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The discovery of immunodominant antigens is of great significance for the development of new especially sensitive diagnostic reagents and effective vaccines in controlling tuberculosis (TB). In the present study, we targeted the T-Cell epitope-rich fragment (nucleotide position 109-552) of Rv1566c from Mycobacterium tuberculosis (MTB) and got a recombinant protein Rv1566c-444 and the full-length protein Rv1566c with Escherichia coli expression system, then compared their performances for TB diagnosis and immunogenicity in a mouse model. The results showed that Rv1566c-444 had similar sensitivity with Rv1566c (44.44% Vs 30.56%) but lower sensitivity than ESAT-6&CFP-10&Rv3615c (44.4% Vs. 94.4%) contained in a commercial kit for distinguishing TB patients from healthy donors. In immunized BALB/c mice, Rv1566c-444 elicited stronger T-helper 1 (Th1) cellular immune response over Rv1566c with higher levels of Th1 cytokine IFN-γ and IFN-γ/IL-4 expression ratio by ELISA; more importantly, with a higher proliferation of CD4+ T cells and a higher proportion of CD4+ TNF-α+ T cells with flow cytometry. Rv1566c-444 also induced a higher level of IL-6 by ELISA and a higher proportion of Rv1566c-444-specific CD8+ T cells and a lower proportion of CD8+ IL-4+ T cells by flow cytometry compared with the Rv1566c group. Moreover, the Rv1566c-444 group showed a high IgG secretion level and the same type of CD4+ Th cell immune response (both IgG1/IgG2a >1) as its parental protein group. Our results showed the potential of the recombinant protein Rv1566c-444 enriched with T-Cell epitopes from Rv1566c as a host T cell response measuring biomarker for TB diagnosis and support further evaluation of Rv1566c-444 as vaccine antigen against MTB challenge in animal models in the form of protein mixture or fusion protein.
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Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (MTB) is a serious infectious disease, causing 1.51 million deaths worldwide in 2020 (1). The lack of universal health coverage, increasing drug resistance, and poor funding pose great barriers to ending TB. Rapid point-of-care diagnostic tests, new vaccines or effective preventative treatment, and safer, simpler, and shorter drug regimens are priorities to end TB epidemic.

In recent years, immunological methods have played an increasingly important role in the diagnosis of TB or latent TB infection (LTBI), and many biomarkers such as cytokines, antigens, and antibodies have been studied to use in these kinds of methods (2–4). Interferon-γ release assays (IGRAs) are tests used for evaluating cell-mediated host immune response according to T cells that release IFN-γ or the concentration of IFN-γ after stimulation by some of the RD1−encoded antigens (eg, the 6 kDa early secretory antigenic target [ESAT-6] and culture filtrate protein 10 [CFP-10] or TB 7.7) (5), and IGRAs are usually used to diagnose TB or LTBI, and as tools to identify new and more prominent antigen biomarkers. Although the present IGRAs have advantages in improving the specificity for diagnosing MTB infection in populations with late or repeated BCG vaccination or exposed to non-tuberculous mycobacteria, they fail to accurately differentiate between LTBI and active TB, their diagnostic accuracy also needs to be improved. Furthermore, new methods based on new antigens for effectively differentiating between LTBI and active TB are also needed (6). In the present study, we evaluated the performance of a designed IGRA with a new molecular to diagnose MTB infection.

Bacillus Calmette-Guérin (BCG), the only licensed vaccine before 2021, has been proven to induce protective immunity against TB (7). Although BCG is invaluable in preventing active TB disease in children <5 years of age, the efficacy of BCG vaccination in children wanes over time with protection generally lasting up to 10 years, so there is a great need for new vaccines against TB. Strategies on developing new vaccines are to design BCG substitutes, or BCG priming-heterologous vaccine boosters for the prevention of active TB, or to be therapeutic vaccines. The new TB vaccines under clinical trials can be mainly classified into three platform types: whole-cell or lysates of mycobacteria derived vaccines (includes recombinant BCG), viral vector vaccines, and adjuvanted recombinant protein vaccines (both called subunit vaccines). Whether for recombinant BCG or subunit vaccines, it is important to find antigens with excellent immunogenicity.

Previous studies showed that the epitopes of MTB have implications for the development of immuno-diagnostic tests and subunit prophylactic vaccines, and some of the epitopes showed promising results (8). An assay based on RD1 selected epitopes has been reported to have higher diagnostic accuracy for active tuberculous in a clinical setting compared with commercially available assays based on RD1 overlapping peptides spanning the whole proteins. All of these assays employ ELISA or ELISPOT techniques (9). Chen et al. reported that eliciting antibodies against specific MTB capsular glycan epitopes may increase vaccine efficacy against TB (10).

Rv1566c (or RipD), a 24-kDa antigen from MTB was identified as a putative exported/extracellular protein and as a homolog of NlpC_p60, which was found in a mycobacteriophage and 11 mycobacteria species and showed similar pentapeptide repeats in the cell wall (11). The Rv1566c antigen has been reported to show strong binding to peptidoglycan (12). Rv1566c is also identical to the BCG1619c gene of Mycobacterium bovis BCG, which encodes a putative invasin-like exported protein and contains a domain of the NlpC/p60 family (13), such NlpC/p60 domains are present in several bacterial proteins and implicate in host cell invasion and (or) intracellular persistence for MTB to cause the disease (14). Rv1566c has been reported to have considerable performance in serological diagnosis of TB (15). T-Cell epitopes in Rv1566c had been predicted in our previous study (16) by using TEpredict and IEDB-AR which have been universally used in predicting B-Cell or T-Cell epitopes and have been successfully used in predicting ten MTB protein antigens used in subunit vaccine candidates (such as M72, H1, H4, H56, and ID93) (17). Our predicted results showed that a total of 29 promising immunogenic human T-Cell epitopes were found in Rv1566c. In our previous study, the 29 epitope-located region was truncated into six peptides, then the peptides were synthesized and evaluated on immune reactivity and diagnosis performance. Of the six peptides, only one was confirmed to show immune reactivity and show a sensitivity of 5.8% and a specificity of 100% for TB diagnosis by ELISpot (16). Considering the immune reactivity and immunogenicity of a single peptide may not represent the whole epitode-rich region, we conducted the present study with a constructed protein that contained all of the 29 epitopes.

In the present study, we first intercepted a 444 bp sequence fragment in Rv1566c which contained all 29 predicted T-Cell epitopes of Rv1566c and started from 109 to 552 nucleotide position. Second, we had the purified protein (named Rv1566c-444) encoded by the chosen 444 bp sequence from Escherichia coli expression system. We then verified the possibility that Rv1566c-444 could replace the full-length protein Rv1566c as an effective antigen for detection of MTB infection in human population and show more prominent immunogenicity than Rv1566c in mouse models.



Materials and Methods


Ethics Statement

This study complied with the Ethics Committee of the National Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention (No. ICDC-2019001). Each potential participant was introduced to the nature of the research and provided with an information sheet. Participants were included in this study if their written informed consent was obtained.

The animal experiments were conducted in accordance with the guidelines of the Animal Experimental Ethical Committee of the Chinese Center for Disease Control and Prevention (No. 2019-CCDC-IACUC-011). Animals received free access to water and commercial mouse chow and were monitored carefully throughout the study. The suffering of the mice was minimized during animal immunization and surgery procedures.



Prediction of T-Cell Epitopes and Selection of T-Cell Epitope-Rich Sequences

The sequence of Rv1566c was obtained from the National Centre for Biotechnology Information (NCBI) at www.ncbi.nlm.nih.gov. T-Cell epitopes in Rv1566c binding to HLA-A02 supertype allele (including HLA-A*0201, *0202, *0203, *0206 motifs) were predicted by TEpredict and the tools available in IEDB-AR (http://tools.iedb.org/mhci/). T-cell pMHC class I immunogenicity predictor (http://tools.immuneepitope.org/immunogenicity/) was then used to evaluate the epitopes’ immunogenicity. In the present study, we chose a sequence enriched with the T-Cell epitopes of Rv1566c. This targeted DNA sequence was named Rv1566c-444n and is at the nucleotide positions from 109 to 552 in Rv1566c, the corresponding protein was defined as Rv1566c-444. The position details for Rv1566c-444 from Rv1566c are shown in Table 1, the distributions of all 29 predicted epitopes in the Rv1566c and Rv1566c-444 were located in six domains, as shown in Figure 1.


Table 1 | Nucleotide and Amino acid positions of the selected Rv1566c-444 enriched with T-cell epitopes.






Figure 1 | T -Cell epitope-rich domains distributed in Rv1566c. The scale unit is amino acid (aa).





Gene Amplification, Expression, and Purification of Recombinant Proteins pET- 32a-Rv1566c and pET-32a-Rv1566c-444

The whole sequence of Rv1566c and the targeted sequence Rv1566c-444n were amplified by polymerase chain reaction (PCR) with H37Rv genome DNA as a template. The sequences were then respectively ligated into plasmid pET-32a after digestion with EcoRI and HindIII and then transformed into E. coli BL21 (DE3). One mM isopropyl β-D-thiogalactoside (IPTG) was used in the medium to induce the expression of the proteins. After incubating for 3.5 h at 37°C with shaking the cells were harvested by centrifugation (4,000 rpm, 10 min, 4°C). The expression level and form of Rv1566c and Rv1566c-444 in E. coli were evaluated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), then the inclusion body proteins were denatured and used for protein purification by Ni-NTA chromatography (GE Healthcare, Pittsburgh, PA, USA), followed by renatured in 20mM Tris-HCL (pH 8.0). Endotoxin from the recombinant protein was removed using a ToxinEraser endotoxin removal kit (GenScript, Piscataway, NJ, USA) and then the solution was sterile filtered using a 0.22-mum filter followed by quantification with a bicinchoninic acid kit (Transgen Biotech, Beijing, China). The preparation of Ag85B was done as described previously by our laboratory colleagues (18, 19).



Participant Collection

Participants included TB patients and healthy donors who were recruited during June 2019 in Beijing for the ELISpot assay. All of the subjects were vaccinated with M. bovis BCG before. The TB patients were used to represent the population actively infected with MTB. All TB cases were in compliance with the national criteria for the TB diagnosis in China: having a positive acid-fast smear or MTB culture or MTB gene test, and a chest x-ray suggestive for having active TB infection. The healthy controls were randomly selected among healthy volunteers without clinical TB symptoms or signs and conscious of prior contact history to MTB. All of the controls did not receive tuberculin skin tests in the present study. We excluded individuals taking immunosuppressive agents or pregnant women.



Measurement of Rv1566c-444 Specific IFN-γ Production by ELISpot in Human Donors

A commercial ELISpot kit T-SPOT.TB (QuanBio, Beijing, China) was used to detect the T- cells producing IFN-γ according to the instructions of the manufacturer. The PBMCs from each human participant were prepared by Ficoll–Hypaque density gradient centrifugation and suspended in an AIV medium. One hundred microliters (2.5×105 cells) per well of PBMCs were seeded in 96-well nitrocellulose plates precoated with the anti-IFN-γ monoclonal antibody and then stimulated with either a cocktail of peptides provided in the kit including ESAT-6, CFP-10, and Rv3615c or antigens prepared in this study Rv1566c-444 (20 μg/mL) or Rv1566c (20 μg/mL). Phytohemagglutinin (PHA) was used as a positive control and AIV medium as a negative control. Spot forming cells (SFCs) were counted after 20 h incubation at 37°C. Spot forming cells representing the T cells releasing IFN-γ were used to compare the diagnosis performance for MTB infection between Rv1566c-444, Rv1566c, and T-SPOT.TB (QuanBio, Beijing, China).



Mice and Immunization Schedule

Specific-pathogen-free and female BALB/c mice were purchased from Beijing HFK Bioscience Co.127 Ltd. (Beijing, China) and were age-matched (6 weeks) within each experiment. Five groups of six mice each were vaccinated.

The DP mixture composed of DDA and Poly I: C was used as an adjuvant in this study. DDA is known as a good adjuvant that facilitates antigen adsorption and presentation, which can induce a mixed Th1/Th2 immune response with the predominance of Th1 cytokines when vaccinated in BALB/c mice (20). Poly I: C is a ligand of Toll-like receptor 3 (TLR3) which can attenuate the pathologic reaction induced by MTB and can induce innate immunity and Th1 cytokine production (21). DP mixture was prepared by mixing DDA (2.5 mg/mL) and poly I: C (0.5 mg/mL) in Tris-HCl (pH 8.0), the vaccines were prepared with the antigens (100 μg Rv1566c-444, Rv1566c, or Ag85B) emulsified in the same volume of DP mixture. All mice were vaccinated subcutaneously with the emulsion on the 1st, 14th, and 28th day. The positive control mice were immunized with Ag85B, and the negative control groups were given 200 μL Tris-HCl (pH 8.0) or 200 μL DP mixture. The BALB/c mice were sacrificed for immunogenicity assessment at 35th day after the first immunization.



Humoral Immunogenicity of Rv1566c-444 and Rv1566c in BALB/c Mice

The specific total IgG and IgG subclass titers in serum were determined by ELISA assay to detect the humoral responses against Rv1566c-444, Rv1566c, or Ag85B vaccinations. Ninety-six well ELISA plates were first prepared in triplicate by adsorbing with the protein Rv1566c-444, Rv1566c, or Ag85B diluted with coating buffer and the final concentrations of the proteins were all 20 μg/mL. After incubation overnight at 4°C, the plates were washed 3 times with 0.01 M phosphate-buffered saline (PBS, pH 7.4) containing 0.05% Tween-20 (PBST) followed by blocked with 100 μL of blocking solution contained 3% BSA for 2 h at 37°C. After the blocking step, serum samples from the mice vaccinated with Rv1566c-444, Rv1566c, or Ag85B were diluted doubly in PBS and were added in the plate wells containing corresponding antigens, and incubated again at 37°C for 1 h. After that, the plates were washed five times with PBST, then horseradish peroxidase-labeled goat anti-mouse IgG and IgG subclass antibody were diluted (1:1000) and added to the plates (100 μL/well). Following repeated washes, 100 μL of Tetramethylbenzidine substrate was added to each well and incubated for 15 min at room temperature. The color reaction was terminated by adding 50 μL H2SO4 (2 M). Finally, the optical density for each sample was read using an ELISA reader at 450 nm and expressed as absorbance.



Cellular Immunogenicity of Rv1566c-444 and Rv1566c in BALB/c Mice

After collecting blood by retro-orbital puncture, the mice were sacrificed by cervical dislocation, the spleens were aseptically removed from the mice and used for splenocyte harvest after grinding the spleens and lysis of erythrocytes. The splenocytes were diluted to 2×106 cells/mL for cytokine testing and determination for the proportion of CD4+ T and CD8+ T cells. Every test was performed in triplicate.

First, ELISA was used to detect the cytokines after the splenocytes were stimulated with the vaccine antigens. Cells stimulated with concanavalin A (ConA) were used as positive, and cells in RPMI 1640 media without antigen as the negative control. After incubation at 37°C with 5% CO2 for 48 h, the supernatants were collected and assayed for the presence of interferon (IFN)-γ, interleukin (IL)-4 and IL-6 by commercial ELISA kits (BD, San Diego, CA, USA) according to the manufacturer’s instructions.

Second, flow cytometry on a FACScalibu and selected agents (all from BD, San Diego, CA, USA) were used to detect the proportions of CD4+ T and CD8+ T cells, and the proportions of cytokine secreting CD4+ T or CD8+ T. After being cultured with protein transport inhibitor and recall antigens (Tris-HCl and DP groups both used Rv1566-444) for 8 h at 37°C in 5% CO2, the splenocytes were stained with LIVE/DEAD Fixable Dead Cell Stain, followed by surface staining with anti- CD3, CD4, and CD8. Then the cells were stained intracellularly with antibodies against IFN-γ, TNF-α, and IL-4. Finally, the splenocytes were fixed in 4% paraformaldehyde and detected by flow cytometry.



Statistical Analysis

The experimental data were expressed as the mean ± SD using GraphPad Prism 8. One-way analysis of variance (ANOVA) with Turkey’s multiple comparison tests were used for data of more than two groups, P-values <0.05 were considered to be statistically significant. The receiver operating characteristic (ROC) curve was used to evaluate the performance of the biomarkers used in ELISpot in discriminating two categories (active MTB infection and health) with the MedCalc statistical software. The differences between the areas under the curve (AUCs) were compared using the pairwise comparison of ROC curves, P<0.05 meant the differences were statistically significant.




Results


Expression and Purification of the Recombinant Proteins

The sequences Rv1566c-444n and Rv1566c were successfully cloned into the pET32a plasmid respectively and confirmed by PCR and DNA sequencing. As shown in Figure 2, the SDS-PAGE analysis indicated that the Rv1566c-444 and Rv1566c proteins were mainly expressed in the form of inclusion body proteins and showed about 35 and 45 kDa proteins respectively which were in line with the predicted results.




Figure 2 | SDS-PAGE analysis of the purification and expression of recombinant protein Rv1566c-444 and Rv1566c. Lane M, Prestained protein marker; Lane 1, the uninduced pET32a-Rv1566c-444 transformed E. coli; Lanes 2 and 3, the supernatant and sediment of the induced pET32a-Rv1566c-444 after ultrasonication and centrifugation; Lanes 4: purified recombinant protein Rv1566c-444; Lanes 5, the uninduced pET32a-Rv1566c transformed E. coli; Lanes 6 and 7, the supernatant and sediment of the induced pET32a-Rv1566c after ultrasonication and centrifugation; Lanes 8: purified recombinant protein Rv1566c.





Characteristics of the Participants

Overall, 80 participants, including 36 patients with pulmonary TB from Beijing Changping Institute for Tuberculosis Prevention and Treatment, and 44 healthy donors from the Chinese Center for Disease Control and Prevention, Beijing, China were enrolled for the study. The TB patients comprised of 58.33% (21/36) men and 41.67% (15/36) women and aged from 20 to 76 years with an average age of 39.44 ± 15.73 years; the healthy donors comprised 36.36% (16/44) men and 63.64% (28/44) women and aged from 22 to 38 years with an average age of 26.61 ± 5.36 years.



Rv1566c-444 Specific IFN-γ Production in Human Donors

To evaluate the diagnostic value of cellular immunity of Rv1566c-444, IFN-γ-producing effector T cells in PBMCs (presented as SFCs) from TB patients and healthy donors were detected by ELISpot. As shown in Figure 3A, both Rv1566c-444 and Rv1566c induced higher SFCs in TB patients than in healthy donors (P<0.05 and P<0.01), while there was no difference between the SFCs induced by Rv1566c-444 and Rv1566c in TB patients, which was consistent with the hypothesis that T-Cell epitope-rich fragment induces similar IFN-γ production in T cells with its parental protein. The AUC of T-SPOT.TB was significantly higher than those of Rv1566c-444 and Rv1566c (P values were all<0.0001, Figure 3B and Table 2), while no statistical significance between Rv1566c-444 and Rv1566c was found. We also found that humans with a cut-off value of SFC>5 (sensitivity, 44.44%; specificity, 84.09%) induced by Rv1566c-444 were diagnosed as MTB infection (Table 2).




Figure 3 | Analysis of the IFN-γ ELISpot response to the recombinant protein Rv1566c-444, Rv1566c in tuberculosis patients and healthy donors. (A) The difference of IFN-γ SFCs in Rv1566c-444, Rv1566c, and T-SPOT. Each dot represents the SFCs of one patient or donor. The average response in each group is indicated by solid lines. The P-values of the differences in SFCs between the groups were determined by one-way ANOVA with Turkey’s multiple comparison tests (*p < 0.05, **p < 0.01). (B) ROC curves analysis of Rv1566c-444, Rv1566c, and cocktail peptides in T-SPOT kit for ELISpot.




Table 2 | Evaluation results from the ROC curve of the recombinant proteins for active Mycobacterium tuberculosis infection diagnosis through ELISpot assay.





Comparison of Humoral Immunogenicity Between Rv1566c-444 and Rv1566c in Mouse Model

To verify whether Rv1566c-444 induces a high humoral response, the quantities of serum IgG, IgG1, and IgG2a isotypes specific to Rv1566c-444 were compared to those specific to Rv1566c and Ag85B by ELISA assays. As Tris-HCl immunized group and DP group had similar and low absorbance by the ELISA assay, we chose the former group as the negative control. As shown in Figure 4A, all of the three protein-adjuvanted vaccines elicited significantly higher titer of specific IgG, IgG1, and IgG2a compared to the negative control. Among the three protein-adjuvanted vaccinated groups, Rv1566c-444 induced lower levels of IgG, IgG1, and IgG2a than Rv1566c (P values were all < 0.0001) and lower levels of IgG and IgG1 than Ag85B (P values were <0.001 and <0.05, respectively) (Figure 4A); though there was no statistical significance on the levels of IgG between Rv1566c and Ag85B, the IgG1 and IgG2a levels in Rv1566c group were both higher than in Ag85B group. There was no statistical difference among the ratios of IgG1 to IgG2a induced by Rv1566c-444, Rv1566c, and Ag85B with ratios of 1.678, 1.701, and 1.711, respectively (Figure 4B).




Figure 4 | Assays of IgG, IgG1, and IgG2a isotypes in sera of Rv1566c-444, Rv1566c, and Ag85B immunized BALB/c mice. (A) Antibody titers of total IgG, IgG1, and IgG2a were compared between the three groups. (B) Antigenic IgG1/IgG2a ratios were compared between the three groups. The P-values of the differences were determined by one-way ANOVA with Turkey’s multiple comparison tests (*P < 0.05, ***P < 0.001, ****P < 0.0001).





Rv1566c-444 Induced Stronger CD4 Th1 and CD8 T Cell Response in Mice

The levels of Th1-type cytokine IFN-γ and Th2-type cytokine IL-4 together with IL-6 produced by the recall antigens-stimulated spleen cells from the mice vaccinated with Rv1566c-444, Rv1566c, and Ag85B were evaluated and compared with those from Tris-HCl and DP adjuvant vaccinated groups. All of the groups except the Tris-HCl and DP groups showed high production of the three cytokines (Figure 5). A significant increase in the productions of IFN-γ and IL-4 upon stimulation with recall antigen was observed in Rv1566c-444 immunized mice compared with the Rv1566c and Ag85B groups (all P values< 0.01, Figures 5A, C). No significant difference in the concentrations of IFN-γ was observed between the Rv1566c group and Ag85B group (Figure 5A). A significantly higher level of IL-6 secretion was observed in the Rv1566c-444 group compared with the Rv1566c and Ag85B groups (all P values< 0.0001) (Figure 5B). Rv1566c-444 had a higher IFN-γ/IL-4 ratio than Rv1566c (25.61 vs. 23.10, P< 0.05), which indicated that the Rv1566c-444 induced stronger Th1 responses than Rv1566c.




Figure 5 | Antigen-specific cytokine levels were released from the splenocytes of the immunized mice. After lymphocytes were isolated from BALB/c mice immunized with the constructed vaccines, they were stimulated with antigens used in the vaccines respectively. BALB/c mice immunized with DP mixture or Tris-HCl were also stimulated with three antigens respectively. The concentration of three different cytokines (A) IFN-γ, (B) IL-6, and (C) IL-4 were measured by ELISA assays. The significant differences between antigen and negative controls (DP and Tris-HCl groups) both stimulated with the same antigen are represented by asterisks above the bar; significant differences among three antigens groups (Rv1566c-444, Ag85B, and Rv1566c) are presented by capped lines with asterisks. The statistical significance was determined using one-way ANOVA with Turkey’s multiple comparison tests (**P < 0.01, ***P < 0.001, ****P < 0.0001).



We also analyzed the stimulated splenocytes using flow cytometry to detect the proportions of CD3+ CD4+ T cells and CD3+ CD8+ T cells in spleen cells together with the proportions of CD4+ or CD8+ T cells that secreted different cytokines. Our results showed that Rv1566c-444 immunized mice had significant higher proportions of CD3+ CD4+ T cells and CD3+ CD8+ T cells than the Tris-HCl and DP groups (all P values < 0.001), and had CD3+ CD4+ T cells that were significantly higher than those of Ag85B group (P< 0.01) and similar to those of Rv1566c group; Rv1566c-444 group showed significant higher percentage of CD3+ CD8+ T cells than Rv1566c (P< 0.01) and Ag85B groups (P< 0.05) (Figure 6A). Among the CD3+ CD4+ T cells, the Rv1566c-444 group had a significantly higher percentage of CD4+IFN-γ+ T cells than the Tris-HCl group (P< 0.0001) and DP group (P< 0.001), whilst no statistical difference was observed among Rv1566c-444, Rv1566c, and Ag85B groups with percentages of 33.33%, 30.63%, and 31.77%, respectively. A significantly higher proportion of CD4+ TNF-α + T cells were observed in Rv1566c-444 immunized mice compared with the Ag85B group (P< 0.05) and the other groups (all P values < 0.0001) (Figure 6B). Among the CD3+ CD8+ T cells, we found that the proportion of CD8+ T cells expressing IFN-γ in the Rv1566c-444 group was significantly higher than those in DP (P< 0.05) and Tris-HCl groups (P< 0. 01), significantly lower than that in Ag85B group (P< 0.05) and similar to that in Rv1566c group; the percentage of CD8+ T cells expressing IL-4 in the Rv1566c-444 group was lower than those in the Rv1566c group (P< 0.05), Ag85B group (P< 0.01), and DP group (P<0.05), respectively (Figure 6C).




Figure 6 | Proportions of CD3+ CD4+ T cells and CD3+ CD8+ T cells in spleen cells from mice immunized with different vaccines and proportions of CD4+ or CD8+ T cells that secreted different cytokines. Splenocytes from BALB/c mice immunized with protein vaccines were respectively stimulated with the protein used in each vaccine, DP adjuvants, and Tris-HCl were stimulated with Rv1566c-444. The proportions of cells were assessed by flow cytometry. (A) Proportions of CD3+ CD4+ T cells and CD3+ CD8+ T cells in spleen cells from mice immunized with different vaccines. (B) Proportion of CD4+ T cells producing IFN-γ/TNF-α/IL-4. (C) Proportion of CD8+ T cells producing IFN-γ/TNF-α/IL-4. The significant differences between the Rv1566c-444 group and negative controls (DP and Tris-HCl groups) both stimulated with Rv1566c-444 are represented by asterisks above the bar; significant differences among antigens groups were presented by capped lines with asterisks. The statistical significance was determined using one-way ANOVA with Turkey’s multiple comparison tests (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).






Discussion

TB, although a curable and preventable disease, continues to be one of the leading infectious causes of death worldwide. The existence of antibiotic-resistant strains also emphasizes the need for the development of advanced diagnostic tools and a vaccine solution to curb the spread of TB. Identification of the immunodominant MTB antigens from the antigen pools induced host cell-mediated protective immunity is helpful for the development of MTB diagnosis tools or TB vaccines. In the present study, we evaluated the performance of the recombinant protein Rv1566c-444 enriched with T-Cell epitopes as a diagnostic biomarker of active MTB infection in humans and its immunogenicity in mice. This last assay could provide implications for using this recombinant protein as a vaccine antigen. Then we compared the antigenic properties of Rv1566c-444 to those of Rv1566c.

Rapid biomarker-based and non-sputum-based diagnostic tests able to accurately diagnose TB are in urgent need. They should be biosafe and appropriate for children, extrapulmonary TB patients, and individuals infected with the human immunodeficiency virus (HIV) who often have difficulty providing good-quality sputum samples. Among the current non-sputum-based tests, IGRAs are immunodiagnostic tests that rely on the detection of human T cell immune responses against mycobacterial antigens, some of them have been endorsed by the WHO (22). The WHO also provided an expanding pipeline of new IGRAs to test for TB infection (22). Neither IGRA nor tuberculin skin test (TST) is useful to distinguish LTBI from TB (23). Thus, developing a new generation of IGRAs with higher accuracy for MTB infection diagnosis or with the ability to discriminate LTBI and TB is still needed. It is generally accepted that latency antigens encoded by genes remaining up-regulated during LTBI identified by in vitro model and genome-wide transcriptome analysis have the potential to be immunological markers that could discriminate between LTBI and TB (23). Among a number of latency antigens, proteins belonging to DosR regulon, the Rpf family, and IVE-TB group have been studied as LTBI biomarkers (24, 25). Studies on the DosR and Rpf antigens from MTB to discriminate between latent and active TB in a TB endemic population of Medellin Colombia showed that some antigens of DosR regulon have the highest potential for differentiating LTBI from active TB (26). None of the evidence has shown that Rv1566c is a latency antigen or active TB antigen. In the present study, we only evaluated the performance of Rv1566c and Rv1566-444 to discriminate between healthy donors and TB patients. Our results showed that both Rv1566c-444 and Rv1566c induced higher SFCs in the TB patients than that in healthy donors, and there was no significant difference between the AUCs of Rv1566c-444 and Rv1566c, which indicated that the T epitopes-based protein Rv1566c-444 has the same antigenic properties as the whole Rv1566c protein in humans and can replace Rv1566c in the use for MTB infection diagnosis. We also observed that compared with ESAT-6&CFP-10&Rv3615c contained in the T-SPOT.TB kit, Rv1566c-444 had a far lower sensitivity (44.4% Vs. 94.4%) for distinguishing TB patients from healthy donors. As a single antigen, the diagnostic sensitivity of Rv1566c-444 was promising. More efforts can be made to combine Rv1566c-444 with other immunodominant antigen candidates to improve the diagnostic sensitivity.

By October 2021, there are 16 TB vaccine candidates under phase I - III clinical trials in the world (22, 27, 28), and Vaccae (Anhui Zhifei Longcom, China) was approved for use by the China Food and Drug Administration in June 2021. Among these vaccines, the recombinant BCG vaccine (VPM1002), the protein/adjuvant vaccines (such as M72/ASO1E, ID93+GLA-SE, AEC/BC02, and so on), and the viral vector vaccines (Ad5Ag85A, ChAdOx185A-MVA85A, and TB/FLU-04L) were all based on the peptides or proteins that show prominent immunogenicity and induced host immunity. It was reported that M72/ASO1E achieved a 49.7% (90% confidence interval [CI], 12.1 to 71.2%; 95% CI, 2.1 to 74.2%) efficacy at 36 months after vaccination among adults infected with MTB according to the phase IIb clinical trial results (29). However, none of these novel TB vaccines can be an alternative for BCG, which is recommended as part of national childhood immunization programs by the WHO. Vaccines providing longer protective time, higher efficacy and for different populations with negative MTB infection, LTBI, or TB under-treating are still needed. Meanwhile, the discovery of new immunodominant antigens is still an important prerequisite for the development of novel TB vaccines to break the limitations. In the present study, in addition to assessing and comparing the diagnosis potential between Rv1566c-444 and Rv1566c, we also evaluated their immunogenicity in mouse models and explored their potential to be vaccine antigens. The immunodominant antigen Ag85B was reported to induce cellular and humoral immunity responses in TB patients (30, 31). In mouse models, Ag85B was found to elicit a strong Th1 immune response against MTB challenge with an increased humoral IgG antibody production (32–34). Hence, the Ag85B antigen was used as a positive control in the present study for evaluating the immunogenicity of Rv1566c-444 in mice.

Though cell-mediated immunity has been proved to play the key role in protection from and clearance of infectious mycobacteria, humoral immunity was also reported to enhance human immunity against MTB infection in different ways: complexes of MTB bound to an antibody can be more readily phagocytosed by macrophages via crystallizable fragment receptors (FcRs) and complement receptors (35); antibodies specific for MTB can increase phagosome lysosome fusion, and the specific antibodies may stimulate killing of MTB infected cells via natural killer (NK) cell-mediated antibody-dependent cell cytotoxicity; antibodies against MTB may have direct microbicidal or neutralizing activity, and antibodies against MTB have been shown to promote inflammasome activation in macrophages. Besides, the protection against TB by antibodies also requires cell-mediated immune functions (35). Our results showed that Rv1566c-444 vaccination induced high-level titers of specific IgG, IgG1, and IgG2a, though the secretion levels were lower than those of the Rv1566c group, the reduced humoral immunity response of Rv1566c-444 may be due to the reduced numbers of B- Cell epitopes in Rv1566c-444 compared with Rv1566c. The Rv1566c-444 group aroused a similar secretion of IgG2a compared to Rv1566c and had similar ratios of IgG1/IgG2a compared with Rv1566c and Ag85B group. IgG2a is a Th1-type antibody, whilst IgG1 is a Th2-type antibody, the ratios of IgG1/IgG2a induced by Rv1566c-444 and Rv1566c vaccination in our study were floating around one indicating a Th2/Th1-type balance, suggesting that T-Cell epitope-rich fragment induces the same type of CD4+ Th cell immune response with its parental protein.

T cells are the primary mediators of adaptive immunity against TB, studies on mice and humans support the important roles of CD4+ T and CD8+ T cells in TB immunity (36, 37). The pre-clinical and under-clinical subunit protein TB vaccine candidates are inherently a CD4+ T cell-targeting platform with an emphasis target on protective multifunctional Th1 cells which are the major IFN-γ secreting cells in humans. Rodo et al’s study on six novel TB vaccine candidates MVA85A, AERAS-402, H1:IC31, H56:IC31, M72/AS01E, ID93+GLA-SE, and the licensed TB vaccine BCG showed that all vaccines preferentially induced antigen-specific CD4 T cell responses expressing Th1 cytokines; the response magnitude is the most differential characteristics among the vaccines (38). IFN-γ is an important host defense effector molecule in human that can inhibit inflammation during TB. It was reported that BCG vaccinated infants who developed disseminated BCG disease had mutations in genes encoding proteins involved in the IL-12/IFN-γ axis (39). IL-4, the archetypal T-helper type 2 (Th2) cytokine, can subvert mycobacterial containment in human macrophages, probably through perturbations in regulatory T-cell and Th1-linked pathways (40). Our results from the cytokine detection suggested that Rv1566c-444 inclined to induce Th1/Th2 imbalance response with a preference for a Th1 response based on the IFN-γ/IL-4 ratio, and generated the strongest Th1 cell-polarized CD4+ T cell responses (representing as the highest production of antigen-specific IFN-γ) among the three vaccines (Figure 5A). The results of flow cytometry also showed that the CD3+CD4+ proportion induced by Rv1566c-444 was significantly higher than that by Ag85B and was trending higher than that of Rv1566c, too. Additional cytokines are involved in protective immunity against TB and play roles in bacterial control after MTB infection. It was reported that mice with intact IFN-γ but a deficiency in IL-6 and TNF-α all succumbed to MTB after infection (41). Another report found that IL-6 and TNF-α as BCG induced pulmonary effector molecules may be more important than IFN-γ in IL-12 deficient and BCG-vaccinated mice (42). In our study, higher levels of IL-6 were induced by Rv1566c-444 than by Rv1566c and Ag85B respectively, suggesting that Rv1566c-444 as vaccine antigen may provide more immune protection.

Mittrücker et al. reported that the protection correlated best with the rapid accumulation of specific CD8+ T cells in infected tissues of challenged mice (43). CD8+ T cells play a critical role in mediating immune protection against MTB: involving in the destruction of heavily infected macrophages and acting as a redundant effector of CD4+ T cells in cytolytic functions and IFN-γ secretion (44). According to our results acquired by flow cytometry, we observed that Rv1566c-444 induced a higher portion of CD8+ T cells but a far lower proportion of IL-4-secreting CD8+ T cells, meanwhile it induced a higher portion of CD4+ T cells with a far higher proportion of TNF-α secreting CD4+ T cells and a comparable proportion of IFN-γ secreting CD4+ T cells than Rv1566c in mice. Our results suggested that Rv1566c-444 induces a better CD4+ T Th1 and CD8+ T cell response than Rv1566c in mice.

Good delivery systems can facilitate the success of TB vaccine candidates, we chose the most commonly employed cationic liposome DDA in combination with immune-stimulatory factor Poly I: C, the mixture has been proved to improve immune response against the subunit vaccine in previous studies (45, 46). The strong humoral and cellular immune responses generated by Rv1566c-444, Rv1566, and Ag85B in mice indicated that the DP mixture can be used as a promising adjuvant candidate to supply the potent immunity. However, the safety of the DP mixture needs to be taken into consideration before clinical use given its cytotoxicity.

In conclusion, our study showed that the protein Rv1566c-444 enriched with T-Cell epitopes has potential as a diagnostic biomarker by evaluating T cell response to distinguish TB patients and healthy donors, and the diagnosis performance was similar to that of the whole Rv1566c protein, whilst the diagnostic sensitivity of single-antigen Rv1566c-444 was inferior to ESAT-6&CFP-10&Rv3615c used in T-SPOT.TB kit. Rv1566c-444 induced a much better cellular immune response than Rv1566c and elicited a high level of humoral response in the mouse model, providing support for further evaluation of Rv1566c-444 as vaccine antigen against MTB challenge in animal models in the form of protein mixture or fusion protein. Due to the advantage of the shorter sequence due to reducing the non-T-Cell epitope regions, the immunodominant antigen Rv1566c-444 shows great potential in developing multi-antigen diagnostic agents, multi-component subunit vaccines, and recombinant BCG vaccines for TB control.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the National Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. The animal study was reviewed and approved by the Animal Experimental Ethical Committee of the Chinese Center for Disease Control and Prevention. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author Contributions

XiuL, XF, and KW designed the study. HL contributed to the epitope prediction. XiuL, RW, YD, ZC, NL and YY performed experiments. XiaL and GL analyzed and interpreted data. KW provided reagents. XiuL, GL, and KW wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was financially supported by the projects of 2018ZX10731301-002 and 2018ZX10731301-002-005. The funders had no role in the study design, data collection and analysis, manuscript preparation or decision to publish



Acknowledgments

This research was approved by the Ethics Committee of the National Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention. We would like to thank the collaboration of the Laboratory Animal Center, Chinese Center for Disease Control and Prevention, for their help and support in the animal experiments.



References

1. WHO. Global Tuberculosis Report. Geneva: World Health Organization (2021). Available at: https://www.who.int/tb/publications/global_report/en.

2. Ahmad, R, Xie, L, Pyle, M, Suarez, MF, Broger, T, Steinberg, D, et al. A Rapid Triage Test for Active Pulmonary Tuberculosis in Adult Patients With Persistent Cough. Sci Transl Med (2019) 11(515):eaaw8287. doi: 10.1126/scitranslmed.aaw8287

3. Walzl, G, McNerney, R, du Plessis, N, Bates, M, McHugh, TD, Chegou, NN, et al. Tuberculosis: Advances and Challenges in Development of New Diagnostics and Biomarkers. Lancet Infect Dis (2018) 18:e199–210. doi: 10.1016/s1473-3099(18)30111-7

4. Peter, JG, Zijenah, LS, Chanda, D, Clowes, P, Lesosky, M, Gina, P, et al. Effect on Mortality of Point-of-Care, Urine-Based Lipoarabinomannan Testing to Guide Tuberculosis Treatment Initiation in HIV-Positive Hospital Inpatients: A Pragmatic, Parallel-Group, Multicountry, Open-Label, Randomised Controlled Trial. Lancet (Lond Engl) (2016) 387:1187–97. doi: 10.1016/s0140-6736(15)01092-2

5. LoBue, PA, and Castro, KG. Is It Time to Replace the Tuberculin Skin Test With a Blood Test? JAMA (2012) 308:241–2. doi: 10.1001/jama.2012.7511

6. Carranza, C, Pedraza-Sanchez, S, de Oyarzabal-Mendez, E, and Torres, M. Diagnosis for Latent Tuberculosis Infection: New Alternatives. Front Immunol (2020) 11:2006. doi: 10.3389/fimmu.2020.02006

7. Zwerling, A, Behr, MA, Verma, A, Brewer, TF, Menzies, D, and Pai, M. The BCG World Atlas: A Database of Global BCG Vaccination Policies and Practices. PloS Med (2011) 8:e1001012. doi: 10.1371/journal.pmed.1001012

8. Juraj, I. Function and Potentials of M. Tuberculosis Epitopes. Front Immunol (2014) 5:107. doi: 10.3389/fimmu.2014.00107

9. Goletti, D, Carrara, S, Vincenti, D, Saltini, C, Rizzi, EB, Schininà, V, et al. Accuracy of an Immune Diagnostic Assay Based on RD1 Selected Epitopes for Active Tuberculosis in a Clinical Setting: A Pilot Study. Clin Microbiol Infect (2006) 12:544–50. doi: 10.1111/j.1469-0691.2006.01391.x

10. Chen, T, Blanc, C, Liu, Y, Ishida, E, Singer, S, Xu, J, et al. Capsular Glycan Recognition Provides Antibody-Mediated Immunity Against Tuberculosis. J Clin Invest (2020) 130:1808–22. doi: 10.1172/jci128459

11. Florio, W, Batoni, G, Esin, S, Bottai, D, Maisetta, G, Pardini, M, et al. Identification of Novel Proteins in Culture Filtrates of Mycobacterium Bovis Bacillus Calmette-Guérin in the Isoelectric Point Range 6-11. Proteomics (2003) 3:798–802. doi: 10.1002/pmic.200300422

12. Böth, D, Steiner, EM, Izumi, A, Schneider, G, and Schnell, R. RipD (Rv1566c) From Mycobacterium Tuberculosis: Adaptation of an NlpC/p60 Domain to a Non-Catalytic Peptidoglycan-Binding Function. Biochem J (2014) 457:33–41. doi: 10.1042/bj20131227

13. Florio, W, Brancatisano, FL, Bottai, D, Esin, S, Di Luca, M, Counoupas, C, et al. The BCG1619c Gene is Not Essential for Invasion and Intracellular Persistence of Mycobacterium Bovis BCG in Human THP-1 and A549 Cell Lines. Can J Microbiol (2009) 55:975–82. doi: 10.1139/w09-053

14. Gao, LY, Pak, M, Kish, R, Kajihara, K, and Brown, EJ. A Mycobacterial Operon Essential for Virulence In Vivo and Invasion and Intracellular Persistence in Macrophages. Infect Immun (2006) 74:1757–67. doi: 10.1128/iai.74.3.1757-1767.2006

15. Luo, Q, Li, SJ, Xiao, TY, Li, MC, Liu, HC, Lou, YL, et al. Cloning Expression and Serological Evaluation on Four Mycobacterium Tuberculosis New Antigens. Chin J Epidemiol (2018) 39:514–18. doi: 10.3760/cma.j.issn.0254-6450.2018.04.026

16. Wang, XZ. The Identification and Evaluation of 16 Noval Antigens From Mycobacterium Tuberculosis. [Dissertation]. Beijing (China: Chinese Center for Disease Control and Prevention Doctoral Dissertation (2017).

17. Ong, E, He, Y, and Yang, Z. Epitope Promiscuity and Population Coverage of Mycobacterium Tuberculosis Protein Antigens in Current Subunit Vaccines Under Development. Infect Genet Evol (2020) 80:104186. doi: 10.1016/j.meegid.2020.104186

18. Wu, G, Lü, B, Sun, M, Zhao, XQ, Tian, LB, Liu, ZG, et al. Cloning and Expression of the Ag85B Protein From Mycobacterium Tuberculosis. (In Chinese). China Prev Med (2009) 10:87–9. doi: 10.16506/j.1009-6639.2009.02.018

19. Xiao, TY, Liu, HC, Li, XQ, Huang, MX, Li, GL, Li, N, et al. Immunological Evaluation of a Novel Mycobacterium Tuberculosis Antigen Rv0674. BioMed Environ Sci (2019) 32:427–37. doi: 10.3967/bes2019.056

20. Klinguer-Hamour, C, Libon, C, Plotnicky-Gilquin, H, Bussat, MC, Revy, L, Nguyen, T, et al. DDA Adjuvant Induces a Mixed Th1/Th2 Immune Response When Associated With BBG2Na, a Respiratory Syncytial Virus Potential Vaccine. Vaccine (2002) 20:2743–51. doi: 10.1016/s0264-410x(02)00193-7

21. Speth, MT, Repnik, U, Müller, E, Spanier, J, Kalinke, U, Corthay, A, et al. Poly(I:C)-Encapsulating Nanoparticles Enhance Innate Immune Responses to the Tuberculosis Vaccine Bacille Calmette-Guérin (BCG) via Synergistic Activation of Innate Immune Receptors. Mol Pharm (2017) 14:4098–112. doi: 10.1021/acs.molpharmaceut.7b00795

22. WHO. Global Tuberculosis Report. Geneva: World Health Organization (2021). Available at: https://www.who.int/tb/publications/global_report/en.

23. Shah, M, and Dorman, SE. Latent Tuberculosis Infection. N Engl J Med (2021) 385:2271–80. doi: 10.1056/NEJMcp2108501

24. Serra-Vidal, MM, Latorre, I, Franken, KL, Díaz, J, de Souza-Galvão, ML, Casas, I, et al. Immunogenicity of 60 Novel Latency-Related Antigens of Mycobacterium Tuberculosis. Front Microbiol (2014) 5:517. doi: 10.3389/fmicb.2014.00517

25. Arroyo, L, Marín, D, Franken, KLMC, Ottenhoff, THM, and Barrera, LF. Potential of DosR and Rpf Antigens From Mycobacterium Tuberculosis to Discriminate Between Latent and Active Tuberculosis in a Tuberculosis Endemic Population of Medellin Colombia. BMC Infect Dis (2018) 18:26. doi: 10.1186/s12879-017-2929-0

26. Meier, NR, Jacobsen, M, Ottenhoff, THM, and Ritz, N. Mycobacterium Tuberculosis: A Systematic Review on Novel Antigens and Their Discriminatory Potential for the Diagnosis of Latent and Active Tuberculosis. Front Immunol (2018) 9:2476. doi: 10.3389/fimmu.2018.02476

27. Ye, LC, Chen, BW, Zhu, YD, Xu, M, Liu, LF, Shen, XB, et al. A Phase I Clinical Study of M. Smegmatis Vaccine (in Chinese). Chin J New Drug (2007) 16:565–68. doi: 10.3321/j.issn:1003-3734.2007.07.018

28. NMPA. BCG Vaccine for Intradermal Injection (2018). Available at: http://www.chinadrugtrials.org.cn/clinicaltrials.searchlistdetail.dhtml.

29. Tait, DR, Hatherill, M, van der Meeren, O, Ginsberg, AM, Van Brakel, E, Salaun, B, et al. Final Analysis of a Trial of M72/AS01 Vaccine to Prevent Tuberculosis. N Engl J Med (2019) 381:2429–39. doi: 10.1056/NEJMoa1909953

30. Alvarez-Corrales, N, Ahmed, RK, Rodriguez, CA, Balaji, KN, Rivera, R, Sompallae, R, et al. Differential Cellular Recognition Pattern to M. Tuberculosis Targets Defined by IFN-γ and IL-17 Production in Blood From TB + Patients From Honduras as Compared to Health Care Workers: TB and Immune Responses in Patients From Honduras. BMC Infect Dis (2013) 13:125. doi: 10.1186/1471-2334-13-125

31. Shete, PB, Ravindran, R, Chang, E, Worodria, W, Chaisson, LH, Andama, A, et al. Evaluation of Antibody Responses to Panels of M. Tuberculosis Antigens as a Screening Tool for Active Tuberculosis in Uganda. PloS One (2017) 12:e0180122. doi: 10.1371/journal.pone.0180122

32. Huygen, K. The Immunodominant T-Cell Epitopes of the Mycolyl-Transferases of the Antigen 85 Complex of M. Tuberculosis. Front Immunol (2014) 5:321. doi: 10.3389/fimmu.2014.00321

33. Ahmad, F, Zubair, S, Gupta, P, Gupta, UD, Patel, R, and Owais, M. Evaluation of Aggregated Ag85B Antigen for Its Biophysical Properties, Immunogenicity, and Vaccination Potential in a Murine Model of Tuberculosis Infection. Front Immunol (2017) 8:1608. doi: 10.3389/fimmu.2017.01608

34. Prendergast, KA, Counoupas, C, Leotta, L, Eto, C, Bitter, W, Winter, N, et al. The Ag85B Protein of the BCG Vaccine Facilitates Macrophage Uptake But Is Dispensable for Protection Against Aerosol Mycobacterium Tuberculosis Infection. Vaccine (2016) 34:2608–15. doi: 10.1016/j.vaccine.2016.03.089

35. Li, H, and Javid, B. Antibodies and Tuberculosis: Finally Coming of Age? Nat Rev Immunol (2018) 18:591–96. doi: 10.1038/s41577-018-0028-0

36. Jasenosky, LD, Scriba, TJ, Hanekom, WA, and Goldfeld, AE. T Cells and Adaptive Immunity to Mycobacterium Tuberculosis in Humans. Immunol Rev (2015) 264:74–87. doi: 10.1111/imr.12274

37. Nunes-Alves, C, Booty, MG, Carpenter, SM, Jayaraman, P, Rothchild, AC, and Behar, SM. In Search of a New Paradigm for Protective Immunity to TB. Nat Rev Microbiol (2014) 12:289–99. doi: 10.1038/nrmicro3230

38. Rodo, MJ, Rozot, V, Nemes, E, Dintwe, O, Hatherill, M, Little, F, et al. A Comparison of Antigen-Specific T Cell Responses Induced by Six Novel Tuberculosis Vaccine Candidates. PloS Pathog (2019) 15:e1007643. doi: 10.1371/journal.ppat.1007643

39. Pai, M, Behr, MA, Dowdy, D, Dheda, K, Divangahi, M, Boehme, CC, et al. Tuberculosis. Nat Rev Dis Primers (2016) 2:16076. doi: 10.1038/nrdp.2016.76

40. Pooran, A, Davids, M, Nel, A, Shoko, A, Blackburn, J, and Dheda, K. Mycobacterium Tuberculosis IL-4 Subverts Mycobacterial Containment in -Infected Human Macrophages. Eur Respir J (2019) 54(2):1802242. doi: 10.1183/13993003.02242-2018

41. Ngadjeua, F, Braud, E, Saidjalolov, S, Iannazzo, L, Schnappinger, D, Ehrt, S, et al. Critical Impact of Peptidoglycan Precursor Amidation on the Activity of L,D-Transpeptidases From Enterococcus Faecium and Mycobacterium Tuberculosis. Chemistry (2018) 24:5743–47. doi: 10.1002/chem.201706082

42. Lewinsohn, DA, Heinzel, AS, Gardner, JM, Zhu, L, Alderson, MR, and Lewinsohn, DM. Mycobacterium Tuberculosis-Specific CD8+ T Cells Preferentially Recognize Heavily Infected Cells. Am J Respir Crit Care Med (2003) 168:1346–52. doi: 10.1164/rccm.200306-837OC

43. Mittrücker, HW, Steinhoff, U, Köhler, A, Krause, M, Lazar, D, Mex, P, et al. Poor Correlation Between BCG Vaccination-Induced T Cell Responses and Protection Against Tuberculosis. Proc Natl Acad Sci USA (2007) 104:12434–9. doi: 10.1073/pnas.0703510104

44. Lindestam Arlehamn, CS, Lewinsohn, D, Sette, A, and Lewinsohn, D. Antigens for CD4 and CD8 T Cells in Tuberculosis. Cold Spring Harb Perspect Med (2014) 4:a018465. doi: 10.1101/cshperspect.a018465

45. Liu, X, Peng, J, Hu, L, Luo, Y, Niu, H, Bai, C, et al. A Multistage Mycobacterium Tuberculosis Subunit Vaccine LT70 Including Latency Antigen Rv2626c Induces Long-Term Protection Against Tuberculosis. Hum Vaccin Immunother (2016) 12:1670–7. doi: 10.1080/21645515.2016.1141159

46. Xin, Q, Niu, H, Li, Z, Zhang, G, Hu, L, Wang, B, et al. Subunit Vaccine Consisting of Multi-Stage Antigens Has High Protective Efficacy Against Mycobacterium Tuberculosis Infection in Mice. PloS One (2013) 8:e72745. doi: 10.1371/journal.pone.0072745




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


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

Copyright © 2022 Luan, Fan, Wang, Deng, Chen, Li, Yan, Li, Liu, Li and Wan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-824415-g004.jpg
© ®w o 8
N -~ - o
oney ezob|/Lob|
mM
o388
5SS
e a
EN
*
i
**
$
3
i
Jil
H k
n
-

(°+6oj) sy L Apoqnuy

1gG1 19G2a

19G





OEBPS/Images/fimmu-13-824415-g001.jpg
'MKRSMKSGSFAIGLAMMLAPMVAAPGLAAADPATRPVDYQQITDVVIARGLSQRGVPFSWAGGGISGPTRGTGTGINTVGFDASGLIQYAYAGAGLKLPRSSGQMYKVGQKVLPQQARKGDLIFY GPEGTQSVALYLGKGQMLEVGDVVQVSPVRTNGMTPYLVRVLGTQPTPVQQAPVQPAPVQQAPYQQAPVQQAPVQQAPVQQAPVQQAPVQQAPVQPPPFGTARSR
1 Tl T200 T 300 T a0 R T 60l 70l T80l ™90l 100/ T U0l T 120] 130/ T 140] 150/ T 160] T 170] T 180/ 190/ 200/ T 210] 220/ 230/






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        High Immunogenicity of a T-Cell Epitope-Rich Recombinant Protein Rv1566c-444 From Mycobacterium tuberculosis in Immunized BALB/c Mice, Despite Its Low Diagnostic Sensitivity

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics Statement

          



          		

            Prediction of T-Cell Epitopes and Selection of T-Cell Epitope-Rich Sequences

          



          		

            Gene Amplification, Expression, and Purification of Recombinant Proteins pET- 32a-Rv1566c and pET-32a-Rv1566c-444

          



          		

            Participant Collection

          



          		

            Measurement of Rv1566c-444 Specific IFN-γ Production by ELISpot in Human Donors

          



          		

            Mice and Immunization Schedule

          



          		

            Humoral Immunogenicity of Rv1566c-444 and Rv1566c in BALB/c Mice

          



          		

            Cellular Immunogenicity of Rv1566c-444 and Rv1566c in BALB/c Mice

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Expression and Purification of the Recombinant Proteins

          



          		

            Characteristics of the Participants

          



          		

            Rv1566c-444 Specific IFN-γ Production in Human Donors

          



          		

            Comparison of Humoral Immunogenicity Between Rv1566c-444 and Rv1566c in Mouse Model

          



          		

            Rv1566c-444 Induced Stronger CD4 Th1 and CD8 T Cell Response in Mice

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2022.824415_cover.jpg
’frontiers

In Immunology

High Immunogenicity of a
T-Cell Epitope-Rich Recombinant
Protein Rv1566¢c-444 From
Mycobacterium tuberculosis in
Immunized BALB/c Mice, Despite
Its Low Diagnostic Sensitivity





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-824415-g005.jpg
—
-

Z-AMMIMNINNN.

[
—

o o o o o
o o o o o
') o n o n
N N

H

v < 2
(Tw/Bd) 97| 5
£

&

i
%T///////////////////////

*
*

Tris-HCI

antigens

(=3
o

o
o
~N

800
600

<
Jw/6d) A-Nd|

Stimulated by

DP

Immunized by

antigens Tris-HCI

DP

Immunized by

A\

£}
*H -
*

"HMTV/////////////////////////////

N -
(qw/Bd) p-1

Stimulated by

Tris-HCI

antigens

DP

Immunized by





OEBPS/Images/table2.jpg
Antigens Youden index Sensitivity (%) AUC P-value Associated criterion
Rv1566c-444 0.3081 44.44 84.09 0.656 0.0119 >5 SFCs
Rv1566¢ 0.2146 30.56 90.91 0.624 0.0523 >13 SFCs
T-SPOT.TB 0.8308 94.44 88.64 0.937* <0.0001 >6 SFCs*

ROC curve, receiver operating characteristic (ROC) curve; SFCs, spot forming cells; AUC: the areas under the ROC curve. According to the pairwise comparison results of the ROC curve,
for the T cell counts acquired by the ELISpot assay, “the AUC of T-SPOT.TB was significantly higher than those of the other two recombinant proteins (Rv1566c-444 and T-SPOT.TB: z=
4.244, P <0.0001; Rv1566¢ and T-SPOT.TB: z = 4.719, P < 0.0001), no statistical significance was found between Rv1566¢-444 and Rv1566¢. *This criterion was acquired by the ROC
curve, while according to the manufacturer’s instructions, the criterion for M. tuberculosis infection (not only active infection) is as follows: The results were considered to be positive if either
the panel test yielded > 6 SFCs after subtracting the background spots of the negative control well when the negative control had < 5 SFCs, or if the number of spots in the panel test was at
least double that of the negative control which with SFCs ranged from 6 to 10, and negative in any other case with SFCs in positive control was less than 20.





OEBPS/Images/fimmu-13-824415-g003.jpg
SFCs/2.5%10°PBMC

200

-
(2]
o

100

(2]
(=]

TB-patients

healthy donors

Sensitivity

— Rv1566¢
— Rv1566¢-444
— T-SPOT.TB

1 1
40 60 80 100
100-Specificity





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-13-824415-g006.jpg
w7 Tris-HCL 77 1ns-HCL

A wrs. DP B 7 DP
w0 Ag8sB 0 Ag85B
s Rv1566¢ mEEl Rv1566¢

w7 Rv1566c-444 50 77 Rv1566c-444

*
*

***;
%
Z

/

/
7
N
N
7
n
n
.17

.

N\

cD3'cD8* CD4*IFN-y* CD4'TNF- CD4"IL-4*

Q

w7 Tris-HCL
C vz DP
“ Ag85B
100 . mm Rv1566c
A w7 Rv1566cC-444

%CD8"

i
Z
/
/
é :
)

cD8' IFN-y* CD8'TNF-a* CDS8'IL-4"





OEBPS/Images/table1.jpg
Start at End at Length

Nucleotide sequence 109 552 444 bp
Amino acid sequence 37 184 148 aa
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