but not in Mtb (57). Analysis of epitope specificities explained the phenomenon of split leprosin/tuberculin anergy of skin hypersensitivity in a proportion of leprosy patients. Thus, blood T-cell proliferative responses were found to be diminished to cross-reactive antigens, but elevated toward the predominantly Mtb-expressed PstS1 antigen and the Acr epitope 71–91 (58).

A special case of cross-reactivity is the induction of epitope-specific immune responses by anti-idiotype (Id) antibodies, acting as the epitope’s “internal image.” This was demonstrated for both mouse and human CD4 T-cell responses, using rabbit anti-Ids raised against PstS1-specific mouse mAbs (59, 60). However, the corresponding structural determinants remained undefined and the approach has been overtaken by the more exact recombinant DNA and synthetic peptide technologies. Id specificities have also been identified on anti-DNA autoantibodies stimulated probably by bacterial polyclonal B-cell activation in patients with TB and leprosy (61, 62).

T-CELL EPITOPE ANALYSIS IN LATENT Mtb INFECTION

Mycobacterium tuberculosis infection is routinely being monitored by skin delayed type hypersensitivity (DTH) reactions against tuberculin (PPD), a crude extract from M. tuberculosis. This test has poor specificity, due to cross-reaction with environmental mycobacteria and vaccination by Bacillus Calmette-Guerrin (BCG). The discovery of Mtb-specific, immunodominant, HLA-permissive epitopes, led to the use of synthetic peptide for the in vitro stimulation of blood T-cell responses. The numerous candidate peptides described (not reviewed here) have all been selected from several antigens on the grounds of better specificity than PPD, but they are performing at lower sensitivity than PPD. Improvements to sensitivity by using peptide pools has however had a limited impact, because of overlapping, rather than complementary recognition by the T-cell repertoire (22). The increase in stimulation by a pool of eight different peptides over the best single peptide (p91–110 from Acr) has been merely marginal. This outcome was attributed to HLA permissiveness and to competition between peptides for a limited number of binding sites on the HLA class II molecules of the APCs. This latter explanation has been supported by the finding of a declining response trend to higher concentrations of pools, but not of single peptides.

Nevertheless, commercially available IFNγ detection kits (IGRA), e.g., QuantiFERON-TB Gold (QTF-G), T-SPOT.TB etc. have been widely used for the specific detection of latent Mtb detection. They usually contain a mixture of several epitopes, predicted by algorithms of the Mtb-specific ESAT-6 and CFP-10 RD-1 antigens (absent from BCG and environmental mycobacteria). However, the use of these kits in areas highly endemic for TB is not of great added value for diagnosis. Recent side-by-side analysis of constituent antigens indicated potentials for further improvement of the test kits (63). Peptide cocktails have also been useful for the diagnosis of bovine TB in cattle, using either skin test or blood assays (64, 65). The blood INFγ assay (BOVIGRAM) readout has been further enhanced by adsorbing the peptides onto a range of microparticulate and nanoparticulate substrates (66). Detection IFNγ-induced protein (IP-10), which is produced in 100-fold greater amounts than IFNγ, has been developed for a simplified and more robust lateral flow test than IGRA (67). Notably, satisfactory results were obtained using dried plasma spots, amenable for conventional postal transport (68).

In view of the possibility that sequence variations in epitopic regions between clinical Mtb isolates might affect the results of IFNγ assays, human clinical samples were sequenced to identify substitutions that may have an impact on immunogenicity. A number of sequence polymorphisms (SNPs) have been revealed in the epitope regions of EsxB and EsxH genes (69), with evidence for recombination events, which may truncate the corresponding protein. Even single-residue differences altered the responder frequencies to these antigens from M. bovis isolates (70). Hence, immune variation may influence the diagnostic performance of kits, which contain epitopes from the ESX proteins.

T-CELL EPITOPE REPERTOIRE IN ACTIVE TB

Commercially available IGRA assays routinely used in clinical practice do not distinguish reliably between active TB and latent infection and have limited value for predicting the risk of developing active TB (71). Therefore, it has been of interest to search, if fine analysis of epitope specificities could improve the diagnosis. Proliferation assays of blood T cells from patients with active TB recognize a smaller number of Acr epitopes than sensitized healthy subjects (Table 2) (32). Similarly, patients with leprosy recognize fewer GroEL epitopes than healthy contacts (24). These findings corroborate with the previously known skin DTH anergy to PPD in a fraction of active TB patients and with the development of leprosin anergy in multibacillary leprosy. The search for epitopes, which would distinguish patients from latent infection, yielded a promising result only for the amino-terminal peptide of GroES (1–16) (56). The selective power of this peptide is surprising, considering its overlap, except for one residue, with the M. leprae sequence and is in need of confirmation with more clinical samples.

Table 2 | Recognition of fewer epitopes in active disease than in latently infected subjects.
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A reciprocal approach to the differential diagnosis has come from the finding of selective T-cell anergy in active TB in respect of the carboxy-terminal epitope p350–369 of the PstS1 antigen, which is strongly immunogenic in latently infected subjects (31). The lack of blood T-cell response can be due to sequestration to the site of disease (e.g., pleural fluid) and the ratio of T cells between these compartments is influenced by chemotherapy (72, 73). The post-chemotherapy recovery of blood response seemed more pronounced for T cells reacting with the Acr peptides, than those responding to the PstS1 peptides, which could be explained by differences in expression between replicating and chemotherapy-generated persister organisms. While dissecting of active from latent TB T-cell repertoire merely on the grounds of epitope specificity had failed to reach consensus (72), significant differences in their cytokine secretion are represented by elevated number of polyfunctional T cells (secreting IL-2, IFNγ, and TNFα) in active TB (74).

HIV-infected subjects have a high risk of reactivating their latent Mtb infection. Predicting this outcome better than just on the grounds of declining CD4 counts, would be of prime interest. The ratio of IFNγ ELISPOT counts in response to RD-1 peptides over CD4+ T-cell counts, greater than 0.21, showed 100% sensitivity and 80% specificity for active TB (75). However, the finding of 19% non-responder TB patients limited the diagnostic scope of this study. PPD-stimulated T cells carry higher levels of HIV DNA and depleted sooner than T cells of other specificity (76). This could explain the frequent reactivation of latent Mtb infection in HIV+ subjects. The antigen and epitope specificities involved have not been studied much beyond the crude PPD extract and the mechanism, which renders Mtb-reactive cells more permissive to HIV infection, is not understood. One possibility could be the lower stimulatory dose of the HLA-permissive epitopes for T cells with high affinity TcRs. This mechanism would imply selective recognition of certain epitopes, which would be rewarding to identify in the future. So far however, attention has been directed toward the study of the CD4 T-cell phenotype, characterized as CXCR3+ CCR4+ CCR6+ CD57− IFNg+ IL-17+ IL-2hi MIP1blow for the highly HIV-permissive PPD-reactive and CXCR3+ CCR4− CCR6− CD57+ IFNg+ IL-2low MIP1bhigh for low HIV-permissive CMV and other virus-reactive T cells (76).

ASSOCIATION OF HLA-DR AND ANTIBODY EPITOPE SPECIFICITY WITH TB

Susceptibility to TB is considered to be under the influence of multiple genetic loci, including HLA alleles. HLA-DR2 was found inherited more frequently in offspring with pulmonary TB, from both diseased and healthy parents (77) and associated with sputum-positive, but not with sputum-negative active pulmonary TB (78). DR2 alleles in sputum-positive TB associated also with elevated antibody levels to two epitopes of the PstS1 lipoglycoprotein antigen (79), but not with the similarly elevated antibody levels to epitopes of three other antigens of diverse nature (Acr, 19-kDa lipoglycoprotein, and lipoarabinomannan). The intriguing aspect of this finding is that both the genetic and immunological specificities were identified.

To explain the DR2 gene control of TB susceptibility, it has been proposed (80) that T-cell recognition of DR2-restricted PstS1 epitopes may lead to a Th2 response, producing IL-4 and IL-10 cytokines, which can lead to the development of lung pathology, rather than host protection. This hypothesis is supported by the finding, that selection of epitopes presented by B cells, rather than dendritic cells, diverted T cells from protection toward pathogenicity in Leishmania infection (81). Thus, the specificity of antibody responses during active TB could guide toward antigens, containing potentially pathogenic Th2 recognized epitopes. The search for such T-cell epitopes on the PstS1 antigen so far did not yield supportive data. Epitope specificity was determined only for Th1 cell clones which were mostly HLA-DR promiscuous (82) with all immunodominant epitopes of PstS1 binding to several HLA-DR molecules (22). However, these assays may not be suitable to reveal a DR2-restricted presentation of the same epitope to Th2 T cells. Development of assays for the mapping of Th2 cell stimulatory epitopes will be important to explain the mechanism of HLA class II-mediated influences on the development of multibacillary TB.

Analysis of some of the above raised aspects had been approached in mouse experimental models. Notably, influence of H-2 genes (Db or lack of I-E expression) was observed on the late progression of intraperitoneally delivered infection and pathology in the lungs, when spleen and liver bacillary counts remained stationary (83). Though this model of selective multibacillary lung disease seems relevant, the antigen specificity of the underlying immune responses was not identified. Although antibody responses to different antigens and epitopes is under H-2A control following immunization with soluble antigens in adjuvants (84, 85), there is no clear corresponding evidence following Mtb infection. On the other hand, antibody responses to hsp65 and hsp71 antigens (86) and liver granuloma formation (87) following Mtb infection were associated with non-H-2 genes.

Further analysis of the Th2 (T-helpers for B-cell responses) epitope repertoire also needs further studies in mouse models, addressing the topographical relationship between CD4 T-cell and B-cell stimulatory epitopes (88). Though using merely proliferation assays, it appeared, that PstS1 antigen immunized mice produced CD4 T cells, but not antibodies against the p65–83 peptide, which contains a non-overlapping cryptic B and an immunodominant T epitope core, while T-cell help was “delegated” probably to distantly located linear or conformational B-cell epitopes (Table 3) (89). A functional association between topographically distinct epitopes was suggested also by the finding that a single amino acid mutation of epitope core of the 19-kDa antigen abrogated T-cell, but not the B-cell immunogenicity (90).

Table 3 | Differences in epitope recognition between immunized and infected C57Bl/10 mice.
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PEPTIDE EPITOPE-BASED VACCINATION AGAINST TB

Most research toward a better vaccine against TB has been based on boosting immunity after BCG priming. The choice of antigen for this purpose has been to some extent subjective, though usually targeting proteins which appeared as most immunogenic in Mtb-infected individuals or experimental animals. Further breakdown of the immune repertoire to individual epitope specificities showed that both immune recognition was influenced by the nature of the immunogen. Thus, CD4 T cells recognized different peptides, when mice were vaccinated with either PstS1 antigen or heat-killed Mtb or infected with H37Rv bacilli (Table 3) (89). Antibodies reacted to different epitopes following vaccination, but bound only to conformational epitopes following infection. CD8 T cells also recognized different peptides following vaccination or Mtb infection (91, 92). These results indicate that the nature of the immunogen could influence antigen processing, which may deviate T-cell help from one to another B-cell epitope. Substantial differences in protection, cytokine profile, and recognition of T-cell epitopes of Ag85A or the Ag85B–ESAT-6 fusion protein were observed after its presentation either expressed in adenovirus vector or with an adjuvant (93). Disparities were observed also in response to Ag85A and its immunogenic peptides, when inoculated intranasally or parenterally (94).

DNA gun bombardment has been used for the mapping of T-cell epitopes and the effect of self-adjuvanting domains. Several CD4+ and one CD8+ T-cell epitopes were identified on the DNA-binding protein 1 (MDP1) antigen (95), while spleen CD4 T cells from HLA-DRB1*0401 transgenic mice recognized only the p191–210 epitope on the MPT51 antigen (96). A fusion DNA vaccine incorporating the HSP70 C-terminal domain (as adjuvant) and MPT51 (as target antigen) stimulated CD4, but not the CD8 T-cell response (97). Though documenting immunogenicity, these results need to be extended for protection against challenge.

Vaccine design could benefit from modifying the structure of peptides to increase their immunogenicity, while conjugation of a MHC-permissive peptide could abrogate genetic restriction for another MHC-restricted epitope. Studies in this direction showed that orientation between two epitopes within a synthetic peptide dimer can profoundly influence immunogenicity (98). Orientation of peptides played a role also for chimeric peptides constructed by recombinant DNA technology (99). Immunogenicity can be increased also by extension of an epitope core with non-native flanking residues (100) or by covalent attachment to biodegradable amphoteric branched chain polypeptides (101). Lipoylation of the MHC-promiscuous 91–110 peptide of Acr inoculated without any adjuvants was reported to enhance the immunogenicity and imparted protection against aerosol Mtb challenge in both mice and guinea pigs to an even better extent than BCG (102).

EPITOPE-SPECIFIC SERODIAGNOSIS

Mycobacterium tuberculosis species-specific mAbs had been used in a competition serodiagnostic test for TB and leprosy, preceding the purification of target antigens (103, 104). The mAb competition test has the advantage of higher sensitivity due to its low background values, which allowed the use of 20 times lower serum dilutions (i.e., 1/5) than standard ELISA tests (1/100). The competition assay also discriminated species-specific from cross-reactive epitopes on a number of antigens and identified several associations between antibody specificity and clinical aspects of TB (105, 106) (see also chapter by G. Bothamley). Epitope-specific antibody levels can be representative for both specificity and sensitivity of the whole antigen (e.g., PstS1) (51). However, the mAb competition test was more specific than binding to the whole lipoarabinomann, by targeting a Mtb-specific epitope or avoiding detection of contaminants. Epitope-specific titers also reflected the clinical form of TB, when related to titers against the whole 19-kDa lipoprotein (107).

Several serological surveys showed that serum antibody levels are consistently elevated in the great majority of sputum-positive TB, but not in sputum-negative disease (108). Though the latter aspect is greatly limiting the diagnostic application of serology, this hindrance was not acknowledged during the uncontrolled marketing of commercial kits. On the other hand, detection of antibodies in the cerebrospinal fluid is of particular value for the diagnosis of TB meningitis (109), where rapid detection can be life saving. Due to the high sensitivity, low cost, and operational advantages, serological screening has been suggested for active case finding in high-risk populations for multibacillary infectious patients (108, 110). Their early diagnosis could reduce the transmission of Mtb infection and therefore represents an important epidemiological, rather than clinical objective. A similar rationale could apply to leprosy, where antibody levels are elevated in the infectious multibacillary lepromatous, rather than the paucibacillary tuberculoid form (3).

A recent advance in epitope screening has been the high-content peptide microarray chip technology, involving the testing of thousands of different peptides. This approach showed that several epitopes are differentially recognized by IgG antibodies in pulmonary TB sera (111) and identified epitope “hotspots” within a number of protein antigens with similar patterns for patients of different genetic background. These linear epitopes are likely to detect a different repertoire than serology based on whole protein molecules, which detects mostly antibodies against conformational epitopes. Further clinical evaluation, particularly comparing multi- and paucibacillary forms of active TB, seems warranted.

TcR-LIKE LIGANDS

Tubercle bacilli multiply and persist predominantly in macrophages, which display on their surface HLA-bound antigenic mycobacterial peptides, which are recognized by T-cell receptors (TcR). T cells can impart protection, but their excessive reactions can lead also to inflammatory pathology, characteristic of active TB. To avoid the latter outcome, suitable T-cell receptor-like constructs could be protective, without the accompanying undesirable T-cell-mediated inflammation. Immunotherapy using soluble TcR ligands could kill macrophages infected with both replicating and dormant Mtb organisms. Based on this hypothesis, TcR-based immunotherapy could be used as an adjunct to chemotherapy and be particularly useful to HIV-infected TB patients, many of whom being immunocompromised, cannot be protected by active vaccination. Therefore, TcR immunotherapy might be better than “therapeutic” active vaccination and also more efficient than passive antibody therapy, which can target probably only extracellular Mtb bacilli (112, 113). Unlike antibodies to B-cell epitopes [including those directed against overlapping T and B epitopes (114)], TcR-like ligands would be directed against epitopes, displayed in complex with MHC molecules on the surface of Mtb-infected cells.

Development of immunotherapeutic agents with TcR specificity has become feasible with the introduction of two technologies: (1) single chain antibody fragments (scFv) with TcR specificity can be selected from phage antibody libraries (115–118); (2) monomeric high affinity soluble human TcRs (mTcRs) have been expressed from cloned CD8 T cells and produced within the cytoplasm of trxB gor mutant E. coli strains (119). TcR-like mAbs against HLA class I presented epitopes of tumors (120) and virus-infected cells are being developed as novel immunotherapeutics with epitope-specific killing potentials, as well as diagnostic reagents (118). Moreover, genetic fusion of Pseudomonas exotoxin with TcR-like mAbs amplified the killing tumor cells (121, 122).

These advances, particularly in epitope-specific cancer immunotherapy, seem attractive for the development of TB immunotherapy. Production of mAb and mTcR ligands needs to target some of the empirically identified HLA class I immunodominant epitopes, which have been mapped for a number of Mtb antigens (26, 33, 34, 91, 123, 124). However, a similar approach to MHC class II-presented epitopes could be much more difficult, because their expression is impaired in infected macrophages (125) and because the procedures for producing the corresponding TcR-like ligands are yet underdeveloped. However, some concerns need to be addressed: immunodominance of the currently known MHC class I epitopes may have resulted from peptide presentation by dendritic cells or by cross-presentation, while a TcR-based immunotherapy would need to be targeted against epitopes expressed by infected macrophages. Therefore, it is a prerequisite to confirm the specificity and density of epitope expression on Mtb-infected macrophages. This needs to be ascertained by their capacity to stimulate CD8 T-cell clones or better by direct detection of the levels of epitope expression by antibody staining (126), or by tandem mass spectrometry (127). Notably, the latter technique showed that epitope abundance does not necessarily associate with the immunodominance hierarchy of epitopes.

Since apoptosis of macrophages is known to be the key mechanism for the killing of intracellular mycobacteria (128, 129), conjugation of TcR-specific ligands with apoptosis-inducing agents may amplify the therapeutic effect. Suitable candidate compounds for this purpose, with proven apoptosis-inducing capacity are Pseudomonas exotoxin A (130), granzyme B (131, 132), or BH3 peptide (133, 134).

Further synergistic benefit may come from recombinant INFγ treatment, which enhances the surface expression of MHC-bound epitopes and has even alone been therapeutically beneficial in TB patients (135).

TREGITOPES

Tregitopes are epitopes, mostly in the Fc and constant Fab region of IgG, with highly conserved structure between mammalian species. They bind promiscuously to HLA class II molecules and stimulate and expand CD25(+) FoxP3(+) natural regulatory T cells (nTreg) (136). Tregitopes were shown to inhibit CD8 T-cell responses to co-administered antigens, with potentials to prevent or treat autoimmune disease, e.g., Type 1 diabetes or suppress allo-specific responses in mouse models. Co-administration of Tregitopes and auto-antigens reduced diabetes in NOD mice, while the in vitro response of T cells from diabetic patients to GAD65 epitopes was found suppressed by Tregitopes (137). Tregitopes might also prevent immune responses against hyper-variable Ig Ids, generated by somatic mutations.

The long-known therapeutic effects of intravenous human gamma globulin therapy (ivG) in autoimmune or allergic diseases, organ transplantation, and graft-versus-host disease have been attributed to the presence of Tregitopes in IgG (136, 138). The proposed mechanism as ivG-induced immunological tolerance has been supported by the increase of Treg cells and IL-10 production after ivG treatment. This concept is relevant to TB, considering the finding that intranasal or intraperitoneal inoculations of human gamma globulin inhibited the BCG viable counts in the lungs of intranasally infected mice (139, 140). Although the authors attributed this effect to the action of specific antibodies, an alternative possible explanation could involve the role of Tregitopes.

Increased Treg numbers in patients with active TB depress the IFNγ-secreting T-cell response to a protective antigen, such as the heparin binding hemagglutinin (141). Mycobacterium-activated human CD8 Treg cells co-express CD39, which is involved in the suppression of CD4 Th1 cell proliferation, lymphocyte activation, and express also LAG-3 and CCL4 (142). Impairing the function of Tregs in mice reduced Mtb infection (143), but antibody inactivation of Tregs, which increased the immune response did not affect the bacterial load after infection (144) and did not influence protection by BCG vaccination (145). In view of these discrepancies about the possible Treg function in TB and the lack of knowledge about their specificity, the possible role of Tregitope recognition deserves further study.

CONCLUSION

Epitope specificity of immune responses of Mtb-infected hosts is significant for the immunopathogenesis of TB and its knowledge is mandatory for the development of new approaches toward TB control. HLA-permissive epitopes may have evolved in the tubercle bacilli due to the advantage from immune reactions, which lead to protracted transmission of the infection. Further research needs to expand knowledge on associations between epitope specificity with different effector and regulatory T-cell populations. It is proposed that combining of the biosignature of the T-cell phenotype with epitope specificity might lead to the discovery of protection and disease-associated biomarkers. There are important potentials toward the future development of epitope-defined diagnostics, prophylactic vaccines, and immunotherapies.
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We have recently described the first true genome-wide screen for CD4+ T-cell reactivity directed against Mycobacterium tuberculosis (MTB) in latent TB-infected individuals. The approach relied on predictions of HLA-binding capacity for a panel of DR, DP, and DQ alleles representative of those most commonly expressed in the general population, coupled with high throughput ELISPOT assays. The results identified hundreds of novel epitopes and antigens, and documented the novel observation that T cells in latent MTB infection are confined to the CXCR3+CCR6+ phenotype and largely directed against three antigenic “islands” within the MTB genome. In parallel, we have made generally available to the scientific community the technical approaches and reagents developed in the process, such as motifs, algorithms, and binding assays for several common HLA class II alleles, and a panel of single allele HLA class II transfected cell lines representative of the most frequent specificities in the general population. Recent efforts have been focused on characterization of epitopes and antigens recognized by patients with active TB and individuals vaccinated with BCG, with the aim of providing the first systematic evaluation of the overlap between latent, active, and BCG cohorts. The definition of a broad range of epitopes restricted by common HLA molecules, will facilitate development of diagnostic reagents, allow a rigorous evaluation of T-cell responses associated with TB infection in humans, and enable the evaluation of the immunogenicity of different vaccine candidates. Furthermore, it might suggest new candidates for vaccine and diagnostic development.
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TB AS A WORLDWIDE MEDICAL PROBLEM

Tuberculosis is the second leading cause of death from infectious diseases worldwide (1). The World Health Organization (WHO) estimates that approximately one-third of the world’s population (two billion total) is infected with Mycobacterium tuberculosis (MTB). MTB is responsible for 1.4 million deaths annually and 9 million new infections are reported each year. The majority of infected individuals control the pathogen by mounting a successful, long-lived, and protective immune response, leading to either resolution or a clinically latent infection. Approximately, 10% of latently infected individuals subsequently develop active TB (2, 3). The risk of developing active tuberculosis is higher in immunocompromised individuals (due to age, corticosteroids, malnutrition, HIV infection, etc.). Treatment is lengthy and expensive, requiring a combination of antibiotics. In many parts of the world, access to these drugs is limited and compliance with the drug regime is often poor, thus precipitating the development of drug-resistant strains. Worldwide, 3.7% of new cases and 20% of previously treated cases are infected with multidrug-resistant TB (MDR-TB), extensively drug-resistant TB (XDR-TB) and recently virtually untreatable totally drug-resistant (TDR) strains (1, 4). The prevalence of these drug-resistant cases, which complicates the schedule and increases cost of treatment, has heightened interest in the development of effective vaccines, and prompted inclusion of MTB in the list of A–C pathogens. The vaccination of children with Mycobacterium bovis BCG results in a 60–80% decrease in the incidence of active tuberculosis. However, in most developed countries BCG vaccination is not recommended due to the relatively low incidence of disease and variable effectiveness in preventing pulmonary TB in adults, a large fraction of active disease cases.

CD4 T-CELL RESPONSES IN TB INFECTION

Due to the intracellular lifestyle of MTB, immunity relies on a successful T-cell response against a repertoire of antigenic targets. Defining this is central to understanding the immune response against TB and it has been vigorously pursued. Human T-cell responses to MTB involve CD4, CD8, CD1, and γδ T cells, though protective immunity to MTB is commonly ascribed to a Th1 profile (3, 5–8). CD4+ T cells are central to the defense against MTB, as exemplified by the fact that HIV-infected patients are more susceptible to primary TB infection, reinfection, and reactivation (9–11). Seminal studies in human T-cell responses to MTB showed that memory Th1 cells secreted IFNγ (12). It was further shown that IFNγ has an essential role in the protective immunity to mycobacteria, as individuals with genetic defects in the IFNγ receptor have an increased susceptibility to infection with mycobacteria (13). Furthermore, TNFα is important in host resistance to TB, as evidenced by studies following anti-TNFα therapy for autoimmune disease, where patients with LTBI have been observed to develop active TB (14, 15). Other Th subsets and cytokines have been shown to be involved in the T-cell response to MTB. Several studies indicate that lower IFNγ/IL-4 or IFNγ/IL-5 ratios are found in active TB patients compared to healthy TB controls (16, 17). Furthermore, healthcare workers that have worked in close proximity to TB patients, and subsequently developed TB, showed increased IL-5 levels compared to healthcare workers that did not develop TB (18). Definition of the exact role of Th2 responses still requires more investigation. Furthermore, several studies suggest that the capacity to secrete multiple cytokines can determine pathogen clearance versus persistence (19). Indeed, several studies in TB have suggested that multifunctional T cells are not only a potential correlate of protection, but have also been implicated in pathology (20–23). Recently, MTB-specific T-cell expression of IL-17 has been described (24–27). It has been demonstrated that the BCG vaccine and purified protein derivative (PPD) are able to expand memory CD4+IL-17+ cells (24, 26). Furthermore, IL-17+ T cells have been described in active TB patients, particularly in those infected by MDR MTB strains (27, 28), suggesting a pathogenic role for this cytokine. There is also evidence for IL-10 as a factor in humans with active TB, where IL-10 mediates inhibition of antigen presentation to T cells, and therefore mediates a decreased ability to clear infection contributing to TB pathogenesis (29). IL-10 has been shown to be elevated in serum from active pulmonary TB patients (30). Therefore, the involvement of different Th subsets in TB infection remains to be clarified and definition of human CD4+ T-cell epitopes to specifically track pathogen-specific T-cell subsets remains a high priority.

THE CONCEPT OF HLA PROMISCUITY

T cells recognize specific complexes formed between MHC molecules and particular peptide epitopes. Accordingly, a given epitope will elicit a T-cell response only in individuals expressing MHC molecules having the capacity to bind it with sufficiently high affinity. Both class I and class II MHC molecules are extremely polymorphic, and thousands of different variants are known in humans (31, 32). The most frequent HLA class II alleles with population coverage of almost 90% at each locus are shown in Table 1. Much of the polymorphism is concentrated on residues located in the peptide-binding groove, giving each allelic variant a distinct binding specificity. As a result, the prediction, identification, and validation of epitopes restricted by each HLA type represent tasks of such complexity as to be practically unfeasible. Further, different MHC types are expressed at dramatically different frequencies in and across different ethnicities. Thus, without careful consideration, ethnically unbiased population coverage is difficult to obtain.

Table 1 | Genotype and phenotype frequencies of HLA class II alleles.
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One mean of circumventing the problem is to focus on the HLA types that are most widely represented in different ethnicities worldwide (Table 1), while at the same time selecting epitopes that are capable of binding multiple common HLA types (promiscuous epitopes). In this respect, it has been found that both class I and II HLA molecules can be classified into groups, denominated as supertypes that reflect shared or largely overlapping peptide-binding repertoires and specificities. Indeed, a large body of evidence demonstrates that the repertoire of peptides bound by different HLA class II molecules significantly overlap (32), and peptides with promiscuous binding capacity are also quite common [see, e.g., (34, 35)]. Overlaps in the repertoires of DRB1 and DRB3/4/5 molecules, leading to the definition of a DR supertype, as well as the identity of well-characterized CD4 T-cell epitopes with promiscuous DR-binding capacity, have been known for over a decade (34–36). Other studies have similarly addressed repertoire overlaps and the existence of corresponding supertypes for DP (32, 37–39) and DQ (32, 40, 41).

Following upon earlier computational, structural, and functional approaches to define class II supertypes (42–45), we utilized a large library of HLA DR-, DQ-, and DP-binding data to define seven different class II supertypes (main DR, DR4, DRB3, main DQ, DQ7, main DP, and DP2) (32). The molecules associated with the respective supertypes fell largely along lines defined by MHC locus and reflect, in broad terms, commonalities in reported peptide-binding motifs. Repertoire overlaps between molecules within the same class II supertype were found to be similar in magnitude to what has been observed for HLA class I supertypes. Surprisingly, however, the degree to which repertoires between molecules in the different class II supertypes overlapped was found to be fivefold to tenfold higher than repertoire overlaps typically noted between molecules in different class I supertypes. These results highlight the existence of a high degree of repertoire overlap amongst all HLA class II molecules, regardless of supertype association. Further, in terms of implications for epitope identification studies, these data also validate the idea that broadly reactive HLA class II epitopes can be defined.

HLA PROMISCUITY IMPLICATIONS FOR EPITOPE IDENTIFICATION

Peptides with highly promiscuous binding capacity are frequently recognized by immune individuals (34, 46–49) and epitope immunodominance is highly influenced by promiscuous recognition in the context of multiple HLA class II molecules (50). Furthermore, a dominant fraction of the pathogen or allergen-specific response can be identified by selection of the most promiscuous binding peptides using bioinformatic predictions (51–54). The advantage of this approach is that it would identify the optimal set of peptide candidates for immunogenicity testing, eliminating the necessity of synthesizing a large number of overlapping peptides and, more importantly, circumvent the need to test each one of them for binding to numerous HLA class II molecules in vitro.

We have recently described the selection of a panel of HLA DR, DQ, and DP specificities that provide worldwide population (phenotypic) coverage of almost 90% at each locus, and accounts for over 66% of all genes at each locus (32) (Table 1). Considering up to eight different class II alleles expressed per individual (i.e., up to two at each of the four class II loci – DRB1, DRB3/4/5, DQ, and DP), this panel afforded coverage of at least four alleles in over 95% of the individuals in four different study populations of diverse ethnicity from the USA and South Africa (33). For each of these allelic variants, single HLA class II allele-transfected cell lines have been generated (33). These transfected cell lines can be used for high throughput determination of HLA restriction, enabling better characterization of T-cell responses, and facilitating the development of tetrameric staining reagents. Also, for the vast majority of these alleles high throughput binding assays have been established, peptide-binding motifs defined, and predictive algorithms developed and made publically available (32, 55), enabling efficient and thorough identification of candidate epitopes, as well as characterization of their HLA-binding capacity and potential population coverage.

Taken together, these data highlight that broadly reactive HLA class II epitopes can be identified, and that these promiscuous epitopes can account for a large fraction of the specific immune response. Further, the bioinformatic tools necessary to identify candidate epitopes, as well as specific cellular and immunochemical reagents to allow detailed characterization of epitope-specific responses are available and have been well-validated in several studies.

SCREEN OF A GENOME-WIDE LIBRARY OF MTB-DERIVED PREDICTED HLA CLASS II EPITOPES IN LTBI DONORS

The MTB genome encodes more than 4,000 different open reading frames (ORFs) (56), generally highly conserved amongst different strains, including drug-resistant ones. Identification of T-cell epitopes from such a large and complex target is a complex task, yet necessary for disease monitoring, vaccine evaluations, and development. A comprehensive genome-wide screen for HLA class II epitopes was recently performed (57). This genome-wide screen analyzed the reactivity of latent TB-infected (LTBI) individuals from the San Diego area. LTBIs were initially chosen as representative of a patient population that is, at least in part, capable of containing TB infection. Several 100 novel CD4-restricted epitopes and many antigens were identified (57). Furthermore, this study documented the novel observation that T cells in latent MTB infection are confined to the recently described CXCR3+CCR6+ phenotype (24, 58) and largely directed against three antigenic “islands” within the MTB genome. Still, important gaps in epitope knowledge remain, as also highlighted in the TB research community, in particular after the disappointing results of the MVA85A BCG boost human vaccine trial (59).

To enable a genome-wide screen for epitopes recognized by LTBIs (57), protein sequences from five complete (CDC1551, F11, H37Ra, H37Rv, and KZN 1435) MTB genomes and 16 draft assemblies available in the NCBI Protein database were aligned. To select candidate promiscuous epitopes, the binding capacity of all possible 15-mer peptides was predicted for 22 HLA DR, DP, and DQ class II alleles commonly expressed in the general population and for which validated algorithms were available (32, 52). This approach eliminates the need to test each peptide in vitro for HLA class II binding, as well as the necessity of synthesizing overlapping peptides. The resulting synthetic peptide library of 20,610 peptides (2–10 per ORF, average 5), were tested in high throughput ex vivo IFNγ ELISPOT using circulating T cells from LTBI donors. Each individual donor tested recognized 24 epitopes on average, revealing striking heterogeneity of responses to MTB. The epitopes identified were ranked on the basis of magnitude of response to assess their relative dominance. Overall, the top 80 epitopes accounted for 75% of the total response and the top 175 epitopes accounted for 90% of the total response. The epitopes were mapped to individual MTB antigens using the H37Rv as a reference genome. A total of 82 antigens were recognized by more than 10% of LTBI donors, accounting for approximately 80% of the total response. Thus, natural immunity to MTB is multiantigenic. Taken together, these results demonstrate the feasibility, novelty, and success of the genome-wide screen for epitopes recognized by LTBIs.

CHARACTERISTICS OF HLA CLASS II RESTRICTED ANTIGENS IDENTIFIED BY THE GENOME-WIDE APPROACH

The protein category and the genomic location of the identified antigens were determined using the TubercuList database (60). This revealed enrichment for responses against cell wall-associated and secreted proteins, however, strong immune responses were induced by both secreted and non-secreted proteins, consistent with earlier antigen discovery efforts (61–63). The localization of antigens recognized by the LTBI donors was visualized by plotting the recognition data on a linear map of the MTB genome. This revealed striking clusters of reactivity within certain regions of the genome. In particular, three significant antigenic islands, which encode 0.55% of the total ORFs, accounted for 42% of the total response. All three islands were shown to contain ESX protein pairs, such as the well-known Rv3875 (Early Secretory Target-6, ESAT-6) and Rv3874 (Culture Filtrate Protein 10, CFP10) (64), and two also contain Type VII secretion systems ESX-1 and ESX-3.

METHODS TO CHARACTERIZE AND VALIDATE IDENTIFIED EPITOPES

Characterization and tracking of pathogen-specific T cells can be achieved once specific T-cell epitopes have been defined. Here, we briefly review our published data relating to the characterization of T cells derived from LTBI donors (57). A variety of approaches were employed in parallel including multiparameter intracellular cytokine staining (ICS) assays, tetramer staining, and T-cell libraries (65). It was found that CD4+ T cells recognizing epitopes derived from different TB antigens were associated with similar multifunctional cytokine expression patterns. The most frequent CD4+ T cells were IFNγ+TNFα+IL-2+ or IFNγ+TNFα+, followed by TNFα+ single producing CD4+ T cells. To a lesser extent, TNFα+IL-2+, single IFNγ+, and single IL-2+ cells were also detected.

To characterize the responding T cells in depth, HLA-epitope tetramer reagents were prepared for representative epitopes for staining of CD4+ purified cells. To overcome low T-cell frequency, a magnetic bead enrichment technique was preformed (50, 66). This allowed phenotypic characterization of epitope-specific memory subsets (57) as well as Th subset characterization (manuscript in preparation).

An alternative and complementary approach to ICS and tetrameric staining reagents is the screening of T-cell libraries (65). This high throughput method allows determination of frequency and distribution of pathogen/antigen/epitope-specific T cells (67).

THE REPERTOIRE OF T-CELL EPITOPES IN THE DIFFERENT CLINICAL MANIFESTATIONS OF MTB IS NOT FULLY DEFINED

The work described above developed reagents and approaches to broadly characterize human T-cell epitopes in the general human population (32, 33, 39, 41, 68), and characterized in detail the T-cell epitopes recognized in a panel of model TB antigens (50). Most importantly, using LTBI donor PBMCs, we performed the first truly genome-wide screen of ex vivo human CD4+ MTB T-cell reactivity. Since latently infected individuals are able to control infection, they provided a logical relevant “first step” population to study protective responses. Mapping T-cell responses from these individuals identified immunodominant CD4+ T-cell antigens associated with potentially protective responses, and thus relevant to vaccine design.

According to most classifications, three primary and different outcomes can follow MTB exposure. The first, active TB infection is usually associated with evidence of bacterial replication. The second, LTBI, is usually associated with no disease symptoms and an effective immune response. And thirdly, reactivation of tuberculosis is often triggered by immunosuppression (69). MTB is believed to express different proteins in different stages of infection that may give rise to stage-specific immune responses and recognition of different antigens. Evidence of infection and stage-specific antigens in humans has indeed been reported (70, 71). In granulomas, MTB is believed to be in a dormant state, triggered by a range of stress factors including hypoxia, low pH, NO, nutrient deprivation, and host immune pressure (72). Under these conditions, genes encoded by the DosR regulon are upregulated (73, 74) and several antigens encoded by this regulon have been described as preferentially recognized by individuals with LTBI (71, 75–77). In addition, some proteins have been described and referred to as “resuscitation antigens” (78, 79). These are small bacterial proteins that promote proliferation of dormant mycobacteria, and are therefore believed to be involved in the reactivation of MTB (80). However, these antigens have not been described as being preferentially associated with a certain stage of infection. The availability of prediction methods and high throughput assays makes it possible to investigate genome-wide disease stage-specific TB reactivity and they can be applied to other pathogen systems.

VACCINATION AGAINST TB: NEED FOR REAPPRAISAL OF BCG

One of the long-term strategies essential for control of the global TB epidemic is effective vaccination. The only available licensed TB vaccine to date, BCG, protects against disseminated tuberculosis in young children but offers very variable protection against pulmonary tuberculosis (the contagious transmittable form of the disease) in children and adults (81–83).

Several candidate TB vaccines are in clinical trial and many of them are designed to boost the BCG response. One candidate is MVA85A (modified Vaccinia Ankara virus expressing antigen 85A; Rv3804c), which was developed as a heterologous boost for BCG (84, 85). Rv3804c is highly conserved amongst mycobacterial species and it is present in all strains of BCG (86). MVA85A was shown to boost pre-existing antimycobacterial immune responses induced by either environmental mycobacteria or BCG vaccination (84). A recent phase 2b study demonstrated the feasibility of a large efficacy trial of a new TB vaccine in a high-burden setting (59). This landmark trial was the first infant efficacy trial in over 50 years and its protocols and design will provide a reference for future trials and vaccination strategies. Unfortunately, however, the trial failed to show any efficacy against MTB infection in infants. Various hypotheses have been proposed to explain the lack of efficacy. Amongst them is the hypothesis that boosting with an antigen conserved in all mycobacterial species does not provide any additional benefit over the immunity already induced by exposure to environmental mycobacteria or BCG.

BCG was developed 90 years ago, but there is still a fundamental need for more knowledge regarding the actual mechanism of BCG immunogenicity, immunodominance, and crossreactivity with TB. Several studies have investigated mycobacterial antigen-specific human T-cell responses primed by vaccination with BCG (62, 87, 88). However, a genome-wide screen for epitopes has not previously been performed and would provide important immunological answers. First, it is imperative to clearly define the TB antigens that are primed following BCG vaccination. Identification of the antigens that are dominantly recognized following BCG vaccination and also recognized in natural TB infection would be important information for the design of BCG prime-boosting vaccines. Conversely, identification of antigens that are primed by BCG but are either weakly or not recognized in natural TB infection could provide new vaccination strategies, as elimination of such antigens may improve BCG efficacy. Second, the characterization of the T-cell phenotypes associated with recognition of various antigens in the context of BCG vaccination and natural infection may provide clues to the type of immune response that might be most desirable, and additionally indicate how the vaccine response should be modulated (i.e., by use of specific adjuvants). Finally, the identification and characterization of epitopes and antigens recognized following BCG vaccination would provide important tools to monitor and evaluate different vaccine candidates, or different vaccination strategies examining dose, route, and the use of different adjuvants. In conclusion, as it is likely that a large proportion of future vaccine recipients will be BCG immunized at birth, and because several new vaccine candidates aim at either replacing or augmenting the efficacy of the BCG vaccine (89–91), a thorough understanding of the immune response following BCG vaccination and in different disease stages of TB infection will provide much needed information toward future TB vaccine design and more efficacious predictive diagnostic tests.
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In view of the fact that only a small part of the Mtb expressome has been explored for identification of antigens capable of activating human T-cell responses, which is critically required for the design of better TB vaccination strategies, more emphasis should be placed on innovative ways to discover new Mtb antigens and explore their function at the several stages of infection. Better protective antigens for TB-vaccines are urgently needed, also in view of the disappointing results of the MVA85 vaccine, which failed to induce additional protection in BCG-vaccinated infants (1). Moreover, immune responses to relevant antigens may be useful to identify TB-specific biomarker signatures. Here, we describe the potency of novel tools and strategies to reveal such Mtb antigens. Using proteins specific for different Mtb infection phases, many new antigens of the latency-associated Mtb DosR-regulon as well as resuscitation promoting factor proteins, associated with resuscitating TB, were discovered that were recognized by CD4+ and CD8+ T-cells. Furthermore, by employing MHC binding algorithms and bioinformatics combined with high-throughput human T-cell screens and tetramers, HLA-class Ia restricted polyfunctional CD8+ T-cells were identified in TB patients. Comparable methods, led to the identification of HLA-E-restricted Mtb epitopes recognized by CD8+ T-cells. A genome-wide unbiased antigen discovery approach was applied to analyze the in vivo Mtb gene expression profiles in the lungs of mice, resulting in the identification of IVE-TB antigens, which are expressed during infection in the lung, the main target organ of Mtb. IVE-TB antigens induce strong T-cell responses in long-term latently Mtb infected individuals, and represent an interesting new group of TB antigens for vaccination. In summary, new tools have helped expand our view on the Mtb antigenome involved in human cellular immunity and provided new candidates for TB vaccination.
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INTRODUCTION

M. TUBERCULOSIS ANTIGEN DISCOVERY: TRADITIONAL APPROACHES

Antigen discovery efforts have been a core component of mycobacterial research for over several decades, and have been markedly facilitated since the availability of the Mycobacterium tuberculosis (Mtb) genome sequence (2). A lot of different antigen discovery approaches have been described, among which are biochemical-, genetic-, expression library-, and peptide T-cell epitope-based approaches. Using animal models, antigens with protective potential against Mtb infection have been discovered, some of which have moved into human clinical trials (phase 1/2a) (3). Nevertheless, T-cell epitopes have been identified in only 7% of all predicted 4000 open reading frames (ORFs) of Mtb, and the top 30 most frequently studied protein antigens contain 65% of the known epitopes (4). This leaves the Mtb “antigenome” incompletely identified, which may be especially relevant in relation to Mtb’s phase-dependent variation in gene expression (see below) in response to varying environmental factors (5, 6).

Selection of vaccine candidates has been based largely on empirical observations in the mouse, guinea pig, and non-human primate Mtb infection models and only a few antigens (mostly those secreted during active replication of Mtb) have been exploited as human vaccine candidates (7). Since Mtb alters its gene expression profile significantly during intracellular stress inside host macrophages, its antigen repertoire which is expressed and exposed to the immune system varies considerably during different stages of infection under the pressure of various human host defense mechanisms. A more profound understanding of the actual Mtb antigenome expressed during different phases of Mtb infection, particularly in the lung, the main target organ of Mtb and the identification of the major T-cell epitopes involved, is key to the design of better TB-vaccines and TB correlates of immunity.

Almost all TB-vaccine antigen discovery approaches have implicitly relied on the assumption that the Mtb antigens studied are expressed and presented by infected cells, where they are supposedly recognized by T-cells that execute an appropriate effector response. The latter either assist phagocytes in controlling or eliminating live bacteria through various intracellular pathways (phagosomal maturation and phagolysosomal fusion; oxidative/nitrate intermediates; oxygen/nutrient deprivation; the activity of defensins and other anti-microbial peptides and enzymes; autophagy; apoptosis) (8), or – alternatively direct killing of infected cells. Despite the significant advances made recently, relatively little is known about the Mtb antigen repertoire, which is truly expressed by the tubercle bacillus during its infection cycle in human cells. Although abundantly expressed proteins of Mtb are often the primary targets of research, less prominently expressed antigens may have equally good or even superior vaccine potential. Better insight into the antigen repertoire available for immune recognition on infected cells, its dynamic changes as well as the quantitative relationship between the various antigens expressed, should provide new directions for antigen discovery and vaccine testing, with the potential to complement or change current strategies used in TB-vaccine-design.

CLASSICAL Mtb ANTIGEN DISCOVERY METHODS AND THE RISK OF TUNNEL VISION

Indirect discovery approaches have mostly been the basis for currently available evidence supporting the recognition of Mtb antigens, including those on infected cells. Whereas the protective potential of Mtb antigens is typically demonstrated using effective vaccine platforms in animal models, the selection of the antigens to be tested in such platforms is often biased and limited by the antigen discovery procedures used. For example, as outlined above, many studies have concentrated on antigens that are highly expressed by bacteria under in vitro culture conditions in liquid growth media. However, it is improbable that the same bacterial transcriptomic or proteomic profiles expressed under optimal laboratory growth conditions are the same as those expressed during in vivo host infection.

A further important bias is that most Mtb antigens recognized by human cells have been identified using IFN-γ assays as read outs. As mentioned above, a considerable number of antigens eliciting CD4+ IFN-γ Th1-cell responses has been identified (9), but this represents almost certainly only a fraction of the potential Mtb “antigenome.” The number of IFN-γ-releasing antigen-specific T-cells and the amount of total IFN-γ released have remained widely used surrogate markers for the pro-inflammatory immune response against Mtb. Thus, the antigens activating other immune cells, including CD4+ T-cells that produce other cytokines than IFN-γ such as Th2 cells, Tregs, Th17/22, cells and cytolytic cells, as well as non-classically restricted (MHC-Ib, see below) human T-cell subsets, remain largely incomplete or even unknown. However, the lack of (application of) well-developed methods to identify Mtb-responsive T-cells other than classical Th1 or proliferative responses have contributed to this bias in Mtb antigens identified. Thus, it is vital to develop better and more diverse assays that can be applied to detect Mtb-induced responses across all relevant human T-cell compartments.

SCOPE OF THIS REVIEW

Since our knowledge of the human Mtb antigenome is far from complete as most currently known Mtb antigens were identified using IFN-γ (Th1) production as read-out, and because there is limited knowledge about the vaccine potential (protective efficacy) of most antigens, we have followed several alternative strategies to discover new Mtb antigens. Below, we will review the five approaches we have pursued in recent years (Figure 1). It is likely that many unexplored antigens for classical or non-classical T-cells exist in the Mtb antigenome that may possess vaccine potential, but appropriate tools and technologies are required to reveal these. Improved and rational selection is needed to identify candidate antigens with vaccine potential, based on comprehensive knowledge of their patterns of expression, broad immunogenicity, suitability for processing, HLA-binding and induction of protective immunity in relevant model systems.
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FIGURE 1 | Mtb antigen discovery approaches.



NEW Mtb ANTIGEN DISCOVERY APPROACHES

INFECTION STAGE-SPECIFIC Mtb GENE EXPRESSION ANALYSES

Mtb DosR-regulon encoded proteins as latency antigens

As mentioned above, we have hypothesized that the design of improved vaccination strategies requires a better understanding of the Mtb proteins that are expressed during the different phases of the Mtb intracellular life cycle, and their recognition by human T-cell subsets.

During in vivo Mtb infection, environmental and host immune factors induce bacterial dormancy, in the course of which Mtb enters a state of non-or slowly replicating persistence, decreases its metabolic activity and alters its gene expression pattern (5, 10). This adjustment by the bacterium is thought to enhance its resistance to environmental and host immune stress. Under in vitro conditions that are considered to imitate part of the environment encountered by tubercle bacilli in vivo in the immunocompetent host (11) such as hypoxia, low dose nitric oxide, CO exposure or in IFN-γ-activated macrophages, Mtb induces the expression of the 48 gene encoding DosR (Rv3133c) regulon (12). In view of this infection phase-specific upregulation, we first decided to study T-cell responses to these 48 DosR-regulon encoded antigens (so-called TB latency antigens) in various ethnically and geographically distinct cohorts in Europe (Italy, Germany, The Netherlands) and Africa (The Gambia, Ethiopia, Uganda, and South Africa) (13–19). In all cohorts we observed T-cell recognition of Mtb DosR-regulon encoded latency antigens, particularly in TST+ individuals [designated latent TB (LTBI)] compared to (ex-) TB patients. Thus, T-cell proliferation and IFN-γ production to Mtb DosR-regulon encoded latency antigens are characteristically seen in LTBI in diverse genetic and geographic populations.

An unexpected but important finding was that Mtb DosR-regulon encoded antigens were very poorly if at all recognized in previously BCG-vaccinated individuals (20). Additionally, BCG-vaccinated HLA-DR3 and HLA-A2 transgenic mice (21) failed to respond to these antigens. The explanation for this lack of induction of immune responses was not due to BCG’s ability to express the DosR-regulon because transcriptional profiling of 14 different BCG strains, cultured under hypoxia, and nitric oxide exposure in vitro, showed that genes of the DosR-regulon (except Rv3133) were expressed to similar extents as observed in Mtb. Moreover, comparison of the amino acid sequences of M. bovis BCG and Mtb showed at least 97% homology with 85% of the genes being completely identical (20). The explanation for this phenomenon thus remains unknown, although it may relate to an inability of BCG to enter a state of latency following intradermal immunization. In agreement with the findings in human LTBI, the Mtb DosR-regulon encoded latency antigens Rv1733c, Rv2031c, and Rv2626c, were more prominently recognized in chronic infected mice than in acute phase infection, whereas the secreted protein Ag85B (Rv3804c) showed the opposite phenotype (18), again highlighting the preferential recognition of these antigens in latent or long term as opposed to acute, early phase infection.

An important group of individuals, the study of which shed more light into this matter was composed of individuals who had been Mtb infected for over 30 years ago, as witnessed by their positive Mantoux skin tests, yet never developed disease despite not having received any therapeutic treatment. Detailed immune profiling experiments with cells from these long-term infected individuals demonstrated strong Mtb DosR-regulon encoded antigen-specific T-cell responses. Various epitopes were identified that induced mono- and polyfunctional CD4+ and CD8+ T-cell responses, in particular IFN-γ+TNF-α+ CD8+ effector memory- or effector T-cells (22).

Considering the inability of BCG to induce immune responses to latency antigens, TB vaccination strategies started to consider incorporating DosR-regulon encoded antigens as a strategy to complement and improve the current BCG vaccine. This was demonstrated in TB mouse models using rBCG_ureC:hly expressing defined latency-associated antigens and test this construct for long-term protection against an isolate of the Mtb Beijing/W lineage (23). Expression of Rv2659c, Rv3407, and Rv1733c by rBCG_ureC:hly showed long-term protection superior to BCG in both lung and spleen compared to rBCG not expressing latency antigens at day 200 post-infection after intradermal vaccination of mice. Even a latency antigen hsp16-derived peptide linked to PAM2Cys adjuvant induced more efficient protection than BCG (24).

Another type of latency antigens is represented by the so-called “starvation” antigens, which are expressed under conditions of nutrient deprivation. A hybrid protein consisting of two secreted, acute phase-specific antigens, Ag85B and ESAT-6, fused to the nutrient stress-induced antigen Rv2660c, was constructed. In pre-exposure mouse models this hybrid protein formulated in CAF01, promoted hybrid-specific T-cells, in particular polyfunctional CD4 + T-cells and more efficient containment of late-stage infection than the Ag85B-ESAT-6 vaccine and BCG (25). Moreover, in latent TB mouse models, post-exposure immunization with this hybrid controlled TB reactivation and significantly lowered the number of bacteria in the lung compared to adjuvant control mice.

Immunization of cynomolgus macaques with the multistage Ag85B-ESAT-6-Rv2660c protein in IC31 adjuvant as a boost to vaccination with BCG delayed and reduced clinical disease after challenge with M. tuberculosis and also prevented reactivation of latent infection (26). This boosting regimen resulted in efficient control of M. tuberculosis infection and reduced rates of clinical disease. Importantly, it improved survival of the NHP compared to BCG alone and the vaccinated monkeys did not reactivate latent infection after treatment with anti-TNF antibody.

Considering routine BCG vaccination practice in most TB endemic countries, improved, rationally designed Mtb subunit vaccines could be employed by simultaneous vaccination with BCG, or booster vaccination on top of BCG, or by constructing improved recombinant BCG strains expressing such antigens.

Resuscitation promoting factors as antigens

Although the factors that trigger bacterial reactivation and resumption of intracellular growth remain largely known, Mtb resuscitation promoting factors (Rpfs), which are secreted proteins with high homology to the hormone-like protein secreted by Micrococcus luteus (M. luteus) are believed to play an important role in this respect (27, 28). The Mtb genome encodes five such rpf genes [Rv0867c (rpfA), Rv1009 (rpfB), Rv1884c (rpfC), Rv2389c (rpfD), and Rv2450c (rpfE)] that are able to stimulate the growth of dormant mycobacteria and expression of the five Rpf proteins is observed in vitro in actively replicating Mtb, in BCG as well as in Mtb-infected human tissue (29–31). Addition of Rpf proteins to sputa from TB patients improves the sensitivity of culture based detection of live Mtb in certain conditions (32, 33). There is differential rpf expression in cultures grown under hypoxia, nutrient starvation, acidic conditions, stationary, non-cultivable, and resuscitation phase-like conditions, suggesting that the role of Mtb Rpfs may be infection stage dependent but likely is not identical for all Rpfs (34).

In view of the role of Mtb Rpf proteins in the resuscitation of mycobacteria, immunity against these proteins may reflect the ability to detect the presence of actively replicating Mtb organisms at an early stage. Thus, immunity against Rpf proteins may play a role in host control bacterial reactivation. In line with the immunogenicity found in mice for Rv0867c, Rv1009, Rv2389c, and Rv2450c (35), we identified the first human Mtb Rpf-specific T-cell responses against Mtb Rpfs (19), showing IFN-γ production in TST+ individuals in response to Rv1009, Rv1884c, and Rv2450c and to a lesser extent Rv0867c, whereas hardly any IFN-γ was detected in individuals without a positive Mantoux. More detailed analyses of the immune responses to Mtb Rpf proteins in Mtb-exposed individuals, including long-term LTBI non-progressors showed frequent and significant T-cell responses against both Rv0867c and Rv2389c and identified novel Mtb Rpf epitopes, including a single highly dominant peptide epitope in Rv2389c. Of note, Mtb Rpf-specific polyfunctional memory CD4+ and particularly CD8+ T-cell memory responses were observed in response to Rv0867c and Rv2389c Rpf proteins. The polyfunctional phenotype of these cells was both single and double cytokine producing CD4+ and CD8+ T-cells, supporting the concept that CD8+ T-cells may be important in long-term control of Mtb infection. Based on these collective studies, we envisage that a combination of multiple phase-specific antigens may significantly improve the protective potential of new TB-vaccines (25, 36). Thus, subunit vaccines based on a combination of latency and Rpf antigens could be designed that induce responses able to eliminate Mtb bacilli in their dormant state, as well as inhibit Mtb bacilli that are trying to recommence active replication.

UNBIASED Mtb “GENOME WIDE” ANTIGEN DISCOVERY APPROACHES

HLA-class Ia presented human CD8+ T-cell epitopes

Despite the fact that CD4+ T-cells play a vital role in immunity against Mtb, it is becoming evident that also CD8+ T-cells contribute to host defense against Mtb by virtue of their ability to produce pro-inflammatory cytokines (9, 37, 38), lyse infected host cells (39), and kill mycobacteria (40). Despite the fact that the antigens and epitopes activating human Mtb-specific CD8+ T-cell responses have been less well defined than those for CD4+ T-cells, some groups have been able to isolate such CD8+ T-cells from humans (41–44). Unexpectedly, it was reported that ex vivo frequencies of CD8+ T-cells recognizing epitopes from six different Mtb proteins in patients with active TB were lower as evaluated by specific tetramers, but normalized following therapy to frequencies comparable to subjects with LTBI. Additionally, CD8+ T-cells with an IL-2+/IFN-γ+ phenotype were particularly reduced or found absent in active TB patients (45). Nevertheless, it has remained challenging to identify the role and function of CD8+ T-cells in TB, urging for new strategies and appropriate tools to decipher their specificities. Using classic approaches it would not be feasible to screen the approximately 1 million possible 9-mers in the Mtb proteome for CD8+ T-cell responses.

A recently described approach addressed this issue exploiting an integrated computational and proteomic approach to screen 10% of the Mtb proteome for antigens that are recognized by CD8+ T-cells: using a synthetic Mtb peptide library consisting of 15-mers (11 aa overlap) with high probability of containing CD8+ T-cell epitopes, IFN-γ release by Mtb-specific, HLA-class I-restricted CD8+ T-cell clones was measured by ELISPOT assay (46). This study identified the EsxJ family, PE9, and PE_PGRS42 as three novel CD8 antigens and validated the use of peptide library-based approaches a new tool for identification of Mtb epitopes recognized by CD8+ T-cells.

An alternative method of combined bioinformatics- and functional immunological screening strategies, called “reverse antigen discovery,” was applied by our group to identify HLA-class Ia restricted, CD8+ T-cell antigens. Through peptide-binding prediction algorithms, potential peptide epitopes of Mtb antigens were identified restricted by three major HLA-class Ia supertypes (HLA-A2, -A3, and -B7) which together cover more than 80% of the population from different ethnic groups (47). Over 400 synthetic Mtb peptides with predicted binding affinities for HLA-A*0201, HLA-A*0301, and HLA-B*0702 (representing the above supertypes) were tested for HLA-binding and induction of proliferation of CD8+ T-cells. This study led to the identification of >60 new Mtb epitopes. Further validation of the most interesting epitopes was executed using HLA-class I-tetramers and assessment of peptide-induced intracellular cytokine staining to measure multifunctional CD8+ T-cell responses in cured TB patients and healthy control individuals. In depth analysis of 18 prominently recognized HLA-A*0201-binding, Mtb peptides using CD8+ T-cells of cured TB patients, showed IFN-γ, IL-2, and TNF-α, mono-, dual-, and triple-positive CD8+ T-cells. Interestingly, in Mtb-non-infected individuals these polyfunctional CD8+ T-cells were absent, which argues for their priming during in vivo Mtb infection. Thus, this study is consistent with the notion that there is a much broader repertoire of CD8+ T-cells, which can be identified with specific bioinformatic approaches combined with functional immune assays.

An additional alternative strategy, not yet applied in the identification of new Mtb antigens, could be the use of HLA-conditional ligands for high-throughput tetramer generation (48). This technique allows production of HLA ligands that form stable complexes with HLA molecules but can be cleaved upon UV irradiation. The resulting empty, peptide-receptive HLA molecules can be loaded under native conditions with selected epitopes in a high-throughput and HLA-epitope tetramers can be generated and subsequently used for T-cell detection.

Summarized innovative detection methods for CD8+ T-cells can and will allow identification of protective- and pathogenic immunity, which can be used to monitor vaccine- and treatment efficacy.

HLA-class II presented+ human T-cell epitopes

A similar genome-wide approach was recently followed by Sette et al. to identify CD4+ T-cell epitopes: the Mtb genome was mined for potential peptide epitopes presented by HLA-class II molecules to CD4+ T-cells (49). The approach relied on predictions of HLA-binding capacity for a panel of DR, DP, and DQ alleles representative of those most commonly expressed in the general population, coupled with high-throughput ELISPOT assays. They found that secreted antigens as well as proteins involved in the active secretion process were dominant targets of the CD4+ T-cell response in the latently infected individuals tested in San Diego who successfully contain Mtb infection.

Responses were highly focused on three broadly immunodominant antigenic islands, all related to bacterial secretion systems and composed by several distinct ORFs. These data suggest that vaccination with one or few defined antigens will fail to replicate the response associated with natural immunity. Importantly, they also found that the CD4+ T-cells responding were largely restricted to the CXCR3+CCR6+ memory subset. The identification of this immunodominant population of memory T-cells characterized suggests that the response is shaped uniquely by Mtb-associated factors.

In analogy to the above results for CD8+ T-cells, these results again underline the power of an unbiased, genome-wide, Mtb antigen discovery approaches.

HLA-class Ib presented CD8+ human T-cell epitopes

The identification of Mtb antigens for human CD8+ T-cells focus has been focused almost entirely on classical HLA-class Ia and to a lesser extent, on CD1 a, b, c restricted CD8+ T-cell responses (50). In this respect, the polymorphism of the classical HLA-class Ia molecules (HLA-A, -B, -C) which include more than 500, 850, or 270 unique alleles, respectively, is an important factor to be considered for vaccine development due to the considerable variations in peptides that can bind to each HLA-class Ia molecule. In contrast, the HLA-class Ib genes HLA-E, -F, and -G exhibit restricted polymorphism with only 3, 4, and 10 alleles, respectively (51). This might argue for distinct roles for MHC-class Ia and class Ib molecules in host defense to infectious diseases. Non-classical HLA-class I molecules can present antigens of both self and foreign (microbial) origin to CD8+ T-cells (52–54). The fact that their allelic variation is limited provides an opportunity for vaccine-design. Since the two most important variants of HLA-E, HLA-ER (E*0101), and HLA-EG (E*0103), occur in equal frequencies amongst different populations (55) and can present antigens derived from pathogens including Mtb, Mtb antigen(s) recognized by HLA-E restricted CD8+ T-cell clones represent interesting targets for vaccine development. Moreover, HLA-E is not downregulated by HIV in contrast to HLA-A and -B offering possibilities for vaccination of HIV-infected individuals as well (56). However, the nature of the epitopes recognized by HLA-E restricted CD8+ T-cells remained unknown until recently (57).

Although HLA-E molecules can clearly interact with CD94 molecular complexes expressed predominantly by NK cells, HLA-E is also known to trigger microbial-specific cytotoxic CD8+ T-cells (58, 59). In mice, CD8+ T-cells restricted by the murine HLA-E equivalent, Qa-1 were found to have the ability to induce immune-suppression (60), revealing yet another function of non-classically restricted CD8+ T-cells.

To identify HLA-E-restricted Mtb antigens which could be exploited for TB vaccination, we applied bioinformatics, HLA-E peptide-binding assays, and immunological screening, in analogy to the approach used for identification of classical MHC-Ia restricted CD8 T-cell epitopes (61). With this method we identified 69 Mtb peptides, derived from a large variety of Mtb antigens, which were presented by HLA-E molecules to human CD8+ T-cells. We could demonstrate that CD8+ T-cells from both mycobacterium responsive adults and BCG-vaccinated infants, but not negative controls, proliferated in response to the identified Mtb peptides. These CD8+ T-cells displayed cytotoxic activity against target-cells expressing HLA-E loaded with specific peptides, in the absence of any class Ia molecules, and were able to lyse M. bovis BCG infected human macrophages demonstrating that HLA-E restricted antigens are naturally processed during infection. Besides, several HLA-E-restricted, Mtb-specific CD8+ T-cells were able to suppress proliferation of bystander CD4+ T-cells. This suppression depended on cell–cell contact and was mediated, at least in part, by membrane bound TGFβ1. These data underscore that human CD8+ T-cells are highly multifunctional, and can combine diverse functions such as suppressive and cytotoxic functions. If BCG vaccination would be able to prime HLA-E restricted T-cell responses, HLA-E peptide-based vaccines might be able to boost such BCG-primed responses. The dual character of the response induced in the context of HLA-E may lead to induction of protection as well as balanced regulation of inflammation, which, might be exploited to limit inflammatory pathology in TB.

In vivo expressed Mtb (IVE-TB) antigen-derived human T-cell epitopes

Since the lung represents the principal organ where TB disease is manifested, vaccine-induced immune responses need to target Mtb during pulmonary infection. In this respect, it is important to note the significant impact of the alteration of Mtb’s gene expression profile during intracellular stress inside host alveolar macrophages, on the Mtb antigen repertoire that is presented to the immune system. Thus, we hypothesized that a more profound understanding of the real time Mtb “antigenome” expressed during infection in the lung and its recognition by the human immune system, including non-classical T- and B-cells, is vital to develop better vaccination strategies. To identify novel antigens with vaccine potential, we used an unbiased genome-wide approach based on comprehensive gene expression data from Mtb during infection of four genetically related but distinct mouse strains (62). These strains represent key features of human TB with a spectrum of TB susceptibility, including the development of necrotic lesions and granuloma formation, which are regulated by the super-susceptibility to tuberculosis 1 (sst1) locus as well as modifier background genes (62). We investigated the in vivo expression of 2170 Mtb genes, most of which represent the first gene of each predicted Mtb operon, during infection in the lungs. To select candidate antigens, stringent selection approaches were then applied to identify a list of in vivo expressed Mtb (designated IVE-TB) genes. The resulting 16 most consistently expressed Mtb genes were produced as recombinant proteins and their immunogenicity was analyzed in PBMC of TST+ healthy, TB affected individuals, TB patients as well as long-term LTBI. Seven of the identified IVE-TB antigens were strongly immunogenic in TST+, ESAT-6/CFP10-responsive individuals, but not in E/C negative TST+ individuals and healthy mycobacterial naïve individuals, indicating that these antigens are presented during natural Mtb infection. Importantly, IVE-TB antigen-specific responses could be detected in long-term LTBI, who had been exposed to Mtb many years ago yet never developed TB symptoms despite not having had preventive treatment. The most pronounced T-cell subsets recognizing IVE-TB antigens were identified as IFN-γ+/TNF-α+ CD8+ T-cells and TNF-α+/IL-2+ CD154+CD4+ T-cells of which the former were major contributors to IFN-γ production. Since IFN-γ+/TNF-α+ CD8+ T-cells were also the most prominent subset in the response to Rpf and DosR proteins, this suggests that the development of specific differential T-cell subsets may be unrelated to the nature of the specific protein antigen involved.

Thus, the analysis of in vivo expression patterns during pulmonary Mtb infection to identify IVE-TB antigens, combined with detailed immune profiling in humans, led to the identification of IVE-TB as a new class of TB antigens, with the potential for TB vaccination. Our most recent results indeed reveal their protective efficacy in various animal models (63). Importantly, IVE-TB antigen discovery strategies can be applied also to other infectious diseases caused by complex pathogens and represent a novel approach for antigen discovery in general.
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With 1.4 million deaths and 8.7 million new cases in 2011, tuberculosis (TB) remains a global health care problem and together with HIV and Malaria represents one of the three infectious diseases world-wide. Control of the global TB epidemic has been impaired by the lack of an effective vaccine, by the emergence of drug-resistant forms of Mycobacterium tuberculosis (Mtb) and by the lack of sensitive and rapid diagnostics. It is estimated, by epidemiological reports, that one third of the world’s population is latently infected with Mtb, but the majority of infected individuals develop long-lived protective immunity, which controls and contains Mtb in a T cell-dependent manner. Development of TB disease results from interactions among the environment, the host, and the pathogen, and known risk factors include HIV co-infection, immunodeficiency, diabetes mellitus, overcrowding, malnutrition, and general poverty; therefore, an effective T cell response determines whether the infection resolves or develops into clinically evident disease. Consequently, there is great interest in determining which T cells subsets mediate anti-mycobacterial immunity, delineating their effector functions. On the other hand, many aspects remain unsolved in understanding why some individuals are protected from Mtb infection while others go on to develop disease. Several studies have demonstrated that CD4+ T cells are involved in protection against Mtb, as supported by the evidence that CD4+ T cell depletion is responsible for Mtb reactivation in HIV-infected individuals. There are many subsets of CD4+ T cells, such as T-helper 1 (Th1), Th2, Th17, and regulatory T cells (Tregs), and all these subsets co-operate or interfere with each other to control infection; the dominant subset may differ between active and latent Mtb infection cases. Mtb-specific-CD4+ Th1 cell response is considered to have a protective role for the ability to produce cytokines such as IFN-γ or TNF-α that contribute to the recruitment and activation of innate immune cells, like monocytes and granulocytes. Thus, while other antigen (Ag)-specific T cells such as CD8+ T cells, natural killer (NK) cells, γδ T cells, and CD1-restricted T cells can also produce IFN-γ during Mtb infection, they cannot compensate for the lack of CD4+ T cells. The detection of Ag-specific cytokine production by intracellular cytokine staining (ICS) and the use of flow cytometry techniques are a common routine that supports the studies aimed at focusing the role of the immune system in infectious diseases. Flow cytometry permits to evaluate simultaneously the presence of different cytokines that can delineate different subsets of cells as having “multifunctional/polyfunctional” profile. It has been proposed that polyfunctional T cells, are associated with protective immunity toward Mtb, in particular it has been highlighted that the number of Mtb-specific T cells producing a combination of IFN-γ, IL-2, and/or TNF-α may be correlated with the mycobacterial load, while other studies have associated the presence of this particular functional profile as marker of TB disease activity. Although the role of CD8 T cells in TB is less clear than CD4 T cells, they are generally considered to contribute to optimal immunity and protection. CD8 T cells possess a number of anti-microbial effector mechanisms that are less prominent or absent in CD4 Th1 and Th17 T cells. The interest in studying CD8 T cells that are either MHC-class Ia or MHC-class Ib-restricted, has gained more attention. These studies include the role of HLA-E-restricted cells, lung mucosal-associated invariant T-cells (MAIT), and CD1-restricted cells. Nevertheless, the knowledge about the role of CD8+ T cells in Mtb infection is relatively new and recent studies have delineated that CD8 T cells, which display a functional profile termed “multifunctional,” can be a better marker of protection in TB than CD4+ T cells. Their effector mechanisms could contribute to control Mtb infection, as upon activation, CD8 T cells release cytokines or cytotoxic molecules, which cause apoptosis of target cells. Taken together, the balance of the immune response in the control of infection and possibly bacterial eradication is important in understanding whether the host immune response will be appropriate in contrasting the infection or not, and, consequently, the inability of the immune response, will determine the dissemination and the transmission of bacilli to new subjects. In conclusion, the recent highlights on the role of different functional signatures of T cell subsets in the immune response toward Mtb infection will be discerned in this review, in order to summarize what is known about the immune response in human TB. In particular, we will discuss the role of CD4 and CD8 T cells in contrasting the advance of the intracellular pathogen in already infected people or the progression to active disease in subjects with latent infection. All the information will be aimed at increasing the knowledge of this complex disease in order to improve diagnosis, prognosis, drug treatment, and vaccination.
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INTRODUCTION

Tuberculosis, with approximately 9 million cases annually, determines a world-wide mortality and morbidity, especially in low-income countries (1–3). Mycobacterium tuberculosis (Mtb), the causative agent of TB, is transmitted via aerosol droplets that are suspended in the air for prolonged periods of time (4), determining a risk of infection to people who inhalate these droplets. However, infection does not necessarily lead to TB disease; in fact, as reported in several studies, only 3–10% of immunocompetent individuals that are infected will develop the disease during their life-time (5), while more than 90% of infected subjects contain infection in a subclinical stage known as latent TB infection (LTBI), in which the pathogen remains in a quiescent state (4). One of the important aspects that can contribute to reactivation depends on the immune system of each individual that can be perturbed by several factors during life-time, such as chronic diseases: diabetes, alcoholic liver disease, HIV co-infection, and in some circumstances, the use of steroids or other immunosuppressive drugs. Another occurrence of active disease in later life is attributable to reactivation of latent Mtb bacilli or to a new infection with another Mtb strain. However, this huge reservoir contributes to fuel the high numbers of new active TB disease (3, 6); therefore, in order to diminish the risk of new active TB disease, it is important to treat LTBI cases by chemoprophylaxis, successfully eradicating the infection in the majority of cases. LTBI subjects, due to the increasing use of biological drugs, such as tumor necrosis factor-α (TNF-α)/Interleukin (IL)-12/IL-23 blockers for the treatment of inflammatory diseases like rheumatoid arthritis, Crohn’s disease, and psoriasis, have major risk to progress toward active disease more than other subjects (3, 7). Diagnosis of LTBI remains a priority for TB control within high income, low TB prevalence countries (8, 9), where a high proportion of TB cases occurs in immigrants from countries with high TB incidence (10, 11).

The study of subjects that are able to control Mtb infection in the long-term may be particularly informative in this respect. Despite two decades of intensified research, the mechanisms involved in the protective immune response against Mtb are not well understood. So, the comprehension of the pathways involved in protection in the host could represent biomarkers useful as correlates of protection, while the inhibition of the pathways involved in the surviving of host pathogens, could represent a biological target to contrast the bacilli growth and replication (12, 13).

Mycobacterium tuberculosis involves several conventional and unconventional T cell subsets that are characterized by distinct effector functions and surface phenotype markers (14). Th1 CD4 T cells activate effector functions in macrophages that control intracellular Mtb, and their role has been correlated with protection (14). Moreover, several studies have reported that Th17 cells, which are able to produce IL-17, are involved in immune protection against Mtb, primarily due to the effect of this cytokine in attracting and activating neutrophils (14, 15). Th17 cells have been involved in protection against TB at early stages (15, 16), for their capacity to recruit monocytes and Th1 lymphocytes to the site of granuloma formation (14, 15, 17). On the contrary, several studies have demonstrated that unrestricted Th17 stimulation determines an exaggerated inflammation mediated by neutrophils and inflammatory monocytes that rush to the site of disease causing tissue damage (14, 18–20).

CD4 T cells recognize antigenic peptides derived from the phagosomal compartment in the context of MHC-class II molecules (21). Mtb preferentially resides in the phagosome, where mycobacterial Ags can be processed and assembled to MHC-class II molecules (14, 22, 23). Another conventional lymphocytes subset, CD8 T cells, contributes to immune protection against TB (24): upon specific Ag recognition, CD8 T cells differentiate into effector cells, which produce cytolytic molecules and cytokines that kill both host cells and the intracellular Mtb (14, 25).

CD8 T lymphocytes recognize antigenic peptides, which are generally loaded in the cytosolic compartment in the context of MHC-class I molecules (21). MHC-class I loading can occur because of the intracellular pathogen or Mtb proteins diversification from the phagosome to the cytosol (14, 26). Moreover, apoptotic vesicles coming from infected macrophages and dendritic cells (DCs) can be uptaken by DCs (27, 28), which, in turn, will process and shuttled peptides into the canonical MHC-class I presentation pathway, a process termed cross-presentation (29).

Other cells play a role in the control or in the suppression of immune responses during Mtb infection such as Th2 cells, which counter-regulate Th1 cells and likely impair protective immunity against TB (30, 31), and regulatory T (Treg) cells (32, 33), which also contribute to the down modulation of the immune response to the pathogen (14) and to TB reactivation (14, 32–34).

The so-called unconventional T cells are activated during TB; these cells are able to recognize lipids that are abundant in the mycobacterial cell wall, in the context of non-polymorphic CD1 molecules (35). Very recently, mucosal-associated invariant T cells (MAIT) have been found to recognize protein Mtb (Ags) presented by the non-classical molecule MR1 (36). γδ T cells, recognize “phosphoAgs” of host or bacterial origin and may also contribute to the immune response to Mtb as well (14, 37). Figure 1 shows the different cell populations involved in the immunopathology of TB.
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FIGURE 1 | Cells involved in immune response during Mtb infection. The figure shows conventional and unconventional T cell subsets that contribute to the immune response against Mtb.



In the last years, the potential role of distinct T cell subsets as biomarkers of active TB and/or LTBI has been studied. Functional CD4 and CD8 T cell subsets have been defined on the bases of cytokine production as single, double, or triple producer cells. These different cytokine signatures have been differently associated with disease stage, mycobacterial load or treatment, and several studies, mostly derived from vaccination in animals, have highlighted that polyfunctional CD4 T cells are associated with protective immunity. In contrast, more recent studies have suggested that these cells may be not correlated with protection, but rather with TB disease activity (38, 39).

In this review, we will analyze the complexity of the immune response of conventional CD4 and CD8 T cells widely described by recent studies in patients with pulmonary and extra-pulmonary disease and in subjects with LTBI, in order to better define the potential of different functional signatures of T cells as potential biomarkers.

POPULATIONS OF HUMAN MEMORY T CELLS

Individuals that have encountered a pathogen, develop an adaptive immune response with the induction of memory cells that will recognize the same Ag, upon the second encounter, dictating the type of immune response. Several studies have delineated that the quality of the memory response is important to dissect the real difference between protection and immunopathology, and to design strategies for vaccination (40).

Generally, the generation of memory T cells is characterized by different phases (41). The first encounter with an Ag, defined priming, determines a massive proliferation and clonal expansion of Ag-specific T cells followed by a phase of contraction, where the majority of these cells, named effector cells, are eliminated by apoptosis (42, 43). During this primary response, memory T cells develop and are maintained for extended periods due to several mechanisms such as the retention of Ag, stimulation/boosters, or homeostatic proliferation, that will insure the maintenance of a pool of cells that can rapidly respond to subsequent encounters with the pathogen.

The induction of memory T cells by vaccination against intracellular pathogens has definitively led a major challenge for the development of new subunit vaccines (40).

In humans, the functional properties of memory T and B cells can be defined, at least for those cells circulating in the blood, using techniques that detect typical surface markers (44). The combinatorial expression of surface markers such as adhesion molecules, chemokine receptors, and memory markers, allows for tissue specific homing of memory and effector lymphocytes and thus provides full characterization of that particular subsets of memory T cells, in terms of preferential residence inside tissues (40, 45, 46).

At least dozens of subsets can be identified and enumerated on the basis of distinct cellular functions that express unique combinations of surface and intracellular markers (47).

Memory T cells could be divided into CD62L+ and CD62L− subsets; moreover some surface markers are specific for T cells homing to mucosa and skin that are confined to the CD62L− subset (48, 49). The development of techniques that allow to measure cytokines production at the single-cell level and the analysis of several surface markers has permitted to correlate the functional properties of T cells with their phenotype (50). CCR7+ memory cells are named central memory (TCM) cells: they are able to home to secondary lymphoid tissues, produce high amounts of IL-2 but low levels of other effector cytokines (41), while their CCR7− counter parts, named effector memory (TEM) cells, are able to produce high levels of cytokines, exert rapid effector functions and home to peripheral tissues (41). It has been established a relationship between TCM and TEM cells suggested by the analysis of the telomeres that are longer in TCM than TEM cells and TCM cells are capable of generating TEM cells in vitro, but not vice versa (41). Studies performed in humans and rhesus macaques both in vitro and in vivo have led to the identification of T cells with multiple stem cell-like properties, termed memory T stem cells (TSCM). These cells constitute a relatively rare memory population having a largely T naive (TN) phenotype, while overexpressing CD95 (51, 52), which is usually expressed at high levels by all memory cells (53, 54). TSCM cells, precede TCM cells in differentiation. These type of cells are capable of generating all memory subsets, including TCM cells (51, 52); no other memory subset thus far has been found to regenerate TSCM cells (44).

Another subset of “transitional” memory T cells (TTM) has been defined, mostly of which were isolated in the peripheral blood of healthy individuals (55, 56). These TTM cells are more differentiated than TCM cells but not as fully differentiated as TEM cells in terms of phenotype (55, 56) and ability to expand in response to IL-15 in vivo (57, 58).

Very recently, Mahnke et al. propose that the phenotypic, functional, and gene expression properties of human memory T cell differentiation follow a linear progression along a continuum of major clusters (TN, TSCM, TCM, TTM, TEM, and TTE cells) (44). According to this linear progression, memory T cells, progressively acquire or lose their specific functions (Figure 2). Other molecules that mediate lymphocyte functions, including markers of migration, co-stimulation, and cytotoxic molecules and adhesion markers can better define these different T cell subsets (Table 1).
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FIGURE 2 | Human memory T cell subsets. Following encounter with Ag, quiescent T cells develop into effectors, whose phenotype is highly dynamic and largely unpredictable. When the Ag is cleared, effector T cells that survive return to a quiescent memory state. Cells differentiate from TN to TSCM, TCM, TTM, TEM, and culminating in TTE cells. Memory T cells progressively lose or acquire specific functions, such as the ability to migrate to peripheral tissues or to proliferate or produce effector molecules.



Table 1 | Expression of functional molecules by circulating T cell subsets.

[image: image1]

Seder et al. have proposed that T cells progressively acquire their functions with further differentiation, until they reach the phase that is adequate for their effector function (such as the production of cytokines or cytotoxic activity) (44, 59). The authors have demonstrated that the continued antigenic stimulation led to progressive loss of memory potential as well as the ability to produce cytokines, until the last step of the differentiation pathway represented by effector cells that are able to produce only IFN-γ and are short-lived, named terminally differentiated effector cells (TEMRA) (59). Another aspect that can optimize this linear differentiation process will depend on the amount of initial Ag exposure or the different conditions that are present in the microenvironment, which will dictate the extent of differentiation (44, 59).

Hierarchical expression of cytolytic molecules and surface markers, such as CD27, CD28, and CD57, has been delineated for CD8 T cell subsets. Granzyme (Gr)A is the first cytotoxic molecule detected in memory cells, followed by GrB and subsequently by perforin (60–62). GrB is always expressed in the presence of GrA, while, perforin+ cells are primarily positive for GrA and GrB, making it a choice indicator for cytolytic cells (62). Usually, perforin is present in cells that are CD27− and CD28− (63), while this molecule is always associated with the expression of the senescence marker CD57, which can be used as marker for T cells with high cytolytic potential (44, 62). Finally, the identification of the different subsets of human memory T cells, through the analysis of the expression of exclusive markers in that particular population could have a potential implications in T cell-based immunotherapy for infectious disease or other immune pathological conditions. Several studies have evaluated the different distribution of Ag-specific memory T cells subsets as good model of correlate of protection; for example, in response to chronic infectious agents such as HIV-1, hepatitis C virus (HCV), and Mtb, the increase of the frequency of Ag-specific TCM cells, which produce high levels of IL-2, is associated with individuals’ ability to control the viral load (64–68).

Moreover, the response to cytokines used to differentiate or to maintain the different human memory T cells has been characterized (69). It has been shown that TEM cells can proliferate in response to IL-7 and IL-15 in vitro but do not expand because of spontaneous apoptosis; conversely, TCM proliferate and differentiate to TEM cells, in the absence of these cytokines (70, 71).

Therefore, the quality of T cell responses can be modulated by several factors, and it is crucial for establishing the disease outcome in the context of various infections or pathologies.

In summary, the definition of the different subsets of memory T cells can be used to delineate the quality of a given T cell response, and this can be achieved by the combination of cell-surface phenotype, functional properties, and the capacity to traffic to lymphoid and non-lymphoid tissues: such a complex analysis should confer more intuition if an immune response will be protective or not.

SUBSETS OF MEMORY CD4 T CELLS IN TB

Mycobacterium tuberculosis-specific-CD4+ T cell protective response is typically due to Th1 cells and is mediated by IFN-γ and TNF-α that recruit monocytes and granulocytes and promote their anti-microbial activities (72–74).

Recent studies have shown that polyfunctional T cells (i.e., T cells equipped with multiple effector functions) (44, 75), could exert immune protection toward viral infections such as HIV (76, 77), models of TB vaccine (78–81), or in murine models of leishmania (36). However, the role of polyfunctional T cells during Mtb infection is controversial and different from that observed in chronic viral infections (36, 40, 81).

The definition of polyfunctional T cells was attributed to their ability to proliferate and to secrete multiple cytokines and these cells were found to play a protective role in antiviral immunity in chronic infections (when Ag load is low). Conversely, single IFN-γ-secreting CD4 and CD8 T cells typically predominate in acute infections (when Ag load is high), and in chronic infection characterized by the failure of immune control: in the case of HIV-1 infection, in fact, the response is dominated by HIV-1-specific-CD4 and -CD8 T cells that are able to produce only IFN-γ in both the primary and chronic phases of infection. On the other hand, the distinct cytokines profile during intracellular pathogens infection, comprises a very wide spectrum of T cell subpopulations (75).

Several authors have recently shown that polyfunctional T cells release multiple cytokines simultaneously in a relatively short period. The analysis of different aspects that could contribute to the release of cytokines, such as the methodologies used to stimulate the cells, peptides, or proteins used, the different cohort groups included in the study, should be taken into account, considering that very often the results obtained are controversial (75, 82).

Earlier studies in human TB have investigated on the role of polyfunctional T cells able to produce IFN-γ in combination with IL-2 (75, 83–86), and later on, a subset of cells able to simultaneously produce IFN-γ, TNF-α, and/or IL-2 was detected in patient with active TB disease compared to latently infected individuals (87–90), whose frequency decreased after anti-TB treatment. In another study, high frequencies of CD4 T cells expressing three cytokines simultaneously (IFN-γ, TNF-α, and IL-2) was found in adults with active TB disease, as compared to the frequency found in LTBI subjects, in which IFN-γ single and IFN-γ/IL-2 dual secreting CD4 T cells dominated the anti-mycobacterial response. Therefore, the presence of multifunctional CD4 T cells in TB patients was associated with the bacterial loads, as suggested by their decrease after completion of anti-TB chemotherapy (82, 91). This implies that multifunctional CD4 T cells are indicative of active TB rather than assuming a protective role. However, during these years, several contrasting findings have been reported, which do not allow a clear-cut conclusion on the role of polyfunctional CD4 T cells (40). In fact, some authors have found a reduced frequency of polyfunctional T cells in patients with active TB disease compared to latently infected individuals, which is recovered with the anti-TB therapy (75, 92, 93). Similar recovery of dual IFN-γ/IL-2-producing cells with the anti-TB therapy was also previously reported (82, 94).

Finally, a higher proportion of Ag-specific effector memory TEM cells and a decreased frequency of TCM CD4+ T cells has been found in patients with active TB (95, 96), as compared to the distribution found in LTBI individuals (75).

Since it is not possible to associate any specific cytokine profile with protection against active TB, recent studies have tried to find a correlation between functional signatures of CD4 or CD8 T cells and the state of infection/disease.

Marin et al. have analyzed the Th1 and Th17 responses through the counts of IFN-γ and IL-17 producing T cells by elispot assay, the frequencies of polyfunctional T cells producing IFN-γ, TNF-α, IL-2, and IL-17 by ICS, and the amounts of the above cited cytokines released after 1 day (short term) and 6 days (long-term) of in vitro stimulation using different Ags (CFP-10, PPD, or Mtb) (75) by ELISA. The evaluation of different T cell subsets after short- and long-term in vitro stimulation with different Ags has permitted to find a significant increase in single and double producer CD4+cells in long-term in vitro stimulation compared to short term in vitro stimulation in LTBI subjects and a significant increase of the frequency of single producer cells in patients with active disease (75). Mtb stimulation determined an increase in the frequency of single and triple producer T cells in LTBI subjects in 6 days compared to the frequency found in 1 day in vitro stimulated cells, with a significant value found for the frequency of double producer T cells in patients with active disease (75). These results suggest that the use of different mycobacterial Ags could induce distinct T cell functional signatures in LTBI subjects and in patients with active disease, highlighting that it is possible to define “functional signatures” of CD4 T cells correlated with the state of infection and that could be used as indicators of the clinical activity of the disease (82).

Very recently, Petruccioli et al. have correlated bifunctional “RD1-proteins”-specific-CD4 T cells with effector memory phenotype with active TB disease, while “RD1-proteins”-specific-CD4 T cells with a central memory phenotype were associated with cured TB and LTBI subjects (82). According to this study, the EM phenotype should be associated with inactive TB due to the presence of live and replicating bacteria, whereas the contraction of this phenotype and the further differentiation toward CM T cells in LTBI and cured TB subjects could indicate Mtb control, suggesting that the different expression of the memory/effector status may be used to monitor treatment efficacy, as previously suggested in patients with active TB with HIV co-infection (82, 97, 98).

A more detailed study on the role of Ag-specific T cell phenotype and function has been carried out by Lalvani et al. who delineated the association of TB disease stage with Mtb-specific cellular immunity. The authors have found the same trend of functional signature demonstrated by Petruccioli, but in response to different antigenic stimulation, namely PPD and RD1-peptides: in fact, Ag-specific-CD4 T cells were principally of the CM phenotype in subjects with latent infection compared to EM cells predominantly found in patients with active disease. Combined measurement of both functional profile and differentiation phenotype, in this study, reflects a discriminatory immunological status in the different cohort groups studied (patients with active disease vs. LTBI) (99). Moreover, HIV infection did not influence the number of Mtb-specific-CD4 effector cells, which instead was influenced by TB disease stage. This last aspect could be intriguing for the fact that assessment of cellular changes could be used also for immune compromised patients; in fact, it is known that HIV and active TB both impact Mtb-specific T cell immunity, such as skin test anergy, and therefore, dissection of distinct subsets as biomarkers could have an impact also in HIV co-infection.

Altogether, the above studies highlight the concept that the protective immune response against mycobacterial infection seems to depend more on the quality of CD4 T cell response assessed as the capacity to exert multiple functions, than on their magnitude, which is due to their Ag-specific frequency (44, 75). Finally, several methodologies used for the evaluation of the profiles of Mtb-specific-CD4 T cells in the reported studies led to different results: these include Ag specificity and type, in vitro stimulation conditions (short- or long-term in vitro stimulation), variability of the study cohort characteristics and at least, the monoclonal antibodies used to distinguish the subsets of CD4 T cells or intracellular cytokines content (40).

Thus, further studies are necessary to define particular phenotypes of Mtb-specific-CD4 T cells, assessing several functional properties such as activation, memory, migratory and inhibitory receptors, and ligands.

SUBSETS OF MEMORY CD8 T CELLS IN TB

CD8+ T cells contribute to protective response against TB (100, 101). CD8+T cells recognize Ags derived from an intracellular environment and could serve as sensors of bacterial burden. In fact, human CD8+T cells preferentially recognize cells heavily infected with Mtb (102) and in animal models, the magnitude of the CD8 response correlates with bacterial load (103–105).

The mechanisms involved in CD8+ T cell activation during Mtb infection are incompletely defined. DCs possess several pathways to load MHC-class I molecules, such as classical cytosolic processing, or alternative processing of phagosome located pathogens and endosome-located Ags. The recent evidences that virulent mycobacteria can escape from the phagosome into the cytoplasm and the possibility to direct access MHC-class I processing/presentation pathway provide a new mechanism (27). DCs also can take up vesicles derived from apoptotic Mtb-infected cells, after which the Ags are cross-presented through MHC-class I and class II molecules (28, 29). Finally, autophagy, which has a prominent role in cellular homeostasis and bacterial sequestration into vacuolar organelles, is involved in Ag presentation and cross-priming of T cells in response to intracellular pathogens, including Mtb (106, 107).

It has been demonstrated that several pathways are used in order to activate CD8+ T cells by phagosomal Ags, and, very recently, MHC-class Ib-restricted CD8+ T cells have received attention, including a role for HLA-E, which presents peptides from a wide range of mycobacterial Ags (34, 108). CD1-restricted CD8T cells recognize lipids such as mycolic acids and lipoarabinomannan from the bacterial cell wall (34) and lung MAIT recognize Mtb Ags in the context of the non-classical MR1 molecule (109).

Thus, CD8+ T cell immunity offers evidences of their clear synergy of action and complementarities in association with CD4+ T cell immunity, for the fact that CD8+ T cells display other direct effector functions such as the secretion of granules that contain cytotoxic molecules as perforin, granzymes, and granulysin. These molecules can lyse host cells, or can have a direct killing toward Mtb and other bacteria. Moreover, CD8+ T cells can induce apoptosis of infected target cells through molecules such as Fas or TNF-R family-related cell-death receptors. Finally, CD8+ T cells release, upon activation, cytokines such as IFN-γ, TNF-α, and in many cases also IL-2. These functions are also used by MHC-class Ib-restricted CD8+ T cells, suggesting a role for classical as well as non-classical CD8+ T cells in TB protection.

From the functional point of view, different studies conducted in mice and non-human models have delineated a role for Mtb-specific CD8+T cells in the control of Mtb infection (102–104). In these studies, it has been demonstrated that IFN-γ and perforin released by Mtb-specific CD8+ T cells were necessary to induce protection in Mtb-infected mice (102, 105). The role of these molecules has been efforted in humans’ studies that have reported the same conclusions (21, 110).

Hence, other in vitro studies have indicated that perforin- and/or granulysin-containing Mtb-specific CD8+ T cell lines were able to kill Mtb-infected macrophages or even free bacteria (25, 111, 112), other studies have found the complete absence of these molecules released by Mtb-specific CD8+ T cells from lung-associated tissues (113, 114).

Though it is not still possible to attribute a role to polyfunctional T cells as marker of protective immunity or of disease activity, multi-, or polyfunctionality of CD8 T cells is referred to the simultaneous production of several cytokines (IFN-γ, IL-2, TNF-α) and/or the expression of multiple effector functions (perforin, granulysin, cytolysis, etc.). However, contrary to initial expectations, these cells do not appear to correlate with BCG-induced protection in infants (115) and adults (116). Moreover, they are also present in active TB, although they may nevertheless be part of the protective host response attempting to limit infection rather than contributing to active disease.

Previously, we have correlated the frequency of Mtb-Ag85A-specific CD8+ T cells with the efficacy of anti-mycobacterial therapy in children. In particular, we found that Ag85A epitope-specific CD8+ T cells in children with active disease were able to produce low levels of IFN-γ and perforin, which recovered after successful therapy (117). In a later study, the analysis of the ex vivo frequencies, cytokine production, and memory phenotype of circulating CD8 T cells specific for different non-amers of Mtb proteins was performed in adult HLA-A*0201 different cohorts (87).

We found a lower percentage of circulating tetramer specific CD8 T cells in TB patients before therapy respect to LTBI subjects, but values increased after 4 months of anti-mycobacterial therapy to those found in subjects with LTBI. In this study, we also found high percentages of IL-2+/IFN-γ+ and single IFN-γ+ in subjects with LTBI, and a reduction of IL-2+/IFN-γ+ population in TB patients, suggesting a restricted functional profile of Mtb-specific CD8 T cells during active disease (87).

Many studies have focused on the response to different Mtb Ags expressed in the early phase of infection such as ESAT6, CFP-10, and Ag85B proteins but further studies should also incorporate those Ags expressed at different phases of infection (40).

Another study, using defined cohorts of individuals with smear-positive and smear-negative TB and LTBI subjects, evaluated Mtb-specific responses in correlation to mycobacterial load (93). The authors found, in individuals with high mycobacterial load smear-positive TB, a decrease of polyfunctional and IL-2-producing cells, and an increase of TNF-α+ Mtb-specific-CD4 T cells and CD8 T cells, both of which had an impaired proliferative capacity (40). These patients were followed during the anti-mycobacterial therapy and it was shown that the percentage of triple positive CD8 T cells (producing IFN-γ, IL-2, and TNF-α) increased over time in 7 out of 13 patients and this increase was paralleled by decrease of the frequency of IFN-γ+ T cells, providing another evidence that the cytokine production capacity of Mtb-specific CD8 T cells is associated with mycobacterial load.

In children or immunocompromised individuals, where it is very difficult to distinguish Mtb infection from disease, and in people that are at high risk to develop active disease, the increase of polyfuntional CD8 T cells and the reduction of single IFN-γ or TNF-α producing cells may be used to correlate these CD8 T cell subsets with TB disease progression, highlighting a new possible role as indicator of successful response to treatment.

Mycobacterium tuberculosis DosR-regulon encoded Ags (118) expressed by Mtb during in vitro conditions, represent rational targets for TB vaccination because they mimic intracellular infection. It has been shown that LTBI individuals are able to recognize Mtb DosR-regulon encoded Ags belonging to different ethnically and geographically distinct populations (40, 111, 118, 119). Moreover, Mtb DosR Ag-specific-CD4+ and -CD8+ polyfunctional T cells were found in LTBI subjects. In detail, a hierarchy of response, in terms of the ability of Ag-specific CD8 T cells to produce one or more cytokines, was found. The highest response was observed among single cytokine producing CD4+ and CD8+ T cell subsets, followed by double producing CD4+ and particularly CD8+ T cells. In particular, the most frequent multiple-cytokine producing T cells were IFN-γ+TNF-α+ CD8+ T cells. These cells were effector memory (CCR7− and CD45RA−) or terminally differentiated effector memory (CCR7− and CD45RA+) T cells, both phenotypes associated with the protective role of CD8+ T cells in Mtb infection (40, 111, 120). Another important observation was the number of epitopes identified, in accordance with their immunogenicity and recognition by a wide variety of HLA backgrounds (121, 122).

Therefore, the role of Mtb DosR-regulon encoded peptide Ag-specific single and double functional CD4+ and CD8+ T cell responses in LTBI, significantly improves the understanding of the immune response to Mtb phase-dependent Ags in the control of infection, and suggests a possible role for using MtbDosR-Ag and/or peptide based diagnostic tests or vaccination approaches to TB.

Several studies have tried to correlate the frequency, the phenotype, and the effector functions of CD8 T cells in patients with disease and subjects with latent infection. Here, we report other additional recent studies aimed at identify biological indicators useful to discriminate between patients with active disease, subjects with latent infection and patients that recovery after successful therapy.

Niendak et al. have observed that specific CD8+ T cell response decreased by 58.4% at 24 weeks, with the majority of the decrease (38.7%) noted at 8 weeks in subjects receiving successful anti-TB treatment (123); decrease of the CD8+ T cell response was relatively unaffected by malnutrition, supporting the hypothesis that the frequency of Mtb-specific CD8+ T cells declines with anti-tuberculosis therapy potentially as consequence of decreasing intracellular mycobacterial Ags, and may prove to be a surrogate marker of response to therapy (34, 124). The authors postulate that each individual has a CD8 “set point,” which reflects the complex interplay of antigenic exposure, in conjunction with host factors such as the HLA background. Nonetheless, these findings are concordant with the observation that removal of Ag results in decreasing T cell frequencies, and help to explain the observed reduction in CD8+ T cell frequency following anti-tuberculosis therapy.

Another recent study of Harari et al. (92) highlighted phenotypic and functional properties of Mtb-specific CD8 T cell responses in 326 TB patients and LTBI subjects in order to correlate their presence with different clinical form of Mtb infection (74). Authors found a higher frequency of Mtb-specific CD8 T cell responses in TB patients, which was correlated with the presence of higher Ag load (74, 92). These results were confirmed by two different studies, the first performed in children with active disease, where Mtb-specific CD8 T cells were detected in active TB disease but not in healthy children recently exposed to Mtb (92), and the second that demonstrated the presence of higher number of granulomas in TB patients as compared with those in LTBI subjects (74). Moreover, major phenotypic and functional differences were observed between TB and LTBI subjects, as Mtb-specific CD8+ T cells were mostly represented by terminally differentiated effector memory cells (TEMRA) in LTBI and of TEM cells in TB patients. These results also suggests that TEMRA and TEM cell subsets, are involved in the control of Mtb infection, as already demonstrated in chronic controlled and uncontrolled virus infection, respectively (74, 125).

The authors did not find any statistically significant difference in the cytokines profile of Mtb-specific CD8+ T cell responses between LTBI subjects and TB patients, while they found that Mtb-specific CD8+ T cells were more polyfunctional (i.e., IFN-γ+TNF- α+IL-2+) in LTBI subjects, according to the role that these cells play in anti-viral immunity (74, 125). Instead, it was found that Mtb-specific CD8+ T cells have a higher frequency as single TNF-α-producer cells in TB patients, as occurred for CD4+ T cells (125). Further analysis of the functional properties of these Mtb-specific CD8+ T cells, permitted to detect significant high levels of GrB and GrA, but low level of perforin, suggesting a mechanism of action of Mtb-specific CD8+ T cells that is independent on the expression of perforin (74).

Another intriguing aspect of that study was the finding of a higher prevalence of Mtb-specific CD8+ T cell responses in pulmonary TB patients compared with extra-pulmonary TB patients and the higher magnitude of these responses in smear-positive versus smear-negative pulmonary TB patients (74). Moreover, Mtb-specific CD8+ T cells from pulmonary TB patients were not able to proliferate compared to CD8 T cells from extra-pulmonary TB patients (74). These functional differences of the CD8 T cell responses, in term of cytokines release or proliferation, most likely depend on antigenic stimulation that occur at different anatomic sites, that could be correlated with high Ag burden (88, 126, 127), attributing to tropism of responding T cells (74).

In conclusion, Mtb-specific CD8 T cell response, as defined by the qualitative and the quantitative aspects above cited, could have significance in understand how the immune system fails to control the progression of TB, or how the quality of the response could facilitate early diagnosis in order to reduce TB associated morbidity and mortality and to individuate subjects that are at high risk to develop active disease (40).

ROLE OF T CELLS IN TB-HIV CO-INFECTION

HIV infection has led to an increase in the incidence of TB, and TB-HIV co-infection has determined not easy decisions in both the diagnosis and treatment. The treatment of co-infected patients requires anti-tuberculosis and antiretroviral drugs to be administered together. The therapeutic treatment leads to different results, according to patient compliance, drug toxic effects, and, finally to a syndrome that appears following the initiation of antiretroviral therapy (ART) named immune reconstitution inflammatory syndrome (IRIS).

Several studies have provided to clarify the relationship that exists between HIV and Mtb pathogens and how they interact both in vitro and in vivo, highlighting how HIV infection could increase the risk of TB and how Mtb infection may accelerate the evolution of HIV infection. Flynn et al., very recently, have summarized the results obtained from different studies, discerning the several hypotheses on the role of the immune system in the co-infection (128).

It is well known that TB-HIV co-infection is destructive (129–131), but nowadays the mechanisms involved in the impairment of the immune system, guiding to the morbidity and mortality of co-infected subjects, remain to be elucidated (132). In countries with low rates of TB and, of course, with high-burden TB, the identification of LTBI within individuals co-infected with HIV is important due to the high risk to develop active TB. One of the control strategy adopted by the WHO is the use of preventive therapy of LTBI with isoniazid (INH) treatment (133). HIV-infected individuals are at high risk to develop active TB for the progressive CD4 depletion in the first few years after infection, even if the number of peripheral CD4 T cells is still high at the beginning (134–136). Although, the ART could restore absolute CD4 T cell numbers, it does not reduce the risk of TB progression in HIV patients (137). Conversely, TB infection has a negative impact on clinical progression of HIV infection (138).

Studies of human disease have characterized functional defects in CD4 T cells in TB-HIV co-infection by the analysis of cytokine production (e.g., IFN-γ) by CD4 cells in response to Mtb Ags (139–142) and by the analysis of phenotype distribution of CD4 T cells in lymphoid tissue, peripheral blood, and at the sites of disease (139, 143, 144). The correlation of different phenotypes of Ag-specific-CD4 T cells, and their role on the protection or susceptibility to infection, has been clearly demonstrated by the emerging characterization of polyfunctional CD4 T cells in TB-HIV co-infection. In the peripheral blood of TB-HIV-infected people, CD4 T cells are less able to secrete more than one cytokine when the viral load is high (145). Kalsdorf et al. have demonstrated that polyfunctional T cells specific for mycobacterial Ags are reduced in BAL from latent TB-HIV-infected subjects with no symptoms of active TB. The impairment of mycobacterial specific T cells could contribute to develop active TB, suggesting that HIV infection affects the frequency of Ag-specific polyfunctional T cells in the BAL of people with latent TB-HIV (140). Therefore, several studies have tried to correlate the presence of these cells in blood or in fluids recovered at the site of infection, highlighting how their presence can be reduced or increased, in term of absolute number. In fact, some authors have found a reduction of polyfunctional CD4 T cells in the peripheral blood of HIV-infected infants, in response to restimulation with BCG, compared with HIV-uninfected infants, or in BAL samples from HIV-infected subjects compared with HIV-uninfected healthy subjects, and finally, an increase in pericardial fluid of TB-HIV patients, with a terminally effector phenotype (143). Matthews et al. have found a lower proportions of Ag-specific polyfunctional T cells, with the less mature phenotype of CD4 T memory, at the site of disease of both HIV-infected and uninfected TB patients, supporting the hypothesis that their presence could correlate with Ag load and disease status, instead than with protection (143). Finally, understanding how the immune system contributes to TB-HIV co-infection could provide the basis for the discovery and development of new drugs and vaccines that can prevent or cure TB in co-infected people. At the moment, an early ART treatment still represents the gold standard in the control of TB-HIV co-infection.

CONCLUDING REMARKS

Tuberculosis research in the field of vaccine and diagnostic tests development suffers from lack of rigorous correlates of protection in order to better understand the basic mechanisms underlying pathophysiology. Therefore, the identification of biosignatures that predict risk of disease, but also vaccine efficacy would be important.

Studies of human T cell responses, using different protocols of in vitro stimulation, have made possible to delineate some functional signatures indicative of the immunological status of each studied individual (40).

From the above cited studies, it has clearly emerged that, for TB diagnosis it is necessary to investigate on several biomarkers. The different expression levels of several cytokines, evaluated ex vivo in cells obtained from blood samples, comparing uninfected subjects, LTBI individuals, and patients with active disease, led to not unique results. This issue, therefore, requires further investigation by different analytical platforms. In particular, we believe that TB biomarkers research may continue to generate signatures with clinical applicability and additionally provides novel hypotheses related to disease pathophysiology (146).

Finally, the identification of such functional T cell signatures could help to better make diagnosis of different stages of TB, including also the cases of risk of reactivation and/or progression to active disease such as occurs in HIV patients (146).
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Monoclonal antibodies restricted to Mycobacterium tuberculosis can measure epitope-specific antibody levels in a competition assay. Immunodominant epitopes were defined from clinical samples and related to the clinical spectrum of disease. Antibody to the immunodominant epitopes was associated with HLA-DR15. Occupational exposure showed a different response and was consistent with recognition of dormancy-related proteins and protection despite exposure to tuberculosis (TB). Studies in leprosy revealed the importance of immune deviation and the relationships between T and B cell epitopes. During treatment, antibody levels increased, epitope spreading occurred, but the affinity constants remained the same after further antigen exposure, suggesting constraints on the process of epitope selection. Epitope-specific antibody levels have a potential role as biomarkers for new vaccines which might prevent the progression of latent to active TB and as tools to measure treatment effects on subpopulations of tubercle bacilli.
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INTRODUCTION

There are many unanswered questions in tuberculosis (TB) for which an understanding of both clinical aspects and the adaptive immune response is critical. Most research has concentrated on the processes of infection and the initial, innate immune response to Mycobacterium tuberculosis (Mtb). It has long been clear that BCG vaccination is excellent at preventing primary forms of TB and that the immunodeficiencies caused by HIV infection or by increasing age give rise to these same forms of TB. On the other hand, BCG does not prevent post-primary disease, particularly sputum smear-positive pulmonary tuberculosis (S + PTB). Many animal models which attempt to elucidate the nature of reactivation of latent infection merely recapitulate the same pattern of immunodeficiency found in primary disease.

Post-primary TB is characterized by an immune response to both cross-reactive antigens, as in the tuberculin response, and species-restricted antigens, such as those found in the RD1 sequence, namely esat-6 and cfp-10. Destructive caseation is an essential feature of post-primary disease and much has been made of the difference between apoptotic and necrotic cell death as the pathogenetic mechanism (1). HIV infection has shown that CD4+ T cells are essential in this process, as lung cavities become rarer as the CD4 count falls (2). Sette et al. observed that antigen concentration was important in predicting T helper responses and that antibody responses reflected both the CD8 T cell response to early antigens and the CD4+ T cell response to late and structural antigens (2).

This paper will describe the data available on antibody responses to species-restricted B cell epitopes according to clinical parameters. It will explore whether these immunological markers can discriminate among the clinical states of TB infection and disease. Underlying this discussion remain the problems of why some B cell epitopes are immunodominant, how antibody diversity becomes fixed, whether conformational epitopes are more important than linear epitopes, and the relationship between T and B cell epitopes.

THE MEASUREMENT OF EPITOPE-SPECIFIC ANTIBODY

A soluble extract from irradiated Mtb, prepared by crushing with glass beads or ultrasonic degradation, gave a better range of antigens than tuberculin (4). Mouse monoclonal antibodies (Mabs) were created by inoculation with either Mtb or its soluble extract and tested for specificity to Mtb (4). Competition with human sera was tested using labeled Mabs (5), or by exploiting the difference between mouse and human heavy chains in an ELISA (6).

LIPOPROTEIN ANTIGENS OF MYCOBACTERIUM TUBERCULOSIS

The importance of lipoproteins to the immune response has been demonstrated by deleting the prolipoprotein signal peptidase (IspA) (7). S + PTB is characterized by higher levels of antibody to mycobacterial antigens than are other forms of TB with smaller bacterial loads. More than 80% of patients with this form of disease recognize epitopes of the 38-kDa lipoprotein antigen (Rv0934, Antigen 5, Antigen 78, PstS1, PhoS) and epitope-specific antibody correlates well with antibody levels to the purified antigen (8–12). The extent of pulmonary disease has shown a positive association with IgG antibody to the 38-kDa antigen, levels of which were also higher in the few who died from TB (13). In S + PTB, there is a clear association with HLA-DR15, which is also associated with higher anti-38-kDa antibody levels (noting that the control population in this study was from a high incidence area and the majority were nurses on a TB ward who were regularly exposed to Mtb but who did not develop disease) (14). One suggestion is that TB-associated HLA phenotypes have more focused epitope recognition of TB antigens than those associated with healthy controls (15). Another possibility is that this antigen preferentially provokes a pro-inflammatory (Th17) immune response (16). In this context, it should be noted that the same HLA association has been found with S + PTB in other studies in different populations (17, 18), but more importantly that this association was not found in those with smear-negative pulmonary disease (19).

Epitope-specific (TB23 Mab) and antibody levels to the purified 19-kDa antigen (Rv3763, LpqH) contributed most to improving the serological sensitivity after the 38-kDa antigen in a study of six Mabs and human sera (12). Antibody levels to the purified antigen were more important than its TB23 epitope in the diagnosis of extra-pulmonary TB (20). Analysis of human T cell epitopes showed that p61–80 peptide was important, especially in patients with lymph node TB (21, 22).

HIV–TB co-infection has demonstrated three facts about the role of CD4+ T cells in TB (2). Firstly, they prevent the reactivation of latent TB. Secondly, they prevent disseminated disease and their loss is associated with primary TB. Thirdly, they have a pathogenetic role in cavitation, as cavities and significant pulmonary infiltration become rarer as the CD4 count falls. The majority of proteins secreted by actively dividing bacteria and recognized by polyclonal sera are fibronectin-binding proteins, such as the antigen 85 complex, but this group includes the 38-kDa antigen (23). Thus, these antigens are likely good serodiagnostic agents for infectious TB but poor candidates for vaccines as their recognition occurs at the same time as cavitary lung disease.

Children with TB and those with extra-pulmonary (EP) TB did not have antibody to the 38-kDa antigen (5). Patients with TB meningitis, of whom 90% have no pulmonary focus, also did not have anti-38-kDa antibody (24), nor did other patients with primary TB (20). Studies of contacts of TB did indeed show that antibody level to one of the 38-kDa epitopes (defined by TB72) could be found at low but measurable levels in those with a statistically high probability of being infected (25). Perhaps early recognition of the 38-kDa antigen indicates a subject more likely to develop infectious S + PTB.

DORMANCY-RELATED ANTIGENS

One of the surprising findings in measuring epitope-specific antibody levels was the presence of antibody to the TB68 epitope of the 16-kDa antigen (Rv2031, 14 kDa, hsp16, hspX, Acr) in nurses on a TB ward with frequent exposure to infectious TB (26). The bacterial load was estimated to be small in such healthy individuals and, according to the Th1/Th2 hypothesis, the response in such individuals should have been of cellular rather than humoral immunity. Although this epitope was species-restricted, it was not the immunodominant epitope of the purified antigen. Antibody to the whole antigen was associated with a better prognosis, self-healed disease, and more limited pulmonary disease (13). T cell responses to the 16-kDa p21–40 and p111–130 peptides were also more likely in those with BCG vaccination or EPTB compared to S + PTB (27).

EPITOPE-SPECIFIC ANTIBODY IN LEPROSY

A series of Mabs which reacted to lipoarabinomannan (LAM) were able to define two groups, one which reacted equally with LAM derived from both Mtb and Mycobacterium leprae, and one series which bound predominantly to M. leprae (28). The structural basis for these epitopes was determined by noting the predominance of mannose capping of LAM in Mtb (29) and using knockout mice for embA, embB, and embC together with competitive binding to synthetic carbohydrates (20, 30, 31). Sera from TB patients showed no binding to the leprosy-specific epitope (unpublished data, using the Mabs ML02 and ML34).

However, for protein antigens, antibody to the Mtb-specific epitopes could be detected in sera from patients with leprosy, although no antibody to the leprosy-specific ML04 epitope (35-kDa antigen) was found in TB patients (32). Two explanations exist for this finding. Firstly, shared T cell epitopes between homologous proteins in the two mycobacterial species might “help” B cells, which had originally been stimulated in response to previous TB infection. Secondly, the antibody epitopes on homologous proteins of M. leprae might overlap the binding site of the Mtb-specific Mabs sufficiently to inhibit binding, there being no homolog of the M. leprae 35-kDa antigen in Mtb. Bystander stimulation of B cells seems less likely although the probability of exposure to leprosy would have been less than TB (33). Conformational B cell epitopes are flat, oblong ovals with hydrophobic amino acids at the center surrounded by a halo of charged residues (34). Thus, antibody epitope cross-reactivity is unlikely. The effect of trapping of antigen by surface immunoglobulin influences the T cell repertoire (35) and cryptic T cell epitopes may be revealed (36).

EPITOPE-SPECIFIC ANTIBODY DURING TB TREATMENT

Antibody levels are proportional to antigen levels and strong T follicular helper cell responses can often initiate bystander B cell activation hypergammaglobulinemia (3, 33). Patients with TB characteristically have hypergammaglobulinemia. An early finding in the quest for a serodiagnostic test for TB was that antibody levels rose during treatment. This meant that evaluation of tests required pre-treatment sera. In a detailed study of sera from 40 TB patients during treatment (37), antibody to LAM showed a single rise and fall in antibody titer, whereas anti-protein antibody had an early rise within the first 2 weeks of treatment followed by a fall and a second rise during the continuation phase of treatment. This would be consistent with killing of different populations of tubercle bacilli, as suggested from chemotherapy trials by Mitchison (38). The rapidly dividing population is sensitive to isoniazid and standard treatment kills 99% of bacilli in the first 2 weeks. In this study, those with isoniazid-resistant strains of Mtb failed to show the first rise in antibody titers (37).

In an acute inflammation, the immune response tends to be focused on a few immunodominant antigens and a phase of chronic inflammation is associated with epitope spreading (39). Antigen processing by B cells is thought to be important in the process of epitope spreading (36). In cancer immunotherapy, such epitope spreading is associated with a good response to treatment (40). Using vaccinia as a model of complex immune responses, Sette et al. observed that the concentration of antigen was important in predicting T helper responses and that antibody responses reflected both the CD8 T cell response to early antigens and the CD4+ T cell response to late and structural antigens (3). The number of epitopes recognized by TB patients increased with treatment and was especially marked for epitopes other than the immunodominant determinants of the 38-kDa antigen (29, 37).

Following epitope-specific antibody levels during treatment, despite changes in antibody levels, the affinity constant for the antibody or antibodies to an individual epitope did not change (37). In HIV and influenza responses, there appears to be a convergence of epitope recognition, but “deep” sequencing has suggested that this is accompanied by a divergence in the aminoacid sequences forming the antibody binding site (41). This would suggest that affinity should continue to improve and the absence of such a change during TB treatment is therefore surprising and requires further investigation.

Can the changes in epitope-specific antibody levels predict cure or relapse? Preliminary evidence suggests that antibody to the dormancy antigen α-crystallin (TB68 epitope of the 16-kDa antigen) might be helpful in predicting relapse during treatment, but as antibody levels persisted beyond successful treatment, a biomarker of cure still eludes us (37).

CONCLUSION

Antigen recognition varies across the TB spectrum. Antigen concentration is likely responsible for the immunodominance of epitopes of secreted proteins in S + PTB. There may be a role for measuring antibody/T cell responses to dormancy antigens and some lipoproteins as predictors of disease and biomarkers of protection and response to treatment.

ACKNOWLEDGMENTS

The studies referenced in this review could not have been undertaken without the monoclonal antibodies created by Juraj Ivanyi’s group at Wellcome Ltd. and donated to the UK Medical Research Council.

REFERENCES

1. Davis JM, Ramakrishnan L. The role of granulomas in expansion and dissemination or early tuberculous infection. Cell (2009) 136:37–49. doi:10.1016/j.cell.2008.11.014

2. Jones BE, Young SMM, Antonisus D, Davidson PT, Kramer F, Barnes PF. Relationship of the manifestations of tuberculosis to CD4 counts in patients with human immunodeficiency virus infection. Am Rev Respir Dis (1993) 148:1292–7. doi:10.1164/ajrccm/148.5.1292

3. Sette A, Grey H, Oseroff C, Peters B, Moutaftsi M, Crotty S, et al. Definition of epitopes and antigens recognized by vaccinia specific immune responses: their conservation in variola virus sequences, and use as a model system to study complex pathogens. Vaccine (2009) 27(Suppl 6):G21–6. doi:10.1016/j.vaccine.2009.10.011

4. Ivanyi J, Morris JA, Keen M. Studies with monoclonal antibodies. In: Macario AJL, Conway de Macario E, editors. Monoclonal Antibodies Against Bacteria. (Vol. 1). New York: Acad Press Inc. (1985). p. 59–90.

5. Bothamley G, Udani P, Rudd R, Festenstein F, Ivanyi J. Humoral response to defined epitopes of tubercle bacilli in adult pulmonary and child tuberculosis. Eur J Clin Microbiol Infect Dis (1988) 7:639–45. doi:10.1007/BF01964242

6. Wilkins E, Bothamley G, Jackett P. A rapid simple enzyme immunoassay for detection of antibody to individual epitopes in the serodiagnosis of tuberculosis. Eur J Clin Microbiol Infect Dis (1991) 10:559–63. doi:10.1007/BF01967273

7. Seshradi C, Turner MT, Lewisohn DM, Moody DB, van Rhijn I. Lipoproteins are major targets of the polyclonal human T cell response to Mycobacterium tuberculosis. J Immunol (2013) 190(1):278–84. doi:10.4049/jimmunol.1201667

8. Benjamin RG, Daniel TM. Serodiagnosis of tuberculosis using the enzyme-linked immunosorbent assay (ELISA) of antibody to Mycobacterium tuberculosis antigen 5. Am Rev Respir Dis (1982) 126:1013–6.

9. Uma Devi KR, Ramalingam B, Brennan PJ, Narayanan PR, Raja A. Specific and early detection of IgG, IgA and IgM antibodies to Mycobacterium tuberculosis 38 kDa antigen in pulmonary tuberculosis. Tuberculosis (2001) 81:249–53. doi:10.1054/tube.2001.0293

10. Kadival GV, Chaparas SD, Hussong D. Characterization of serologic and cell-mediated reactivity of a 38-kDa antigen isolated from Mycobacterium tuberculosis. J Immunol (1987) 139:2447–51.

11. Espitia C, Cervera I, Gonzalez R, Manchilla R. A 38-kD Mycobacterium tuberculosis antigen associated with infection. Its isolation and serologic evaluation. Clin Exp Immunol (1989) 77:373–7.

12. Jackett PS, Bothamley GH, Batra HV, Mistry A, Young DB, Ivanyi J. Specificity of antibodies to immunodominant mycobacterial antigens in tuberculosis. J Clin Microbiol (1988) 26:2313–8.

13. Bothamley GH, Rudd R, Festenstein F, Ivanyi J. Clinical value of the measurement of Mycobacterium tuberculosis-specific antibody in pulmonary tuberculosis. Thorax (1992) 47:270–5. doi:10.1136/thx.47.4.270

14. Bothamley GH, Beck JS, Schreuder GMTH, D’Amaro J, de Vries RRP, Kardjito T, et al. Association of tuberculosis and M. tuberculosis-specific antibody levels with HLA. J Infect Dis (1989) 159:549–55. doi:10.1093/infdis/159.3.549

15. Contini S, Pallante M, Vejbaesya S, Park MH, Chierakul N, Kim HS, et al. A model of phenotypic susceptibility to tuberculosis: deficient in silico selection of Mycobacterium tuberculosis epitopes by HLA alleles. Sarcoidosis Vasc Diffuse Lung Dis (2008) 25:21–8.

16. Palma C, Spallek R, Piccaro G, Pardini M, Jonas F, Oehlmann W, et al. The M. tuberculosis phosphate-binding lipoproteins PstS1 and PstS3 induce Th1 and Th17 responses that are not associated with protection against M. tuberculosis infection. Clin Dev Immunol (2011) 2011:690238. doi:10.1155/2011/690328

17. Khomenko AG, Litivinov VI, Chukanova VP, Pospelov LE. Tuberculosis in patients with various HLA phenotypes. Tubercle (1990) 71:187–92. doi:10.1016/0041-3879(90)90074-I

18. Meyer CG, May J, Stark K. Human leukocyte antigens in tuberculosis and leprosy. Trends Microbiol (1998) 6:148–54. doi:10.1016/S0966-842X(98)01240-2

19. Brahmajothi V, Pitchappan RM, Kakkanaiah VN, Sashidhar M, Rajaram K, Ramu S, et al. Association of pulmonary tuberculosis and HLA in south India. Tubercle (1991) 72:123–32. doi:10.1016/0041-3879(91)90039-U

20. Bothamley G, Batra J, Ramesh V, Chandramuki A, Ivanyi J. Serodiagnostic value of the 19 kilodalton antigen of Mycobacterium tuberculosis in Indian patients. Eur J Clin Microbiol Infect Dis (1992) 11:912–5. doi:10.1007/BF01962372

21. Faith A, Moreno C, Lathigra R, Roman E, Fernandez M, Brett S, et al. Analysis of human T-cell epitopes in the 19,000 MW antigen of Mycobacterium tuberculosis: influence of HLA-DR. Immunology (1991) 74:1–7.

22. Harris DP, Vordermeier HM, Friscia G, Román E, Surcel HM, Pasvol G, et al. Genetically permissive recognition of adjacent epitopes from the 19-kDa antigen of Mycobacterium tuberculosis by human and murine T cells. J Immunol (1993) 150:5041–50.

23. Wiker HG, Harboe M, Nagai S. A localization index for distinction between extracellular and intracellular antigens of Mycobacterium tuberculosis. J Gen Microbiol (1991) 137:875–84. doi:10.1099/00221287-137-4-875

24. Chandramuki A, Bothamley GH, Brennan PJ, Ivanyi J. Levels of antibody to defined antigens of Mycobacterium tuberculosis in tuberculous meningitis. J Clin Microbiol (1989) 27:821–5.

25. Bothamley GH, Rudd RM. Clinical evaluation of a serological assay using a monoclonal antibody (TB72) to the 38 kDa antigen of Mycobacterium tuberculosis. Eur Respir J (1994) 7:240–6. doi:10.1183/09031936.94.07020240

26. Bothamley GH, Beck JS, Potts RC, Grange JM, Kardjito T, Ivanyi J. Specificity of antibodies and tuberculin response after occupational exposure to tuberculosis. J Infect Dis (1992) 166:182–6. doi:10.1093/infdis/166.1.182

27. Wilkinson RJ, Vordermeier HM, Wilkinson KA, Sjolund A, Moreno C, Pasvol G, et al. Peptide-specific T cell responses to Mycobacterium tuberculosis: clinical spectrum, compartmentalization and effect of chemotherapy. J Infect Dis (1998) 178:760–8. doi:10.1086/515336

28. Gaylord H, Brennan PJ, Young DB, Buchanan TM. Most Mycobacterium leprae carbohydrate-reactive monoclonal antibodies are directed to lipoarabinomannan. Infect Immun (1987) 55(11):2860–3.

29. Chatterjee D, Lowell K, Rivoire B, McNeil MR, Brennan PJ. Lipoarabinomannan of Mycobacterium tuberculosis. J Biol Chem (1992) 267:6234–9.

30. Kaur D, Lowary TL, Vissa VD, Crick DC, Brennan PJ. Characterization of the epitope of lipoarabinomannan antibodies as the hexa aribonfuransyl motif of mycobacterial arabinans. Microbiology (2002) 148:3049–57.

31. Rademacher C, Shoemaker GK, Kim HS, Zheng RB, Taha H, Liu C, et al. Ligand specificity of CS-35, a monoclonal antibody that recognizes mycobacterial lipoarabinomannan: a model system for oligofuranoside-protein recognition. J Am Chem Soc (2007) 129(34):10489–502. doi:10.1021/ja0723380

32. Bothamley G, Beck JS, Britton W, Elsaghier A, Ivanyi J. Antibodies to Mycobacterium tuberculosis-specific epitopes in lepromatous leprosy. Clin Exp Immunol (1991) 86:426–32. doi:10.1111/j.1365-2249.1991.tb02948.x

33. Baumjohann D, Preite S, Reboldi A, Ronchi F, Ansel KM, Lanzavecchia A, et al. Persistent antigen and germinal center B cells sustain T follicular helper cell responses and phenotype. Immunity (2013) 38(3):596–605. doi:10.1016/j.immuni.2012.11.020

34. Kringelum JV, Nielsen M, Padkjaer SN, Lund O. Structural analysis of B-cell epitopes in antibody:protein complexes. Mol Immunol (2013) 53:24–34. doi:10.1016/j.molimm.2012.06.001

35. Yuseff MI, Pierobon P, Reversat A, Lennon-Duménil AM. How B cells capture, process and present antigens: a crucial role for cell polarity. Nat Rev Immunol (2013) 13(7):475–86. doi:10.1038/nri3469

36. Dai YD, Caravanniotis G, Sercarz E. Antigen processing by autoreactive B cells promotes determinant spreading. Cell Mol Immunol (2005) 2:169–75.

37. Bothamley GH. Epitope-specific antibody levels demonstrate recognition of new epitopes and changes in titer but not affinity during treatment of tuberculosis. J Clin Lab Immunol (2004) 11:942–51. doi:10.1128/CDLI.11.5.942-951.2004

38. Mitchison DA. Basic mechanism of chemotherapy. Chest (1979) 76:771–81. doi:10.1378/chest.76.6_Supplement.771

39. Sercarz EE. Driver clones and determinant spreading. J Autoimmun (2000) 14:275–7. doi:10.1006/jaut.2000.0380

40. Disis ML. Immunologic biomarkers as correlates of clinical response to cancer immunotherapy. Cancer Immunol Immunother (2011) 60:433–42. doi:10.1007/s00262-010-0960-8

41. Mathonet P, Ullman CG. The application of next generation sequencing to understanding the antibody repertoire. Front Immunol (2013) 4:265. doi:10.3389/fimmu.2013.00265

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

Received: 01 February 2014; accepted: 09 May 2014; published online: 02 June 2014.

Citation: Bothamley GH (2014) Epitope-specific antibody levels in tuberculosis: biomarkers of protection, disease, and response to treatment. Front. Immunol. 5:243. doi: 10.3389/fimmu.2014.00243

This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology.

Copyright © 2014 Bothamley. 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) or licensor 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.








	 
	REVIEW ARTICLE
published: 09 July 2014
doi: 10.3389/fimmu.2014.00321
	[image: image1]





The immunodominant T-cell epitopes of the mycolyl-transferases of the antigen 85 complex of M. tuberculosis

Kris Huygen*

Service Immunology, O.D. Communicable and Infectious Diseases, Scientific Institute of Public Health (WIV-ISP), Brussels, Belgium

Edited by:

Juraj Ivanyi, Kings College London, UK

Reviewed by:

Katalin Wilkinson, University of Cape Town, South Africa
Martin Vordermeier, Animal Health and Veterinary Laboratories Agency, UK

*Correspondence:

Kris Huygen, Scientific Institute of Public Health (WIV-ISP, Site Ukkel), 642 Engelandstraat, B1180 Brussels, Belgium
e-mail: kris.huygen@wiv-isp.be

The Ag85 complex is a 30–32 kDa family of three proteins (Ag85A, Ag85B, and Ag85C), which all three possess enzymatic mycolyl-transferase activity involved in the coupling of mycolic acids to the arabinogalactan of the cell wall and in the biogenesis of cord factor. By virtue of their strong potential to induce Th1-type immune responses, important for the control of intracellular infections, members of the Ag85 family rank among the most promising TB vaccine candidate antigens. Ag85A and Ag85B, initially purified from Mycobacterium bovis bacillus Calmette–Guérin (BCG)/Mycobacterium tuberculosis culture filtrate respectively, induce strong T-cell proliferation and IFN-γ production in most healthy individuals latently infected with M. tuberculosis and in BCG-vaccinated mice and humans but not in tuberculosis patients. Members of the Ag85 complex are highly conserved in other mycobacterial species. Mice and humans infected with Mycobacterium ulcerans or cattle infected with M. bovis or Mycobacterium avium subsp. paratuberculosis also show strong T-cell responses to this protein family. Using synthetic overlapping peptides, bio-informatic prediction programs and tetramer-binding studies, a number of immunodominant CD4+ and CD8+ T-cell epitopes have been identified in experimental animal models as well as in humans, using proliferation and Th1 cytokine secretion as main read-outs. The results from these studies are summarized in this review.
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INTRODUCTION

The Ag85 complex is actually a 30–32 kDa family of three proteins (Ag85A, Ag85B, and Ag85C), which each possess enzymatic mycolyl-transferase activity involved in the coupling of mycolic acids to the arabinogalactan of the cell wall and in the biogenesis of cord factor (1). These proteins are also known for their capacity to bind to the extracellular matrix proteins fibronectin and elastin (2, 3). In literature members of the Ag85 complex are known under different names: MtbAg85A: Rv3804c, P32, FbpA; Mtb85B: Rv1886c, 30 kDa antigen, α-antigen, FbpB; Mtb85C: Rv0129c, FbpC2; M. bovis85A: Mb3834c, MPB44; M. bovis Ag85B:MPB59; M. bovis bacillus Calmette–Guérin (BCG) 85A: BCG_3866c; M. ulcerans85A: MUL4987; Map85A: MAP0216; Map85B: MAP 1609c.

Members of the Ag85 family are found in all mycobacteria, and sequence comparisons indicate that the Ag85 gene family arose by duplication of an ancestral gene, before the emergence of the actually known mycobacterial species (4). The genes encoding these proteins are not physically linked, but located at distinct sites on the mycobacterial genome. The genes of Ag85 encode for a characteristic leader sequence of about 40 aa, which is cleaved off during export and release of the mature proteins into mycobacterial culture filtrate (CF). The Ag85A and Ag85B components are detected essentially as secreted proteins, whereas the Ag85C component is more tightly associated with the bacterial cell wall envelope. The calculated secretion index of the three proteins reflects this difference in localization (5). The mycolyl-transferase activity of these proteins generates trehalose dimycolate (TDM), an envelope lipid essential for Mtb virulence, and cell wall arabinogalactan-linked mycolic acids. A novel inhibitor of Ag85C, 2-amino-6-propyl-4,5,6,7-tetrahydro-1-benzothiophene-3-carbonitrile (I3-AG85) inhibits Mtb survival in infected primary macrophages and quantification of mycolic acid-linked lipids of the Mtb envelope showed a specific blockade of TDM synthesis (6). Members of the Ag85 complex are highly conserved in other mycobacterial species and mice infected with Mycobacterium ulcerans or with some non-tuberculous mycobacteria belonging to the MAIS-group (Mycobacterium avium, M. intracellulaire, and M. scrofulaceum) show cross-reactive Th1-type immune responses to Ag85 components purified from BCG CF or produced as recombinant E. coli derived proteins (5, 7). By virtue of their strong Th1-type cytokine inducing potential, members of the tuberculosis Ag85 complex (particularly the Ag85A and Ag85B component) are among the most promising tuberculosis vaccine candidates today. Many of the new TB vaccines tested in preclinical and clinical trials, are composed of Ag85 components, expressed as recombinant fusion proteins or encoded by recombinant viral vectors (8, 9).

AMINO-ACID SEQUENCE ALIGNMENTS OF Ag85A, Ag85B, Ag85C OF Mtb, AND OF Ag85A OF M. ULCERANS, M. AVIUM SUBSP. PARATUBERCULOSIS (Map), AND M. LEPRAE

As shown in Figure 1, amino-acid sequences (aa) of the mature Ag85A homologs (without their leader sequence) are highly conserved between mycobacterial species. The three aa essential for the mycolyl-transferase activity, i.e., Serine in position 125, Glutamic acid in position 230 and Histidine in position 262 are conserved in all sequences (highlighted in red). Although some aa stretches are 100% conserved between the different species, there are small variations (indicated in bold as compared to the Mtb Ag85A sequence). The aa sequence of Ag85A of Mycobacterium bovis and M. bovis BCG (1173P2 strain) is identical to the aa sequence of the Ag85A component of Mtb (H37Rv) and is therefore not shown. The Ag85B sequence of M. bovis differs in one aa from the Ag85B sequence of Mtb: Phe100Leu. On the other hand, expression levels of these proteins may differ and whereas Ag85A is the major component in CF of surface-pellicle grown BCG, Ag85B is the major component in CF from Mtb and Map. The Ag85C component is found in lesser concentrations in the CF, as it is localized more internally in the cell wall. In 2000, M. Horwitz reported that recombinant BCG vaccines expressing the Mtb 30-kDa (Ag85B) major secretory protein induced greater protective immunity against tuberculosis than conventional BCG vaccines in a highly susceptible animal model, i.e., the guinea pig (10). The rationale for the construction of this recombinant BCG, was among others the sequence difference of Ag85B of Mtb and that of the M. bovis BCG Tokyo strain (three aa differences Phe100Leu, Asn245Lys, and Ala246Pro) (11). As already mentioned, Ag85B of other BCG strains and M. bovis only differ in position 100 from the sequence of Ag85B of Mtb.
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FIGURE 1 | Amino-acid sequence alignment of MtbAg85A, MtbAg85B, MtbAg85C, and Ag85A sequence of M. ulcerans, M. avium subsp. paratuberculosis, and M. leprae. Aa differences with the MtbAg85A sequence are underlined and bold. The three aa essential for the mycolyl-transferase activity are indicated in red.



T-CELL EPITOPES OF Ag85 OF M. TUBERCULOSIS/M. BOVIS AND M. BOVIS BCG (TABLE 1)

Murine studies

M. bovis BCG. The first T-cell epitope mapping of Ag85A was performed 20 years ago in seven different mouse strains vaccinated with live M. bovis BCG (12). Twenty-eight overlapping 20-mer peptides covering the complete mature 295-amino-acid (AA) protein were synthesized. Significant interleukin-2 (IL-2) and gamma interferon (IFN-γ) secretion was measured following in vitro stimulation of spleen cells with these peptides. H-2d haplotype mice (BALB/c and DBA/2) reacted preferentially against the amino-terminal half of the protein, i.e., against peptide 5 (aa 41–60) and especially against peptide 11 (aa 101–120), which contains a predicted I-Ed binding motif. H-2b haplotype mice, on the other hand, reacted against peptides from both amino- and carboxy-terminal halves of the protein, peptide 25 (aa 241–260) and peptide 27 (aa 261–280) being the most potent stimulators of IL-2 and IFN-γ production. Finally, CBA/J (H-2k) and major histocompatibility complex class II mutant B6.C.bml2 mice, carrying a mutant I-Abml2 allele on an H-2b background, reacted only very weakly to the 85A peptides. (12).

Table 1 | Summary of immunodominant Ag85 T-cell epitopes of M. tuberculosis.
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M. tuberculosis H37Rv. BALB/c and C57BL/6 mice were infected intravenously with Mycobacterium tuberculosis H37Rv and Th1-type spleen cell cytokine secretion was analyzed in response to purified Ag85A, Ag85B, and Ag85C components and synthetic overlapping peptides covering the three mature sequences (13). Tuberculosis-infected C57BL/6 mice reacted strongly to some peptides from Ag85A and Ag85B but not from Ag85C and more specifically strong responses were detected against peptide 25 (aa 241–260) of Ag85A and against the same sequence of Ag85B (13). This latter peptide region was also identified by Yanagisawa et al. (14) and TCR-transgenic mice with MHC class II Ab-restricted CD4+ T-cells expressing TCR α and β chains for the mycobacterial Ag85B240–254 have been generated (15). Tuberculosis-infected BALB/c mice reacted only to peptides from Ag85A: p11 (aa 101–120), p16 (aa 151–160), and p20 (aa 191–210) (13).

Plasmid DNA vaccines/viral vectors encoding Ag85A, Ag85B, and Ag85C of Mtb. Plasmid DNA vaccination is a powerful tool to identify protective antigens of tuberculosis and to identify immunodominant CD4+ and particularly CD8+ T-cell epitopes (16). BALB/c and C57BL/6 mice were vaccinated intramuscularly with plasmid DNA encoding the three components of the Ag85 complex. Ag85A and Ag85B encoding plasmids induced a robust Th1 like response to native Ag85 purified from BCG CF, characterized by elevated levels of IL-2, IFN-γ, and TNF-α. Levels of IL-4, IL-6, and IL-10 were low or undetectable. Plasmid encoding Ag85C was only weakly immunogenic. Whereas BALB/c mice reacted preferentially to the Ag85A component, C57BL/6 mice reacted to both Ag85A and Ag85B with more or less the same magnitude (17). Furthermore, vaccination with plasmid DNA encoding Ag85A or Ag85B but not Ag85C conferred significant protection against mycobacterial replication in lungs from C57BL/6 mice (17). T-cell epitopes could be identified in BALB/c and C57BL/6 mice vaccinated with plasmid DNA encoding Ag85A, Ag85B, and Ag85C DNA using synthetic peptides spanning the three Ag85 proteins, and the epitope repertoire was found to be broader than in infected mice (13). Despite pronounced sequence homology, a number of immunodominant regions contained component specific epitopes. Thus, BALB/c mice vaccinated against all three Ag85 antigens reacted against the same amino-acid region, 101–120 (already identified in BCG vaccinated and TB infected mice) but responses were completely component specific. In C57BL/6 mice, a cross-reactive T-cell response was detected against two carboxy-terminal peptides spanning amino acids 241–260 and 261–280 of Ag85A and Ag85B. These regions were not recognized at all in C57BL/6 mice vaccinated with Ag85C DNA.

T-cell repertoire of BALB/c mice vaccinated with plasmid DNA encoding Ag85A was broader that of Mtb infected mice (13, 18). Besides peptide regions spanning aa 11–30 and 191–210 inducing both IL-2 and IFN-γ responses, three peptides induced strong IFN-γ but weak to no IL-2 responses. More detailed analysis of the Ag85A sequence for predicted MHC class I binding motifs using “human leukocyte antigen (HLA) peptide motif” (http://www-bimas.cit.nih.gov/molbio/hla_bind/) showed that these three peptides spanned four predicted CD8+ T-cell epitopes (18). The following half-time dissociation scores (reflecting affinity for the respective MHC class I molecules) were found: aa 61–68 YDQSGLSV: half-time dissociation score 600, predicted Kd; aa 71–78 PVGGQSSF: half-time dissociation score 390, predicted Ld; aa 145–152 YAGAMSGL: half-time dissociation score 2000, predicted Kd; aa 161–168 PTLIGLAM: half-time dissociation score 150, predicted Ld. CTL activity against these peptides was demonstrated using a 51Cr release assay (Figure 2) and showed cross-reactive responses against Ag85B for both Kd restricted peptides (18). A particularly interesting region was identified in peptide 15 spanning aa 141–160, which besides the Kd restricted epitope 145–152 also contains a CD4+ epitope with a predicted Rothbard and Taylor motif spanning aa 147–154 and an amphipathic stretch spanning aa 149–157 (according to T sites program) (19).
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FIGURE 2 | CTL activity against P815 target cells loaded with synthetic 20-mer peptides (overlapping by 10 aa, covering the complete Ag85A sequence) of spleen cells from BALB/c mice vaccinated with mature Ag85A DNA. Reproduced from Ref. (18).



Immunization with DNA followed by modified vaccinia virus Ankara strain, both expressing the antigen 85A, induced both CD4+- and CD8+-T-cell responses in BALB/c mice, directed against the Kd restricted epitope WYDQSGLSV (aa 60–67) and the I-Ed restricted epitope TFLTSELPGWLQANRHVKPT (aa 99–119), respectively (20). DNA priming, followed by a MVA85A boost induced both CD4+ and CD8+ responses, whereas priming with MVA followed by a DNA boost only induced CD4 responses. Following immunization with dendritic cells pulsed with the antigen 85A CD4+- or CD8+-restricted epitope, alone or in combination, copresentation of both epitopes on the same dendritic cell was required for protection, demonstrating that induced CD8+ T-cells can play a protective role against tuberculosis (20).

A single intranasal, but not i.m., immunization with a recombinant replication-deficient adenoviral-based vaccine expressing Ag85A (AdAg85A) provided potent protection against airway M. tuberculosis challenge at an improved level over that by cutaneous BCG vaccination. Systemic priming with an Ag85A DNA vaccine and mucosal boosting with AdAg85A conferred a further enhanced immune protection, which was remarkably better than BCG vaccination. Such superior protection triggered by AdAg85 mucosal immunization was correlated with much greater retention of Ag-specific T-cells, particularly CD4 T-cells, in the lung and was shown to be mediated by both CD4+ (LTSELPGWLQANRHVKPTGS, aa 101–120) and CD8+ (MPVGGQSSF, aa 70–78) T-cells (21).

For H-2b haplotype mice, no MHC class I restricted epitopes have been identified so far on Ag85A or Ag85B to our knowledge, neither in BCG or plasmid DNA vaccinated nor in TB infected mice.

Human studies

Tuberculosis. In our first paper on Ag85A (called P32 at that time), we reported that healthy Mantoux positive volunteers showed a much stronger lymphoproliferative and IFN-γ response to this antigen than tuberculosis patients (22). This was the initial indication that T-cell responses against this protein could confer protection against Mtb. Subsequently, we reported on T-cell epitope mapping of Ag85A from Mtb using peripheral blood mononuclear cell (PBMC) cultures from healthy tuberculin-positive volunteers and from patients with tuberculosis, using the same synthetic 20-mer peptides of the murine study. Peptide recognition was largely promiscuous, with a variety of HLA haplotypes reacting to the same peptides. PBMC from all tuberculin-positive subjects reacted to Ag85A, and the majority proliferated in response to peptide 6 (amino acids 51–70), peptides 13, 14, and 15 (amino acids 121–160), or peptides 20 and 21 (amino acids 191–220). PBMC from tuberculosis patients demonstrated a variable reactivity to Ag85 and its peptides, and the strongest proliferation was observed against peptide 7 (amino acids 61–80) (23). Nine out of ten of the tuberculin-positive volunteers in this study reacted to aa 141–160, precisely the peptide characterized by the presence of both a CD4+ and a CD8+ epitope in BALB/c mice. In contrast, the most immunogenic CD4+ peptide of Ag85A for BALB/c mice, i.e., p11 was not recognized by PBMCs from healthy PPD-positive humans. However, two reports published in 2000 and 2001 showed that aa 100–117 of Ag85B is recognized in a similar promiscuous manner by T-cells from a majority of PPD-positive human volunteers (24, 25). Ag85A differs from Ag85B in three aa in this region Gly107Gln, Gln110Ser, and His114Ala. Ag85A sequences from M. ulcerans, M. leprae, Map, and Maa also show strong differences as compared to MtbAg85A sequence in this region (see Figure 1). These aa shifts probably explain the difference in the human responses to Ag85A and Ag85B, as also in DNA vaccinated BALB/c mice, IL-2 and IFN-γ responses to region 100–120 are specific for both Ag85 components (13).

In 1995, Silver et al. had already assessed the T-cell epitopes of Mtb Ag85B using blastogenic responses of PBMC from 12 healthy purified protein derivative-positive subjects to a set of synthetic 15-mer peptides based on the full 325-amino-acid sequence (leader sequence included) (26). Seven immunodominant regions were identified and each subject responded to at least one of the two most dominant epitopes, which corresponded to aa 91–115 and aa 193–217. Peptides of these two epitopes induced production of IFN-γ by sorted CD4+ T-cells.

Human leukocyte antigen-transgenic mice can be a powerful tool to identify human T-cell epitopes in an experimental mouse model. In 1998, A. Geluk reported on the identification of an HLA-class II restricted epitope of Ag85. HLA-DRA/B1*0302 (DR3) transgenic mice were vaccinated with Ag85 protein, purified from Mtb CF in Incomplete Freund’s adjuvant (27). Using 20-mer peptides, covering the entire Mtb 85B sequence, they identified one single peptide epitope in the NH2-terminal region, spanning aa 11–30 (aa 51–70 in the numbering including the signal peptide): LQVPSPSMGRDIKVQFSGG. This sequence is identical in Ag85A and Ag85B, but differs in two positions in Ag85C: Pro16Ala and Ser28Gly. Also in M. ulcerans, Map, and Maa, position 16 has the shift to Alanine. In M. leprae there is also one aa shift: Ser28Asn.

Whereas most of these studies on human T-cell epitope mapping were performed during the mid-nineties, one more recent paper of Lindestam Arlehamn et al. reported on the memory phenotype of Mtb-specific CD4+ T-cells, using HLA-class II tetramers for a peptide shared between Ag85A and Ag85B, i.e., aa 90–104 AGCQTYKWETFLTSE in healthy PPD-positive donors, latently infected with Mtb (28). Tetramer positive T-cells predominantly consisted of CD45RA−CCR7+ central memory T-cells in all donors tested, followed by effector memory (CD45−CCR7−) T-cells. Only a minor fraction appeared to be naïve or effector T-cells. Interesting to note that this sequence is shared with Ag85A of M. leprae that there is only Q93T shift in M. ulcerans, Map, and Maa but that the sequence of Mtb Ag85C differs in five positions.

Less is known on human MHC class I restricted epitopes of Ag85. Klein et al. reported on a HLA-B*35 restricted CD8+ T-cell epitope of Ag85C (29). Using reverse immunogenetics, they tested 23 motif-bearing peptides of the Ag85 complex for binding to HLA-B*35, one of the most common HLA-B types in West Africa. Three 9-mer peptides bound with high affinity to HLA-B*3501. Peptide MPVGGQSSFY (spanning aa 70–79 of the mature protein), a highly conserved region shared by all three members of the Ag85 complex of Mtb and also identical in M. ulcerans, M. avium, and M. leprae. This peptide encompasses an Ld predicted epitope, recognized by BALB/c mice vaccinated with pAg85A DNA (see Plasmid DNA vaccines/viral vectors encoding Ag85A, Ag85B, and Ag85C of Mtb) and also an IL-2/IFN-γ inducing region for C57BL/6 mice vaccinated with pAg85C (13). Peptide WPTLIGLAM of Ag85C (spanning aa 160–168) with a W160G change as compared to all other sequences, and a T162S change in Ag85B, and the three other non-tuberculous mycobacteria. Finally peptide IPAEFLENF of Ag85B (spanning aa 224–232), with an isoleucine in position 224 shared with Ag85C, and a leucine in Ag85A of Mtb and the four non-tuberculous mycobacteria. WPTLIGLAM stimulated effector cells were able to kill Mtb or BCG infected macrophages and produced IFN-γ and TNF-α (30). Interestingly, an Ld restricted epitope spanning the same aa 161–168 (PTLIGLAM) was identified in Ag85A DNA vaccinated BALB/c mice, which did not cross-react with the corresponding Ag85B peptide (because of the Thr162Ser shift).

A comprehensive epitope mapping to HLA-A*0101, A*0201, A*1101, A*2402, B*0702, B*0801, and B*1501 of Ag85B was published in 2007 (31). Affinity and half-life (t1/2 off-rate) analysis for individual peptide species on HLA-A and HLA-B molecules revealed binding ranges between 10−3 and 10−7 M. After selection of the best matches, major histocompatibility complex class I/peptide tetramer complexes were constructed to measure the CD8+ T-cell responses directly ex vivo in PBMC derived from 57 patients with acute pulmonary tuberculosis. Three patterns of (allele-) specific CD8+ recognition were identified: (a) Focus on one dominant epitope, (b) Co-dominant recognition of two distinct groups of peptides, and (c) Diverse and broad recognition of peptides (presented by HLA-A*0201). Peptides that bound with slow off-rates to class I alleles, that is HLA-A*0201, were associated with low frequency of CD8+ T-cells in PBMCs from patients with tuberculosis. HLA-B alleles showed fast off-rates in peptide binding and restricted high numbers (up to 6%) of antigen-specific CD8+ T-cells in patients with pulmonary tuberculosis (31). Functional analysis (in vitro IL-2 and IFN-γ production) revealed that tetramer-binding T-cells in PBMCs from these patients were little or not responsive to the nominal peptide epitope, confirming the notion of a deficient Ag85 specific T-cell response in TB patients. The study focused on TB patients and not on latently infected subjects, which could have been more relevant in the context of TB vaccine development.

M. bovis BCG. In 1994, Roche et al. reported on the T-cell determinants of Ag85B of M. bovis (MPB 59) in BCG vaccinees and TB patients. The mature 85B protein of M. bovis (MPB59) has a high degree of amino-acid identity with the M. bovis 85A protein (76%) and the Mtb 85B (99%) and Mtb85A (76%) proteins. Proliferative assays with recombinant MPB59 demonstrated that PBMC from 95% of BCG vaccinees and 52% of tuberculosis patients responded to the whole mature protein. Using a set of synthetic 20-mer peptides, five peptides were found to be recognized in more than half of the MPB59 responders. The T-cell-reactive regions were essentially identical in the M. bovis and Mtb 85B proteins. Subjects with a variety of HLA-DR phenotypes responded to a number of these peptides and there was no difference in the pattern of responses between BCG vaccinees and TB patients. A promiscuous recognition pattern was observed in response to peptides spanning aa 51–70 (recognized by 87% of the responsive BCG vaccinees and 93% of the responding TB patients) and aa 11–30 (recognized by 73% of the responders). Peptides in the C-terminal region (aa 131–150 and aa 191–210) were more frequently recognized by patients than by BCG vaccinees (32). More recently, Finan et al. reported on 236 healthy Gambian babies vaccinated at birth with M. bovis BCG (33). Using a whole blood assay 2 months after vaccination, cytokine analysis showed that 89% of the babies produced Ag85 complex specific IFN-γ responses, albeit that response varied up to 10 log-fold within this population and 25 and 31% of the babies also produced detectable levels of the Th2 cytokines IL-5 and IL-13, respectively. Unfortunately, T-cell epitopes were not mapped in this study.

A. Geluk et al. reported on the identification of two HLA-A*0201 restricted CD8+ T-cell epitopes of Ag85B using pDNA vaccination encoding Ag85B of HLA-A2/Kb transgenic mice. (34). HLA-A*0201 is one of the most prevalent class I alleles, with a frequency of over 30% in most populations. The two peptides spanned aa 145–152 FIYAGSLS and aa 199–207 KLVANNTRL. As already mentioned, the first region is also recognized by Kd restricted CD8+ T-cells of Ag85A/B DNA vaccinated mice. The second peptide differs from that of Ag85A only in position 201, with a leucine in the Ag85A and a valine in the Ag85B sequence (both with a non-polar side chain), change that does not affect the binding affinity for HLA-A*0201 (34). As precursor frequencies of these cells were low in the periphery of human BCG vaccinees, restimulation with M. bovis BCG was necessary to visualize the cells by tetramer staining. Stable human CD8+ T-cell lines were generated against the two peptides, using CD4 depletion and peptide-pulsed autologous Dcs derived, from HLA-A*0201+ BCG-responsive donors. These T-cell lines were able to lyse HLA-A*0201+ peptide-pulsed targets and produced the pro-inflammatory cytokines IFN-γ and TNF-α. The group of H. Dockrell also demonstrated Ag85A specific CTL responses using BCG-specific cell lines generated from PBMC of BCG-vaccinated donors stimulated for 2 weeks with live M. bovis BCG in the presence of IL-2 and IL-7 (35). In this study, two HLA-A*0201 restricted epitopes were identified, one spanning aa 5–13 GLPVEYLQV and the other spanning aa 199–207 KLIANNTRV. This second peptide spans exactly the same region of Ag85B identified by Geluk et al., using HLA-A2/Kb transgenic mice, suggesting the existence of a cross-reactive CTL epitope in this region for Ag85A and Ag85B.

Leprosy. In 1994, we also reported on T-cell epitope mapping of MtbAg85A using PBMCs from healthy lepromin-positive volunteers and from patients with leprosy. As for tuberculosis, peptide recognition was largely promiscuous, with a variety of HLA haplotypes reacting to the same peptides. However, despite a 90% homology between the 85A proteins of M. leprae and Mtb, the peptides recognized were different. PBMC from lepromin-positive healthy contacts reacted against peptide 2 (aa 11–30), peptide 5 (aa 41–60), and peptides 25 and 26 (aa 241–270). PBMC from paucibacillary patients reacted preferentially against peptide 1 (amino acids 1–20) and peptide 5. Multibacillary patients were not reactive to Ag85 or the Ag85A peptides (23). It is interesting to note that responses to aa 11–30 were also identified in BCG vaccinees (27, 32). It is well known that BCG vaccination exerts some degree of protection against leprosy and that a second BCG immunization can increase this protection (36).

Guinea pigs

Lee and Horwitz reported on T-cell epitope mapping of Ag85A and Ag85B in outbred Hartley strain guinea pigs, immunized with the purified Mtb proteins and tested for splenocyte proliferation in response to a series of overlapping 15-mer peptides spanning the mature proteins (11). Three of the nine immunoreactive regions of Ag85B identified in the guinea pigs (aa 101–122, 126–140, and 261–275) overlapped with epitopes predicted by the EpiMer computer program (37). Two immunodominant T-cell epitopes were identified in Ag85A immunized guinea pigs, spanning aa 121–145 and 196–215, and these regions were also predicted by the EpiMer program (37).

T-CELL EPITOPES OF Ag85 OF M. ULCERANS

The gene encoding Ag85A from M. ulcerans 5150 (MUL4987) shares 84.1% amino-acid sequence identity and 91% conserved residues with the gene encoding Ag85A from Mtb (38) (see also sequence alignment). We characterized the H-2b restricted immunodominant T-cell epitopes, using synthetic 20-mer peptides spanning the entire mature sequence of Ag85A from M. ulcerans and from Mtb (39). M. ulcerans DNA vaccinated mice reacted against M. ulcerans peptides both from the NH2-terminal and COOH-terminal part of the protein, whereas Mtb DNA vaccinated mice reacted almost exclusively against M. ulcerans peptide spanning aa 240–259, albeit that its sequence is quite different from that of Mtb. M. ulcerans DNA vaccinated mice also recognized this peptide very effectively. Responses against the NH2-terminal peptides spanning aa 61–80 and 81–100 of M. ulcerans were only observed in M. ulcerans DNA vaccinated mice, indicating that this NH2-terminal region was responsible for a partial species-specificity.

T-CELL EPITOPES OF Ag85 OF M. AVIUM SUBSP. PARATUBERCULOSIS (Map)

The genes encoding the three Ag85 components from M. avium subsp. paratuberculosis (Map) have been sequenced, and at the protein level, a 99% sequence identity with M. avium subsp. avium (Maa) was found, with a single amino-acid residue difference for each protein: Ag85A: Ser155Pro, Ag85B: Ser120Asn, and Ag85C: Ileu284Thr for Map vs. Maa. Compared to the mature protein sequences of M. bovis, Map85A (Map 0216) shares 82%, Map85B (Map 1609c) shares 86%, and the Map85C (Map 3531c) shares 87% identity (40). Map ATCC 19698 was adapted to grow as a surface pellicle on synthetic, protein-free Sauton medium supplemented with mycobactin J. Comparison of the 4-week-old Map CF with the protein profile of a 2-week-old Mtb H37Rv CF by SDS-PAGE indicated that in the region of the Ag85 complex, only one protein of approximately 30 kDa (presumably Map1609c) was strongly expressed in Map CF (41).

Cross-reactive CD4+ epitopes of Ag85A, Ag85B, and Ag85C of Mtb were identified in H-2b mice intravenously infected with Map ATCC 19698 (Figure 3) (41). Spleen cells from susceptible Map infected B6bg/bg mice reacted against peptides of Ag85A and Ag85B from Mtb. These epitopes were the same as those we have previously identified in B6 mice infected with Mtb or vaccinated with DNA encoding the Mtb Ag85 components (13). Peptides from Ag85C were more weakly recognized by spleen cells from Map infected mice.
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FIGURE 3 | Characterization of cross-reactive T-cell epitopes of Ag85A, Ag85B and Ag85C in M. avium subsp. paratuberculosis-infected B6bg/bg mice, using synthetic peptides spanning the mature sequences of Ag85A, Ag85B, and Ag85C from Mtb. IL-2 (left) and IFN-γ (right) production was analyzed in 24 and 72-h culture supernatants, respectively, of spleen cells from a pool of five animals infected intravenously with 3 × 105 CFU of Map and stimulated with overlapping synthetic peptides (10 μg/ml). Reproduced from Ref. (41).



Cross-reactive CD4+ epitopes of Ag85A, Ag85B, and Ag85C were also identified in C57BL/6 mice vaccinated with plasmid DNA encoding the Map antigens (42). Plasmid DNA encoding the MapAg85A component induced the strongest IFN-γ response, whereas DNA encoding MapAg85B and MapAg85C induced about 10-fold lower titers. More or less the same epitopes were recognized by pDNA vaccinated as by Map infected mice. However, and in contrast to infection, peptide 27 of Ag85A or peptide 27 from Ag85C were not recognized in mice vaccinated with the respective DNAs. On the other hand, three new epitopes were identified in pDNA vaccinated mice that were not recognized in infected animals: peptide 10 (aa 91–110) on Ag85A, peptide 17 (aa 145–162) on Ag85B, and the corresponding region of Ag85C covered by peptides 15–16 (aa 141–170). The strongest Th1 epitope identified in this study spanned region 241–260 of the Ag85A and Ag85B sequence. These sequences are very similar to each other, but – as for M. tuberculosis – the Ag85C sequence is completely different.

Ag85 specific T-cell epitopes were also mapped in experimentally infected cattle, the target species of Johne’s disease. Five 2- to 3-week-old calves were infected by the oral route with 10 mg (108 CFU) of Map (ATCC 19698) cells per day for 10 consecutive days. (41). Strong proliferative and ex vivo IFN-γ responses against Ag85, purified from M. bovis BCG CF, could be detected in cattle as early as 10 weeks after oral Map infection. Synthetic peptides from the Ag85A and Ag85B components of this complex were strongly recognized, whereas T-cell responses were weaker against peptides from the Ag85C protein. A promiscuous T-cell epitope spanning amino acids 145–162 of Ag85B (identical sequence in M. bovis and Map) was identified in experimentally infected cattle.

CONCLUDING REMARKS

Members of the Ag85 complex are immunodominant mycobacterial antigens, which induce strong Th1-type immune responses in situations of controlled mycobacterial infection. By virtue of their role in cell wall integrity and synthesis of cord factor, these abundantly expressed proteins have long been considered as virulence factors. On the other hand, because of the strong T-cell responses they induce, these proteins can also be regarded as a means of both host and pathogen to reach a state of equilibrium, advantageous for both parties. An estimated one third of the world population is infected with Mtb, an immense reservoir for this successful microbe. However, most humans latently infected with Mtb will never develop the active disease, precisely because of the strong elicited T-cell response. A similar scenario holds true for infections caused by other mycobacteria such as M. leprae and non-tuberculous mycobacteria from the environment such as M. ulcerans and various M. avium subspecies. The MHC class I and MHC class II restricted epitopes of Mtb/M. bovis Ag85A and Ag85B have been identified in experimental animal models and in healthy Mantoux positive subjects. In humans, a small number of dominant T-cell epitopes were found to be promiscuously recognized by subjects with many different HLA haplotypes. Also in experimental mouse models (particularly of H-2d haplotype), the same epitopes have been identified. More in particular, regions spanning aa 10–30, 60–80, 100–120, 140–160, and 199–207 of the mature Ag85A and Ag85B span these IFN-γ/IL-2 inducing Th1/CTL epitopes. The Ag85C component differs in its sequence from the two other components and overall T-cell responses against this third component are lower. The Ag85C molecules are buried more in the cell wall and hence may be less accessible for rapid antigenic processing and presentation to T-cells. It is also possible that because of this less exposed localization, there has been less evolutionary pressure on the gene of Ag85C to encode for such immunodominant, promiscuous T-cell epitopes. Members of the Ag85 complex are highly conserved in other mycobacterial species and cross-reactive T-cell responses against Mtb antigens can be found in M. ulcerans, Map, and M. leprae infection. Sequence comparisons indicate that the Ag85A sequences of these three non-tuberculous mycobacteria are more similar to the sequence of MtbAg85B than of MtbAg85A, particularly in aa stretches spanning the immunodominant epitope regions. Moreover, expression of the two components by different mycobacterial species seems to be differentially regulated, with a preference for the Ag85B orthologs in NTM.

Recently, a randomized, placebo-controlled phase 2b trial in a rural region near Cape Town, South Africa, analyzing safety and efficacy of MVA85A in infants previously vaccinated with BCG, showed that the MVA85A boost was well tolerated but induced only modest cell-mediated immune responses (lower that responses observed in previous studies in adult BCG vaccinees in United Kingdom) and furthermore did not augment protective efficacy of BCG (43). The reasons for this vaccine trial failure are not clear but conclusions as to the protective nature of Ag85A should not be taken too hastily. It is important to stress that the rationale for all BCG boosting strategies is based on the assumption that BCG-induced protection is waning in time through gradual attrition of BCG-induced T-cells. One could argue that in the Tameris study, the time between neonatal BCG vaccination and MVA85A boost was too short to measure effects of waning immunity. On the other hand, there may be other factors than just waning that are responsible for the variable efficacy of BCG and besides magnitude, the quality of the memory response induced by the BCG vaccine may be insufficient (44). More specifically, the BCG vaccine is a very poor inducer of CD8+ T-cells, which are especially important for the control of a latent TB infection. As BCG vaccination primes almost exclusively for MHC class II restricted responses, it is obvious that boosting strategies with proteins and even with recombinant viral vectors will augment preferentially the CD4+ T-cell population. Priming with plasmid DNA encoding Ag85A can increase the protective efficacy of BCG in mice as measured in a long term survival study and this increased efficacy is accompanied by increased Ag85A specific CD8+ responses (45). More recently, we have shown in an experimental mouse model and also in a large mammalian species (Sus scrofa) that the vaccine potential of live BCG can be augmented by coadministration with plasmid DNA encoding PPE44 and Ag85A respectively, as measured by Th1-type cytokine secretion, specific IgG antibodies, as well as specific IFN-γ producing CD8+ T-cells (46) (Bruffaerts et al. submitted for publication). These results have provided a proof of concept for a new TB vaccine, based on BCG-plasmid DNA combination, approach that now needs to be tested in non-human primates, the only animal species in which reactivation of latent Mtb infection can be monitored properly (47).
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Several approaches have been developed to improve or replace the only available vaccine for tuberculosis (TB), BCG (Bacille Calmette Guerin). The development of subunit protein vaccines is a promising strategy because it combines specificity and safety. In addition, subunit protein vaccines can be designed to have selected immune epitopes associated with immunomodulating components to drive the appropriate immune response. However, the limited antigens present in subunit vaccines reduce their capacity to stimulate a complete immune response compared with vaccines composed of live attenuated or killed microorganisms. This deficiency can be compensated by the incorporation of adjuvants in the vaccine formulation. The fusion of adjuvants with Mycobacterium tuberculosis (Mtb) proteins or immune epitopes has the potential to become the new frontier in the TB vaccine development field. Researchers have addressed this approach by fusing the immune epitopes of their vaccines with molecules such as interleukins, lipids, lipoproteins, and immune stimulatory peptides, which have the potential to enhance the immune response. The fused molecules are being tested as subunit vaccines alone or within live attenuated vector contexts. Therefore, the objectives of this review are to discuss the association of Mtb fusion proteins with adjuvants; Mtb immunogens fused with adjuvants; and cytokine fusion with Mtb proteins and live recombinant vectors expressing cytokines. The incorporation of adjuvant molecules in a vaccine can be complex, and developing a stable fusion with proteins is a challenging task. Overall, the fusion of adjuvants with Mtb epitopes, despite the limited number of studies, is a promising field in vaccine development.
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INTRODUCTION

It is undeniable that vaccination is the best strategy available to efficiently control infectious diseases. For instance, the eradication of several infectious diseases concomitant to the lowering of morbidity and mortality rate of others can currently only be achieved by vaccination strategies. However, in the case of tuberculosis (TB), the development of a vaccine (Mycobacterium bovis BCG) did not have the capacity to eradicate the illness, and it persists as the second leading cause of deaths by infectious diseases, behind only AIDS (1, 2). Consequently, efforts have been made to develop vaccines that will improve or replace BCG, with the capacity to avoid infection and prevent the development of any of its disease forms and that is safe among immunocompromised individuals and capable of eliciting a protective immune response by several cellular populations (3).

Among the most promising strategies are the protein subunit vaccines that present desirable qualities for a vaccine, which are specificity, safety, and easy production (4). Protein subunit vaccines have been shown to induce a Th1 immune response, which is classically the response primarily associated with protection against TB. Such a response is characterized by the production of cytokines such as gamma interferon (IFN-γ), which is responsible for macrophage activation; tumor necrosis factor alpha (TNF-α), which is important for granuloma development and maintenance; and interleukin 2 (IL-2), which is responsible for the clonal expansion of T lymphocytes and is thus involved in immune response maintenance (5, 6). Due to these characteristics, several protein subunit vaccines are currently in advanced clinical trials (3, 7).

The selection of protein subunit vaccine components is based on the knowledge of which of the microorganism’s molecules are capable of eliciting a protective immune response (8). Therefore, due to the high level of complexity involved in the interaction between Mycobacterium tuberculosis (Mtb) and its host, the understanding of the bacteria’s immunogenic repertoire is of utmost importance for the development of an efficient vaccine. Antigens that are recognized by the host cells during active TB, when the bacilli are replicating, or during latent infection as well as those involved in the immunologic evasion mechanisms or the elicitation of CD4+ and CD8+ specific T cells are potential targets for immunologically controlling infections (3, 7). As the selection of potential proteins is not easy due to the vast number of MHC polymorphisms, it is necessary to select or design proteins that present promiscuous epitopes (9). Thus, the capacity of a single protein to induce an efficient immune response is inferior to other vaccine strategies (e.g., attenuated and viral vector vaccines), and their utilization is strictly associated with the use of adjuvants and immunomodulators (4, 10, 11).

Adjuvants, in the context of vaccines, are defined as components capable of enhancing and/or shaping antigen-specific immune responses (12). They can be divided into two classes: vehicles, which present vaccine antigens to the immune system in a more efficient way and control the release and storage of antigens to increase the specific immune response; immunostimulants, which affect the immune system and increase the immune responses to antigens (13). An adjuvant to be used in a vaccine against TB must have the capacity to support the generation of a robust and lasting Th1 type response. Few adjuvants are licensed to use in human vaccines, and the majority of them are poor inducers of Th1 type responses (squalene-based emulsions and aluminum-based salts). Currently, several investigations have been conducted with the objective of developing new adjuvants, many of which have searched for adjuvants that are capable of eliciting a Th1 immune response. One of these approaches is the incorporation of molecules that are capable of interaction with the pattern recognition receptors (PRRs) used by the innate immune system to recognize pathogen-associated molecular patterns (PAMPs), which are molecules or motifs that are conserved and present exclusively among pathogens (14).

Given the distinct biochemical properties of PAMPs (peptidoglycan, flagellin, lipopolysaccharide, teichoic and lipoteichoic acids, mannose residues, CpG DNA, and single-stranded RNA, among others), several types of receptors have been described [toll-like receptors (TLRs), RIG-1, NOD, and scavengers for example]. The TLR family is the most abundant and diversified and present on antigen-presenting cells (APCs) and many other cell types not related to the immune system. Signaling through TLRs can result in two possible cascades: the first is dependent on the molecule MYD88 (for myeloid differentiation factor 88) and related to TLR1, TLR2, TLR4, TLR5, TLR6, TLR7, TLR8, and TLR9; the second is dependent on TIF (TIR-domain-containing adaptor-inducing interferon-β) and is associated with TLR3 and TLR4 (15). The recognition of PAMPs by TLRs can result in the expression of co-stimulatory molecules such as CD40, CD80, and CD86 as well as the expression of pro-inflammatory cytokines (IL-1, IL-6, IL-8, IL-12, TNF-α, COX-2, and type 1 interferons) that collectively are related to the development of an adaptive immune response by both B and T lymphocytes (16) (Figure 1).
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FIGURE 1 | Molecular mechanisms of the adjuvant molecules reviewed. Adjuvants are molecules that promote inflammatory reactions, interacting with the innate immune system and assisting in the generation of adaptive immune responses. PAMPs interact primarily with TLR2 (lipoproteins and Pam2Cys) and TLR5 (flagellin). DAMPs (e.g., Hsp70) can be recognized by many molecules of the immune system, but the innate immune system interacts with Hsp70 primarily through TLR4. Adjuvants lead to the generation of intracellular signaling cascades (dependent on MyD88 and TRIF) that culminate with the production of pro-inflammatory cytokines. The cytokines then act as the third signal, aiding the development of the adaptive immune response in combination with the presentation of the fused antigen (first signal). Effector (e) and memory (m) cells are generated upon antigen presentation. Some cytokines induced by the adjuvants or used as adjuvants, such as IL-2, IL-12, IL-15, and GM-CSF, are important for activation of the protective immune response or to maintain a long-lasting immune response (memory). Among the T cell subsets induced during vaccination, Th1 cells (which produce IL-2, IFN-γ, and TNF-α) can stimulate macrophages (MΦ) and Th17 cells (which produce IL-17) activate primarily polymorphonuclear cells (PMNs), and these have been directly associated with protection against Mtb. Some adjuvants also induce antigen presentation via MHC-I and thus activate CD8+ T cells, which differentiate into cytotoxic cells (CD8tc) and act on infected (MΦi) or effector cells (CD8e) to secrete cytokines and differentiate into memory cells (CD8m).



To improve the number of epitopes associated with a specific vaccine, fusions of different proteins are being developed. Vaccines based on fusion proteins have specific bacterial protein antigens comprised of proteins with better immunogenic capacities than vaccines composed of a single protein. However, this approach is not sufficient to induce a desired immune response, and several molecules with potential immunogenic properties are needed in association with fusion proteins. In this regard, the fusion of Mtb antigens to PAMPs (17–20), damage-associated molecular patterns (DAMPs) (21), and/or to interleukins [Table 1; Ref. (22–26)] enhances the innate immune system response, increases the capacity of the antigen to stimulate higher production of cytokines and chemokines, and elicits distinct cell populations that will aid in the defense against the bacteria (Table 1). This review covers publications that used different strategies to fuse Mtb antigens with adjuvants or with molecules with the capacity to interact and stimulate the immune system, addressing their immunogenicity and protection outcomes in vaccine models.

Table 1 | Reviewed studies that evaluated fusions of M. tuberculosis antigens with adjuvant molecules: molecules used and the generated immune response.
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ASSOCIATION OF Mtb FUSION PROTEINS WITH ADJUVANTS

Some protein subunit vaccines against TB that are currently in clinical trials also use adjuvant molecules that are TLR agonists. The fusion Mtb72 [a protein fusion containing the antigens Mtb32 (Rv1196) and Mtb39 (Rv0125)] uses the adjuvants AS01B™(a liposomal formulation) and AS02A™(an oil-in-water emulsion) was developed by GlaxoSmithKline (GSK). The abovementioned adjuvants are composed of MPL (3-deacylated monophosphoryl lipid A) and the detergent QS-21. MPL is a detoxified derivative of lipid A from the Gram-negative bacteria Salmonella minnesota R595 LPS, while QS-21 (fraction 1) is a substance purified and fractionated from the bark of the South American tree Quillaja saponaria. The known action of MPL is through TLR4, whereas QS-21 has no related TLR agonistic action (27). In animal studies (mice and guinea pigs), vaccination with Mtb72F and the adjuvant AS01B proved to be protective, with strong induction of antibodies (IgG1 and IgG2) and enhanced production of IFN-γ by CD4+ T cells and cytotoxic activity by CD8+ T cells. Although the vaccine formulation using AS02A induced weaker immune responses, they were able to diminish the Mtb bacillary load in mice. In clinical trials that compared M72 (Mtb72f with three point mutations aiming to improve antigen processing and enhance protein expression) in combination with AS01B or AS02A, both vaccine formulations were shown to be safe and immunogenic, with memory cell generation (persistency was followed for 3 years) and the production of cytokines protective against Mtb by several cell populations, generating similar immune responses (28–30).

Two other fusion proteins (Hybrid 4 and Hybrid 56), which are currently in clinical trials, are combined with the adjuvant IC31™. This adjuvant is made of two components, a TLR9 agonist (the oligodeoxynucleotide ODN1a) and an artificial antimicrobial cationic peptide (KLKL5KLK), which serves as a vehicle. Its mechanism of action is related to TLR activation within endosomes, and as such, IC31 is a good adjuvant for use in vaccines against intracellular microorganisms. This adjuvant was shown in several animal models to aid the skewing of the immune response toward Th1 and Th17, which is most likely associated with its adjuvant effect on dendritic cells, enhancing the expression of co-stimulatory molecules (CD80, CD86, and CD40) and the expression of IL-12p40 (31, 32).

The vaccine ID93, created by the fusion of epitopes from Rv3619, Rv1813, Rv3620, and Rv2608 and proposed to improve TB prophylaxis, includes GLA-SE [a glucopyranosyl lipid (TLR4 agonist) in a stable emulsion] as an adjuvant. Baldwin et al. (33) reported that protection was associated with strong stimulation of Th1 type immune responses, with an increase in polyfunctional cells (producing IL-2, TNF-α, and IFN-γ). This vaccine approach was shown to boost BCG protection and diminish multi-drug resistant Mtb infection in mice, guinea pigs, and cynomolgus monkeys (34). A peptide fusion associated with a strong adjuvant that is only mixed with the recombinant protein just before the injection might be a stimulator of the BCG immune response elicited during childhood. To select the best adjuvant to combine with ID-93-GLA, different formulations including this TLR4 agonist have been tested, including water with aluminum salts, emulsions, and liposomes. The best formulation was prepared in an aqueous nanosuspension containing alum (35). However, further studies should be conducted to best define the adjuvant associated with protective immune responses and the eradication of the bacilli from the host.

Although not an adjuvant currently in clinical trials, TDB (trehalose-6,6-dibehenate) has drawn attention because it is a less toxic analog of TDM (trehalose-6,6-dimycolate), a critical component of the cell wall of Mtb. TDB arose from changes in TDM, also known as cord factor, which is a potent inducer of Th1 type responses with restricted use in humans because of its toxicity. The effect of TDB was evaluated with the H1 fusion protein (Ag85B-ESAT-6) and shown to be a powerful aid in stimulating the cellular response of Th1 and Th17 populations as well as humoral immune responses (36, 37). The Mincle receptor (a C-type lectin) is responsible for the recognition of TDB (38) and TDM (39). It has been demonstrated that the association of Mincle–Fcrγ–Syk–CARD9 is involved in the response to TDM/TDB to generate Th1 and Th17 type immune responses in addition to activating the Nlrp3 inflammasome, inducing the production of IL-1β (40, 41).

Mtb IMMUNOGENS FUSED WITH ADJUVANTS

The cell wall of Mtb is a great source of PAMPs, as TLR2 is responsible for recognizing most of the mycobacterial lipid antigens such as lipoproteins, lipoarabinomannan (LAM), and other glycolipids. In addition to its pro-inflammatory action, TLR2 activation can result in the production of cathelicidin, a peptide with microbicidal function that also acts against intracellular bacteria (42, 43). To effectively recognize these molecules, TLR2 forms heterodimers with TLR1 and TLR6. Normally diacetylated molecules are recognized by the TLR2/TLR6 heterodimer, while triacetylated molecules (the majority are found in Gram-negative bacteria and mycobacteria) and LAM are recognized by the TLR2/TLR1 heterodimer. However, this recognition scheme is not mandatory because the recognition of lipoproteins depends both on their acetylation as well as on the peptide chain (44–46). In addition, the recognition of TLR2 agonists is also affected by accessory molecules, including CD14, CD36, lipopolysaccharide-binding protein, and others (42, 47, 48).

One of the molecules capable of interacting with TLR2 is the 26 kDa lipoprotein (Rv1411) whose recognition is related to increased production of IL-12, which in turn stimulates T lymphocytes and NK cells to produce and secrete IFN-γ, the most important inducer of reactive oxygen and nitrogen species, which are key effector molecules to kill the bacilli (49) (Figure 1). To take advantage of the Th1 immune response-boosting effects provided by the 26 kDa lipoprotein, this protein was fused to another immunodominant Mtb antigen, ESAT-6, to form the fusion protein CSU-F36. This recombinant fusion protein was produced in Mycobacterium smegmatis, a non-pathogenic mycobacterial species that is capable of glycosylation and acylation, allowing the molecule to be recognized as a PAMP and to correctly interact with TLR2. This protein fusion was tested in C57BL/6 mice and proved to be capable of inducing strong IL-12 p40 expression, stimulating CD4+ IFN-γ+ lymphocytes and inducing protection similar to BCG in a murine model of infection [Table 1; Ref. (18)].

Another TLR2 agonist, S-[2,3-bis(palmitoyloxy)propyl]-cysteine (Pam2Cys), has also presented favorable characteristics for a fusion vaccine against TB. Pam2Cys is a potent dendritic cell stimulator and has the ability to induce antigen cross-presentation. This synthetic molecule was derived from mycoplasma MALP-2 (macrophage-activating lipopeptide) (50). When a promiscuous peptide (capable of binding to several MHC clefts) from the 16 kDa heat shock protein (HSP) (amino acids 91–110) was fused to Pam2Cys to generate L91, it was observed that this fusion was able to induce dendritic cell maturation by enhancing the expression of the co-stimulatory molecules CD40, CD80, and CD86 and by stimulating the production of IL-6 and IL-12. The immunization of mice with L91 was capable of inducing a strong Th1 response, as evidenced by the increase of IFN-γ-producing CD4+ T cells as well as memory CD44hi CD62Lhi (central memory) and CD44hi CD62Llo (effector memory) CD4+ T cells. Last, L91 was more capable than BCG of protecting vaccinated guinea pigs from Mtb challenge by reducing the bacterial load and the pathology [Table 1; Ref. (20)].

The outer membrane lipoprotein (OprI) of Pseudomonas aeruginosa can bind to TLR3/TLR4, and it has been demonstrated to be capable of supporting a strong Th1 response with the production of IFN-γ and TNF-α as well as the induction of IgG2a in a Leishmania major model of infection (51). P. aeruginosa OprI was fused to antigen 85A (Ag85A) from Mtb and introduced in Escherichia coli, which has the machinery necessary to N-acylate OprI. This fusion was used in a prime-boost strategy following vaccination with Ag85A DNA or BCG. The intranasal administration of the fusion with the DNA vaccine enhanced the immune response by potentiating the production of antibodies against Ag85A and enhancing IL-2- and IFN-γ-producing cells, but it was not able to improve its protective capacity. Similarly, the OprI-Ag85A fusion improved the Th1 response induced by BCG, but it was unable to increase its protective efficacy [Table 1; Ref. (17)].

Flagellin is another PAMP with potential to be used in fusions with Mtb antigens. It is recognized by TLR5, a PRR that when stimulated, induces pro-inflammatory responses as well as the maturation of APCs, boosting their capacity to activate naïve T cells to which the cells will present their antigen, thus potentiating the generation of an efficient adaptive response (52). In addition, flagellin may also be recognized by other types of PRRs, such as the Nod-like receptor family CARD 4 (NLRC4) and NIP5 (neuronal apoptosis inhibitory protein 5) (53). The protein p27, a PPE family protein from Mtb, was fused to the flagellin of E. coli. The recombinant E. coli expressing p27 in its flagellum was tested in BALB/c mice and compared with other vaccine strategies, including a DNA vaccine, vaccination with purified p27 and Freund’s adjuvant, and vaccination using a purified protein and CpG DNA. Immunization with recombinant bacteria induced strong splenocyte proliferation as well as higher induction of IFN-γ [Table 1; Ref. (19)].

Evidently, the fusion of Mtb antigens with adjuvant molecules that are agonists of TLR2 and TLR5 can boost the Th1 response. However, with the exception of L91, the fusions with TLR2 agonists were incapable of generating a protective response superior to that provided by BCG. In this regard, as described by McBride et al. (43), mice deficient for TLR2 were not more susceptible to Mtb when compared with wild-type mice. Another important aspect of the immune response induced by a vaccine is long-lasting protection that is provided by the generation of memory cells. McBride et al. (43) also evaluated the ability of mice that lacked TLR2 to produce memory cells against TB, and despite the large number of bacterial antigens that are agonists of this particular TLR, its absence did not prevent or hinder the generation of this cell population. However, the fusion of Mtb proteins with PAMPs may result in conformational changes that diminish the association with its cognate PRR, reducing the expected immunological response. Furthermore, the use of PAMPs must be considered carefully, as the immune response induced against the adjuvant fused to Mtb immune epitopes may result in an enhanced and deleterious immune response upon infection with Mtb or other pathogens expressing those PAMPs.

In the case of flagellin use in recombinant live organisms, the strategy requires that the antigen inserted in the flagellin gene does not interfere with the final molecule structure, its ability to transport flagellin, or the final flagellum assembly, which would compromise the exposure of the molecule on the cellular surface and the desired goal (52). Live vaccines, such as those including Gram-negative bacteria, have other PAMPs (LPS that interacts with TLR4, peptidoglycan recognized by TLR2, and CpG DNA recognized by TLR9) and may induce synergistic actions among PRRs such as TLR5 activation, and overstimulation can occur, inducing a deleterious inflammatory response.

Heat shock proteins are expressed both constitutively and under stress conditions in all cells and are essential for several intracellular processes such as protein transport, protection against denaturation and aggregation, and protein folding. Microbial HSPs (mHSPs) have been described as DAMPs that are highly conserved between species and potentially immunogenic, with the ability to induce the production of cytokines and chemokines, increase the expression of co-stimulatory molecules and activate APCs (particularly dendritic cells). They have also been shown to be stimulators of both T cell-mediated and humoral immune responses (54, 55).

Hsp70 from Mtb consists of a 44 kDa ATPase, an 18 kDa domain that binds to substrate, and a 10 kDa C-terminal fragment (56). Studies with THP-1 cells indicate that its recognition is mediated through the interaction of the C-terminal portion and the innate system, primarily the heterodimer TLR2/TLR4 and CD14 as well as CD40 and CCR5 (57). This interaction induces the production of IL-12, TNF-α, CCL5, and reactive oxygen and nitrogen species. Hsp70 is also recognized by CD8+ T lymphocytes through CD40, inducing the production of CCL3, CCL4, and CCL5 (56, 58). Based on these properties, a fusion composed of the C-terminal portion of Hsp70 (amino acids 359–610) and the immunodominant antigen ESAT-6 was made and tested in BALB/c mice in a subcutaneous immunization protocol. This fusion vaccine induced an increase in total IgG specific for ESAT-6 as well as IFN-γ production and splenocyte proliferation [Table 1; Ref. (21)].

The use of HSPs as vaccines against TB is controversial, as those proteins are able to induce pro-inflammatory and modulatory responses. For instance, Hsp70 from Mtb has been reported to inhibit the maturation of mouse dendritic cells in vitro and to modulate effects capable of inducing immune tolerance to cutaneous allografts through the induction of regulatory T lymphocytes (CD4+ CD25+ Foxp3+) (59). In addition, Hsp70 has also been shown to stimulate the production of IL-10 by peripheral blood mononuclear cells from patients with arthritis (60). Consequently, despite the capacity to induce IFN-γ production, the fusion has not been tested for its capacity to generate protection against Mtb infection, and the production of that cytokine alone is not sufficient to correlate with protection (61).

CYTOKINE FUSION WITH Mtb PROTEINS AND LIVE RECOMBINANT VECTORS EXPRESSING CYTOKINES

Cytokines are molecules with biological activities that are produced by immune system cells and are responsible for cell–cell communication and the generation of a response following antigen presentation, acting as co-stimulators. Several cytokines are related to protection against Mtb infection, including TNF-α, IL-2, IL-6, IL-8, IL-10, and IL-17 among others, thus providing a different approach for fusion development (3, 62). The fusion of Mtb antigens to cytokines is aimed at not only modulating the magnitude of the response but also guiding the development of the protective immune response. However, cytokine action at the injection site is part of a complex network of signaling, and the effects of the administration of a single cytokine may not be the same as those exercised by the endogenous molecule, which acts in combination with several other molecules. Additionally, the use of recombinant cytokines can cause an imbalance of the response, and in some cases, the systemic administration of cytokines (IL-2, IL-12, TNF-α, and IFN-γ) has been associated with toxic effects to the organism. However, the short half-life of several cytokines in the circulation is also related to the inadequate adjuvant properties of some of the reported strategies (63).

IL-2 is related to the suppression of Mtb replication through its participation in T cell maintenance and proliferation as well as in the activation of NK and γδ T cells to produce IFN-γ. A fusion protein containing the 65 kDa HSP (Hsp65) and IL-2 was used in a vaccination scheme (DDA and MPL adjuvants) and compared to the unfused Hsp65 protein (with DDA and MPL adjuvants) or BCG. The fusion protein was shown to have a superior ability to induce the production of IFN-γ and IL-2. Vaccinated mouse splenocytes were also capable of generating superior cytotoxic activity over the P815 cell line (expressing Hsp65-hIL-12). Last, the protection conferred by the recombinant fusion protein was similar to that induced by BCG [Table 1; Ref. (24)]. Another fusion protein, comprising ESAT-6 and IL-2, was inserted in BCG. BALB/c mice vaccinated with the recombinant bacteria showed significantly greater induction of ex vivo splenocyte proliferation and IFN-γ production when stimulated with ESAT-6 and CFPs (culture filtrate proteins), greater production of total IgG against ESAT-6 and greater lymphocyte cytotoxic activity. However, despite the potential immunogenicity, the protection of the recombinant vaccine was not evaluated (22).

IL-12 has diverse biological functions, as it acts on several immune system cells. IL-12 plays roles in both the innate and adaptive immune responses through JAK-STAT signaling, leading to effector Th1 cell differentiation and IFN-γ production by CD4+, NK, and NKT cells in the initial stages of infection (Figure 1) (64, 65). The influence of IL-12 on CD8+ T cell differentiation has also been demonstrated through its action as the third signal (66). In addition, this cytokine acts on B cells, favoring IgG2a class switching and inhibiting IgE and IgG1 (67). A recombinant BCG containing a fusion of the IL-12p70 and ESAT-6 genes was shown to induce higher IFN-γ production than the other BCG constructs analyzed (BCG, rBCG-ESAT-6, and rBCG-IL-12), as well as higher total IgG, IgG1, and IgG2a levels. However, none of the recombinant constructs surpassed the protection induced by wild-type BCG [Table 1; Ref. (25)].

IL-15 is an important cytokine in the immune response of CD8+ T lymphocytes, as it is involved in clonal expansion, memory cell (CD44hi) generation, and antigen recognition, and it further acts as a T lymphocyte chemoattractant (Figure 1) (68, 69). A fusion protein was designed to explore the poor CD8+ T cell stimulation capacity of BCG (70); the fusion protein comprised Ag85B and IL-15 and was expressed in BCG [Table 1; Ref. (23)]. The recombinant BCG was shown to enhance the control of infection, inducing total memory (CD44+) CD4+ and CD8+ T cells, and to potentiate the production of IFN-γ by both CD4 and CD8 T cells. Finally, the presence of IL-15 was capable of enhancing the protection against Mtb when compared with rBCG-Ag85B, with lower bacillary loads in the lungs and milder pathology (23).

Granulocyte macrophage colony-stimulating factor (GM-CSF) has several described biological effects, but from the vaccination perspective, its primary effects are enhancement of the maturation, migration, and immunostimulatory properties of Langerhans, dendritic, and NK cells; increasing MHC class II expression on APCs, which plays a fundamental role in antigen presentation to CD4 T helper cells; increasing the expression of CD80, a co-stimulatory molecule that participates in T lymphocyte activation, on Langerhans giant cells in vitro; and inducing local inflammation at the injection site, resulting in the accumulation of neutrophils and mononuclear cells (Figure 1). An important role of GM-CSF has also been demonstrated in mice lacking GM-CSF expression, which were more susceptible to Mtb infection (71). In one study, GM-CSF was fused to ESAT-6, and the recombinant fusion gene was inserted into BCG, creating rBCG:GE. This rBCG was tested and compared to BCG expressing either ESAT-6 (rBCG:E) or GM-CSF (rBCG:G). rBCG:GE induced higher levels of total IgG, IgG1, and IgG2a. Mice immunized with rBCG:GE also had higher levels of specific CD4+ and CD8+ T cells 8 weeks after immunization when compared with the other recombinant BCG vaccines. Last, rBCG:GE also showed the greatest capacity to stimulate IFN-γ production by the splenocytes of immunized mice. However, no protection assay was described by the authors [Table 1; Ref. (26)].

When using cytokines as immune stimulation components in vaccines, one expects that they will enhance the immune response due to their participation in the regulation of both innate and adaptive immune responses. In the published literature, IL-2, IL-12, IL-15, and GM-CSF have been reported as potential immune response stimulators. However, only the Hsp65 antigen fusion with IL-2 was used without being in the context of the BCG vector, and in that case, it was necessary to use a dimethyl dioctadecyl ammonium bromide (DDA) and MPL emulsion as an adjuvant to generate an efficient immune response, demonstrating the inability of a single cytokine to support an antigen-elicited response. Although fusions of Mtb antigens with cytokines have been shown to be immunogenic and to improve the response to BCG, only one of the studies we reviewed, using IL-15/Ag85B, induced levels of protection against bacteria that were better than those induced by the current vaccine. Additionally, two studies did not evaluate the protection against Mtb, which prevents a more thorough assessment of the real potential of the examined fusion vaccines because there is no consensus in the scientific community of a biomarker for protection.

Among the major obstacles faced in the search for adjuvants capable of stimulating Th1 type responses is the immunotoxicity generated by some molecules. Therefore, an adjuvant should be effective in assisting the generation of protective immune responses while inducing few side effects (72). However, the balance between effectiveness and toxicity in a vaccine for TB is complex because the protective immune response against the agent (Th1 and Th17) is highly inflammatory. Side effects related to the use of adjuvants can be divided into two major groups: local and systemic effects. The most common effects are local injection site tenderness and swelling, while the more severe reactions involve the formation of abscesses and painful nodules. With regard to systemic effects, the most common reaction is a non-specific acute phase reaction, characterized by changes in plasma proteins, fever, fatigue, and anorexia, whereas severe effects may include the generation of autoimmune diseases or worsening thereof and the appearance of neurological disorders (73). Systemic side effects related to the administration of adjuvants typically prevent their use in human vaccines, and these effects usually occur due to the hyperactivation of the immune system as a result of constant exposure to adjuvant, which causes an intense production of pro-inflammatory cytokines (IL-1, IL-6, TNF-α, IFN-γ, and others). Importantly, these effects may occur after the administration of a cytokine adjuvant or after the use of a molecule and subsequent infection by a microorganism that has the same molecule in its constitution, and therefore, such effects must be considered when choosing an adjuvant for a vaccine formulation (73, 74).

CONCLUSION

Several fusions of Mtb proteins or immunodominant epitopes have been evaluated as subunit vaccines for TB. Some adjuvants have been incorporated in the vaccine formulation without a physical association with the recombinant fusion proteins, while others have been incorporated in the backbone of the subunit vaccines. Other studies have evaluated recombinant BCG vaccines expressing both Mtb proteins and adjuvant molecules. The majority of the vaccine formulations were able to induce higher levels of Th1 and IgG2a responses, although not all of the vaccines discussed here presented better protection against Mtb than BCG.

The fusion of Mtb antigens with adjuvants can interfere with the induction of specific immune responses, but in most of the reviewed articles, the vaccine formulations did not offer improvements over the protection conferred by BCG. Thus, further studies are needed to develop an effective adjuvant with low toxicity to be used in vaccine formulations to control TB.
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Bacille Calmette–Guérin (BCG), an attenuated vaccine derived from Mycobacterium bovis, is the current vaccine of choice against tuberculosis (TB). Despite its protection against active TB in children, BCG has failed to protect adults against TB infection and active disease development, especially in developing countries where the disease is endemic. Currently, there is a significant effort toward the development of a new TB vaccine. This review article aims to address publications on recombinant BCG (rBCG) published in the last 5 years, to highlight the strategies used to develop rBCG, with a focus on the criteria used to improve immunological memory and protection compared with BCG. The literature review was done in April 2013, using the key words TB, rBCG vaccine, and memory. This review discusses the BCG strains and strategies currently used for the modification of BCG, including: overexpression of Mycobacterium tuberculosis (Mtb) immunodominant antigens already present in BCG; gene insertion of immunodominant antigens from Mtb absent in the BCG vaccine; combination of introduction and overexpression of genes that are lost during the attenuation process of BCG; BCG modifications for the induction of CD8+ T-cell immune responses and cytokines expressing rBCG. Among the vaccines discussed, VPM1002, also called rBCGΔureC:hly, is currently in human clinical trials. Much progress has been made in the effort to improve BCG, with some promising candidates, but considerable work is still required to address functional long-lasting memory.
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INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis (Mtb), an intracellular pathogen that, after infecting a host, can cause disease or latency. TB continues to kill some 1.3 million people annually and 2 billion people worldwide are infected with Mtb (1, 2). The attenuated Mycobacterium bovis strain, known as Bacille Calmette–Guérin (BCG), is currently the only TB vaccine approved for human use, but its protective efficacy remains doubtful (3, 4). BCG was initially obtained from a virulent strain and was developed in France between 1908 and 1921 by Albert Calmette (1863–1933) and Camille Guérin (1872–1961). Although BCG is efficient in some regions of the world, such as in Alaskan American Indians region (5, 6), the protection conferred by BCG varies between 0 and 80% (7–9), although it has efficacy in protecting children from severe forms of TB.

To achieve BCG attenuation, more than 10 years of research with more than 230 serial passages were performed in vitro (10). This attenuation promoted genomic deletions, that together with the evolution of M. bovis, resulted in 16 genomic regions of differentiation (RD1–RD16, plus nRD18), when compared with the Mtb genome (11, 12). Regarding the region of differentiation lost during attenuation, RD1 is a DNA segment comprising 9.5 kb, which was deleted in all other BCG strains, that encodes T-lymphocyte epitopes such as ESAT-6, CFP-10, Rv3873, and PPE protein among others (13); RD2 is a 10.7 kb DNA segment that encodes many proteins including Mpt64 and CFP-21 (12); RD14 is a 9.1 kb section of DNA encoding proteins of the PE-PGRS and Rv1771 families (gulonolactone dehydrogenase) (14); RD16 is a 7.6 kb DNA section encoding Rv3405 that is responsible for colony morphology characteristics and the formation of cell membrane constituents (15); and nRD18, a 1.5 kb segment containing genes encoding SigI, an alternative RNA polymerase sigma factor, that was only lost in the strains BCG Pasteur, Phipps, Frappier, Connaught, and Tice (12). During the BCG attenuation process and the years that followed, more than 14 sub-strains emerged: BCG Russia (ATCC 35740), BCG Moreau/Rio de Janeiro, BCG Tokyo, BCG Sweden, BCG Birkhaug (ATCC 35731), BCG Denmark 1331 (ATCC 35733), BCG China, BCG Prague, BCG Glaxo (ATCC 35741), BCG Tice (ATCC 35743), BCG Frappier (ATCC 35735), BCG Connaught, BCG Phipps (ATCC 35744), and BCG Pasteur 1173 (16). They are distributed worldwide and have been used for vaccine development to prevent TB. The main concern is that BCG administration does not provide a reliable protection for adults in the developing world, protecting just against the main causes of infant TB, TB meningitis, and miliary TB (2).

To address the evolution of new recombinant BCG (rBCG) vaccines, the immunological status goal for such a vaccine should be defined. This is a controversial issue as there is no consensus as to what is the ideal immune memory phenotype that can confer protection. For instance, in animal models such as mice, both Mtb infection or BCG vaccine induce increased levels of lung CD4+ effector T cells (phenotype CD44hiCD62LloCCR7lo) as well as memory cells. The current memory cell phenotypes accepted are effector memory T cells (TEM, CD44hiCD62LloCCR7lo) and central memory T cells (TCM, CD44hiCD62LhiCCR7hi) (17–19). An important cornerstone for protection against TB is interferon (IFN)-γ production by T cells (20, 21), a cytokine crucial for stimulation of the microbicidal functions of macrophages. More recently, some authors have proposed that the desired protective memory against TB infection should have a central memory characteristic, with polyfunctional ability to produce IFN-γ, tumor necrosis factor (TNF)-α, and interleukin (IL)-2 cytokines (22) or a balance between IFN-γ and IL-17 levels to avoid excessive pathology (23).

The ultimate goal of a vaccine is its protective use in humans; consequently, the characterization of memory T cells in humans is also crucial. The major cell surface biomarker expression pattern for human memory T cells with an effector phenotype is CD45RAhi, CD45ROneg, and CCR7neg, while for central memory T-cell populations it is CD45RAhi/low, CD45ROneg, and CCR7pos. A follow-up study conducted among children vaccinated with BCG showed that specific memory T cells were stimulated and present in the peripheral blood of those individuals for at least 52 weeks following vaccination (24). It is interesting to observe that the induced memory cells were polyfunctional (IFN-γ, TNF-α, and IL-2). Although several studies have characterized the memory phenotypes induced by BCG, the direct association of memory T-cell populations with TB protection is still not well-established. Recently, a long-lasting T-cell memory population expressing CD127 was associated with Mtb infection and may correlate with protection shown by some exposed individuals (25). For this review, we consider the memory T-cell population as those that have the following phenotypes: CD4+ CD44hi/low CD62Llo or to be antigen-specific CD4+ IFN-γ producing cells.

A significant limitation of TB vaccine development and testing is the lack of an optimal animal model that truly reflects human TB disease and the progress of immune responses. While there are several new vaccines being developed in different laboratories, there is a diversity of animal models (mice, rabbits, guinea pigs, non-human primates) and disease outcomes being used by different laboratories, preventing an adequate comparison between them. In addition, there is no consensus on the protocol to be used for vaccination and challenge, with different routes of immunization/infection, doses, BCG and Mtb strains, and time periods being used. Short period of time between vaccination and challenge does not allow full immunological memory development, thus generating a bias in the correlation between memory T-cell phenotype and protection. The most accepted method for evaluating protection is the determination of the bacterial load following challenge of vaccinated animals compared to non-vaccinated infected controls. Although colony-forming unit (CFU) counting is a widely used method, the organs used to assess the bacterial load vary among researchers, and make it difficult to establish comparisons. Given these many different parameters, in this review protection conferred by the different rBCG vaccines was considered when an overall significant reduction of the bacterial load compared with wild type BCG was achieved.

The factors that determine the induction of immunological memory related to BCG are not well-understood. Some assumptions are directed to the characteristics of the BCG sub-strains, which exhibit genotypic and phenotypic differences after the attenuation process as well as distinct residual virulence levels, the number of epitopes of each BCG strain, or the recombination strategy used for the development of a new vaccine (26, 27). According to the research tools employed in this study, of all sub-strains originated after this process the strains most frequently tested over 5 years were BCG Tokyo (BCG Japan), BCG Tice, BCG Danish (BCG Denmark/BCG SSI 1331), BCG Pasteur, BCG China (BCG Shanghai), and BCG Prague. It is also hypothesized that generation of the immune response and eventually the outcome of vaccination could be influenced by the type of genetic strain background used. However, pre-clinical animal and human data have demonstrated that different strains of BCG confer the same level of protection (28, 29).

The main strategies used to develop new vaccines are based on the formulation of subunit vaccines; the production of non-recombinant viral vector vaccines that can be used as a BCG prime boost, and the construction of rBCG, which could confer similar protection with a better induction of memory than BCG. Methods to construct rBCG include overexpression of promising Mtb immunodominant antigens expressed by BCG, such as α-crystallin: HspX protein and antigen 85 (Ag85) complex proteins (Ag85A, Ag85B, and Ag85C) (30); insertion of Mtb immunodominant antigens absent on BCG, such as those encoded by RD1, RD2, RD3, RD14, RD15, RD16, and nRD18 genes (27); combination of overexpression with reintroduction of genes lost during BCG attenuation; and BCG modification to induce CD8+ T immune response proteins and cytokines (Tables 1 and 2).

Table 1 | BCG sub-strains genetic background used for recombinant BCG vaccines development and ability to induce memory and protection against tuberculosis.
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Table 2 | Description of strains and antigens used in the papers visited for this review.
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Therefore, the aim of this review was to analyze which factors associated with rBCG could induce long-lasting memory and promote better protection compared with conventional BCG.

DOES BCG EPITOPE NUMBER INFLUENCE THE INDUCTION OF MEMORY AND PROTECTION OF rBCG VACCINES?

As stated by Zhang et al. (27), the number of epitopes in a particular strain can be important for the development of an enhanced vaccine that could replace BCG. According to this hypothesis, a strain such as BCG Tokyo has the potential to induce a better immune response compared with conventional BCG because it comprises 359 epitopes that can be recognized by lymphocytes (27). To verify if there is sufficient data to support this hypothesis in the last 5 years, we selected criteria as summarized in Table 1. The different rBCG vaccines were compared according to their ability to improve protection by reducing the bacterial load relative to wild type BCG and to generate specific memory CD4+ T cells. Three different published studies using rBCG Tokyo, which contains a high number of epitopes, showed better protection than BCG, which was associated with the recombinant generation strategy: overexpression and reintroduction of lost genes, as well as the presence of cytokines (Table 1). Nevertheless, the strain that has been most widely used in the last 5 years is BCG Danish (BCG Denmark/BCG SSI 1331), which has approximately 329 epitopes, and provides improved protection and long-lasting memory when associated with the overexpression of Mtb antigens. Two rBCG Tice (328 epitopes) vaccine constructions also demonstrated good induction of protection but only one induced memory. Based on those publications, it appears that the genetic background of the BCG strains (number of epitopes) does not have a major role in inducing/improving protection and memory.

Contrary to Zhang et al. (27), other studies support the idea that recombinant antigen selection expressed by BCG, and not the BCG strain background, is the significant point to be considered in the construction of an improved vaccine with enhanced induction of memory and protection (32, 34, 46). Moreover, it appears that overexpression of certain antigens in rBCG are critical for enhanced induction of memory and protection compared with BCG.

One limitation of this study is that when analyzing studies only published in the last 5 years, the conclusions might be biased because important work addressing whether the BCG strain background (epitope number) or selected antigen were important for enhanced memory and protection may have been published earlier.

DOES THE QUANTITY OF Mtb ANTIGENS INCORPORATED IN BCG RESULT IN GREATER PROTECTION AND MEMORY DEVELOPMENT?

rBCG VACCINES SUPER EXPRESSING Mtb IMMUNODOMINANT ANTIGENS

An important strategy used for the construction of a new TB vaccine is the development of an rBCG super expressing Mtb immunodominant antigens, such as proteins from the Ag85 Complex, HspX protein, and the association of both proteins in one vaccine construction, which represents a favored approach for TB vaccine construction (44).

Some of the most important antigens used to construct rBCG vaccines are those from the Ag85 Complex that consists of Ag85A (Rv3804c), Ag85B (Rv1886c), and Ag85C (Rv0129c), encoded by fbpA, fbpB, and fbpC2 genes, respectively, and with molecular weights between 30 and 32 kDa (60). Proteins of Ag85 complex have mycolyltransferase activity, thus they play a role in mycolate production and construction of the Mtb cell wall, which is important for maintaining Mtb integrity and pathogenesis (61).

The protein Ag85B, used for construction of the vaccine rBCG:30 (r30–Ag85B), generated protection in guinea pigs after challenge with Mtb (62, 63). A phase I clinical trial of rBCG:30 in human volunteers induced central and effector memory CD4 and CD8 T cells specific for Ag85B (49). Currently, this vaccine is no longer being tested on humans. The same antigen was used by Tullius et al. (50) who developed a mutant rBCG, rBCG(mbt)30, resulting in a strain unable to synthesize mycobactin and exoquelin molecules that are essential for iron acquisition. The vaccine induced greater protection than conventional BCG. Another approach was to design an rBCG pantothenate auxotroph, rBCG(panCD)30. Both vaccines, rBCG(mbt)30 and rBCG(panCD)30, were attenuated to a higher degree than BCG and induced potent protective and cell-mediated immunity in guinea pigs (50). These vaccines may have the potential to provide a safe alternative for HIV positive individuals since BCG is not indicated for use in immunocompromised individuals.

rBCG:30 and other vaccines overexpressing Ag85B were better at conferring protection and memory than BCG. Ag85B (30 kDa) is the most abundant protein of the Ag85 complex, and is the most abundant extracellular protein of Mtb, responsible for nearly one-quarter of the total extracellular protein in broth culture (64). In addition, Ag85B has a high affinity for T-cell recognition, can induce a type Th1 immune response with IFN-γ production, and has a good protective capacity when used in DNA vaccine strategies (65).

Ag85C is also a major secretory protein and immunodominant antigen, being strongly recognized by sera from TB patients. Indeed, it is responsible for almost 40% of the mycolate content of Mtb and its mycolyltransferase activity cannot be substituted by Ag85A or Ag85B (66). For this reason, Jain et al. (44) developed an rBCG expressing Ag85C under the transcriptional control of mycobacteria promoters. Reduced granulomatous infiltration and granuloma formation were observed when compared to a group immunized with BCG and the protection (reduced bacterial load in lungs and spleen compared with ancestor BCG) was associated with reduced levels of IFN-γ, TNF-α, IL-12, and TGF-β mRNA compared to BCG. However, high levels of inducible nitric oxide synthase (iNOS) were observed compared with BCG. Furthermore, previous studies with DNA vaccines using Ag85C demonstrated the reduced production of IL-2 and IFN-γ with insufficient protection when animals were challenged with M. bovis BCG (67). Hence, it is important to stress that both the type of antigen and its expression in a suitable vector (BCG itself) is important to confer good protection status. The study by Lozes et al. used the BCG Danish strain, which may have contributed to the disappointing results. Unfortunately, the study did not provide information regarding the ability to generate memory cells.

Ag85A is strongly recognized by T lymphocytes to induce IL-2 and IFN-γ production (67). Immunization of mice and guinea pigs with rBCG:Ag85A promoted the reduction of pulmonary pathology severity and increased protection in lungs and spleen against infection (68). Consequently this vaccine was also tested in Macaca mulatta, and, after challenge, the group immunized with rBCG:Ag85A developed light to moderate pneumonia, while the non-vaccinated group developed multilobar pneumonia, lymphadenopathy, and atelectasis. In addition, its protective capacity was previously appraised in a DNA vaccine system with Ag85A (69). It was shown that rBCG–Ag85A induced higher protective efficacy than the parental BCG Tokyo strain (33). In that study, a strategy of over expressing the antigen in addition to the use of a BCG strain containing more natural epitopes was employed (Table 1). Hence, this could justify the potential of this vaccine for further studies to measure memory induction.

The construction of rBCG expressing single proteins resulted in promising results. Following those studies, significant progress was made with the construction and testing of recombinant fusion proteins, combining two or more protein coding regions from one or more Mtb proteins, because the combined use of antigens might enhance protective efficacy compared with rBCG expressing only one antigen.

To analyze this hypothesis, Wang et al. developed three vaccine constructions: rBCG:Ag85A (A), rBCG:Ag85B (B), and rBCG:AB, which were used to immunize mice. The vaccine containing fusion antigens, rBCG:AB, showed better protection after challenge with Mtb, when compared with BCG or rBCG expressing Ag85A or Ag85B alone. Six and 24 weeks after vaccination, splenocytes of mice immunized with rBCG:AB stimulated with specific antigen secreted more IFN-γ than splenocytes from mice immunized with the other rBCG (51). Regrettably, no memory response was evaluated in that study, probably because memory induction was already known for rBCG:Ag85B (49). However, no studies using rBCG expressing Ag85A have assessed memory responses, so it would be meaningful to verify whether Ag85A could contribute to enhanced memory responses. Although an approach using recombinant fusion proteins is valuable for protection against challenge with Mtb, additional studies regarding the induction of functional, long-lasting memory is also required for the development of new vaccines.

Another antigen frequently used for recombinant expression in BCG is the HspX protein (Rv2031c, also known as α-cristalin, molecular weight 16 kDa), a heat shock protein encoded by the acr gene (70). This protein is abundantly produced during the latent or persistent Mtb metabolic condition. Shi et al. developed a rBCG over expressing the immunodominant Mtb antigen, HspX (rBCG:X) and demonstrated that rBCG:X provided enhanced and longer lasting protection against Mtb infection than BCG, as evidenced by high levels of IFN-γ production, low bacterial load in tissues, and reduced lung pathology. This was associated with elevated levels of anti-HspX antibodies during week 6 and 24 (168 days) after rBCG:X immunization, indicating that BCG:X might persist longer in vivo than BCG (39).

Additionally, results obtained by Shi et al. demonstrated that expression of HspX by BCG could improve its biological effects, which might explain the higher expression of Ag85B in the supernatant and lysate of cells after infection with rBCG:X compared with that by BCG (39). This theory was also corroborated by Kong et al. (38) who constructed an rBCG expressing Mtb Ag85B under the control of a HspX promoter. The expression and immune response to Ag85B was modulated by the HspX promoter. For example, rBCG:PhspX-85B induced intense specific Ag85B T-cell proliferation and IFN-γ production 3 weeks after infection. Increased cell proliferation and IFN-γ production was observed after 12 weeks indicating long-lasting cell-mediated immunity. Despite the intense induction of immune cell responses, the protection in lungs and spleen induced by this vaccine was similar to that by BCG. This indicated that in a model of Ag85B expression under control of a different promoter, there was no improvement in protective efficacy (38). Although Ag85C is responsible for more than 40% of the mycolate present in the mycobacteria cell wall (61), evidence suggests that Ag85B is critical for enhanced BCG induction of memory and protection (49, 50).

The use of fusion proteins has generated great expectations in the scientific community, nonetheless, the use of combined proteins yielded no better memory than BCG, according to the present accepted parameters, generating only better protection. The increased protection observed among the recombinant vaccines cannot be the only improvement desired for the development of a new vaccine, as vaccination of available animal models to study new vaccines to TB does not eliminate all Mtb from the tissues of challenged animals. Therefore, new definitive protection parameters are needed.

ASSOCIATION OF OVEREXPRESSION AND REINTRODUCTION OF ANTIGENS LOST DURING THE ATTENUATION PROCESS

Some virulence regions, such as RD1, were lost during the BCG attenuation process. RD1 is absent in all BCG sub-strains, but present in virulent strains and clinical isolates of M. bovis and M. tuberculosis. The association of Mtb genes lost in the M. bovis attenuation process within rBCG has been used to improve vaccine efficacy (11). The collection of well-defined T-cell antigen epitopes has been a widely used strategy for the construction of new vaccines. This collection is based on the reintroduction of proteins whose gene regions were deleted during the attenuation process and include the 10 kDa culture filtrate protein (CFP-10, Rv3874), ESAT-6, PPE family protein (Rv3873), INV (Rv1474), and MPT64.

When evaluating the induction of immune responses, vaccine constructions containing antigenic epitopes have been the most successful, although most studies did not evaluate the protection or memory induced by these vaccines. Vaccine constructs using antigen epitopes were good inducers of antigen-specific Th1 (IFN-γ) immune responses, IgG2a production, and delayed type hypersensitivity responses compared with BCG. Conversely, some recombinant vaccines (BCG:CFP, BCG:FBP, BCG:PPE, and BCG:INV) showed protection similar to that of BCG (37). Only rBCG vaccines expressing MPT64 antigens fused to a PE antigen (HPE–ΔMPT64–BCG) showed superior protection than those immunized with BCG. This protection was associated with CD4 and CD8 T-cell induction and the emergence of a specific MPT64 T-cell clone (34). Despite use of the same BCG strain in the two studies, the differences in protection observed indicate the importance of antigen choice.

When using proteins of the Ag85 complex, Qie et al. (45) compared the protective efficacy of rBCG–AMM (BCG expressing Ag85B–MPT64190–198–Mtb8.4) with BCG. Animals vaccinated with rBCG–AMM generated more antigen-specific CD4 and CD8 T cells than those vaccinated with BCG and showed a more efficient response that protected mice challenged with H37Rv Mtb strain. Moreover, rBCG–AMM was superior to BCG in reducing the severity of disease in the target organs such as lungs and spleen, indicating that rBCG–AMM could be a potential vaccine candidate for further studies. Again, this vaccine was not evaluated for memory induction.

Some rBCG vaccines designed over the past 5 years combined the ability to generate strong immune responses to Ag85 proteins using the antigen ESAT-6 (47, 52, 55). Of these studies, only one addressed protection and memory development. Deng et al. (52) constructed an rBCG expressing the fusion protein Ag85A–ESAT-6 (rBCG–AE) and this vaccine induced more potent immunogenicity than native BCG in mice and induced a shift toward a Th1 type immune response with an increase in the ratio of CD4 and CD8 T-cell subsets. Thus, rBCG–AE elicited long-lasting and stronger Th1 type cell-mediated immune responses than BCG. They further evaluated the protective efficacy conferred by rBCG–AE against Mtb infection in BALB/c mice (53). An rBCG vaccine expressing ESAT-6 alone did not exceed the parental BCG vaccine for protection from Mtb H37Rv infection. The vaccine was developed using a BCG China strain, while others used BCG Tokyo, BCG Danish, or BCG Pasteur. As previously stated, vaccine construction over expressing proteins of the Ag85 Complex seem to have better protection efficacy than BCG, while rBCG–ESAT-6 induced protection similar or even inferior to BCG. However, using combined epitopes from proteins of the Ag85 complex or other proteins and ESAT-6 improved macrophage activation and antigen presentation (55), and strong humoral and cellular immune responses were induced (47), although protection or memory generation was not addressed.

The development of rBCG vaccines that re associated with or reintroduced genes lost during BCG attenuation appears to improve protection and memory most frequently when proteins from the Ag85 complex are associated with the fusion protein. This observation could be biased as Ag85 proteins are most frequently used in the development of rBCG vaccines. The combined results suggest that these genes are evolutionary maintained by Mtb to induce strong immune responses in animals and humans, independent of the type of BCG strain used. Most studies presented here did not evaluate functional memory, a crucial step for the development of a long-lasting protective vaccine.

rBCG VACCINE EXPRESSING MAMMALIAN CYTOKINES AND Mtb PROTEINS

Cytokines play a central role in the immune system and have multiple effects on different immune cells. IL-2, for example, has been used for the treatment of some diseases, including TB, but toxicity related to high doses has restricted its use. A solution to that problem was the expression of rIL-2 and other cytokines by BCG (71). Another example is IL-15, an important cytokine that maintains survival and proliferation of CD8+ T cells with a memory phenotype (72). To develop new vaccines capable of improving BCG vaccination, some research strategies have included the use of rBCG expressing IL-2, IL-12, IL-15, and GM-CSF, among others.

Recombinant vaccines expressing cytokines induced effector polyfunctional CD8 T cells and CD4 T cells (producing IFN-γ, IL-2, and TNF-α), as well as humoral immune responses with increased specific IgG2a/IgG1 levels [(32) rBCG–Ag85B–IL-15; (31) BCG: Ag85B–CFP10–IL-12; (56) rBCG: GMCSF–ESAT-6]. Among the types of vaccines, those that expressed IL-15 and IL-12, were most successful as they induced CD8+ T (CD8+ CD44hi CD62Llo) and CD4+ T (CD4+ CD44hi CD62Llo) memory cells (31, 32).

Although these vaccines showed better protection than BCG, the rBCG–Ag85B–IL-15 vaccine was more promising because it generated a greater induction of memory CD8 T cells than memory CD4 T cells, in support of the theory that CD8 T cells rather than CD4 T cells are important for long-lasting protection against TB (32). It is important to note that despite the positive influence of IL-15 in inducing memory cells, in vivo administration after priming with rBCG followed by challenge with Mtb, did not induce increased numbers of CD8 T memory cells, a phenomenon only seen when IL-15 is expressed by rBCG (32).

Thus, the induction of CD8+ T cells and polyfunctional CD8+ and CD4+ T cells (producing IFN-γ, IL-2, and TNF-α) are responsible for the improvement of protection generated by rBCG while the secretion of ILs might play an important role in the proliferation and maintenance of memory T cells.

BCG MODIFICATION: INDUCTION OF CD8 T IMMUNE RESPONSES

Mtb and BCG preferentially localize inside antigen presenting cell (APC) phagosomes, such as macrophages and dendritic cells. This localization dictates antigen traffic via MHC-II, which results in the preferential stimulation of CD4 T cells. CD8 T cytolytic lymphocytes (CTLs) are essential for the clearance of intracellular Mtb infection since CTLs kill cells and bacteria through secretion of cytolytic and antimicrobial effector molecules (perforin and granulysin). Mtb induced apoptosis in infected cells, resulting in vesicles that transport mycobacteria antigens, which can be captured by local dendritic cells that cross present MHC-I and MHC-II, that stimulate CD8 and CD4 T cells, respectively (73). It is also acknowledged that BCG is a weak inducer of apoptosis and thus activates CD8 T cells to a lesser extent (57, 73). Thus, in an attempt to improve BCG, rBCG vaccines have been developed to express listeriolysin (Hly) from Listeria monocytogenes (74) in the membrane, in combination with deletion of the Urease C (ureC) gene (rBCGΔureC:hly). One mechanism of BCG employs to survive phagosomes is pH neutralization through ureC activity. To induce apoptosis, Hly requires an acidic pH. The ureC mutant rBCG allows phagolysosome pH acidification to occur naturally (74). Using this vaccine protocol, Reece et al. (58) selected antigens based on their expression in response to nutrient deprivation (Rv2659c), hypoxia (Rv1733c), or disease reactivation (Rv3407) and transformed rBCGΔureC:hly with plasmids containing these antigens, rBCGΔureC:hly (pMPIIB01). The improved performance of this vaccine was demonstrated by a lower bacterial load in the spleen of infected mice (58). In addition, it induced Th-17, CD4+, and CD8+ T-cell responses and increased protection compared with BCG (23, 57). This vaccine is the most promising rBCG vaccine generated and it finished a phase I clinical trial for safety with great success. It is currently being tested in newborns in a phase II clinical trial (59). Although this vaccine aimed to improve T CD8 responses, the induction of specific CD4 T cells secreting IFN-γ as well as polyfunctional T CD4 responses were observed in vaccinated healthy humans.

In a similar approach to obtain a vaccine inducing increased CD8 T-cell responses, an rBCG, rBCG AFRO-1 (BCG expressing Ag85A, Ag85B, and TB10.4) was developed followed by two boosts with AERAS-402 [adenovirus vaccine 35 (rAd35) expressing Ag85A, Ag85B, and TB10.4]. AFRO-1 BCG expresses perfringolysin O, which allows BCG to escape to the cell cytosol, promoting antigen processing and presentation via MHC-I. After priming with rBCG AFRO-1, there was delayed but strong IFN-γ production 1 week after boost with AERAS-402, as well as strong proliferation of CD4 and CD8 T cells (48). This vaccine promoted longer survival and IFN-γ production; however, no difference in lung and spleen bacterial load between the groups vaccinated with BCG or AFRO-1 (also known as AERAS-422) was observed (43). Although a promising vaccine, AERAS-422 was terminated because of the development of shingles in some study participants that occurred during a phase I clinical trial (75).

The strategy of BCG modification for the induction of CD8 T specific immune responses has had a great impact, as the recombinant vaccine rBCGΔureC:hly is in a clinical trial1.

CONCLUSION AND FUTURE PERSPECTIVES

Bacille Calmette–Guérin has been used for almost 100 years, with more than eight million doses used. However, TB incidence has shown a slow decrease during the last decade, mainly due to the increase of multi drug resistant strains and HIV co-infection (6). Two main cautions of BCG vaccine use are associated with its variable efficacy and immunity against Mtb infection resulting in a large pool of latently/persistently infected individuals. Furthermore, BCG might induce better protection among individuals from regions with lower environmental mycobacterial contaminations and lower TB rates. Development of a new vaccine or improvement of BCG to protect against TB is not an easy task, once the natural infection per se does not induce protection or long-lasting T or B functional memory cells since it does not avoid re-infection. It appears that the coevolution between mycobacteria and humans favors the mycobacteria. Over the past 5 years, several attempts were conducted to develop rBCGs (Table 2). Improvement of BCG remains the best choice for the rational design of a TB vaccine. This review sought to discuss recent TB studies advancing the rBCG strategy. The main purpose for developing rBCG is to design a vaccine capable of inducing long-lasting functional memory with protection similar or superior to that of BCG. In addition, BCG is a strong inducer of CD4+ T cells but it is an insufficient stimulator of CD8 T cells. The most effective rBCG vaccination strategies in animal models and human clinical trials to date were those that stimulated both CD4+ T and CD8+ T cells to produce Th1-associated cytokines and induce cytotoxic functions [(24, 76), see text footnote 1].

It is recognized that protein combinations, such as fusion proteins, as well as the expression of these proteins by different expression vectors are important strategies in the development of rBCG vaccines with an enhanced efficacy compared with BCG. Nevertheless, the vaccine approach of super expressing Mtb proteins in BCG, such as rBCG:30, which expresses only Ag85B, to induce central memory and more desirable protection than BCG, is useful (49). This plasmid-based vaccine passed a phase I clinical trial and is currently on hold awaiting the development of auxotrophic BCG strains to avoid the use of antibiotic resistance genes (see text footnote 1).

An intriguing point is that an rBCG vaccine currently in a phase II human clinical trial does not contain Mtb antigens or antigens lost by BCG during the attenuation process. The rBCGΔureC:hly vaccine improved BCG antigen presentation by dendritic cells and improved processing with the ultimate goal of activating CD8+ T cells. Therefore, this approach might have overcome some of the evolutionary mycobacteria immunological escape mechanisms and will allow protective long-lasting functional memory. In time, whether this vaccine induced better protection against TB will be determined (77).

Furthermore, the choice of parental BCG strain appears not to interfere with the recombinant vaccine outcome, because some vaccines using the same parental BCG strains had different outcomes depending on the selected antigen or fusion protein used. Likewise, the immune response profile of those vaccine candidates that showed better protection than BCG was based upon CD4 and CD8 T cells with polyfunctional activities. From all studies reviewed here, only six successfully evaluated immunological memory in animal models.

The animal models available to study TB vaccines (mice, guinea pig, or non-human primates) cannot predict the outcome among vaccinated humans. It is well-known that mice and guinea pigs are infected by BCG vaccination and the duration of the vaccination and the time until challenge are crucial to address the persistence of memory T cells. This premise could be used to justify the low number of studies that have addressed this issue over the past 5 years.

The real impact of these new vaccines using rBCG or other strategies that are currently in clinical trials will only be determined 5–10 years from now. Therefore, studies addressing new strategies to improve BCG need to be continued.

MATERIALS AND METHODS

STUDY SELECTION AND DATA COLLECTION PROCESS

The search for this review was conducted in April 2013, and was based on articles published in the previous 5 years (2008–2013). Articles were searched from the PubMed Database using the following key words: tuberculosis protection and rBCG vaccine with the intention to address publications showing studies on rBCG vaccine for tuberculosis. Then further manuscripts were selected using the key words: tuberculosis protection; rBCG vaccine and memory. Manuscripts lacking information of the BCG wild type strain and those that used the boost strategy without evaluating rBCG responses alone were not included in this review.
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T-cells recognize lipid antigens presented by dedicated antigen-presenting molecules that belong to the CD1 family. This review discusses the structural properties of CD1 molecules, the nature of mycobacterial lipid antigens, and the phenotypic and functional properties of T-cells recognizing mycobacterial lipids. In humans, the five CD1 genes encode structurally similar glycoproteins that recycle in and thus survey different cellular endosomal compartments. The structure of the CD1-lipid-binding pockets, their mode of intracellular recycling and the type of CD1-expressing antigen-presenting cells all contribute to diversify lipid immunogenicity and presentation to T-cells. Mycobacteria produce a large variety of lipids, which form stable complexes with CD1 molecules and stimulate specific T-cells. The structures of antigenic lipids may be greatly different from each other and each lipid may induce unique T-cells capable of discriminating small lipid structural changes. The important functions of some lipid antigens within mycobacterial cells prevent the generation of negative mutants capable of escaping this type of immune response. T-cells specific for lipid antigens are stimulated in tuberculosis and exert protective functions. The mechanisms of antigen recognition, the type of effector functions and the mode of lipid-specific T-cell priming are discussed, emphasizing recent evidence of the roles of lipid-specific T-cells in tuberculosis.
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INTRODUCTION

The discovery that T lymphocytes recognize lipid molecules as antigens (1) was a breakthrough in cellular immunology that opened unexpected horizons in the field of immune response to microbes, to cancer cells, and in autoimmunity.

Despite main structural differences with peptide antigens, lipid antigens are presented to T-cells following general rules that closely resemble those implicated in the presentation of peptide antigens. Indeed, only lipids forming stable complexes with dedicated antigen-presenting molecules, which belong to the CD1 protein family (2), are capable of interacting with the T-cell receptor (TCR) and may induce the activation of specific T-cells.

Many different types of lipids behave as antigens capable of stimulating specific T-cells and Mycobacterium tuberculosis is the bacterium with the largest number of antigenic lipids identified so far. Mycobacteria are characterized by a complex cellular envelope composed of a variety of unique lipids (3), which have important functions in survival of mycobacterial bacilli (4). Envelope lipids are also implicated in tissue-specific replication (5) and controlled penetration of engulfing cells (6) and in escaping immune response with different mechanisms (7). Therefore, Mycobacteria are reluctant in changing the lipid composition of their envelope. Mycobacterial lipids, glycolipids, and lipopeptides may bind to and form stable complexes with different CD1 molecules, and may interact with specific TCR.

The generation of stable CD1–lipid antigen complexes mostly occurs within the infected cell and follows a series of well coordinated events. These include the transport of lipid antigens by lipid chaperones in cellular membranes and endosomal compartments, the extraction of lipids from membranes, their processing, and subsequent insertion in the hydrophobic pockets of CD1 molecules. Stable CD1–lipid complexes are then routed to the plasma membrane where they become available for T-cell recognition (8).

Mycobacteria have evolved a series of tactics to interfere with lipid antigen presentation, showing the surprising capacity of inhibiting and hijacking different protective immune mechanisms. The existence of these evasion strategies is the indirect evidence that lipid-specific immune response represents an important mechanism of defense in tuberculosis. How lipid-specific T-cells participate in controlling mycobacterial infections is an important field of investigation in many laboratories that is providing new information on protective immune mechanisms and is suggesting novel approaches to vaccine development.

This chapter describes the nature, structure, and function of mycobacterial lipid antigens, the mechanisms of their recognition by T-cells, the biological properties of CD1 antigen-presenting molecules and the rules that govern presentation of lipids to T-cells. The relevance of lipid-specific T-cells in tuberculosis is also discussed.

CD1 ANTIGEN-PRESENTING MOLECULES

In humans five genes encode different CD1 isoforms, which are classified into three families (group 1, 2, and 3). CD1a, b, and c molecules belong to the group 1 family, whereas CD1d and CD1e are the only members of group 2 and 3, respectively. The separation into three families follows important structural differences, cellular and tissue distribution of each CD1 protein. CD1a, b, and c are expressed on CD4, CD8 double positive thymocytes, and on peripheral antigen-presenting cells (APC), including dendritic cells (DC), monocytes, and a subset of B cells. Each of these molecules can be uniquely expressed. For example, CD1a, but not CD1b and c are expressed by Langerhans cells in the skin and represent a marker distinguishing this cell population. CD1b is expressed by a population of monocytes and is upregulated during differentiation into DC. CD1c is expressed on a large fraction of human B cells. CD1d is instead more extensively expressed on both hematopoietic and non-hematopoietic cells.

CD1e is the only CD1 protein that is not expressed on the plasma membrane and remains confined within the Golgi complex and late endosomes/lysosomes. All CD1 molecules are expressed by professional APC such as DC.

The structures of all CD1 molecules have been solved and showed important differences that illustrate their unique antigen-binding capacities.

STRUCTURE OF CD1 MOLECULES AND REPERTOIRE OF PRESENTED LIPID ANTIGENS

CD1 molecules have structures similar to those of MHC class I molecules. They are glycoproteins composed of a heavy chain non-covalently associated with β2-microglobulin. The heavy chain is made of three domains. The α1 and α2 domains, which assemble together in the membrane distal part of the molecule, are characterized by two anti-parallel α helices positioned above a β sheet plate. The α3 domain instead is membrane-proximal and associates with β2-microglobulin. It also continues with the transmembrane domain and a short intracytoplasmic tail. Each CD1 molecule shows a portal located in between the α1 and α2 helices, which allows access to two to four pockets. The pockets are surrounded by hydrophobic amino acids, thus representing ideal places to allocate the apolar alkyl chains of lipid antigens.

CD1a

Each CD1 molecule shows unique structural features.

CD1a has one portal located between the two α helices, which is connected with two pockets, called A′ and F′ (a nomenclature similar to that of MHC molecules). Around the portal a few charged amino acids stabilize and properly orient the antigen headgroup for TCR recognition. The F′ pocket has an incomplete roof thus being partially open on the surface of CD1a. The mode of lipid-binding of CD1a is unique, since the open F′ pocket permits ready insertion and replacement of lipid antigens. This feature optimally complements another unique characteristics of CD1a, i.e., its recycling through early endosomal stations (9, 10). Early endosomal compartments are slightly acidic environments that do not induce main conformational changes to the structure of recycling proteins. In addition, lipid transfer proteins that facilitate lipid antigen loading on CD1 molecules are localized in other endosomal compartments. Therefore, an open F′ pocket seems a natural evolution of CD1a to facilitate otherwise unfavorable conditions for loading of lipid antigens.

The co-crystal of CD1a with lipid antigens have also provided important information on another consequence of the unique open F′ pocket structure.

The CD1a-sulfatide structure revealed that the sphingosine occupies the A′ pocket whereas the fatty acid chain protrudes in the interface of the A′ and F′ pockets. The headgroup of sulfatide, made by a galactose and a sulfate is anchored in the A′–F′ junction and partially occupies the upper part of the F′ pocket in a position ideally suited for TCR recognition (11).

The crystal structure of CD1a with lipopeptide dideoxymycobactin (DDM) instead showed that while the single alkyl chain was inserted deep within the A′ pocket, the two peptidic moieties of the antigen were lying partially in the F′ pocket and at the surface of CD1a, an optimal position for recognition by the TCR (12).

MYCOBACTERIAL LIPID ANTIGENS PRESENTED BY CD1a

The overall size of CD1a grove is limited to 1350 Å3, thus precluding binding of lipid antigens of large size. So far, only DDM has been identified as mycobacterial antigen presented by CD1a (13).

Dideoxymycobactin is the precursor of mycobactin, a siderophore with iron scavenging properties. The structure of DDM shows a complex head group made of unusual amino acids synthesized by non-ribosomal mycobacterial enzymes. The lysine of headgroup is linked to a single alkyl chain, which is 20 carbons long. One clone specific for CD1a–DDM was isolated and when it was tested the length and saturation of the DDM alkyl chain appeared very important for T-cell stimulation. This behavior was fully explained by the structural resolution of the CD1a–DDM complex, which showed a deep insertion of the acyl chain in the CD1a A′ pocket. As this pocket is closed at one end, the insertion of too short or too long acyl chains determines a different positioning of the peptidic residues, thus directly influencing the interaction with the TCR. This mode of binding led the authors to discuss a role as a ruler of the A′ CD1a pocket (12). During their intracellular growth, mycobacteria increase mycobactin synthesis to increase their capacity of iron capture. Thus presentation of DDM may be an efficient mechanism to identify cells harboring living mycobacteria.

CD1b

The molecule CD1b is expressed by activated monocytes and DC. CD1b presents most of the identified mycobacterial antigens and follows unique recycling and lipid loading rules. Within the group 1 CD1 family, CD1b has the largest pocket (~2200 Å3) and is made by four interconnected pockets, which confer unique lipid antigen-binding properties. A large portal is located between the two α helices that is connected with the A′, C′, and F′ pockets. The A′ pocket continues into the F′ pocket through a tunnel called T′ pocket. The combination of the four pockets with the large size, allows CD1b to bind lipid antigens with very long alkyl chains, such as the mycobacterial mycolyl chains that can reach a length of 80 carbons. The structure of CD1b has been solved thus revealing how CD1b can accommodate either very long or short lipid antigens (14–17). Mycolic acid (MA), an antigen with long alkyl chain that can contain up to 80 carbons occupies the A′, T′, and F′ pockets, whereas the mycobacterial diacylated sulfoglycolipids (SGL) occupy the A′ and C′ pockets with their two alkyl chains. This flexibility in lipid-binding raised the question of why the CD1b T′ pocket does not collapse when antigens with short alkyl chains are bound. The reason for this stability was found when a soluble CD1b molecule produced in eukaryotic cells and physiologically refolded in vivo was crystallized. This molecule showed the presence of different spacers within the T′ pocket, thus representing a filling lipid preventing the collapse of the molecule (18).

MYCOBACTERIAL LIPID ANTIGENS PRESENTED BY CD1b

Mycolic acids were the first antigens, which were identified as lipids capable of stimulating specific T-cells (19). These long and highly hydrophobic lipids represent very important components of the cell wall of several bacteria, including Mycobacteria, Corynebacteria, and Nocardia. MA are unique fatty acids of high-molecular-weight, with α-alkyl, β-hydroxyl groups. They may be present as such or as bound esters of sugars like arabinogalactan and trehalose. Activation assays using different types of MA, showed that the hydroxyl and carboxyl groups may represent important structural features sensed by T-cells (19).

Mycolic acid may also be considered as scaffold molecules that form stimulatory antigen when attached to other molecules. For example, glucose monomycolate (GMM) is capable of stimulating specific T-cells (20). In GMM, a glucose residue is attached to MA and is critical for T-cell recognition as the stereoisomers mannose- or galactose-monomycolate are not or poorly stimulatory. T-cells also discriminate the type of glycosidic bond, as GMM with glucose bound with 6-hydroxyl to MA is stimulatory, whereas glucose-3-monomycolate is not stimulatory (21).

Another antigen with modified MA is glycerol monomycolate (GroMM) (22) that is made of a glycerol moiety attached to a MA and is also produced by Mycobacteria, Corynebacteria, and Nocardia. The glycerol hydroxyl moiety and the fatty acid length of GroMM influence T-cell response. MA-related lipids are presented only by CD1b as this is the only CD1 molecule with an open T′ pocket allowing the insertion of long fatty acids.

A second family of lipid antigens presented by CD1b is those sharing a phosphatidyl-myo-inositol (PI). Phosphatidylinositol mannoside (PIM) and lipoarabinomannan (LAM) are two lipid antigens presented by CD1b (23). LAM and PIM share a core region, where the mannoses linked to PI are the stimulatory antigens. LAM contains a terminal part with many arabinoses in some instances capped with mannoses. Lipomannan (LM), which is similar to LAM, but does not contain arabinose, can also stimulate specific T-cells (23). T-cells discriminate lipoglycans made in different bacteria. T-cells recognizing LAM from Mycobacterium leprae, do not recognize LAM from M. tuberculosis (23). These LAM differ in the number and branching points of mannoses present in the core that are probably involved in interacting with the TCR.

All lipoglycans are too big to allocate within the CD1b pockets and interact with T-cells. They require internalization and processing in late endosomes (24). PIM6, which is the hexamannosylated form of PIM, also requires processing with shortening of the hexamannoses in order to stimulate specific T-cells (25). Another aspect that is not clear yet is whether these antigens also require processing by lipases. Indeed naturally occurring PIM is characterized by four alkyl chains and they need ad hoc cleavage before forming stable complexes with CD1b (our unpublished data).

A third family of CD1b-presented lipid antigens is that of SGL (26). SGL are localized in the outer part of cell envelope and their abundance was associated with strain virulence (27), although mutant strains revealed that sulfolipid deficiency does not significantly affect the replication, persistence, and pathogenicity of M. tuberculosis H37Rv in mice and guinea pigs or in cultured macrophages (28). SGL contain a trehalose 2′ sulfate core, acylated by two to four fatty acids. This antigen isolated from virulent mycobacteria strains proved to a be a mixture of structurally related diacylated SGL (Ac2SGL) containing hydroxyphtioceranoic and palmitic or stearic acid, both linked to the glucose without the sulfate in the trehalose. The tri- and tetra-acylated forms were not immunogenic, thus revealing that APC do not have the proper lipase apparatus to digest these forms and generate the diacylated immunogenic forms. Removal of the sulfate group completely abolished T-cell activation (26), suggesting that the fine antigen specificity of the TCR is also influenced by the strong negative charges of sulfate.

The structure of CD1b–SGL complex has been solved and showed a unique mode of interaction of this lipid antigen with the CD1b (17). Comparison of the CD1b crystals with and without SGL showed that upon antigen-binding, the endogenous spacers of CD1b, which consist of a mixture of diradylglycerols, move considerably within the lipid-binding groove. Spacer displacement was accompanied by F′ pocket closure and an extensive rearrangement of residues exposed to T-cell receptors. Such structural reorganization resulted in reduction of the A′ pocket capacity and led to incomplete embedding of the methyl-ramified portion of the phthioceranoyl chain of the antigen, explaining why such hydrophobic motifs are critical for T-cell receptor recognition. Mutagenesis experiments supported the functional importance of the observed structural alterations for T-cell stimulation. Thus, CD1b is a very plastic molecule, capable of important structural rearrangements that combine spacer repositioning and ligand-induced conformational changes. Both these changes endow CD1b with the capacity to present a broad range of structurally diverse antigens and to focus the TCR only on the antigen-filled CD1b molecules.

CD1c

The CD1c molecule is characterized by unique features that contribute to the important biological features of this CD1 isotype.

The central portal located in between the two alpha helices allows protrusion of the hydrophilic moiety of bound antigen, which is presumably involved also in contacting the TCR. This portal is connected with the A′ and F′ pockets. The A′ pocket may accommodate the alkyl chain of bound antigen (29). The A′ pocket is open to the external part of CD1c with an exit portal located underneath the α1 helix. Interestingly, the F′ pocket of CD1c showed an open cavity, which is similar to the antigen-binding groove of MHC-peptide-binding molecules and in some respects to the F′ pocket of CD1a. The F′ pocket is also open to the exterior with a second portal called E′. Whether these additional portals facilitate binding of very long alkyl chains, remains unclear, although this type of antigen interaction is energetically unfavorable.

CD1c is also characterized by a unique type of intracellular recycling. It may recycle in deep endosomal compartments, where low pH may facilitate partial CD1 unfolding and antigen loading. Furthermore, in these compartments dedicated lipid antigen-binding proteins (LBP) are present, which behave as lipid chaperones and are involved in lipid antigen-binding, transport, and loading on CD1 molecules. This mode of antigen loading resembles that of lipids on CD1b and CD1d. In addition, some CD1c molecules recycle through the early endosomal compartments, where the most acidic pH is 6.5 and probably no LBP are present. In this cellular compartment, the partially open structure of the F′ pocket might facilitate antigen exchange and binding.

MYCOBACTERIAL LIPID ANTIGENS PRESENTED BY CD1c

Both the unique portals and structure of the F′ pocket explain the promiscuous antigen-binding behavior of CD1c. This molecule may present lipid antigens containing one alkyl chain (30), two alkyl chains (31), or lipopeptides formed by one alkyl chain linked to a short peptide (32). Furthermore, CD1c stimulates a population of T-cells expressing the gamma and delta chains of the TCR (TCR γδ) (33, 34). As the described CD1c-restricted TCR γδ cells are autoreactive, it is very probable that CD1c presents a self-antigen, which remains unknown.

Recently, we have identified the novel self lipid methyl-lysophosphatidic acids (mLPA), not described before, which accumulates in myeloid and lymphoid leukemia cells and induces a CD1c-restricted response directed against these human leukemias (35). mLPA-specific T-cells efficiently kill CD1c+ acute leukemia cells, and protect immunodeficient mice against CD1c+ human leukemia cells and poorly recognize non-transformed CD1c-expressing cells. Whether similar types of lipids are produced by mycobacteria or accumulate in infected cells during mycobacterial infection and induce CD1-restricted T-cell responses is matter of current investigation.

Mannosyl β-1-phosphomycoketides (MPM) were the first CD1c-restricted lipid antigens (30). MPM contain a single fully saturated alkyl chain with methyl branches at every fourth carbon. MPM are synthesized by Mycobacteria infecting human cells, including M. tuberculosis, BCG, and Mycobacterium avium, and not by rapidly growing saprophytes, including Mycobacterium phlei, Mycobacterium fallax, and Mycobacterium smegmatis (36). The structure of MPM is similar to that of phosphodolichols that in mammalian cells function as carbohydrate donors in glycan synthesis. However, differently from phosphodolichols they are not synthesized through an isoprenoid-independent pathway. Instead, the synthesis of MPM is accomplished by the enzyme Pks12 and requires the sequential condensation of malonate and methylmalonate units. Probably, these polyketides are involved in bacterial intracellular growth and in mannose transmembrane transport, according to their structural similarity with eukaryotic phosphodolichols. As found with other glycolipid-specific T-cells, also MPM-specific T-cell recognition is sensitive to structural changes in the hydrophilic and hydrophobic parts of MPM. Antigen recognition occurs when glucose and not mannose is present. Furthermore, the saturated α-prenyl like unit and the length of the prenyl chain are important for recognition. Moreover, variation in the number, length, and saturation of alkyl chains, and the precise chemistry and chirality of the lipid head group, also exert dominant influences on antigenicity (30, 36, 37), probably by affecting the mode of CD1 binding and interaction with the TCR (38).

CD1d

Like other CD1 molecules, also CD1d contains antigen-binding pockets, which are much deeper than the groove of peptide-binding MHC molecules. The two pockets are constituted by a non-polar or hydrophobic surface. The pockets converge in a portal open on the surface of CD1d and located in between the two anti-parallel helices. A series of TCR–CD1d–lipid antigen co-crystals have shown the importance of the polar antigen residues, which provide minimal but essential interactions with the TCR (39–42).

The A′ pocket of CD1d is closed and allows the insertion of alkyl chains with a defined length. In the presence of lipid antigens with too short alkyl chains, small fatty acids may also be present, which contribute to filling the entire A′ pocket probably behaving as rulers preventing CD1d collapse (43).

CD1d is expressed on mostly all hematopoietic cells. It is also present on the surface of gut epithelial cells, adipocytes, and some keratinocytes. Most of the cells retain a large fraction of properly assembled CD1d in late endosomes and lysosomes, in a manner similar to that of MHC class II molecules. Upon synthesis, CD1d rapidly traffics to the plasma membrane and then initiates a fast intracellular recycling. A fraction of CD1d molecules is assembled together with the invariant chain that promotes a direct traffic to late endosomes (44). The mode of intracellular trafficking of CD1d is dependent on the unique intracytoplasmic tail that facilitates the interaction with the AP3 proteins (45). Indeed, this association is necessary to properly load lipid antigens intracellularly (46).

Many microorganisms modulate surface CD1d, including M. tuberculosis. Several studies have outlines different modulation capabilities according to the type of cell, the triggered surface receptor, and the possible involvement of soluble factors. While several viruses, including vaccinia, herpes simplex, hepatitis, and lymphocytic choriomeningitis viruses decrease CD1d expression in myeloid cells (47–49), infections with Salmonella typhimurium or E. coli increase the plasma membrane display of CD1d (50). M. tuberculosis infection or mycobacterial lipids also upregulate CD1d on bone-marrow-derived macrophages (51). Instead M. tuberculosis infection prevents the upregulation of CD1d in monocytes that differentiate to DC (52, 53).

MYCOBACTERIAL LIPID ANTIGENS PRESENTED BY CD1d

CD1d-restricted T-cells are classified in two major groups. The most widely investigated are invariant natural killer T (iNKT) cells, which express an invariant human Vα24Jα18 or mouse Vα14Jα18 TCR chain. These cells recognize with high affinity the α-galactosylceramide (αGalCer) lipid extracted from the marine sponge Agelas mauritianus (54). iNKT cells are highly conserved in many species, thus suggesting that they exert important immunological functions conserved during evolution. iNKT cells also recognize other non-microbial antigens, including phosphatidylinositol (PI), phosphatidylglycerol (PG), and phosphatidylethanolamine (PE), although with a weak affinity compared to the strong agonist αGalCer (55). Lysophosphatidylcholine, a lipid generated by lipid-dependent signaling pathways, may also stimulate iNKT cells (56). Other CD1d-presented antigens are the ether-bonded mono-alkyl glycerophosphates that together with the precursors and degradation products of plasmalogens are required for the proper selection and maturation of iNKT cells in the thymus (57).

Very initial studies suggested that a tetramannosylated PIM form (PIM4) present in a fraction of lipids purified from Mycobacterium bovis BCG was a potential CD1d-presented iNKT cell antigen (58). These findings have not been confirmed in subsequent studies and the potential role of PIM4 as CD1d-presented antigen to iNKT cells still awaits confirmation. While CD1d mycobacterial antigens have not been identified so far, other bacteria produce strong iNKT stimulatory lipids, including the glycolipids with diacylglycerol moieties of Borrelia burgdorferi and Streptococcus pneumoniae (59, 60), and the glycosphingolipids present in the cell walls of bacteria belonging to the genera Sphingomonas and Novosphingobium (61). Surface glycophospholipids of the protozoal parasites Leishmania species are also iNKT stimulatory antigens (62). iNKT-deficient mice are more susceptible to Leishmania infection, indicating that iNKT cells have important functions in protection. However, it is still unknown how Leishmania lipophosphoglycan (LPG) stimulate these T-cells. While LPG binds to CD1d, CD1d–LPG complexes do not stimulate iNKT cells. DC pulsed with LPG can induce IFNγ release by iNKT cells, suggesting that LPG stimulates the production of endogenous lipid ligands, which in turn activate iNKT cells. This is not a remote possibility, since bacterial infections may induce important changes in the lipid metabolism of infected cells. This, in turn, may induce accumulation of endogenous lipids that stimulate T-cells restricted by either group 1 or group 2 CD1 molecules (63–65).

A second group of CD1d-restricted T-cells utilized non-invariant TCR and resemble other T-cells involved in classical adaptive immune responses. These T-cells recognize PG, diphosphatidylglycerol (DPG or cardiolipin), and PI from M. tuberculosis or Corynebacterium glutamicum as microbial antigens (66). Importantly, the same lipid molecules are present also in mammalian cells and thus they represent self-antigens. Thereby, the increased availability of these self-antigens within APC might also contribute to the activation of CD1d-restricted T-cells cross-reactive with microbial antigens.

CD1e

CD1e is a unique type of CD1 molecule as it remains intracellular and therefore cannot be considered a bona fide antigen-presenting molecule (67). CD1e is mostly expressed by DC where it accumulates in the Golgi stack of immature cells as pre-protein (68). Upon maturation, CD1e is ubiquitinated (69) and traffics to the lysosomes where it is cleaved in two places. In the amino-terminal region a propeptide is cleaved, that is responsible for the assembly of CD1e with β2-microglobulin. Upon its removal CD1e becomes fully active (70). CD1e is also cleaved in its membrane-proximal region, thus becoming a mature soluble protein. CD1e is apparently not secreted and does not accumulate in other intracellular compartments. These features make CD1e similar to the HLA-DM and HLA-DO molecules, which are also not expressed on the plasma membrane of APC. The acid pH of lysosomes promotes a partial alteration of CD1e structure together with the binding of lipid antigens through increased hydrophobic and ionic interactions (71).

The crystal structure of CD1e revealed a groove less intricate than in other CD1 proteins, with a significantly wider portal. The water-exposed CD1e groove probably allows loose contacts with lipid antigens as supported by the finding that lipid association and dissociation processes were faster with CD1e than with CD1b (72).

All these structural features support the function of CD1e as a LBP with the exquisite capability of facilitating lipid antigen presentation by other CD1 molecules. Indeed, CD1e mediates in vitro the transfer of lipids to CD1b and the displacement of lipids from stable CD1b-antigen complexes (72). CD1e is also required for the proper processing of complex mycobacterial lipid antigens such as the PIM6 molecules. In the presence of CD1e, PIM6 is cleaved to PIM2 and is loaded on CD1b (25). CD1e may also positively or negatively affect lipid presentation by CD1b, CD1c, and CD1d (73). This effect is achieved by a rapid formation of CD1–lipid complexes in the presence of CD1e, and also by an accelerated turnover of formed CD1–lipid antigen complexes. These effects maximize and temporally narrow CD1-restricted responses. CD1e is therefore an important modulator of both group 1 and group 2 CD1-restricted responses influencing the lipid antigen availability as well as the generation and persistence of CD1–lipid complexes.

T-CELLS RECOGNIZING MYCOBACTERIAL LIPID ANTIGENS

T-cells stimulated by lipid antigens are divided into two categories according to their functional behavior and mechanism of antigen recognition. T-cells restricted by group 1 CD1 molecules and type II NKT cells are considered as arm of adaptive T-cell responses, while CD1d-restricted type II NKT or iNKT cells are considered as the typical representative of innate T-cell responses.

Lipid-specific T-cells that are restricted by group 1 CD1 molecules are present as naïve T-cells and expand after encountering the antigen, mostly during mycobacterial infections or BCG vaccination (26). They expand and may also differentiate into classical memory T-cells (74). These studies have been performed using human samples, as small rodents do not express group 1 CD1 molecules. Upon antigen recognition, lipid-specific T-cells release pro-inflammatory cytokines and may also kill intracellular Mycobacteria, thus participating in host protection (26). They also induce maturation of DC (75), thus facilitating priming of other mycobacteria-specific T-cells.

The TCR repertoire of lipid-specific T-cells is polymorphic and there is no evidence of unique TCR V genes imposing the recognition of antigens presented by CD1a, CD1b, or CD1c. There is also no evidence that type II NKT cells utilize a restricted TCR repertoire. Recently, using CD1b tetramers loaded with GMM, a rare population of T-cells was identified, which uses a nearly invariant TCR (76). These T-cells were defined as mycolyl lipid-reactive (GEM) cells. The TCR of these GMM-specific and CD1b-restricted T-cells is constituted by a TRAV1.2 gene rearranged to TRAJ19 segment. Furthermore, these T-cells showed a strong bias for usage of TRB6-2 gene and high affinity for the CD1b–GMM complex. The analysis of nucleotides in the CDR3 of the Vα chain showed that similar CDR3 amino acids were derived from different patterns of exonucleolytic trimming of the V and J regions, suggesting an antigen recognition-induced mechanism driving the expansion of these cells. This conclusion was also supported by the finding of identical nucleotide sequences in GMM-specific T-cells. In addition, the same sequences were found several times in the same donors, indicating in vivo expansion of GEM T-cells. A second study also showed that CD1b–GMM tetramers may identify another population of T-cells, using the TRAV17 and TRBV4-1 genes, which is present in several donors, has intermediate affinity for the CD1b–GMM complexes and shows biased but different CDR3 motifs (77). Whether this second population is expanded in donors with active or latent tuberculosis remains to be defined.

The identification of lipid-specific T-cells has made an incredible technical jump by using the tetrameric forms of soluble CD1 molecules loaded with lipid antigens. In addition to the CD1b tetramers that have been discussed above, also CD1c (78) tetramers have been generated. With the use of these tetramers it was possible to identify a population of CD1c-restricted and mycoketide-specific T-cells that use a polyclonal TCR repertoire. The identification of CD1-restricted T-cells using antigen-loaded CD1 tetramers has important implications, since detection of lipid-specific T-cells might represent a novel approach to monitor the T-cell response in patients with active or latent forms of tuberculosis.

An important set of data indicates that group 1 CD1-restricted T-cells have important functions in animal models and in humans.

Immunization of guinea pigs (Cavia porcellus), a species expressing multiple CD1b and CD1c gene orthologs, induces strong proliferative and cytotoxic responses restricted by CD1b and CD1c (79, 80) and immunization with total M. tuberculosis lipids induced a significant reduction of lung lesions (81).

Cattle (Bos taurus) are sensitive to natural infection with M. bovis, causing bovine tuberculosis that shares many clinical and pathological characteristics with human tuberculosis. Polyclonal T-cells isolated from naturally infected animals showed specific response to challenge with lipids from M. bovis and M. avium paratuberculosis (82). Uninfected animals immunized with GMM also developed GMM-specific CD1b-restricted T-cells, which persisted 4 months after the last immunization (83).

Studies performed in CD1 transgenic mice showed lipid-specific T-cells upon immunization with M. tuberculosis lipids or infected with M. tuberculosis (84).

Several studies investigated the response of human T-cells to stimulation with mycobacterial lipids ex vivo. Using this approach, T-cells specific for the mycobacterial antigens GroMM (22), GMM (85), SGL (26), MA (74), and MPM (30) were identified. In several cases, these T-cells were detected only in tuberculosis patients and not in healthy individuals, indicating that priming with lipid antigens occurs during infection.

A series of important immunological questions on the role of lipid-specific T-cells in tuberculosis remain to be answered. Firstly, most of the studies were performed with established T-cell clones using different cellular assays including cell proliferation, IFNγ release, and cell cytotoxicity. These assays detect protective anti-microbial capacities and indicate potential anti-microbial protective effects of these cells. These studies should be complemented with the functional analysis of T-cells freshly isolated from tuberculosis patients and possibly by in vivo studies using CD1 transgenic mice. Secondly, the mechanisms of lipid-specific T-cell memory generation remain unknown. The experimental data showing absence of mycobacterial lipid-specific T-cells in non-infected individuals supports that naïve T-cells are primed by a specific antigen and expand in vivo. Whether these cells persist for a long period of time and rapidly expand upon challenge with the antigen is not clear. These issues are of paramount importance to understand the possible use of lipid antigens as novel sub-unit anti-mycobacterial vaccines. Thirdly, the tissue-specific expression of CD1 proteins might represent a limitation to the protective activity of CD1-restricted T-cells. Macrophages are the cells harboring Mycobacteria during infection and do not express detectable levels of CD1 molecules. Therefore, these cells might be invisible to lipid-specific T-cells, thus reducing their potential protective role. Another important issue is whether CD1-restricted T-cells massively migrate to infected tissues, mostly the lung, and therefore are rare in circulating blood. The accumulation of lipid-specific T-cells in the lung of tuberculosis patients has not been properly investigated yet.

The second population of lipid-specific T-cells is represented by iNKT cells, which are innate-like T-cells. These cells are constantly activated by a variety of self- and microbial antigens and show a phenotype of pre-activate cells. They contain in their cytoplasm preformed cytokines mRNA, including IFNγ mRNA. They readily secrete these cytokines upon antigen recognition at levels that are up to 200-fold higher than those of naïve peptide-specific T-cells (86, 87). They also rapidly induce DC maturation, which in turn facilitates priming of CD8+ cytotoxic T-cells (88). Considering that this latter T-cell population is relevant in protection during mycobacterial infections (89), iNKT cell engagement might be also important for protection.

In vivo studies conducted in mice also showed that iNKT are activated during mycobacterial infections. Following BCG infection, there is an increase of iNKT cells in the lung that show signs of activation (90). iNKT cells were assumed to be important in development of lung granuloma following infection (90–92). Instead a series of studies performed using CD1d-deficient mice (lacking all types of CD1d-restricted T-cells) or Jα18-deficient animals (lacking mainly iNKT cells), did not show relevant difference in the mycobacterial colony forming units in the lung, nor in the survival of infected animals as compared to wild type mice (93–96).

Overall these studies showed that iNKT cells do not have an impact on chronic infection in mice and suggest that they are not involved in direct protective roles during tuberculosis. Thus, the potentially protective functions of iNKT cells, if any, may be present only in the early acute phases of microbial infections and be neglectable in the natural course of prolonged chronic infections such as tuberculosis.

Studies conducted in humans are observational and are limited to the numbers, phenotype, and ex vivo function of iNKT cells isolated from peripheral blood. None of these investigations supported an important role of iNKT cells in tuberculosis, although reduction in their number and phenotype has been observed in patients with active tuberculosis (97–99).

CONCLUSION

From the overview of the studies reported here, there are increasing evidences of the relevance of the immune response elicited by mycobacterial lipids. The identification of lipid molecules essential for bacterial virulence together with the absence of functional CD1 polymorphisms is the basis for vaccine development. There is therefore increasing hope that the inclusion of lipid antigens in new vaccine formulations would lead to a successful vaccination against tuberculosis.
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CD4+ T cells are prominent effector cells in controlling Mycobacterium tuberculosis (Mtb) infection but may also contribute to immunopathology. Studies probing the CD4+ T cell response from individuals latently infected with Mtb or patients with active tuberculosis using either small or proteome-wide antigen screens so far revealed a multi-antigenic, yet mostly invariable repertoire of immunogenic Mtb proteins. Recent developments in mass spectrometry-based proteomics have highlighted the occurrence of numerous types of post-translational modifications (PTMs) in proteomes of prokaryotes, including Mtb. The well-known PTMs in Mtb are glycosylation, lipidation, or phosphorylation, known regulators of protein function or compartmentalization. Other PTMs include methylation, acetylation, and pupylation, involved in protein stability. While all PTMs add variability to the Mtb proteome, relatively little is understood about their role in the anti-Mtb immune responses. Here, we review Mtb protein PTMs and methods to assess their role in protective immunity against Mtb.
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INTRODUCTION

In the last few decades, the hallmarks of cell-mediated protection against Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), have been a subject of intense investigation. The production of the T helper cell type 1 cytokine IFNγ is considered key in Mtb immunity, since it is a central factor in activating macrophages to disarm intracellular mycobacteria (1, 2). A wide landscape of Mtb antigens targeted by human T cells is being uncovered, including proteins (3–6), lipoglycans (7–9), and lipoproteins (10–12) that are processed and exposed by antigen-presenting cells in the context of various presentation platforms. These can be either polymorphic classical MHC class I (HLA-A, -B, and -C) or MHC class II (HLA-DR, -DQ, and -DP) molecules (3–6, 10, 12), oligomorphic MHC class Ib molecules (HLA-E) (13–16) or CD1 isoforms (7–9, 11, 17–19). Relevant to the development of immunodiagnostic tests and vaccine candidates, strong human IFNγ responses consistently pointed at a range of immunodominant protein antigens, including members of the so-called PE/PPE and ESX protein families (5, 20–25). Whether these responses are for the greater part beneficial to the host by providing protection against Mtb or might actually help the pathogen to spread after damaging lung tissue is, for most of them, currently unanswered. Hyperconservation of human Mtb T cell peptide epitopes has been described, perhaps arguing for a beneficial effect of recognition by the host for the pathogen (26, 27), yet epitope sequence variability has also been reported (3, 28, 29).

Several genome-wide screens and bioinformatics-guided approaches further added to the identification of novel protein antigens and immunodominant epitopes for a number of antigen presentation platforms (5, 13, 24, 29–33). Altogether, the picture emerging from these studies is consistent with a multi-epitopic, multi-antigenic IFNγ response during Mtb infection. To investigate whether different protein classes have the same or diverse functional characteristics, Lindestam Arlehamn et al. combined genome-wide HLA class II binding predictions with high-throughput cellular screens of peptides to interrogate CD4+ T cell responses from latently infected individuals. A significant clustering was seen of the majority of targeted proteins, representing 42% of the total response to three broadly immunodominant antigenic islands, to only 0.55% of the total open reading frames (ORFs) (5). However, no quantitative, functional, or phenotypical distinction was observed between T cells elicited by the various protein classes involved, such as those assigned to be secreted or others belonging to secretion systems themselves, or to cell wall or cellular processes. Hence, because of equal functionality, no antigen class could be implied in a more protective (or non-protective) profile over others.

Even though greatly informative, preselecting epitope candidates from the full Mtb proteome of approximately 4,000 ORFs based on bioinformatics has limitations. Binding algorithms may not be 100% effective and certain protective Mtb epitopes with weaker binding properties could perhaps rank too low in the assignment to be selected.

Moreover, the assumption that the immunoproteome is merely a direct translation of the coding genome is an oversimplification. As an additional level of proteome complexity, primary protein structures can be modified after translation. Multiple post-translational modifications (PTMs) occur in higher and lower organisms, involving proteolytic events or transfer of modifying groups to one or more amino acids of the proteins. These PTMs may influence the protein’s active state, compartmentalization, turnover, and/or interactions with other proteins. The rich nature of PTMs of prokaryotic proteomes has started to become unraveled only recently (34), essentially through advances in mass spectrometry (MS) (35). However, their presence in the Mtb proteome and their role in virulence and immunity have not received sufficient attention yet. Here, we review PTMs currently known to occur in the Mtb proteome and discuss whether they modify the Mtb immunoproteome indirectly, by engaging eukaryotic innate receptor signaling or antigen-processing pathways, or directly by persisting as structural moieties in the immunogenic epitopes. In addition, we highlight technologies enabling the unbiased detection and identification of the Mtb T cell epitope repertoire, modified or unmodified.

POST-TRANSLATIONAL MODIFICATIONS OF Mtb PROTEINS

Current advances in MS-based proteomics have revealed that, like in eukaryotes, PTMs can create an enormous diversity and complexity of gene products in prokaryotes, as was reviewed recently elsewhere (34). PTMs are covalent-processing events chemically changing protein structure, often catalyzed by substrate-specific enzymes. Hundreds of types of PTMs are known, some of which can occur in parallel to create even more heterogeneity in the protein arsenal (36, 37). There are several technical obstacles still to overcome in PTM analysis. In proteome measurements, each protein can be identified based on combined mass and fragmentation patterns from various cleaved peptides. In PTM measurements, each modification site is only represented by a single peptide species. Modified peptides can be of low abundance and furthermore may have chemical properties requiring optimization of liquid chromatography (LC) separation techniques or fragmentation modules, used in MS identification. As a solution, robust MS-based proteomic workflows have been designed, including affinity-based enrichment strategies that can assist in the identification of, e.g., the phosphoproteome, the glycoproteome, or the acetylated proteome (35).

Over the last two decades, multiple proteomic studies were performed on Mtb. In one recent study, using dedicated subcellular fractionation combined with affinity enrichment and liquid chromatography mass spectrometry (LC-MS) based proteomics, Bell et al. were able to bona fide identify 1,051 protein groups present in the Mtb H37Rv proteome, including lipoproteins, glycoproteins, and glycolipoproteins (38). While data are accumulating, our insight into Mtb PTMs is still far from complete (see Table 1 for summary and structure examples of PTMs discussed).

Table 1 | Post-translational modifications in the Mtb proteome.
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GLYCOSYLATION

Prokaryotes possess conserved N- and O-linked glycosylation pathways, capable of enzyme-catalyzed covalently coupling glycans (oligosaccharides) to proteins (65–67). N-linked glycosylation, in which oligosaccharide precursors are first assembled on a cytoplasmic carrier molecule before being transferred en bloc to the amide nitrogen of an Asn in the acceptor protein, has not been observed in Gram-positive bacteria or in pathogenic mycobacterial species. O-glycosylation in bacteria can proceed en bloc or stepwise, but for Mtb it is thought to be the latter. A model was proposed in which the initial glycosyl molecule is transferred to the hydroxyl oxygen of the acceptor Thr or Ser residue, a process catalyzed by the protein O-mannosyltransferase (PMT) (Rv1002c) (39). Hereafter, further sugars are added one at a time, but the enzymes involved in this elongation are unknown. While the precise role of O-glycosylation of Mtb proteins is still elusive (68), this PTM appears essential for Mtb virulence, since Rv1002c deficient strains are highly attenuated in immunocompromised mice (69). Initially, glycoproteins of Mtb were reported to contain glycan moieties based on their ability to bind the lectin concanavalin A (ConA), e.g., 38 kDa (PstS1) protein (40). MS then enabled assessment of glycosylation patterns of Mtb proteins, first the alanine-proline-rich 45–47 kDa antigen Apa (41, 70), followed by others, e.g., the lipoproteins (19 kDa) LpqH (42, 43) and SodC (44). Using ConA affinity capture or other sugar-based partitioning methods, and dedicated proteomics, Bell et al. reported a wealth of candidate Mtb glycoproteins, associated with membrane fractions and with culture filtrates (38), whereas others, comparing several fragmentation strategies, identified novel glycosylation sites directly from culture filtrate proteins (45, 71). These localizations corroborate with data suggesting that O-glycosylation and Sec-translocation, a process shuttling proteins across the bacterial cell envelope, are linked (39). As the number of bona fide identified Mtb glycoproteins is increasing, a glycosylation site motif is emerging, frequently observed at the protein C-terminus (45). Some O-glycosylated Mtb proteins constitute B cell antigens for serodiagnostics, such as the 38 kDa protein (72). Furthermore, they might contribute to the virulence of Mtb by binding as adhesins to innate immune receptors, promoting invasion of the host cells. The 19-kDa glycolipoprotein was shown to bind to the macrophage mannose receptor (MR) of monocytic THP-1 cells, hereby promoting the uptake of bacteria (73). Apa, secreted, as well as cell wall associated, binds to human pulmonary Surfactant Protein A (SP-A), an important lung C-type lectin (74). These two glycoproteins were also reported to be involved in Mtb binding to DC-SIGN on dendritic cells, although this needs further investigation (75).

PHOSPHORYLATION

Since Mtb can exist under various physiological states in the host, including dormancy and active replication, it makes use of a versatile mechanism to sense signals from the host and regulate cellular processes. Signal transduction through reversible protein phosphorylation participates in this function. The Mtb genome encodes multiple serine/threonine protein kinases, and Ser/Thr/Tyr protein phosphorylation occurs extensively. In addition, Mtb makes extensive use of two-component signal transduction systems, which rely on a phosphorylation cascade involving His kinases (46). Using TiO2-phosphopeptide enrichment, Prisic et al. assigned 301 phosphoproteins in Mtb grown under six different conditions and identified corresponding phosphorylation site motifs (47). These likely represent only a part of the Mtb phosphoproteome. However, little is known on the role of this PTM in the function or pathogenicity of these proteins, with exception of the His kinases in two-component systems (46).

LIPIDATION

Lipidation of proteins is predicted for a small percentage (0.9–2.5%) of ORFs in mycobacterial genomes, and is required for their anchoring and sorting to the cell surface [reviewed in Ref. (50, 76)]. The first step in Mtb lipoprotein biogenesis occurs in the N-terminal leader of preprolipoproteins having a so-called lipobox motif, involving the attachment of diacylglycerol to the thiol group of a Cys, by Lgt (phosphatidylglycerol-pre-prolipoprotein diacylglyceryl transferase). Second, the signal peptide directly upstream of the modified Cys is cleaved off by LspA (prolipoprotein signal peptidase/signal peptidase II). Only recently, proof was found that slow-growing Gram-positive mycobacteria also share the third step in lipoprotein biosynthesis with Gram-negative bacteria, i.e., adding a third acyl residue to the free amino group of the modified Cys by Lnt (phospholipid-apolipoprotein N-acyltransferase) (51). Brulle et al. described the BCG_2070c as the major ORF in BCG to encode a functional Lnt using a mycobacteria-specific acyl substrate, tuberculostearic acid (52). Lipoprotein genesis is essential for Mtb. Deletion of lgt was not possible (77), while an lspA deletion mutant was viable but had an attenuated phenotype (78, 79). For Mtb, multiple (candidate) lipoproteins have been identified, and classified as components of transport systems, enzymes, or as molecules involved in cell adhesion or in signaling (38, 50), several of which were not only lipidated but also glycosylated (42, 44, 52). In line with the dogma that lipoproteins are pathogen associated molecular patterns (PAMPs) sensed by TLR2 (80), Sanchez et al. showed that the glycolipoprotein 38 kDa PstS1 triggers a TLR2 and caspase-dependent apoptotic pathway in human macrophages (53). Besides this mechanism, the 19-kDa glycolipoprotein LpqH was shown also to induce a caspase independent apoptotic mechanism, involving mitochondrial apoptosis-inducing factor (AIF), killing macrophages (54). Furthermore, TLR2-dependent inhibition of MHC class II function was observed for LpqH (81). The cumulative data on LpqH suggest that through its PTMs, this glycolipoprotein exploits multiple innate immune receptors and mechanisms to enter (73), incapacitate, and kill mononuclear phagocytes. Notably, Lopez et al. reported that the lipid moiety of LpqH was not required for the TLR2-dependent apoptosis of macrophages (82). As another innate feature, LpqH and the lipoprotein LprG were found to directly stimulate TLR2/TLR1 on memory CD4+ T cells (55), presumably via engaging TLR2 and TLR1 pockets by their thioether-linked diacylglycerol and amide-linked third acyl chain, respectively (83).

FORMYLATION

Formylation/de-formylation of proteins is a typical hallmark of bacterial proteomes. Protein synthesis in bacteria is initiated with a formylated methionine (fMet) residue, which is then enzymatically cleaved by peptide deformylase (PDF) and methionine aminopeptidase to generate mature proteins. The human immune system can benefit from this unique formylation pathway to distinguish self from non-self proteins. Although formylation is not strictly a PTM, but comes with the first “modified” building block of protein synthesis, the presence of the formyl group can be considered a variation of plain translation of the genetic code. What might be the life span of the formylated state of proteins is unknown so far. However, short formylated Mtb protein fragments have been identified that can be presented as epitopes via non-classical murine MHC class Ib molecules of infected macrophages and appear to be protective in a Mtb challenge model (57, 58). This suggests that in vivo-formylated proteins can enter antigen-processing pathways before the enzymatic removal of the N-terminal fMet residue has occurred. Recently, N-formylated peptides of ESAT-6 and glutamine synthetase were found to have immunotherapeutic potential in a Mtb mouse infection model. A role for formyl peptide-receptor recognition in activation of innate immune cells was implied (84), but presentation via non-classical MHC molecules may also play a role.

PUPYLATION

Pupylation is a protein-to-protein modification, first identified in Mtb. It covalently attaches the C-terminal Glu of the 6.9-kDa “Protein Ubiquitin-like Protein” (Pup) to the ε-amine of Lys side chains of an interacting protein partner (59). Although the full purpose of the pupylation pathway in Actinobacteria remains to be elucidated, it is assumed that in Mtb, disposing of a proteasomal system, tagging proteins with Pup renders them susceptible for proteasomal degradation (60–62), similar to the well-known ubiquitin-initiated protein degradation pathway. The C-terminal Glu of Pup itself is generated by another PTM, i.e., deamidation of the C-terminal Gln (56). From various large-scale proteomic studies, a database of the mycobacterial “pupylome,” containing > 150 verified pupylated proteins and >1,000 candidate pupylated proteins, was annotated (63). Depupylation activity also occurs (64), hence the modification can be reversed.

ACETYLATION AND ACETYL-LIKE MODIFICATIONS

Transferring an acetyl, propionyl, maloyl, or succinyl group to the ε-amine of lysines (Nε-modification) or to the α-amines of protein N-termini (Nα-modification) are widely occurring PTMs in prokaryotes (34). Mtb encodes multiple proteins annotated as putative acetyl transferases acting on protein substrates (85). A well-studied Nα-acetylated Mtb protein is the virulence factor and immunodominant antigen, early secretory antigenic target 6 (Esat-6) (49). Acetylation presumably confers protein stability and compartmentalization, and occurs at Thr2, becoming the N-terminus after removal of the fMet residue at position 1.

METHYLATION

This PTM involves the addition of one or several methyl groups to either the ε-amine of lysines or to the side chain carboxyl of Glu. Although this PTM occurs in Mtb, genes encoding Mtb protein-methyltransferases have not been identified yet. Two Mtb adhesins, heparin-binding hemagglutinin (HBHA, Rv0475) and laminin-binding protein (LBP, Rv2986c) were shown to be methylated (48). HBHA is a 28-kDa multifunctional protein found on the surface and in culture filtrates of mycobacteria. Automated Edman degradation and mass spectrometric analysis indicate that at least 13 out of 16 Lys residues in the Lys-Ala-Pro rich C-terminal region of HBHA can be mono-or dimethylated, generating a spectral envelop of isoforms (Figure 1A) (48). HBHA mediates mycobacterial adherence to epithelial cells via the interactions of this C-terminus with sulfated glycoconjugates on the surface of epithelial cells and methylation was implied to play a role in resistance to proteases present in bronchoalveolar lavage fluids (86–88). Recently, Sohn et al. showed that HBHA from Mtb also targeted murine macrophages and induced apoptosis via a mechanism involving mitochondria (89). Interestingly, HBHA purified from Mycobacterium avium subsp. paratuberculosis contains an N-terminal acetylated alanine residue in addition to the methylated lysines (90), whereas there is no evidence for acetylation of the N-terminal residue of Mtb HBHA (88).
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FIGURE 1 | Molecular and immunological hallmarks of naturally methylated HBHA. (A) LC-MS analysis (lower part) and summary of methylation pattern (upper part) of HBHA from BCG. Indicated by arrows are the masses of molecular variants in the mass envelope, the lowest and highest of which correspond to HBHA containing 0 or 25 methyl groups, respectively. Methylations are borne by the lysine residues of the C-terminal part. Data indicate that at least 13 out of the 16 C-terminal lysines can be mono- or dimethylated. (B) In vitro IFNγ release to methylated HBHA stimulation according to Mtb infection status. Shown are IFNγ concentrations in nanogram/milliter as measured in Elisa after stimulation with methylated HBHA for 24 h of PBMC from three groups of subjects: non-infected controls (CTRL), subjects with latent Mtb infection (LTBI), and patients with active tuberculosis (TB). The dotted line represents the positivity cut-off for the assay. For each group, the median of results is marked as a horizontal line. Statistical significance of differences: ***p ≤ 0.0001. Data are with licensed permission from Ref. (23).



POST-TRANSLATIONAL Mtb PROTEIN MODIFICATIONS IN PROTECTIVE IMMUNITY AND VACCINE CANDIDATES

The rich variety of PTMs to a large proportion of the Mtb proteome is likely to play a major role in the successful intracellular lifestyle of Mtb during chronic and sometimes lifelong infections. In the quest of novel vaccines, urgently needed to improve the limited protective capacity of BCG, it may be useful to understand the role of these PTMs in the host response to Mtb infection. Over thousands of years, a balance has been reached in which Mtb avoids excessive immunity allowing it to survive in the host, and in which a certain level of immunity allows the host not to succumb to the infection.

While the primary Mtb proteome shows features of hyperconservation, suggesting an evolutionary advantage to ensure stable epitope recognition by CD4+ T cells (26), PTMs superimpose a high level of complexity. This may complicate the identification of protective protein antigens based on in silico analyses and recombinant DNA technologies. Once protective protein antigens have been identified, the exact structural features need to be known for optimization and process development of the antigen. Furthermore, it will be important to know whether a particular PTM acts as an immune modulator, or/and whether it is part of the structural antigen moiety targeted by the adaptive immune system. Illustrative in this respect are three examples of Mtb protein antigens with PTMs, currently considered as vaccine candidates because of their immunodominance in humans and/or protective effect in animal models.

The 45–47 kDa secretory and cell-surface adhesin Apa is a major mycobacterial antigen with different O-mannosylation patterns in pathogenic versus non-pathogenic mycobacterial species that are critical for its T cell antigenicity in vivo and in vitro (70, 91). T cells from BCG-vaccinated PPD-responsive individuals recognize either both native mannosylated Apa (nApa) and recombinant non-mannosylated Apa (rApa), or nApa only. These latter T cells did, in contrast to the former, not recognize synthetic peptides corresponding to the Apa protein sequence. Together with the finding that recognition of nApa required active antigen processing, these data suggest that mannosylation does not induce alternate processing of nApa but rather that the carbohydrate moiety is an intrinsic part of the T cell epitope(s) (92). Protection by Apa was shown in guinea pig and mouse models in the context of various vaccine platforms (protein, DNA, and poxvirus boost) and routes (intanasal and subcutaneous), as a subunit or as a BCG-booster vaccine (70, 92–94). In a mouse model, adjuvanted nApa was found to induce higher frequencies of CD4+ T cells, producing more cytokines, compared to adjuvanted rApa. However, both antigens were equally protective against virulent Mtb infection when used as a subunit vaccine or as a BCG-booster vaccine (92). This indicates that O-mannosylation is not required for the protective effect in this model. However, understanding of the impact of the different immune responses evoked by nApa and rApa, as well as the nature of the putative naturally processed glycopeptide(s), need further investigation.

In contrast to Apa, the natural PTM of HBHA, methylation, is essential for providing high levels of protection against Mtb challenge in mice, in addition to its antigenicity in Mtb-infected human individuals (95, 96). However, immunization of mice with purified non-methylated HBHA induces antibodies and Th1 cytokines at levels similar to those induced by immunization with methylated HBHA. Also, the antibody isotype profiles are similar in both instances. Interestingly, however, only splenocytes isolated from mice immunized with methylated HBHA, and not with non-methylated HBHA, induce IFNγ secretion upon incubation with Mtb-pulsed macrophages. Methylated HBHA-specific T cell responses are likely to participate in protection against disease in humans, since T cells from patients with active TB secrete significantly lower amounts of IFNγ after stimulation with methylated HBHA than subjects with latent Mtb infection (Figure 1B) (23, 97, 98). HBHA is being considered as a BCG-booster vaccine (99), as responses to methylated HBHA were found to be primed in BCG-vaccinated infants (100). It is not yet known whether the PTM affects the presentation of non-modified protective T cell epitopes via modulation of antigen uptake or processing, or whether methylation is part of the protective T cell epitope(s) involved.

The N-terminal-Thr acetylated antigen ESAT-6 is known as an immunological hotspot in humans (6). During natural infection or after subunit vaccination in mice, vigorous Th1 type CD4+ T cell responses are directed to the N-terminal immunodominant epitope ESAT-61–15, whereas other epitopes are masked (101). These can be revealed by redesigning ESAT-6 analogs in which the dominant epitope is removed, resulting in the engagement of protective CD4+ T cell responses that resist infection-driven terminal differentiation (102). To our knowledge, the role of the N-acetylation at Thr2 in generating the ESAT-6 peptide repertoire has not been interrogated, yet in view of ESAT-6’s current status as a vaccine candidate in clinical testing (99, 103), such assessment may be important.

In order to fully characterize these candidate vaccine antigens, it will be important to elucidate the exact roles of the added glyco-, methyl-, or N-acetyl moieties, respectively. Does their presence modulate effective antigen processing, perhaps by steering proteolysis and immunodominance through masking certain enzyme cleavage sites as was shown for O-linked glycans (104), or are they part of the protective immunoproteome itself ? Clearly more studies are needed, including epitope identification approaches to unravel, in these and other targeted vaccine candidates, the role of PTMs in the Mtb immunoproteome. Knowledge on the precise role of the PTM of Mtb vaccine candidates may be of great help to optimize vaccine candidates and potentially to simplify vaccine design and process development.

TOWARD UNBIASED ASSESSMENT OF THE Mtb IMMUNOPROTEOME

Protein antigens, modified or not, are translated for T cell surveillance into immunogens in antigen-processing pathways of antigen-presenting cells. This translation consists of enzymatic cleavage and rescue of protein fragments onto the molecules of a relevant antigen-presenting platform, such as classical class I or II MHC molecules (105), non-classical MHC molecules, including class Ib MHC molecules (16), or CD1 isoforms (17). The identification of the exact nature of the naturally processed and presented Mtb immunoproteome would require dedicated technologies such as LC-MS, first pioneered MHC class I ligands by Hunt et al. more than two decades ago (106, 107). Typically, cell lines would be grown at large scale (>1 × 109 cells) and, after detergent solubilization and immunoaffinity purification of MHC-ligand complexes, bound peptide epitopes would be eluted. The purified endogenous MHC class I ligands were characterized by dedicated LC-MS and MS/MS sequencing.

Nowadays, ever evolving LC-MS/MS systems have greatly added to our understanding of the endogenous peptide repertoire and binding motifs of many MHC class I and II molecules (108–111), as well as of class1b MHC molecules (112). For the classical MHC pathways, the notion has emerged that antigen-presenting cells express approximately 100,000 MHC class I and II molecules at their surface, presenting thousands of different endogenous peptides, at widely divergent abundances (113). LC-MS/MS sequencing can unambiguously identify the epitopes as they are eluted from their antigen-presenting molecules in a qualitative and quantitative manner, revealing both primary epitope sequences, as well as any modifications to them (114). LC-MS/MS analyses have shown that processing inside antigen-presenting cells can generate modified or unpredictable MHC epitopes, such as deamidated (115), citullinated (116), or cysteinylated (117) ligands, as well as ligands arising from protein splicing (118–120) or from alternative reading frames or read-throughs of protein-encoding genes (121–123).

Pathogen-encoded immunoproteomes, including PTMs, generated from the proteome inside infected or antigen endocytosing antigen-presenting cells, should be detectable through LC-MS/MS sequencing approaches as well, although pathogen-derived ligands will be needles in the haystack of eluted self epitopes. To facilitate the identification of these non-self pathogen-derived antigens, targeted LC-MS/MS approaches have been developed (124–127). Foreign epitopes that originate from proteins synthesized during infection inside antigen-presenting cells, such as viral MHC class I epitopes during infection, can be traced using algorithms detecting isotopic patterns in the mass chromatograms of MHC immunoproteomes from carefully mixed infected and non-infected cell cultures that were metabolically labeled during growth (128). Alternatively, epitopes that arise from exogenous proteins endocytosed by antigen-presenting cells during infection, such as bacterial MHC class II epitopes, can be traced back in the MHC-bound peptide repertoire after metabolic labeling of antigen during the prokaryotic cell growth (126, 129). However, if PTMs are suspected in the foreign MHC immunoproteome, chromatography, ion fragmentation strategy, and even affinity enrichment strategies will have to be considered accordingly. Until now, only a single study has reported the identification of several Mtb epitopes presented by MHC class I via LC-MS (130). More approaches are underway to extend our knowledge on the naturally processed and MHC-presented Mtb epitopes, including those derived from methylated HBHA, using dedicated LC-MS. These studies include large-scale human monocyte or dendritic cell cultures and either in vitro Mtb infection or targeted antigen pulsing. Inhibition of MHC class II presentation upon incubation with live Mtb, mycobacterial lysates, or purified antigens may frustrate these attempts (131, 132). Dedicated isolation and analytical discovery procedures should then help to identify the Mtb epitope “needles” in the self “haystack,” and increase our knowledge on the role of PTM in the Mtb immunoproteome.

CONCLUDING REMARKS

Fast developments in LC-MS/MS-based proteomics have enabled the detection of many types of PTMs in proteomes of prokaryotes, including Mtb. Elucidating the role of PTMs in the immunoproteome of protective Mtb protein antigens is important for the molecular optimization of vaccine candidates, and will also greatly benefit from technical advancements in LC-MS/MS.
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The PGRS domain from PE_PGRS33 of Mycobacterium tuberculosis is target of humoral immune response in mice and humans
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The PE_PGRS33 protein is a member of the PE family, which encompasses the PE and the PE_PGRS subfamilies. Among PE_PGRS’s, this protein is one of the most studied antigens and its immunomodulatory properties are influence by both PE and PGRS domains. However, the contribution of these domains to the host immune recognition of the PE_PGRS33 protein and their potential role in latent tuberculosis infection in humans is still unknown. In this study, the immunogenic properties of the complete PE_PGRS33 protein and each domain separately were evaluated in BALB/c mice and latent tuberculosis infected (LTBI) humans. In mice, PE_PGRS33 and its domains induced similar antibody production and secretion of IFN-γ. PE_PGRS33 and the PE domain stimulated higher CD4+ and CD8+ T-cell proliferation compared to the PGRS domain. This demonstrated that the principal difference in the immune recognition of the domains is the higher activation of T-cell subpopulations involved in the control of tuberculosis. In humans, the secretion of IFN-γ in response to PE_PGRS33 was detected in both LTBI and in non-infected vaccinated individuals. The same was observed for antibody response, which targets epitopes located in the PGRS domain but not in the PE domain. These observations suggest that T and B cell responses to PE_PGRS33 are induced by BCG vaccination and can be maintained for many years in non-infected individuals. This also indicates that the IFN-γ response detected might not be associated with latent tuberculosis infection. These results contribute to the elucidation of the role of the PE_PGRS33 protein and its PE and PGRS domains in the immune response against Mycobacterium tuberculosis.
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INTRODUCTION

Mycobacterium tuberculosis, the causative agent of human tuberculosis, is one of the most successful pathogens known. This bacterium is able to elude the host immune system and starts the disease after the infection or remains latent during long time (1). Many factors that could explain these characteristics were elucidated after the genome sequencing of the M. tuberculosis H37Rv (2). The genome sequence of these bacteria also revealed the presence of the PE family, which encompasses the PE and PE_PGRS subfamilies with about 100 genes scattered throughout the genome. Around 61 of these genes encodes for members of the PE_PGRS subfamily. These proteins are characterized by a highly conserved PE domain of approximately 110 amino acid residues that contains the motif Pro–Glu (PE) near the N-terminus. This domain is followed by the PGRS (polymorphic GC-rich-sequence) domain, which varies in size from 100–1400 amino acid residues and is rich in repetitive Gly–Gly–X motifs (2).

Some PE_PGRS proteins are exposed at the bacterial surface, where they can interact with the host immune system (3–5). Antibodies against PE_PGRS51, PE_PGRS62, PE_PGRS33, and the PGRS domain of Wag22 (Rv1759cPE_PGRS) are present in sera from patients with tuberculosis or during experimental tuberculosis in mice (6–10). Several PE_PGRS elicit T-cell responses in humans and are recognized by major histocompatibility complex-I (MHC-I)-restricted CD8+ T cells in mice, suggesting that many members of the PE_PGRS subfamily are highly immunogenic (11, 12).

PE_PGRS proteins are also involved in latency. Mutations in pe_pgrs genes of other mycobacterial species have shown decreased persistence in granulomas (13). The PE_PGRS33 protein is a member of the PE_PGRS subfamily that stimulates tumor necrosis factor-α (TNF-α) production, one of the cytokines involved in the induction and maintenance of latent tuberculosis infection in animal models mimicking human latency (14–16). The Rv1759cPE_PGRS antigen induces immune response maintaining the latent infection in a murine model of chronic tuberculosis (17). M. tuberculosis clinical strains harboring big genetic variations in the rv1818c that codifies the PE-PGRS33 have been associated with clustering of tuberculosis cases and absence of cavitations in the lungs. This suggests that this protein plays a role in the establishment or maintenance of latent infection (18). Until now, the immune response against the PE_PGRS proteins has not been described in M. tuberculosis latent-infected individuals.

Additionally, the PE_PGRS33 protein plays an important and may be non-redundant role in the pathogenesis of M. tuberculosis (19). The sequence of the PE domain of this protein is highly conserved among M. tuberculosis clinical isolates (18, 20). This domain directs the cell wall localization of PE_PGRS33 (21). It has been reported that mutations in the PE domain affect the pro-inflammatory properties of the protein (22). On the other hand, the PGRS domain exhibits the major sequence variations in clinical M. tuberculosis strains (20). The PGRS fragment mediates the interaction with toll-like receptor 2 (TLR2) triggering host-cell death (14, 22). Deletions inside this domain can modulate the secretion of TNF-α induced by the PE_PGRS33 (14). The immunogenic properties of the PE domain have been evaluated in a murine model (9). The contribution of the PGRS domain to the immune response generated by PE_PGRS33 has been inferred from the study of the complete protein and the PE domain. However, the effect of the PGRS single domain has not been reported.

In this work, the immunogenic properties of the PE_PGRS33 protein and the PE and PGRS domains were studied in mice. This study was extended to humans where the secretion of IFN-γ and antibodies levels in latent tuberculosis-infected (LTBI) and non-infected individuals were evaluated.

MATERIALS AND METHODS

PREPARATION OF ANTIGENS

Cloning the PE and PGRS domains of PE_PGRS33

The full-length rv1818c gene, which codifies for the PE_PGRS33 was cloned into the pET15b vector (Novagen Inc., Madison, WI, USA) fused to a histidine (His) tag was kindly provided by Dr. M. J. Brennan [CBER, FDA, Bethesda, MD, USA (13)]. The rv1818c gene from pET15b was inserted into the plasmid pcDNA3 (Invitrogen, Carlsbad, CA, USA). An 1172 bp fragment (from nucleotide 339 to 1494) encoding the PGRS region of the rv1818c gene was amplified by PCR from pcDNA3 using the forward primer 5′-GGAATTCCATATGGGGCGCCCACTGATCGGT-3′ (which includes an NdeI site) and the reverse primer 5′-ATGGATCCCTACGGTAACCCGTTCATCCCGTTC-3′ containing a BamHI site and a stop codon. The NdeI–BamHI fragment was then cloned in pET15b. The PE coding region of the rv1818c gene (from nucleotide 1 to 339) was amplified using the forward primer 5′-CGGGATCCATGTCATTTGTGGTCACGATCC-3′ holding a BamHI site and the reverse primer 5′-CGGAATTCACAACAGCGCCAGGGCG-3′ including an EcoRI site and a stop codon. The EcoRI–BamHI fragment was then cloned into the multiple cloning site of the plasmid pGEX-4T-2 (Amersham Pharmacia, Piscataway, NJ, USA) to create a fusion product with the coding sequence for glutathione S-transferase (GST).

Expression and production of PE_PGRS33, PE, and PGRS domains

PE_PGRS33 and its PGRS domain were expressed in Escherichia coli C41 (DE3). Bacteria were cultivated at 37°C in Luria–Bertani broth with 100 μg/ml ampicillin. All the chemicals were obtained from SIGMA Aldrich, St. Louis, MO, USA unless otherwise stated. Protein expression was induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at OD = 0.6. Cells were harvested by centrifugation, resuspended in phosphate-buffered saline (PBS) with 1× complete ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor (Roche Applied Science, Mannheim, Germany), and disrupted by sonication. After centrifugation, the inclusion bodies were washed sequentially with 2% Triton X-100, 1% Triton X-100, and PBS. The inclusion bodies were dissolved in buffer A [50 mM Na2HPO4 (pH 8.0), 8 M urea, 300 mM NaCl, 10 mM Imidazole] at 4°C for 14 h. The PE_PGRS33 protein was purified by metal affinity chromatography in an Akta-Prime (GE Healthcare Biosciences, Pittsburgh, PA, USA). The solution of proteins was bound to a His–Trap HP column (GE Healthcare Biosciences, Pittsburgh, PA, USA) previously equilibrated with buffer A. The protein elution was performed using 500 mM Imidazole in buffer. The purified protein was dialyzed and buffer was exchanged for 50 mM Tris–HCl (pH 8.0), 150 mM NaCl.

The PE domain fusion to GST was expressed in E. coli BL21 (DE3) grown in Luria–Bertani broth with 100 μg/ml carbenicillin at 37°C. Protein expression was induced with 0.25 mM IPTG at OD = 0.6. Cells were harvested by centrifugation and disrupted by sonication. Inclusion bodies were dissolved in 50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 8 M urea, 1 mM dithiothreitol (DTT), 1 mM EDTA. The supernatant was dialyzed against 50 mM Tris–HCl (pH 8.0), 100 mM NaCl, and 1 mM DTT (union buffer) containing 4 and 2 M urea in sequential steps. The final dialysis step was performed against union buffer. A final concentration of 1% Triton X-100, 20 μg/ml PMSF, and 1 mM EDTA was added to the dialyzed sample. The suspension was bound to glutathione agarose at 0.5 ml resin per 2 ml sample by the batch method with gentle agitation at 4°C for 12 h. The resin was washed with 20 bed volumes of union buffer/1% Triton X-100 and then with 20 bed volumes of union buffer. The PE protein was eluted by incubation with elution buffer [50 mM Tris–HCl (pH 8.0), 100 mM NaCl, and 20 mM reduced glutathione] at 4°C for 90 min. The glutathione was removed by dialysis against 50 mM Tris–HCl (pH 8.0), 100 mM NaCl.

MURINE MODEL

Preparation of PE_PGRS33 for the immunization of mice

A total amount of 100 μg of recombinant PE_PGRS33 was resolved in 12% polyacrylamide gels containing SDS according to the discontinuous buffer system of Laemmli (23). Proteins were transferred to nitrocellulose membranes (Amersham Pharmacia, Piscataway, NJ, USA). The protein band was identified by temporary staining with Ponceau S solution. The portion of the membrane with the identified protein was cut and converted into antigen-bearing particles using a previously described method (24). Briefly, the protein band was excised from the nitrocellulose sheet, cut in small pieces, and dissolved in dimethyl sulfoxide. The PE_PGRS33-bearing nitrocellulose was precipitated with 0.05 M carbonate/bicarbonate buffer (pH 9.6). After washing three times with PBS, the product was resuspended in 500 μl of sterile PBS. Nitrocellulose particles without protein were prepared under same conditions to be used as control. This methodology minimized the presence of undesirable proteins allowing the immunization to be performed only with the protein of interest.

Immunization of mice

The 6–7 weeks old female BALB/c mice were obtained from Harlan, Mexico. These mice were housed under standard pathogen-free conditions. All animal studies were carried out in strict accordance with the recommendations from the current Institutional Guidelines for the Care and Use of Laboratory Animals. The animal study was previously approved by the Committee for the Care and Use of Laboratory Animals of Instituto de Investigaciones Biomédicas. Two groups of mice (n = 4 per group) were used in each of three independent experiments. Mice were immunized by intraperitoneal injection of 20 μg of recombinant PE_PGRS33 on antigen-bearing nitrocellulose (100 μl of PBS containing 20 μg of protein per mouse). Control mice received 100 μl of PBS containing only nitrocellulose particles by the same route. Intraperitoneal booster injections with same amount of antigen-bearing nitrocellulose were administered on days 21 and 42 to immunized mice. Control mice were injected with nitrocellulose particles on days 21 and 42.

Carboxyfluorescein diacetate succinimidyl ester proliferation assay

Spleen cells were obtained from immunized and control mice 2 weeks after the last immunization. Cells were extracted by tissue disruption and suspended in RPMI 1640 medium. All chemicals were obtained from GIBCO, Gran Island, NY, USA, unless otherwise stated. The erythrocytes were lysed by mixing the cells with 0.15 M ammonium chloride (NH4Cl), 1.5 mM buffer HEPES (SIGMA Aldrich, St. Louis, MO, USA), 1 mM sodium bicarbonate (NaHCO3) at room temperature for 5 min. The reaction was stopped by adding 10 volumes of Dulbecco’s PBS (DPBS). Later 107 splenocytes were incubated at room temperature in the dark with 0.5 μM carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen, Carlsbad, CA, USA) for 5 min. The reaction was stopped by adding nine volumes of RPMI 1640 plus 10% fetal bovine serum (FBS). CFSE-stained cells were centrifuged at 1500 rpm for 5 min, washed twice in DPBS with 10% FBS, and resuspended in RPMI supplemented with 10% FBS, 1.5 mM glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 1% non-essential amino acids, 20 mM HEPES buffer, and 50 μM 2-mercaptoethanol. Viable cells were counted by trypan blue exclusion, and 1.5 million cells were stimulated with 25 μg of PE_PGRS33, PE, PGRS, or GST protein plus 10 μg/ml of polymyxin B (Calbiochem, Pacific Center, CA, USA) in 24-well plates at 37°C in 5% CO2 for 96 h. Polymyxin B was added to rule out the possibility of contamination with lipopolysaccharide (LPS). As positive control, 1.5 million CFSE-labeled spleen cells from control and immunized mice were stimulated with 2 μg/ml of concanavalin A (SIGMA Aldrich, St. Louis, MO, USA) at 37°C in 5% CO2 for 72 h. The cells were harvested, washed with DPBS with 2% FBS and 0.09% sodium azide (NaN3), and incubated with an anti-mouse FcγR antibody (CD16–CD32, CALTAG, Burlingame, CA, USA) diluted 1:500 to block the non-antigen-specific binding of conjugated antibodies. CFSE-labeled cells were then incubated with phycoerythrin-conjugated anti-CD4 antibody (BD Pharmingen, San Diego, CA, USA) diluted 1:200 and allophycocyanin-conjugated anti-CD8 antibody diluted 1:200 (CALTAG, Burlingame, CA, USA) on ice for 15 min. The cells were washed with DPBS with 2% FBS and 0.09% NaN3 and resuspended in 0.5 ml DPBS. Three-color flow cytometry was performed in a fluorescence-activated cell sorting (FACS) Calibur cytometer (BD, Mountain View, CA, USA). Lymphocytes and blasts were identified by forward scatter (FCS) and side scatter characteristics (SSC) in 10,000 events acquired. The percentage of proliferating cells was determined by gating on CD4+ or CD8+ cells and comparing the proliferating population (CFSEdim) with lineage positive cells that had not divided (CFSEbright). Cellquest™ software was used to acquire and analyze the data. Samples and controls were analyzed under same conditions.

Mouse cytokine assay

The supernatants from mice cultured spleen cells used in the CFSE proliferation assay were evaluated for IFN-γ production using a Murine IFN-γ ELISA development kit (PEPROTECH, Mexico City, Mexico) following the instructions of manufacturer. Briefly, ELISA plates containing 1 μg/ml capture antibody per well were incubated at 4°C overnight. After addition of standards and samples, plates were incubated at room temperature for 2 h. The detection was performed with 0.5 μg/ml detection antibody. The plates were incubated at room temperature for 2 h. Avidin peroxidase diluted 1:2000 was added and incubated at room temperature for 30 min. A color reaction was developed using ABTS liquid substrate and absorbance values were measured at 405 nm using an ELISA plate reader.

Antibody detection in mice

Two weeks after the last immunization blood was collected from the tail veins of the immunized and control mice. The titers of Immunoglobulin G (IgG), IgG1 and IgG2a in sera were determined using the ELISA assay. Briefly, 96-well plates (Maxisorp Nunc Immunoplates) were coated with 5 μg/ml of recombinant PE_PGRS33, PE, PGRS, or GST at 4°C overnight. The plates were blocked with bovine serum albumin (BSA. SIGMA, St. Louis, MO, USA) and incubated with different dilutions of the mouse sera (3 × 102–1 × 105). Goat anti-mouse IgG–horseradish peroxidase (HRP) conjugate, IgG1–HRP and IgG2a–HRP antibody (all from ZYMED, San Francisco, CA, USA) were used as secondary antibodies. A color reaction was developed with o-phenylenediamine tetrahydrochloride (SIGMA, St. Louis, MO, USA), and absorbance values were measured at 492 nm using an ELISA plate reader.

STUDY IN HUMANS

Human donors

All the 88 volunteers who participated in this study were graduate students from the School of Dentistry, Universidad Nacional Autónoma de México. All participants had been vaccinated with Mycobacterium bovis Bacillus Calmette–Guérin (M. bovis BCG) when infants. The individuals were between 25 and 32 years old, clinically healthy, and had chest radiography negative for tuberculosis. The study in humans was performed in accordance with the Guidelines for Scientific Research with Humans of the Instituto de Investigaciones Biomédicas. The protocol was previously approved by the Ethics Committee of the same Institute. All participants signed consent forms detailing all relevant information about the nature of the study. All individuals participated voluntarily and their identities will remain undisclosed. No incentives were offered to participants.

IFN-γ release assay to detect LTBI and non-infected individuals

Blood samples were collected in heparinized tubes from each of the 88 participants. Aliquots of 1 ml of heparinized blood were incubated in the presence of the QuantiFERON®-TB Gold Kit (Cellestis Limited, Carnegie, VIC, Australia) antigens ESAT-6, CFP-10, and mitogen in 24-well tissue culture plates at 37°C in 5% CO2 for 16 h. Plasma was obtained by centrifugation and the samples were evaluated for IFN-γ production using the Human IFN-γ ELISA kit provided with the QuantiFERON®-TB Gold Kit following the instructions of manufacturer. Briefly, human IFN-γ standards and plasma samples were added to 96-well microplates coated with murine anti-human IFN-γ. The conjugate murine anti-human IFN-γ HRP was incorporated immediately after samples, standards, and conjugates were thoroughly mixed in a microplate shaker and incubated at room temperature for 2 h. After the addition of the enzyme substrate solution, the plate was incubated at room temperature for 30 min. The reaction was stopped with enzyme stopping solution. The optical density was read after 5 min using a microplate reader. The results were analyzed using the QuantiFERON® Analysis software. The results of this analysis were used to divide the group of participants as LTBI and non-infected individuals.

IFN-γ release assay to detect responders to the PE_PGRS33 complete protein

An aliquot of 1 ml of heparinized blood obtained from each of the 88 participants was incubated with 25 μg/ml of PE_PGRS33 in 24-well tissue culture plates at 37°C in 5% CO2 for 16 h. Plasma was obtained by centrifugation and the samples were evaluated for IFN-γ production using the Human IFN-γ ELISA kit provided with the QuantiFERON®-TB Gold Kit following the instructions of manufacturer, as above described. The results of this assay identified responders to the complete PE_PGRS33 protein among the LTBI and non-infected individuals.

IFN-γ release assay to study the response to the PE_PGRS33 protein and its PE and PGRS domains in LTBI and non-infected individuals

A volume of 5 ml of blood was collected in heparinized tubes and diluted 1:10 with RPMI 1640 medium supplemented with 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (all from GIBCO BRL). An aliquot of 1 ml of diluted blood was incubated in a 24-well plate with 25 μg of PE_PGRS33, PE, PGRS, or GST protein plus 10 μg/ml polymyxin B at 37°C in 5% CO2 for 6 days. The concentration of IFN-γ in supernatants was quantified using the Human IFN-γ ELISA kit provided with the QuantiFERON®-TB Gold Kit according to the instructions of manufacturer, as above described.

Antigen-specific antibody detection in LTBI and non-infected humans

Antibodies against PE_PGRS33 and their domains were detected in 63 out of 88 sera of the individuals by ELISA assay. This assay was carried out as above described for antibody detection in mice with the following modifications: human sera were diluted 1:100, 1:300, and 1:500. All samples were incubated with anti-human IgG HRP conjugate. In addition, three samples from LTBI and four from non-infected individuals that produce IFN-γ in response to PE_PGRS33 were also tested with IgG1 HRP conjugates (Caltag, Burlingame, CA, USA). The color reaction was developed with o-phenylenediamine tetrahydrochloride. Absorbance values were measured at 492 nm using an ELISA plate reader.

STATISTICAL ANALYSIS

Data between groups were compared using the Mann–Whitney U test at the 0.05 significance level.

RESULTS

HUMORAL AND CELLULAR IMMUNE RESPONSE TO PE_PGRS33, THE PE, AND PGRS DOMAINS IN MICE

Humoral immune response in mice

Sera from immunized and control mice were tested using ELISA assay to determine the levels of antigen-specific IgG antibodies against PE_PGRS33 and its PGRS and PE domains. Similar titers of IgG were observed in both immunized and control mice (Figure 1A). Titers of IgG1 and IgG2a were quantified to identify the differences between these IgG subclasses. Similar titers of IgG1 against the complete protein and its domains were detected in all dilutions tested (Figure 1B). In contrast, the levels of IgG2a subclass against the PE domain were lower than the levels against the PGRS domain or the complete PE_PGRS33 protein (Figure 1C). This indicated that IgG1 antibodies in sera from the immunized mice targeted the complete PE_PGRS33 and its domains, whereas the IgG2a antibodies recognized epitopes located exclusively in the PGRS domain.
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FIGURE 1 | Humoral immune response to PE_PGRS33, PGRS, and PE in immunized mice. BALB/c mice were immunized with PE_PGRS33 and sera were collected 15 days after the last immunization. IgG (A), IgG1 (B), and IgG2a (C) responses to PE_PGRS33 (□), PE (▲), PGRS (○), and the control protein GST (♦), were evaluated by ELISA assay. For total IgG determination, each serum was diluted 1:100 and for IgG1 and IgG2a determination, mice sera were diluted as indicated in the figure. Bars (A) and datum points (B,C) are the average readings ± SD of data from four mice in the group, and the results showed are representative of three independent experiments.



Antigen-specific T-cell proliferation in mice

The proliferation of CD4+ and CD8+ T cells was measured in splenocytes of the mice immunized with the PE_PGRS33 protein to determine the contribution of PE_PGRS33 and its PE and PGRS domains to the activation of T cells (for flow cytometry histograms, see Figure S1 in Supplementary Material). The PE_PGRS33 complete protein similarly activated the proliferation of CD4+ and CD8+ T cells (Figure 2). Both the PE and PGRS domains stimulated the proliferation of CD4+ and CD8+ T cells. However, the response of the two cell subpopulations against the PE domain was significantly higher than that from the PGRS domain (Figure 2). The proliferative responses of lymphocytes from the control and immunized mice were statistically different (Figure 2). The GST co-expressed as a fusion product with the PE domain did not impact cell proliferation (Figure 2).
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FIGURE 2 | Antigen-specific proliferation of CD4+ and CD8+ T cells in immunized mice. Splenocytes from PE_PGRS33-immunized mice were stained with CFSE and incubated with 25 μg of PE_PGRS33, PGRS, PE, or GST protein plus 10 μg of Polymyxin B for 4 days. Spleen cells from mice injected with only nitrocellulose were also cultured with antigens (control). Cells without the antigens were incubated for the same length of time (unstimulated). Splenocytes were then labeled with anti-CD4-phycoerythrin (A) or anti-CD8-allophycocyanin (B) monoclonal antibodies and the percentage of proliferating cells were determined by CFSE dilution and flow cytometry. Each bar represents the mean ± SD of data from four mice per group, and the results are representative of those obtained from three independent experiments.



INF-γ secretion in mice

The PE_PGRS33 protein, the PE, and PGRS domains induced significantly higher IFN-γ responses compared with unstimulated cells (Figure 3). The concentration of IFN-γ in the immunized mice was also higher than that from the controls (Figure 3). The levels of INF-γ secretion after stimulation with PE_PGRS33 and the domains were similar (Figure 3). This indicated that the PE_PGRS33, the PE, and PGRS domain are inducers of cellular immune response in mice.
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FIGURE 3 | Antigen-specific IFN-γ secretion in immunized mice. Spleen cells from mice immunized with PE_PGRS33 or from control mice were incubated with 25 μg of PE_PGRS33, PGRS, PE, or GST recombinant purified proteins plus 10 μg/ml of polymyxin B for 4 days. The culture supernatants were evaluated for IFN-γ production using ELISA assay. Each bar represents the mean ± SD of data from four mice per group. Representative results of three independent experiments are shown.



IMMUNE RESPONSE IN HUMANS

INF-γ responses to the complete PE_PGRS33 protein in LTBI and non-infected individuals

From the 88 individuals that participated in the study, 14 were identified as LTBI and 74 as non-infected (Table 1). To determine whether PE_PGRS33 is inducing an immunological response in humans, the secretion of IFN-γ by whole blood cells stimulated with the PE_PGRS33 protein was measured. The results obtained showed that the blood cells from 28.5% of LTBI secreted IFN-γ in response to the PE_PGRS33 compared to the 21.6% from the non-infected individuals (Table 1). This suggests that the IFN-γ response to the PE_PGRS33 protein is not associated with latent tuberculosis infection.

Table 1 | IFN-γ release assay to detect responders to the PE_PGRS33 complete protein in LTBI and non-infected individuals.
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INF-γ response to PE_PGRS33 and its PE and PGRS domains in LTBI and non-infected individuals

From the 20 individuals (4 from LTBI and 16 from non-infected) that showed positive IFN-γ response to the PE_PGRS33 protein, only 7 were further tested for immune response to the PE and PGRS domains (Table 1). This group of participants that agreed to continue participating in the study included three LTBI and four non-infected individuals.

The secretion of IFN-γ in response to the PE_PGRS33 protein and its PE and PGRS domains was quantified in whole blood cells from the seven participants with positive IFN-γ response to PE_PGRS33. The results indicated a higher secretion of IFN-γ in response to the PE_PGRS33 protein in non-infected individuals than in LTBI individuals (Figure 4). A tendency for IFN-γ secretion to be higher in response to the PE domain than the PGRS domain was observed (Figure 4).
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FIGURE 4 | INF-γ response to the PE_PGRS33 and its PE and PGRS domains in LTBI and non-infected individuals. Diluted whole blood cells were stimulated with 25 μg of PE_PGRS33, PE, PGRS, or GST protein plus 10 μg/ml of polymyxin B for 6 days. IFN-γ in the supernatants was quantified using the Human IFN-γ ELISA kit provided with the QuantiFERON®-TB Gold Kit. Letters represent each individual tested and symbols correspond to the amount of IFN-γ produced by each of them.



Antigen-specific humoral immune response in LTBI and non-infected humans

The serum from each of the seven individuals from LTBI and from non-infected individuals that produce IFN-γ in response to PE_PGRS33 was tested for antibody response using the ELISA assay. Human anti-IgG and IgG1 antibodies were used to detect specific antibodies against the PE_PGRS33 protein and its PE and PGRS domains. The IgG response against the PE domain was significantly lower compared to that from the PE_PGRS33 complete protein in the non-infected (p < 0.05) and in the LTBI individuals (p < 0.05) (Figure 5A). The IgG response against the PE was lower than that from the PGRS (p < 0.05) in non-infected individuals. On the other hand, the IgG response against the PE was as low as the response against the negative control (GST) in the LTBI individuals (Figure 5A). The IgG1 response against the PE domain was significantly lower than that against the PGRS domain and the PE_PGRS33 protein in non-infected and LTBI individuals (Figure 5B).
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FIGURE 5 | Antigen-specific antibody response in LTBI and non-infected individuals. Sera from LTBI and non-infected vaccinated individuals were diluted 1:300 and incubated with PE_PGRS33, PE, PGRS, and the control protein GST. Antigen-specific IgG (A) and IgG1 (B) were evaluated by ELISA. Letters in legend represent each individual tested and symbols correspond to OD readings. Mean values are showed as horizontal bars.



Furthermore, levels of IgG against PE_PGRS33 and their PGRS and PE domains were detected by ELISA in 63 sera from LTBI and non-infected individuals. Based in the above assay, only individuals with OD 600 nm over 0.3 were considered to have a significant amount of antibodies. It is worth of note, that 58.4% of non-infected individuals showed antibodies against the complete protein and a higher number of sera 66.6% recognized the PGRS domain. Results are shown in Table 2.

Table 2 | IgG levels against PE_PGRS33 and their PGRS and PE domains detected by ELISA in LTBI and non-infected individuals.
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Together these results indicated that the humoral immune responses against PE_PGRS33 targets epitopes mainly located in the PGRS domain.

DISCUSSION

The PE_PGRS33 protein has been involved in the pathogenesis of M. tuberculosis (18) and it is known that the PE domain is required for the protein translocation through the mycobacterial cell wall and the induction of primary necrosis (21, 25). The PGRS domain interacts with the TLR2-inducing apoptosis, targets the mitochondria triggering necrosis, and is responsible of the immunomodulatory properties of the entire protein (14, 22, 25). Even though the mentioned characteristics of the PE and PGRS domains have been elucidated, their contribution to the immunogenicity of the complete PE_PGRS33 protein has not been described.

In this study, the immunization of mice with the PE_PGRS33 protein stimulated CD4+ and CD8+ T-cell proliferation as well as IFN-γ secretion. This indicated that PE_PGRS33 is highly immunogenic. These results agreed with previous reports describing the immunogenic properties of the PE_PGRS33 (12). The CD4+ and CD8+ T cells are crucial in the protective host response against M. tuberculosis. These T-cell subsets migrate to the site of infection to produce the cytokines involved in the control of the disease (26, 27). The proliferation of CD8+ T cells caused by the immunization with the gene rv1818c, which codifies for PE_PGRS33 has been reported (12). The activation of CD4+ T cells in response to PE_PGRS33 presented in this work contribute to the knowledge of T cells subpopulations involved in the immunological response against this protein. These findings support the potential use of PE_PGRS33 as a vaccine candidate for tuberculosis (12).

The absence of secretion of IFN-γ in response to the full-length PE_PGRS33 protein has been reported in C57Bl/6 mice (9). In contrast, high concentrations of IFN-γ secreted using BALB/c mice were obtained. These results agreed with those published by Chaitra et al. (12) in same mice strain. The BALB/c mice were immunized with protein in the present study, while DNA and DNA prime-protein boosted were used in published works (12). Therefore, the immunization method does not explain the contrasting results. Such discrepancy is probably due to the dissimilar strains of mice used. This indicates that differences in the MHC might have an impact in the immune recognition of the PE_PGS33 protein.

The results of the cellular immune response in mice indicated that the PE and PGRS domains triggered the proliferation of CD4+ and CD8+ T cells. In agreement, Chaitra et al. (12) reported epitopes in the PE and PGRS domains presented to MHC-I and inducing effectors functions in CD8+ T cells. A MHC-II-restricted epitope found in the PE_PGRS53 is capable of stimulating CD4+ T-cell responses in human reactors to PPD (28). A comprehensive analysis of MHC-II epitopes has not been performed in PE_PGRS33. However, the activation of CD4+ T cells observed in this work suggested that both domains carry peptides inducers of MHC-II-dependent responses. According to the results obtained, both domains stimulated comparable IFN-γ secretion levels while the PE domain was the main inducer of proliferation of CD4+ and CD8+ T cells. This suggested that the PE domain could be stimulating a higher proliferation rate in these subpopulations to perform other functions besides the production of IFN-γ, as described previously (27).

When the PE_PGRS33 was used as immunogen in mice, the induced IgG levels to the full-length protein and to its domains was very similar. A possible explanation to this observation could be that when the domains are separated, they lose their original conformation and expose cryptic epitopes that are recognized by the antibodies generated in the immunized animal. On the other hand, in the complete protein these antigenic determinants remain hidden. This demonstrated that both domains are as highly antigenic as the entire protein in mice. The levels of IgG subclasses were further analyzed to detect differences in response to the domains studied. The IgG2a antibodies were directed to the complete protein and the PGRS domain whereas the IgG1 targeted all three antigens. The titration of these IgG subclasses revealed higher IgG1 levels than IgG2a. This showed that the IgG2a response is masked by the high IgG1 titer, which is the mayor contributor to the total IgG. These results indicated that PE and PGRS are antigenic in BALB/c mice with differences in the recognition at IgG subclass levels.

The role of some PE_PGRS proteins in mycobacterial persistence has been described (13, 17, 18). The identification of antigens interacting with the immune system during the latent infection will be essential in the development of immunological markers for this particular condition. One of the hypotheses of the present study was that PE_PGRS33 could be an important antigen in M. tuberculosis latency in humans. For this reason, a cellular immune response to PE_PGRS was expected in LTBI individuals. The results obtained in humans indicated that the IFN-γ response to the PE_PGRS33 protein might not be associated with latent tuberculosis infection. The high number of LTBI individuals with negative response to the PE_PGRS33 might be explained by the possible infection with strains not expressing rv1818c gene. Another reason could be the infection by strains containing large variations in the gene sequence. This genetic variation would result in significant changes in the PE_PGRS33 leading to the non-recognition by the immune system. Both mechanisms have been described to be a source of polymorphism for PE_PGRS members in clinical isolates of M. tuberculosis (20, 29–32).

The IgG1 subclass has been reported to be the predominant isotype in tuberculosis infection (33). For this reason, the humoral immune response to the PE_PGRS33 protein and the PE and PGRS domains was evaluated in LTBI and non-infected individuals by determination of total IgG and IgG1. The results showed that the antibody response was directed against the PE_PGRS33 protein targeting specifically the PGRS domain. The PGRS domain of PE_PGRS33 is rich in Gly–Gly–Ala–Gly–Gly repeats. These sequences could be the target of the antibody response observed in this study because proteins with repetitive amino acid sequences have been identified as immunodominant in rabbits and humans (7). In agreement, the PE_PGRS62 protein induced a strong antibody response against the full-length protein and a weak response to its PE domain in LTBI and non-infected humans (8). This supports the pattern of antibody recognition observed in this study for PE_PGRS33. The antibody response to the PE_PGRS33 in non-infected individuals can be attributed to M. bovis BCG vaccination. This indicates that sera reactivity to this protein in healthy individuals is independent of the infection with M. tuberculosis. In the PE_PGRS33 responders who participated in the second stage of the study, the cellular immune recognition of PE_PGRS33 showed a tendency to be higher in non-infected individuals compared with LTBI individuals. For the protein domains a clear tendency was not observed. In studies involving large populations a more evident trend might be obtained.

In conclusion, it was demonstrated that the PE and the PGRS domains have a role in the cellular and humoral immune response stimulated by the PE_PGRS33 protein in BALB/c mice. The PE_PGRS33 also induced the activation of T-cell subpopulations involved in the control of tuberculosis and secretion of IFN-γ. This confirmed the potential use of the PE_PGRS33 protein as candidate vaccine for tuberculosis and further increased the understanding of the immunogenicity of this protein. The IFN-γ response in humans to PE_PGRS33 protein might not be associated with latent tuberculosis infection. In this context, the PE_PGRS33 will not be suitable as immunological biomarker for this condition. The IFN-γ response and the sera reactivity to the PE_PGRS33 protein in healthy individuals is independent of the infection with M. tuberculosis. These observations suggest that T and B cell responses to PE_PGRS33 could be induced by BCG vaccination and can be maintained for many years in non-infected individuals. Additionally, the humoral immune response against PE_PGRS33 in humans targets epitopes located in the PGRS domain. All the findings reported here contribute to the elucidation of the role of the PE_PGRS33 protein in the immune response against M. tuberculosis.
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The aim of our work here was to evaluate the immunogenicity of 60 mycobacterial antigens, some of which have not been previously assessed, notably a novel series of in vivo-expressed Mycobacterium tuberculosis (IVE-TB) antigens. We enrolled 505 subjects and separated them in individuals with and without latent tuberculosis infection (LTBI) vs. patients with active tuberculosis (TB). Following an overnight and 7 days stimulation of whole blood with purified recombinant M. tuberculosis antigens, interferon-γ (IFN-γ) levels were determined by ELISA. Several antigens could statistically significantly differentiate the groups of individuals. We obtained promising antigens from all studied antigen groups [dormancy survival regulon (DosR regulon) encoded antigens; resuscitation-promoting factors (Rpf) antigens; IVE-TB antigens; reactivation associated antigens]. Rv1733, which is a probable conserved transmembrane protein encoded in DosR regulon, turned out to be very immunogenic and able to discriminate between the three defined TB status, thus considered a candidate biomarker. Rv2389 and Rv2435n, belonging to Rpf family and IVE-TB group of antigens, respectively, also stood out as LTBI biomarkers. Although more studies are needed to support our findings, the combined use of these antigens would be an interesting approach to TB immunodiagnosis candidates.

Keywords: tuberculosis, latent tuberculosis infection, immune response, antigenic stimulation, interferon-γ

INTRODUCTION

Tuberculosis (TB) remains one of the most death-causing microorganism worldwide (World Health Organization, 2013). The increasing numbers of drug-resistant TB cases evidence that there is an urgent need for effective diagnosis, drugs and vaccines (Mwaba et al., 2011; Abubakar et al., 2013). The control of latent TB, a stage in which a person is infected with Mycobacterium tuberculosis (Mtb) but does not currently have active disease, plays an important role for disease control, since dormant bacilli are an enormous reservoir of potential TB cases (Rustad et al., 2009).

M.tb can live in a latent stage without causing any clinical symptom and has a potential of reactivation during all the infected individual lifetime. In fact, about one third of the world population is considered to be latently infected (Corbett et al., 2003). The diagnosis of latent tuberculosis infection (LTBI) through the classic tuberculin skin test (TST) has a lack of specificity, and its sensitivity is low in high-risk groups of progression to active TB. The new interferon (IFN)-γ release assays (IGRAs) are immunodiagnostic methods based on the in vitro quantification of the cellular immune response. The detection of IFN-γ released by sensitized T cells stimulated with specific M.tb antigens enables the identification of infected individuals. The main antigens used in IGRAs, the 6-kDa M.tb early-secreted antigenic target (ESAT)-6 protein, 10-kDa culture filtrate protein (CFP-10), coded in the region of difference (RD) 1, and TB7.7, coded in RD11, are present in M.tb but not in any Mycobacterium bovis bacillus Calmette-Guérin (BCG) vaccine strain nor in the majority of non-tuberculous mycobacteria (Andersen et al., 2000). Although their specificity is better than in TST, IGRAs do not discriminate between active disease and LTBI (Latorre et al., 2009) and do not clearly distinguish between a recently acquired infection and remote LTBI (Esmail et al., 2012; Pollock et al., 2013). Moreover, their sensitivity barely exceed 80%, and the response level against the antigens used does not seem to indicate high risk of progression to active TB. There is a need of new TB antigens as biomarkers for LTBI immunodiagnosis.

During LTBI, M.tb is contained within granulomas, which are formed by activated macrophages and other host components that isolate the infected cells in an organized structure and create an environment that suppresses M.tb replication (Esmail et al., 2012). Bacilli must adapt to a variety of environment stresses including reduced oxygen tension, iron limitation, nutrient deprivation, low pH and production of host factors such as nitric oxide and carbon monoxide. Some in vitro models demonstrated that M.tb is capable of an extensive repertoire of metabolic realignments to enter a defined non-replicating state. The initial response of M.tb is encoded by the dormancy survival regulon (DosR, also called DevR, Rv3133c), which leads to induction of a set of ~50 genes, many of unknown function. DosR controls the expression of genes that allow the bacteria to use alternative energy sources, especially lipids, and genes encoding factors that are selectively recognized by T cells from humans with LTBI (Ernst, 2012). This initial response is followed by a more extensible and more stable response called Enduring Hypoxic Response (EHR), which is comprised of 230 genes involved in the control of the regulatory factors and enzymatic machines of the long-term bacteriostasis program of non-replicating M.tb (Rustad et al., 2008). The antigens expressed by M.tb vary during the continued pressure mounted by host immune response in the course of the infection (Honer zu Bentrup and Russell, 2001; Demissie et al., 2006). Using in vitro models which mimic the conditions that the tubercle bacillus encounter within the host as infection progresses from latency to active disease, some infection phase-dependent genes have been identified and believed to be candidates for immunodiagnostics or for future vaccines (Mukamolova et al., 1998; Zvi et al., 2008; Ottenhoff and Kaufmann, 2012).

DosR regulon is crucial for rapid resumption of growth by involving resuscitation-promoting factors (Rpf) once M.tb exits the hypoxic non-respiring state. M.tb contains five Rpf -like proteins that are implicated in resuscitation of this microorganism from dormancy to reactivation via a mechanism involving hydrolysis of the peptidoglycan by Rpfs and partnering proteins (Ernst, 2012).

The in vitro models mentioned above supposed to recapitulate relevant environmental stress conditions that M.tb encounters upon host infection, which allow to identify differentially regulated M.tb genes. However, they present some limitations: many of these environmental stress factors may not be well known yet; there may be additive or synergistic effects between multiple stress factors in vivo that may easily be missed when studied in isolation in vitro; and certain key features of host response-induced stress cannot readily be recapitulated in vitro, including granuloma formation and TB necrosis (Commandeur et al., 2013).

For these reasons, different approaches have been developed to analyze the gene expression profiles of intracellular M.tb using infected human or murine macrophages, infected murine tissue or artificial granuloma mouse models (Schnappinger et al., 2003; Karakousis et al., 2004; Talaat et al., 2004; Cappelli et al., 2006). Specifically, several M.tb genes have been found to be differentially expressed in the lungs of mice strains with high susceptibility to TB during in vivo infection, the so-called in vivo-expressed M.tb (IVE-TB) genes. Interestingly, some of these IVE-TB genes had been also described as induced for nutrient deprivation in in vitro models (Commandeur et al., 2013).

Some M.tb infection phase-dependent antigens have already been tested in whole-blood assays or in peripheral blood mononuclear cells and may be differentially recognized in individuals with different TB status, that is, subjects with no risk of M.tb infection, LTBI individuals and active TB patients (Leyten et al., 2006; Lin et al., 2007, 2009; Black et al., 2009; Schuck et al., 2009; Goletti et al., 2010; Commandeur et al., 2013). The response is commonly measured through the release of IFN-γ. Additionally, IFN-γ plays a central role in the protection against M.tb (Cooper et al., 1993; Flynn et al., 1993; Kaufmann, 2001).

However the studies conducted in vivo, mice models of latency, seem to merely recapitulate primary disease and are closer to human HIV-TB co-infection. The infectious forms of TB arise after an adequate immune response, which itself may contribute to tissue destruction and cavitation. Hence, there has been a move away from considering IFN-γ as protective, except in the first encounter with the tubercle bacillus, with a renewed emphasis on polyfunctional T cells to contain TB infection (Ernst, 2012; Kaufmann, 2012). However, the ease of measuring IFN-γ gives it applicability to diagnostic tests.

The study of the immune response to the potential immunogenic M.tb antigens described above will enlarge our knowledge and will get us closer to the validation of a diagnostic LTBI candidate antigen. We hypothetized that these antigens expressed in latency conditions and involved in reactivation of the dormant bacterial will mainly induce IFN-γ response in LTBI infected patients, and not in no LTBI individuals.

This prospective study aims to evaluate the whole blood IFN-γ response to 60 M.tb recombinant antigens, the immunogenicity of some of them has not yet been assessed: 6 DosR regulon-encoded antigens, 12 TB reactivation-associated antigens, 1 Rpf antigen, 1 starvation antigen, 6 other stress response-associated TB antigens and 34 IVE-TB antigens (2 of those were EHR and 3 were EHR/starvation), in order to identify potential candidates for new LTBI diagnostic methods. We enrolled subjects with LTBI, active TB patients and controls not M.tb infected.

MATERIALS AND METHODS

STUDY POPULATION

We prospectively recruited 578 patients from contact-tracing studies, LTBI screening (such as immigrants from endemic areas or health-care workers) and active TB patients between October 2010 and May 2013. A detailed questionnaire from each subject was collected, including age, birth country, previous TST, BCG vaccination status, history of prior active TB, chest radiography, and other medical conditions (Table 1). A total of 8 mL of whole blood was collected in a heparinized tube from each participant. The study obtained approval of the Hospital Universitari Germans Trias i Pujol Ethics Committees (Ref. 10/00214-28/03/2010). They supervised that all the experiments were performed according to the regulatory standards. All the study participants gave written informed consent before entering the study.

Table 1 | Demographic characteristics and clinical details for individuals in this study.
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Participants were classified, following Spanish Society of Respiratory Pathology (SEPAR) guidelines (Ruiz-Manzano et al., 2008) and also Centers for Disease Control and Prevention (CDC) recommendations (Centers for Disease Control and Prevention, 2000), in four groups depending on the TB status, as is described in detail below. The method used for diagnosing LTBI was TST (PPD RT23, Statens Serum Institute, Copenhagen, Denmark) and QuantiFERON-TB Gold In Tube (QFN; QIAGEN, Düsseldorf, Germany).

The following individuals were included as no LTBI: (a) individuals from LTBI screening studies, who tested QFN negative and TST under 10 or 15 mm (depending on the absence or presence of BCG vaccination, respectively); and (b) individuals who reported contact with a TB patient and with negative QFN, whose TST was under 5 mm. All patients included were HIV negative.

As LTBI were included: (a) individuals who reported a contact with a TB patient or from LTBI screening studies, who tested QFN positive; (b) individuals who reported an intense contact with a TB patient, with negative QFN and TST higher than 5 mm (if the subject is BCG vaccinated, the index case has to be smear-positive; if it is smear-negative, TST has to be higher than 15 mm); (c) individuals from LTBI screening studies, who tested QFN negative and whose TST converted (by definition, from under 10 mm to above 10 mm with a change of 6 mm); and (d) individuals from LTBI screening studies, who tested QFN negative and TST positive (higher than 10 mm in non BCG-vaccinated and recent immigrants; and higher than 15 mm in BCG-vaccinated).

Individuals with pulmonary or extrapulmonary active TB, clinically, radiologically and/or microbiologically diagnosed (World Health Organization, 2013) were included.

MYCOBACTERIUM TUBERCULOSIS ANTIGENS

A total of 60 M.tb recombinant latency-related antigens were evaluated (Table 2): 6 DosR regulon-encoded antigens, 12 TB reactivation-associated antigens, 1 Rpf antigen, 1 starvation antigen, 6 other stress response-associated TB antigens and 34 IVE-TB antigens (two of them were EHR and three were EHR/starvation). They were previously produced at the Department of Infectious Diseases, Leiden University Medical Center following the methododology previously described (Franken et al., 2000). Briefly, antigens were selected from RNA microarray studies after inducing hypoxic conditions in a M.tb liquid culture. The selected genes were cloned in Escherchia coli and antigens were overexpressed and purified by immobilized metal chelate affinity chromatography. Some antigens were prepared as two or three recombinant protein fragments owing to their large sizes (C, middle [M], and N termini). For IVE-TB genes, mice were infected with M.tb and RNA was isolated from mouse lung tissue (Commandeur et al., 2013). After a RT-PCR, highly or differentially expressed genes were selected and cloned by Gateway technology (Invitrogen, Carlsbad, US) in E. coli and antigens were obtained as explained before.

Table 2 | Description of the 4 control and 60 M.tb recombinant antigens tested, included DosR regulon-encoded (n = 6), TB reactivation-associated (n = 12), Rpf (n = 1), starvation (n = 1), other stress response-associated (n = 6), and IVE-TB antigens (n = 34) (Function information source: http://www.ncbi.nlm.nih.gov/nuccore).
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Apart from those M.tb recombinant antigens, we used 4 control antigens for which immunogenicity and specificity to M.tb is well defined: the fusion protein ESAT-6 [Rv3875]/CFP-10[Rv3874], Ag85A[Rv3804c], TB10.4[Rv0288], and PPD (PPD RT 23, Serum Institute, Copenhagen, Denmark).

Antigens were reconstituted in sterile phosphate buffered saline, to a concentration of 50 μg/mL and stored at −20°C. The 60 latency-related antigens were randomly grouped into 10 batches of 6, and the individuals tested randomly selected. Thus, the whole blood from each patient was stimulated with six antigens, and the four control antigens as well.

WHOLE BLOOD ASSAY

400 μL of whole blood were transferred to a 48 well culture plate (Nunc, St. Louis, US) and control antigens were added at a final concentration of 10 μg/mL except for PPD, that was added at 1 μg/mL. M.tb recombinant antigens were tested at a final concentration of 10 μg/mL. A negative (RPMI medium; PAA, Pasching, Austria) and a positive control of immunity (phytohemagglutinn, Invitrogen, Carlsbad, US) were included. This procedure was performed in two different plates: one plate was incubated in a 5% CO2 incubator a 37°C overnight (18 h, short-term stimulation) and the other for 7 days (long-term stimulation). In the long-term incubation plate, blood was previously diluted 1:5 with RPMI 1640 medium supplemented with L-glutamine, penicillin and streptomycin (Weir et al., 2003). After incubation time, supernatants were then collected and stored at −80°C until tested.

DETERMINATION OF IFN- γ BY ELISA

The measurement of the amount of IFN-γ released following the antigenic stimulation was evaluated by the commercial ELISA included in the QFN kit and data are presented as pg/mL after subtraction of the negative control. We considered a valid result when the value of the negative control was under 50 pg/ml. The cut-off value for high level of IFN-γ response was arbitrarily set at 20 pg/ml, taking as reference the QFN cut-off.

STATISTICAL ANALYSIS

The production level of IFN-γ was compared between the groups included in the study. Median and range of the cytokine production was calculated and Mann Withney test was used for pair-wise comparisons and Kruskall Wallis test was used for multiple comparisons. A P-value <0.05 was considered significant. Data were analyzed using SPSS statistical software (IBM SPSS Statistics 20; IBM Corporation, NY, USA). Graphical representation is based on GraphPad Prism version 4 (GraphPad Software, Inc., San Diego, CA).

RESULTS

From the 578 participants, 60 were not tested for the determination of IFN-γ because of insufficient samples, eight subjects did not fulfill the inclusion criteria and five subjects were excluded from the study because the amount of IFN-γ in the negative control was too high. In the patients PHA induced high responses, which ratifies the validity of our methodology.

IMMUNOGENICITY OF CONTROL TB ANTIGENS

We included four control antigens in our study. Significant differences in the IFN-γ responses elicited by all of them could be observed between the three study groups after short-term and after long-term stimulation (Tables 3, 4). The antigens that elicited a higher response were PPD and the fusion protein ESAT-6/CFP-10, followed by TB10.4 and Ag85A.

Table 3 | Median levels of IFN-γ (pg/ml), minimum and maximum values (in brackets) elicited in no TB infected individuals, subjects with LTBI and active TB patients by the antigens, when tested after short-term stimulation.
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Table 4 | Median levels of IFN-γ (pg/ml), minimum and maximum values (in brackets) elicited in no TB infected individuals, subjects with LTBI and active TB patients by the antigens, when tested after long-term stimulation.
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IMMUNOGENICITY OF DosR REGULON-ENCODED ANTIGENS

We evaluated six different DosR regulon-encoded antigens (Figure 1). Two of them were the C-ter and N-ter domain of a latency antigen (Table 2). There were three antigens which presented a differentiated response depending on the TB status group: Rv1733, Rv2627, and Rv0570c (Tables 3, 4). While Rv1733 discriminated between groups when the stimulation was either short-term or long-term, the discrimination of Rv2627 only was significant after short-term stimulation, and Rv0570c was only after long-term stimulation (although with a low IFN-γ response). The best discriminatory response was elicited when whole blood was stimulated overnight with Rv1733 (p = 0.001), where the infected individuals response was clearly much higher than in TB patients and higher than the response produced by non-infected individuals. When incubated for 7 days, Rv1733 also induced a high amount of IFN-γ released in infected individuals, being the response much higher than in TB patients. Rv1733 turned out to be a strong immunoresponse inducer, a promising LTBI biomarker and a promising antigen in discriminating between LTBI individuals, active TB patients and non-infected subjects. The Rv1733, considering the 20 pg/ml as a cut-off, accurately predicted 85% (17/20) of LTBI patients in short-term stimulation; and 95% (19/20) in long-term stimulation.
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FIGURE 1 | DosR regulon-encoded antigen stimulated IFN-γ response (pg/ml) after short (A) or long-term (B) incubation of whole blood from individuals without LTBI (black dots), with LTBI (gray dots), and active TB patients (empty dots). The horizontal line represents the median.



IMMUNOGENICITY OF TB REACTIVATION-ASSOCIATED ANTIGENS

A total of 12 TB reactivation-associated antigens were evaluated in the study (Figure 2). In general, recognition of these antigens was poor in subjects with LTBI and TB patients. However, there were several antigens which showed different IFN-γ production depending on the group of individuals (Tables 3, 4). While Rv1471, Rv1874, Rv1875, Rv2662, and Rv3862 induced differentiate response in infected individuals in short-term stimulation; Rv1471, Rv2622, and Rv3862 induced differentiate and high response in infected individuals in long-term stimulation.
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FIGURE 2 | TB reactivation-associated antigen stimulated IFN-γ response (pg/ml) after short (A) or long-term (B) incubation of whole blood from individuals without LTBI (black dots), with LTBI (gray dots), and active TB patients (empty dots). The horizontal line represents the median.



IMMUNOGENICITY OF Rpf, STARVATION AND OTHER STRESS RESPONSE-ASSOCIATED ANTIGENS

We tested 1 Rpf, 1 starvation, and 6 other stress response-associated antigens (Figure 3). The response to some of those antigens did present statistical differences when compared among groups (Tables 3, 4). Rv2389, and Rv0244 in short and long-term estimulation, and Rv1909 in long-term stimulation induce high response in infected individuals. However, in some of them relevant production of IFN-γ after the stimulation in non-infected individuals was observed. Rv2389 accurately predicted 81% (13/16) of LTBI patients in long-term stimulation.
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FIGURE 3 | Rpf, starvation and other stress response-associated antigen stimulated IFN-γ response (pg/ml) after short (A) or long-term (B) incubation of whole blood from individuals without LTBI (black dots), with LTBI (gray dots), and active TB patients (empty dots). The horizontal line represents the median.



IMMUNOGENICITY OF IVE-TB ANTIGENS

We evaluated the immunogenicity of 34 IVE-TB antigens (Figure 4). The LTBI individuals were the group that most recognized IVE-TB antigens, although the response level was not very high (Tables 3, 4). In addition to the antigens that induce a significant IFN-γ response (Rv0967, Rv1806, and Rv1957 after short-term stimulation; and Rv0847, Rv2558, and Rv2642 after long-term stimulation), several antigens obtained IFN-γ response in infected individuals: Rv0847, Rv0990, Rv0991, Rv1363, Rv1955, Rv2034, Rv2035, Rv2435n, Rv2642, Rv2643, Rv2658, Rv3420, and Rv3536 after short-term stimulation; and Rv1363, Rv1806, Rv2435n, Rv2643, Rv25658, and Rv3536 after long-term stimulation. However, in some of them the amount of IFN-γ was not very high, and the regions of response overlapped with the response obtained in non-infected individuals.
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FIGURE 4 | IVE-TB antigen stimulated IFN-γ response (pg/ml) after short (A,B) or long-term (C,D) incubation of whole blood from individuals without LTBI (black dots), with LTBI (gray dots), and active TB patients (empty dots). The horizontal line represents the median.



COMPARISON BETWEEN QFN-POSITIVE AND QFN-NEGATIVE LTBI INDIVIDUALS

Given that the lack of specificity of the TST, we evaluated if the response of LTBI individuals to the 60 novel latency-related mycobacterial antigens varied according to the result of their QFN. There were four antigens to which the response was statistically different depending on the QFN result (Table 5) when used in short-term stimulation. Latently infected individuals responded to Rv2389 (p = 0.029) and Rv2435n (p = 0.050) in higher amounts when the individual presented a positive QFN, thus indicating to be promising LTBI biomarkers. However, the response to Rv2435n overlapped between the two groups. The other two antigens, Rv2660 and Rv2380M, induced a significant response in individuals with a negative QFN (p = 0.046 and p = 0.030, respectively), indicating to be possible candidates for remote infection. The response to Rv2380M barely overlapped in the two groups, whereas the response to Rv2660 clearly overlapped. Some of these antigens could be good candidates to be used in combination with the QFN.

Table 5 | Median levels of IFN-γ (pg/ml), minimum, and maximum values (in brackets) elicited in latently infected individuals depending on the QFN result.
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EFFECT OF BCG VACCINATION IN THE RESPONSE TO STUDIED ANTIGENS IN INDIVIDUALS WITH AND WITHOUT LTBI

Among non-infected individuals, there were five antigens in which the response was different according to the vaccination status. Specifically, Rv717, Rv0570n, Rv2658, and Rv2643 induced a significant response in BCG vaccinated individuals (p = 0.043, p = 0.009, p = 0.041, p = 0.041, respectively). In contrast, it was the non-BCG vaccinated individuals who most responded to Rv2627 (p = 0.019). Interestingly, while the higher response to antigens in BCG vaccinated individuals was produced after short-term stimulation, the higher response elicited by non-vaccinated individuals was only produced after long-term stimulation.

Regarding the LTBI subjects, BCG vaccinated individuals elicited a significant response to the following antigens: Rv2035, Rv1471, Rv1957, and Rv2435n (p = 0.016, p = 0.020, p = 0.020, p = 0.015, respectively) when compared to non-BCG subjects. In all four antigens the significance was after overnight stimulation.

DISCUSSION

In this study we evaluated whether latency antigens induced a response which varied according to the group of individuals. Each category of antigens, that is, DosR regulon-encoded, TB reactivation-associated, Rpf, starvation, IVE-TB antigens and other stress response-associated TB antigens, contained at least one antigen whose statistical analysis was significative.

Regarding the control antigens we studied, in general, the response they induced was higher after 7 days of incubation. PPD and ESAT-6/CFP-10 were the antigens which induced a highest response, followed by the TB10.4 and finally Ag85A, which is in concordance with what Kassa et al. (2012) found. According to our finding, Chegou et al. (2012) observed that the majority of response to M.tb infection is largely driven by ESAT6/CFP-10, not by the other antigens that they used as controls (TB7.7, Ag85A/B, and HSP65), where the recognition was poor. Generally speaking, it was observed that infected individuals provided higher responses than those with the disease. In a study performed by Sutherland et al. (2013) it was found, instead, that PPD and ESAT-6/CFP-10 generated dominant responses but very few differences between active TB and LTBI subjects. In the present study, some antigens induced a lower response in active TB patients when compared with non-TB infected subjects. This fact could be explained by the criteria selection followed for including individuals in the non-infected group. In our study, patients from LTBI screening with negative QFN, but TST results under 10 mm (non BCG-vaccinated) or 15 mm (BCG-vaccinated) were considered non-infected, but in some cases some cross-reactivity with the antigens used as a control (including ESAT-6/CFP-10) and the latency antigens could not be rejected. Indeed, in general, in the group of non-infected individuals the IFN-γ responses against ESAT-6/CFP-10 are lower in patients with TST under 5 mm, than in patients with TST over 5 mm (data not shown). On the other hand, results in the literature regarding IFN-γ responses to the these antigens in active TB patients are inconsistent. Possible differences may reside in variations in host genetic makeup, M.tb strains, study methodologies or the extent of TB progression, with diminished IFN-γ production during advanced disease (Weir et al., 2003; Jabado and Gros, 2005; Tsenova et al., 2007; Winek et al., 2008; Day et al., 2011).

Among all M.tb recombinant antigens we studied, there is one which stands up significantly: Rv1733, which is a probable conserved transmembrane protein and is part of the DosR regulon. As it can be observed in Figure 1, this antigen induces a differentiated response between non-infected subjects, infected individuals and TB patients. Specifically, infected individuals are the ones that generate a highest response, followed by the non-infected, and by the patients with the active disease at the end. Rv1733 immunogenity has been previously analyzed, and a genomic study from Zvi et al. (2008) describes it as an immunodominant T cell antigen. Moreover, many authors agree that there is significantly higher T cell response in LTBI as compared to TB patients (Vordemeier et al., 1991; Leyten et al., 2006; Black et al., 2009; Schuck et al., 2009; Commandeur et al., 2011; Sutherland et al., 2013), and Rv1733 is one of the DosR antigens that induces a highest response. Interestingly enough, this response pattern against Rv1733 is produced after the stimulation during 24 h, which makes it very appealing to be used for diagnostic purposes. In contrast with our finding, Riaño et al. (2012) observed that LTBI and TB patients did not react to Rv1733. In another study with TB patients, a high response to Rv1733 was also obtained (Kassa et al., 2012).

Even though Rv1733 turned out to be a very immunogenic antigen, Rv2389, which belongs to the Rpf family, induced a high response in most of the individuals as well. Kassa et al. (2012) described that the Rv2389 was able to induce a high IFN-γ response in active TB patients. In fact, the immunoresponse to Rpf may play a protective role against bacilli reactivation (Riaño et al., 2012). Rv2389 was able to differentiate between non-infected individuals, individuals with LTBI and active TB patients when incubated with whole blood for 7 days, even though some overlapping is present. As observed by Chegou et al. (2012), active TB patients response was much lower than in non-TB individuals. Commandeur et al. (2011), demonstrated Rv2389 specific T cell response in long-term M.tb nonprogressors to active TB patients. Riaño et al., (2012), observed higher levels of IFN-γ in the supernatant of stimulated cells from LTBI compared to active TB patients. Huang et al. (2013) demonstrated that LTBI infected through household contacts possessed higher IFN-γ production to Rv2389c than did the community exposed individuals. In addition, QFN-positive individuals responded in a higher level to Rv2389 when compared to QFN-negative individuals. The Rv2389 ability of discriminate between these two groups of patients have been confirmed by receiver operating characteristics curve (ROC) analysis (area under curve = 0.877). Altogether, these findings indicate that Rv2389 would be a good biomarker of LTBI.

Concerning the recently identified IVE-TB antigens, the only research group that has studied their immunogenicity in vitro found that some of them induced high levels of IFN-γ (Commandeur et al., 2013). In our study, some antigens showed a certain difference when comparing the three groups of individuals. While the median value was quite low in all groups, a great number of antigens such as Rv0967, Rv1363, Rv1957, Rv2034, Rv3420, or Rv2642 among others were able to induce outstanding IFN-γ responses in some individuals. In concordance with the study performed by Commandeur and coworkers, it was the active TB patients the group who showed a lowest response. They observed that the individuals who generated a highest response were those that did it with ESAT-6/CFP-10 as well. They also observed that controls not exposed to M.tb and individuals with positive TST and negative response to ESAT-6/CFP-10 did not respond to IVE-TB antigens, which shows that there is a specificity linked to M.tb exposure. In our study, although some non-TB infected individuals produced IFN-γ after being stimulated with IVE-TB antigens, individuals with LTBI also responded as well. BCG vaccine was ruled out as the response trigger in subjects without LTBI, as T cells from non-BCG vaccinated individuals generated a response as well. However, due the difficulty of totally rule out the infection in the no LTBI individuals, we cannot reject that, alternatively, those responder non-BCG vaccinated individuals were really M.tb infected; and that the responder BCG-vaccinated individuals were, in fact, responding to the shared BCG antigens.

Interestingly, the response to Rv2380M and Rv2660 was higher in individuals with a negative QFN than subjects with a positive QFN, indicating that both antigens could be possible biomarkers for remote infection. In the opposite way, Rv2435n induced a higher response in subjects with positive QFN. It may be, therefore, a possible biomarker for recent infection.

Activated lymphocytes and effector T cells that produce IFN-γ from M.tb antigens sensitized individuals, persist for a limited time in the circulation once the antigen is cleared (Pathan et al., 2001). It is thought that central memory T cells, but not effector ones, may take several days (rather than hours) to produce effector cytokines (Kaech et al., 2002; Dheda et al., 2007). This is because, the commercial IGRAs are thought to reflect more recent, rather than remote infections. Therefore, contrary to the findings of the TST, in cases of remote infection, the IFN-γ level did not increase during the short period of exposure to the antigen in the ex vivo IFN-γ assay at baseline. For these reasons we chose to stimulate short and long term the blood samples with the different latency-related antigens. Interestingly, the higher IFN-γ responses have been obtained after long-term stimulation instead of short-term stimulation: Rv1733, Rv3862, Rv2662, Rv0244, Rv2389, Rv1909, Rv2435n, Rv0847, Rv0967, Rv1806, and Rv2642.

As far as we know, only Goletti et al. (2010) assessed the comparison between individuals recently and remotely infected to five latency mycobacterial antigens. They found that Rv2628 was able to differentiate recent from remote infection, being the individuals with remote infection the group that showed significantly higher IFN-γ whole blood responses. In a very preliminary results, using well TB status characterized individuals, we have observed that responses to some antigens (Rv2380M, Rv0967, Rv2435n, and Rv2913) could differentiate between recent and remote infection (data not shown).

The fact of not obtaining response to an antigen that other studies identify as immunogenic, can be due to different host immune responses, M.tb strains and variations in the methodology used (Ottenhoff et al., 1998; Caws et al., 2008; Homolka et al., 2010), and also some factors such as ethnicity (host genetics), nutritional status, and microbial environment (Sutherland et al., 2013). The discordance in results between studies could be also attributed to the lack of gold standard for defining LTBI, and the consequent heterogenicity in the study population included in the different studies. The difficulty of establishing a group of LTBI is demonstrated by the criteria followed by the different authors: Leyten et al. (2006) included both patients from contact-tracing studies and also from screening studies; Chegou et al. (2012) included contact-tracing studies individuals, where neither TST nor QFN results were available; Commandeur et al. (2013) included TST positive patients, with exposure to M.tb and or with history of traveling to high TB incidence countries; and Sutherland et al. (2013) included household contacts of TB patients or by random community selection or from HIV care clinics with TST higher than 10 mm in HIV negative, and higher than 5 in HIV positive (independently of the BCG status). According to a recent study (Sutherland et al., 2013), which includes individuals from different sub-Saharan African countries, despite possible differences in the criteria of study subjects, there were variations between sites in regards to antigen reactivity, suggesting that need to be considered.

In order to ensure the validity of the promising antigens, we decided to study if some antigens induced a different response depending on whether the individual had been vaccinated with BCG or not. Among the antigens that distinguished between non-infected individuals, infected individuals and patients with TB disease, three of them were also identified when we analyze the effect of the BCG: Rv2627, Rv1471, and Rv1957. In order to measure the magnitude of the BCG influence, the response of non-vaccinated individuals was assessed. Being p > 0.05 and the charts showing an overlapping of the response between the three groups it seems that BCG has a considerable influence in the results (data not shown).

The effect of the BCG on the immune response against latency M.tb antigens has been studied by other authors. Lin et al. (2007) found that, although the homology between the DosR regulon from the BCG strain and from M.tb was very high, BCG-vaccinated individuals did not present immune response against DosR. Instead, individuals exposed to M.tb did respond to DosR. Thus, it seems that the response to antigens linked to the control of LTBI is only generated when there is an exposure to M.tb, and it does not depend on whether the individual has been immunized by the BCG, probably because BCG fails to establish long-lived latent infections, and therefore it may not express (or under express) these antigens in vivo following vaccination (Honaker et al., 2008). However, this issue warrants further investigation.

The current study presents certain limitations which are worth mentioning. In the first place, it is worth highlighting the difficulty found in the classification of the individuals according to their TB status, specially among BCG-vaccinated individuals, since there is no gold standard assay for LTBI diagnosis. We therefore cannot rule out in some cases a misclassification. Secondly, it seems that some of the studied antigens could present certain lack of specificity; they could be shared in BCG strain and also in other mycobacteria (Lin et al., 2009), since some non-infected and non BCG-vaccinated individuals responded. Anyway, it is not clear whether the cross-reactivity to latency antigens in M.tb naive people contributes to the natural protection developed in 90% of the individuals who are infected but do not progress to active TB (Fine, 1995; Brandt et al., 2002). Thirdly, the sample size we could include was certainly limited for some antigens, including some antigens found as promising. Another limitation of our work lies in the fact that we only evaluated the immunoresponse in terms of IFN-γ production by T cells. Combination of other cytokines with IFN-γ can strengthen the diagnostic potential of M.tb antigen (Goldsack and Kirman, 2007). However, despite these limitations, this work obtained strong conclusions identifying potential antigens as candidates for further validation studies.

In conclusion, after screening the potential antigenicity in subjects across the spectrum of TB, we could identify promising antigens in all groups of antigens studied. Rv1733, which is encoded in DosR regulon, turned out to be very immunogenic and able to discriminate between the three defined TB status, thus considered a candidate biomarker. Rv2389 and Rv2435n, belonging to Rpf family and IVE-TB group of antigens, respectively, also stood out as LTBI biomarkers. Further work needs to be done in order to support our hypothesis and to have a pattern of host responses available so that by testing the response to a set of M.tb antigens we can define the TB status and make a clinical decision.
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Table 2 | Continued

Antigen name Function

Rv0967 Coppersensitive operon repressor

Rv0990 Hypothetical protein

Rv0991 Conserved serine rich protein

Rv1170 -acetyl-1-D-myo-inosityl-2-amino-2-deoxy-
alpha-D-glucopyranoside deacetylase
MshB

Rv1284*# Conserved hypothetical protein

Rv1363 Possible membrane protein

Rv1403 Putative methyltransferase

Rv1806 PE family protein PE20

Rv1955 Possible toxine HigB

Rv1956*# Possible antitoxin HigA

Rv1957 Hypothetical protein

Rv2034*# ArsR repressor protein

Rv2035 Conserved hypothetical protein

Rv2225 3-methyl-2-oxobutanoate
hydroxymethyltransferase (panB)

Rv2324* Probable transcriptional regulatory protein
(probably AsnC-family)

Rv2380c Peptide synthetase mbtE C-ter (aa
1120-1682)

Rv2380M Peptide synthetase mbtE middle part (aa
560-1140)

Rv2380N Peptide synthetase mbtE N-ter (aa 1-5680)

Rv2435¢ Probable cyclase (adenylate or guanylate
cyclase) C-ter (aa 340-730)

Rv2435n Probable cyclase (adenylate or guanylate
cyclase) N-ter (aa 1-360)

Rv2558 Conserved protein

Rv2642 Possible transcriptional regulatory protein

Rv2643 Probable arsenic-transport integral
membrane protein ArsC

Rv2658 Possible prophage protein

Rv2737¢ Recombination protein recombinase A
(recA) C-ter (aa 400-790)

Rv2737n Recombination protein recombinase A
(recA) N-ter (aa 1-420)

Rv2838 Probable ribosome-binding factor A (P15B
protein)

Rv2982 Probable glycerol-3-phosphate
dehydrogenase (gpdA2)

Rv3353 Conserved hypothetical protein

Rv3420 Ribosomal-protein-alanine acetyltransferase
riml

Rv3515* Fatty-acid-CoA synthase

Rv3536 Probable hidratase

Rv717 30S ribosomal protein S14 RpsN1

M.tb recombinant antigens with Rv designation in bold induced a relevant IFN-y
response in this study.

*also EHR.

# also starvation
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CONTROL ANTIGENS (n = 4)

PPD Purified protein derivative

Rv0288 (TB10.4) Low molecular weight protein antigen
belongs to the ESAT-6 (esx) family

Rv3875/3874 6-kDa early secretory antigenic

(ESAT-6/CFP-10) target/10 kDa culture filtrate (fusion protein)

Rv3804c (Ag85A) Secreted antigen. Fibronectin binding

protein acyltransferase activity
M.tb RECOMBINANT ANTIGENS (n = 60)

DosR

Rv0570c Probable ribonucleoside-diphosphate
reductase C-ter (aa 333-692)

Rv0570n Probable ribonucleoside-diphosphate
reductase N-ter (aa 1-354)

Rv1733 Probable conserved transmembrane protein

Rv2626 Conserved hypothetical protein

Rv2627 Conserved hypothetical protein

Rv2628 Hypothetical protein

Reactivation

Rv0140 Conserved hypothetical protein

Rv0251 Possible heat shock protein

Rv0384 Heat shock protein F84.1

Rv0753 Methylmalmonate semialdehyde
dehydrogenase

Rv1471 Thioredoxin reductase

Rv1874 Hypothetical protein

Rv1875 Conserved hypothetical protein

Rv2465* Phosphopentose isomerase

Rv2466 Conserved hypothetical protein

Rv2662 Hypothetical protein

Rv3223 ECF subfamily sigma subuint

Rv3862 Possible transcriptional regulatory protein
WHIB6

Rpf

Rv2389 Possible resuscitation promoting factor D

Starvation

Rv2660 Hypothetical protein

Other M.tb stress induced

Rv0244 Probable Acyl-coA dehydrogenase

Rv0767 Conserved hypothetical protein

Rv1909 Ferric uptake regulation protein

Rv2745 Possible transcriptional regulatory protein

Rv2913 Possible D-amino acid amonohydrolase

Rv3406 Probable dioxygenase

IVE-TB

Rv0847 Probable LpgS, lipoprotein
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Table 1 | Continued

Infection/vaccination Position Sequence Restriction Host Reference

Map ATCC 19698 INFECTION

Rv3804c 241-260 QDAYNAGGGHNGVFDFPDSG I-AP B6 b9/by (41)
Rv1886c 241-260 QDAYNAAGGHNAVFNFPPNG I-Ab B6 ba/bg (41)
Rv3804c 261-280 THSWEYWGAQLNAMKPDLQR I-Ab B6 ba/bg (41)
Rv1886¢ 262-279 HSWEYWGAQ LNAMKGDLQ I-AP B6 ba/by (41)
Rv0129¢ 261-280 THSWPYWNEQ LVAMKADIQH I-AP B6 b9/by (41)
Rv0129¢ 21-40 DIKVQFQGGG PH.AVYLLD I-Ab B6 b9/bg (41)
Rv1886¢ 145-162 YAGSLSALLDPSQGMGPS Promiscuous Bos taurus (41)
Map PLASMID DNA VACCINATION

Rv3804c 241-260 QDAYNAGGGH NGVFDFPDSG I-AP B6 (42)
Rv1886¢ 240-260 FQDAYNAAGGHNAVFNFPPNG I-AP B6 (42)
Rv3804c 91-110 GCQTYKWETF LTSELPGWLQ I-AP B6 (42)
Rv1886¢c 145-162 YAGSLSALLDPSQGMGPS I-AP B6 (42)

Immunodominant T-cell epitopes of Ag85, as defined in experimental vaccination models and infection (LTBI, latent TB infection).
Amino acids different from aa sequence of MtbAg85A (Rv3804c) are indicated in bold/underlined.
The three aa involved in mycolyl-transferase activity are highlighted in red.
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Infection/vaccination Position Sequence

M. tuberculosis INFECTION

Rv3804c 241-260 QDAYNAGGGH NGVFDFPDSG
Rv1886¢ 240-254 FQDAYNAAGGHNAVF
Rv3804c 01-120 LTSELPGWLQANRHVKPTGS
Rv3804c 51-170 GLLDPSQAMG PTLIGLAMGD
Rv3804c 91-210 NDPLLNVGKL IANNTRVWVY
Rv3804c 51-70 WDINTPAFEWYDQSGLSVVM
Rv3804c 41-160 QQFVYAGAMSGLLDPSQAMG
Rv1886¢ 00-117 FLTSELPQWLSANRAVKP
Rv1886¢ 91-115 GCQTYKWETFLTSEL
Rv1886¢ 93-214 PTQQIPKLVANNTRLWVYCGNG
Rv0129c¢ 70-79 MPVGGQSSFY

Rv0129¢c 60-168 WPTLIGLAM

Rv1886¢ 224-232 IPAEFLENF

Rv3804c/Rv1886¢ 90-104 AGCQTYKWETFLTSE

M. bovis BCG VACCINATION

Rv3804c 01-120 LTSELPGWLQANRHVKPTGS
Rv3804c 241-260 QDAYNAGGGH NGVFDFPDSG
Rv3804c 261-280 THSWEYWGAQ LNAMKPDLQR
MPB59 51-70 WDINTPAFEW YYQSGLSIVM
MPB59 1-30 LQVPSPSMGR DIKVQFQSGG
Mtb PLASMID DNA VACCINATION

Rv3804c 01-120 LTSELPGWLQANRHVKPTGS
Rv1886¢ 00-117 FLTSELPQWLSANRAVKP
Rv0129c¢c 01-120 LTREMPAWLQANKGVSPTGN
Rv3804c/Rv1886¢ 41-160 QQFVWYAGAMSGLLDPSQAMG
Rv3804c 91-120 NDPLLNVGKLIANNTRVWVY
Rv0129c 91-210 NDPMVQIPRLVANNTRMVY
Rv3804c 241-260 QDAYNAGGGH NGVFDFPDSG
Rv3804c 261-280 THSWEYWGAQ LNAMKPDLQR
Rv3804c 61-68 YDQSGLSY

Rv3804c/Rv1886¢ 71-78 PVGGQSSE

Rv3804c/Rv1886¢ 45-152 YAGAMSGL

Rv3804c 61-168 PTLIGLAM

Rv1886¢c 45-152 FIVAGSLS

Rv1886¢ 99-207 LVANNTRL

PROTEIN VACCINATION (Mtb Ag85 COMPLEX)

Rv1886¢ 1-30 LQVPSPSMGRDIKVQFQSGG
Rv3804c 21-145 AVVGLSMAASSALTL

Rv3804c 96-215 NVGKLIANNTRVWVYCGNGK
Rv1886¢ 01-122 LTSELPQWLSANRAVKPTGSAA
Rv1886¢ 26-140 SMAGSSAMILAAYHP
Rv1886¢ 261-275 THSWEYWGAQLNAMK

M. leprae INFECTION

Rv3804c 1-30 LQVPSPSMGR DIKVQFQSGG
M. ulcerans PLASMID VACCINATION

MUL4987 21-40 NIKVQFQSGG ANSPALYLLD
MUL4987 61-80 YYQSGISVAMPVGGQSSFYS
MUL4987 81-100 DWYNPACGKAGCTTYKWETF
MUL4987 240-259 FQAAYNAAGGHNAVWNFDD
MUL4987 261-280 THSWEYWGAQ LNAMRPDLQH

Restriction

Promiscuous
Promiscuous
Promiscuous
Promiscuous
Promiscuous
HLA-B*35
HLA-B*35
HLA-B*35
DPB1*04:01

I-Ed
I-Ab
I-Ab
Promiscuous
Promiscuous

Ld
HLA-A*0201
HLA-A*0201

HLA-DRA/B1*0302
Epimer
Epimer
Epimer
Epimer
Epimer

Promiscuous

H-2b
H-2b
H-2b
H-2b
H-2b

Host

Mouse

Mouse

Mouse

Mouse

Mouse

LTBI

LTBI

LTBI

LTBI

LTBI

Human/in silico
Human/in silico
Human/in silico
LTBI

Mouse
Mouse
Mouse
Human
Human

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
HLA-tg
HLA-tg

HLA-tg

Guinea pigs
Guinea pigs
Guinea pigs
Guinea pigs
Guinea pigs

Lepromin+

Mouse
Mouse
Mouse
Mouse
Mouse

Reference

(11)
(11)
(1)
(17)
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Function and notes

Pathogenesis

Immune decoy

Regulation

Protease resistance

Stability
Compartmentalization

Compartmentalization
Anchoring in membrane

Regulator of protein-ligand

interaction

Start bacterial protein
synthesis (fMet)

Degradation signal
(reversible)

Mtb proteins exhibiting this PTM

Apa/Rv1860; Mpt83/Rv2873; 19kDa LpgH/Rv3763;
38kDa PstS1/Rv0934; SodC/Rv0432; WGA
enriched candidate glycoproteins

301 proteins

HBHA/Rv0475; LBP/Rv2986¢

Esat-6 (N-terminal threonine)

99 Putative lipoproteins; 42 lipoproteins

Pup/Rv2111¢c

Rv0476, Rv0277C, Rv0749, Rv1686C

1,305 proteins

Reference
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(49)
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BCG Danish
BCG Danish
BCG Danish
BCG China
BCG Prague
BCG Danish
BCG Danish
BCG Tokyo
BCG Danis
BCG China
BCG Pasteur
BCG Prague
BCG China
BCG China
BCGDanish
BCG Pasteur
BCG Prague
BCG Pasteur
BCG China
BCG Tokyo
BCG Danish
BCG Danish

Antigen

BCG1:Ag85B-CFP10(rBCG1)/BCG2:Ag85B-CFP10-I-12 (rBCG2)
BCG30 (Ag 85B)

rBCG-E6 (ESAT-6)

rBCGacr

BCG:HspX/rBCG:85B

rBCG-AE

rBCGureC:hly or rBCGureC:hly

BCG: rBCG-Ag85B-Mpt64-Mth8.4
rBCG:Ag85B-ESAT-6-Rv2608

rBCG-Ag85A

rBCG AFRO-1

rBCG:Quimera 85B + ESAT-6
rBCG:PE-MPT64/rBCG/HSP60MPT64
rBCGAureC:hly+

rBCG: Ag85A/rBCG:Ag85B/rBCG:Ag85A-Ag85B

rBCG: Ag85A-ESAT-6/rBCG: Ag85A/rBCG: ESAT-6
AFRO-1, Ag85A, Ag85B e TB10.4.

rBCGs:BCG:Ag85c, BCG:INV, BCG:PPE, BCG:FBP e BCG:CFP
rBCGAureC:hly+)

rBCG: pHspX-Ag 85B
rBCGs:BCG:GM-CSF/BCG:ESAT-6/BCG:GMCSFESAT-6
rBCG-85B-IL-15/rBCG-85B

rBCG-85C

BCG AureC:hly HmR

Challenge

No
No
50-100
50-100

bacilli of Mtb
bacilli of Mtb

108 CFU of Mtb
108 CFU of Mtb
102 CFU of Mitb
108 CFU of Mtb

No
3000 C
No
No
~200C
200-40

FU of Mtb

FU of Mtb
0CFU of Mtb

108 CFU of Mtb

No

500 CFU of Mtb

20 baci
No

li of Mtb

100 bacilli of Mtb/lung

No
2 x 10°

CFU of Mtb

500 bacilli of Mtb

No

Protection?

> (Ex vivo)
NE

AV V. V

I

?Protection was evaluated by CFU analyses and considered when the bacterial load of challenged animals were lower than wild type BCG-vaccinated animals; >,

superior than BCG; =, protection similar to BCG, -, less protection than BCG; NE, not evaluated.
References published and indexed in PubMed from 2008 to April 2013.
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Magnitude of the immune response: stimulation indices: —, <1, +, 1-10; ++,
10-20 of spleen and lymph node cells 7 days after immunization.

ELISA peptide binding or TB71 mAb competition titers: -, <10, +, 10-100; 4
100-1000; +++, > 1000 in sera harvested 12 weeks after first inoculation.
*Antigen in incomplete Freund's adjuvant followed by three boosters without
adjuvant. Data from Vlordermeier et al. (59).
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frequency frequency

DRB1 DRB1*01:01 2.8 5.4
DRB1*03:01 7.1 13.7
DRB1*03:02 1.1 2.1
DRB1%04:01 23 4.6
DRB1*04:02 1.1 2.2
DRB1%*04:03 23 45
DRB1*04:04 1.9 3.8
DRB1*04:05 3.1 6.2
DRB1*04:07 2.4 4.8
DRB1*04:11 1.6 33
DRB1*07:01 7 136
DRB1%08:02 25 4.9
DRB1%*09:01 3.1 6.2
DRB1*11:01 6.1 1.8
DRB1*11:02 1.1 22
DRB1*11:03 0.3 0.5
DRB1*11:04 1.4 2.8
DRB1*12:01 2 3.9
DRB1*13:0 3.2 6.3
DRB1*13:02 3.9 7.7
DRB1*13:03 1.2 2.4
DRB1*13:04 0.1 0.2
DRB1*14:0 3.4 6.7
DRB1*14:02 2.8 5.6
DRB1*15:01 6.3 12.2
DRB1*16:0 1 9
DRB1 Total 71.1 91.7
DRB3/4/5 DRB3*01:01 14 26.1
DRB3*02:02 18.9 343
DRB3*03:0 6.7 3
DRB4*01:01 23.7 41.8
DRB5*01:01 83 6
DRB5*01:02 5.1 9.8
DRB3/4/5 Total 76.7 94.6
DQA1/DQB1 DQA1%05:01/DQB1*02:01 5.8 .3
DQA1*02:01/DQB1*02:01 5.7 N
DQA1%05:01/DQB1*03:01 19.5 35.1
DQA1%03:01/DQB1*03:02 10 9
DQA1*04:01/DQB1*04:02 6.6 2.8
DQA1%01:01/DQB1*05:01 7.6 4.6
DQA1*01:02/DQB1*05:02 35 6.9
DQA1*01:02/DQB1*06:02 7.6 4.6
DQA1/DQB1 Total 66.3 88.7
DPA1/DPB1 DPA1*02:01/DPB1*01:01 8.4 6
DPA1*01:03/DPB1*02:01 9.2 7.5
DPA1*01:03/DPB1*04:01 20.1 36.2
DPA1*01:03/DPB1*04:02 23.6 41.6
DPA1*02:02/DPB1%05:01 ns 21.7
DPA1*02:01/DPB1*14:01 3.8 7.4
DPA1/DPB1 Total 76.5 94.5

Average genotype and phenotype frequencies for individual alleles are based on
data available at dbMHC, as previously described by McKinney et al. (33). Alle-
les previously characterized in detail for binding specificity are highlighted in bold
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1-3p 4-6 p >6p

24 52 24
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2Blood mononuclear cells of responders had at least threefold elevated °H-

thymidine uptake in cultures containing the test peptide over medium alone.Data

from:
Friscia et al. (32);
¢Chua-Intra et al. (24).





