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Mycobacterium tuberculosis (M. tb) has two peptidyl-prolyl isomerases (Ppiases) PpiA and PpiB, popularly known as cyclophilin A and cyclophilin B. The role of cyclophilins in processes such as signaling, cell surface recognition, chaperoning, and heat shock response has been well-documented. We present evidence that M. tb Ppiases modulate the host immune response. ELISA results revealed significant presence of antibodies to M. tb Ppiases in patient sera as compared to sera from healthy individuals. Treatment of THP-1 cells with increasing concentrations of rPpiA, induced secretion of pro-inflammatory cytokines TNF-α and IL-6. Alternatively, treatment with rPpiB inhibited secretion of TNF-α and induced secretion of IL-10. Furthermore, heterologous expression of M. tb PpiA and PpiB in Mycobacterium smegmatis increased bacterial survival in THP-1 cells as compared to those transformed with the vector control. Our results demonstrate that M. tb Ppiases are immunogenic proteins that can possibly modulate host immune response and enhance persistence of the pathogen within the host by subverting host cell generated stresses.
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INTRODUCTION

Tuberculosis caused by the intracellular pathogen Mycobacterium tuberculosis (M. tb), remains a potential threat regardless of strong efforts to alleviate its toll on humanity. Intracellular/intraphagosomal survival of this pathogen plays a critical role in the infection cycle of the pathogen, a process which majorly relies on array of virulence factors to colonize and replicate within the host macrophages (Ehrt and Schnappinger, 2009). Virulence factors which have been known to play a vital role in host pathogen interaction at the molecular level include stress responders, heat shock proteins (HSPs), foldases, and chaperones (Henderson, 2010). Studies involving immunological characterization of these effector molecules can bridge huge gaps in our understanding of M. tb biology and facilitate better therapeutic and diagnostic interventions.

Protein folding in the cell is assisted by molecular chaperones and foldases. The foldases generally include peptidyl-prolyl isomerases and protein disulfide isomerases. In addition to peptidyl prolyl isomerase activity, Ppiases have been shown to play role in diverse biological processes such as receptor signaling, apoptosis, stress response, and RNA-mediated gene expression (Sykes et al., 1993; Lu et al., 1996; Wu et al., 2000; Mark et al., 2001). Human cyclophilin A and also M. tb Ppiases have been reported to possess chaperone activity (Zhang et al., 2013; Pandey et al., 2016). Many such chaperones and HSPs have also been known to have immune modulatory role during bacterial infections. For example, mycobacterial HSP65 induces a strong cellular and humoral immune response (Peetermans et al., 1994; Friedland et al., 2008).

M. tb is known to possess two Ppiases (cyclophilins), PpiA and PpiB. M. tb PpiA is a part of the secretome and is known to interact with host proteins involved in immune defense mechanism and signal transduction (Henriksson et al., 2004; Bhaduri et al., 2014) while PpiB has been reported in membrane fraction and mannosylation enriched culture filtrate (Cole et al., 1998; Gu et al., 2003). Immunological characterization of these enzymes in terms of their possible role in modulating host immune response, virulence and intracellular survival, has not been investigated so far. PpiB, being an essential protein (Sassetti et al., 2003), makes it an important target for developing new interventions.

In the present study, we describe the immunogenic potential of M. tb cyclophilins, their involvement in eliciting host immune response, altering the host cytokine profile and promoting the intracellular survival of the pathogen, significant attributes which highlight the seminal role of these proteins in the infection process of M. tb.

MATERIALS AND METHODS

Materials

IPTG, imidazole, α-chemotrypsin, reduced Glutathione, N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, trifluoroethanol, LiCl, DTT, H2O2, and polymyxin B were purchased from Sigma. Cell culture reagents were purchased from GIBCO, Thermo Fisher Scientific (USA). All restriction enzymes were purchased from New England Biolabs (USA); antibodies from Abcam (UK); and ELISA kits from Peprotech (USA). Mycobacterium growth media and supplements were purchased from Becton, Dickinson and Company (USA). All reagents used were analytical grade. The strains and plasmids used in this study are listed in Table S1.

Mycobacterial Strains

Mycobacterium smegmatis mc2155, initially obtained from ATCC, was maintained in our laboratory as glycerol stocks. Running culture was obtained by inoculating in 7H9 broth supplemented with 10% OADC and 0.05% Tween 80. Cultures were incubated at 37°C in a shaker incubator for suspension cultures. For CFU enumeration, bacteria were plated on 7H10 Middlebrook agar plates supplemented with 10% OADC and incubated at 37°C. Genomic DNA of M. tb H37Rv used in the cloning was kind gift from Dr. Manjula Sritharan and Dr. Sharmishtha Banerjee, University of Hyderabad, Hyderabad, India.

Enzyme Assay of Purified Recombinant Ppiases

The genes encoding M. tb PpiA (Rv0009) and M. tb PpiB (Rv2582) were PCR amplified from genomic DNA of M. tb strain H37Rv, using forward and reverse primers and cloned in pET28a and pGEX6p-1 vector as described (Pandey et al., 2016). Recombinant proteins were purified (Banerjee et al., 2007) using Ni-NTA column for PpiA and glutathione sepharose affinity column for PpiB. Ppiase activity of both, rPpiA and rPpiB was evaluated using a spectrophotometric assay (Pandey et al., 2016).

Antigenicity Profiling

Antigenic index of PpiA and PpiB was analyzed in silico using protein analysis software (Protean version 4.0, Lasergene Navigator; DNA STAR Inc; Madison, Wis; Chakhaiyar et al., 2004).

Human Subjects

This Study was approved by Institutional Bioethics Committee, and written consent was obtained from all participants. The two categories recruited for the study were: fresh confirmed cases of pulmonary TB (n = 43) and healthy control (n = 43). Subjects reporting to hospital with symptoms of tuberculosis were selected on the basis of sputum smear positivity. Healthy controls were the volunteers with no symptom or history of TB. HIV+ individuals were excluded from the study. Human blood samples were collected and processed as described earlier (Tundup et al., 2008). Briefly, the blood was withdrawn by venipuncture of median cubital vein by a phlebotomist. Isolated blood was allowed to clot for half an hour at 37°C. It was then centrifuged at 1500 × g for 15 min to remove the clot. The clear serum was aliquoted and stored at −80°C until needed.

Immune Assays

The antibody levels in human serum were assayed by enzyme linked immunosorbent assay (ELISA) using microtiter plates (Corning) coated with rPpiA, and rPpiB respectively, as described earlier (Banerjee et al., 2004; Khubaib et al., 2016). Briefly, 96 well plates were coated by specific proteins in PBS (10 μg/ml) and kept at 4°C overnight. Plate was washed three times with wash buffer and blocked for an hour at room temperature. After three washes, serum samples in 1:100 dilutions were added and kept for 2 h. Secondary conjugate antibody (1:10,000) was added for an hour. Plate was washed at least five times, TMB substrate was added, and reaction was stopped with 2N H2SO4.

Ppiase induced secretion of cytokines from macrophages was also quantified by ELISA as described earlier (Silswal et al., 2005; Nair et al., 2009). Differentiation of THP-1 cells was achieved by phorbol 12-myristate 13-acetate (PMA) treatment (Nair et al., 2009). Differentiated cells were plated and treated with appropriate concentration of respective proteins. Supernatants were harvested at various time points and quantified for determination of various cytokine levels. Briefly, 96 well ELISA plates were coated with capture antibody in coating buffer (bicarbonate/phosphate buffer) kept at 4°C overnight. After an hour of blocking with assay diluent, supernatants along with standards were added for 2 h. Enzyme conjugates were then added for 1 h. TMB substrate was added and 2N H2SO4 was added to stop the reaction. Absorbance was measured at 450 nm and curve was plotted along with standards to determine the cytokine levels in test samples. All the usual steps of intermittent washings were included as per manufacturer's instructions.

Cloning, Expression of M. tb Ppiases in M. smegmatis

Cloning and expression of M. tb Ppiases in M. smegmatis was carried out as described (Farhana et al., 2008; Tripathi et al., 2015) using E. coli-mycobacterium shuttle vector pST2K and specific oligonucleotide primers (Tables S1, S2). The resulting constructs, pST_ppiA, pST_ppiB and pST2K vector were then electroporated in wild type M. smegmatis (Ms_WT). Transformed recombinant M. smegmatis strains were designated as Ms_ppiA, Ms_ppiB, and Ms_VC (Table S1).

In vitro Growth and Stress Assay

Log phase cultures of M. smegmatis strains (Ms_WT, Ms_VC, Ms_ppiA, Ms_ppiB) were inoculated in Middlebrook 7H9 broth with 10% Oleic Albumin Dextrose Catalase (OADC) in the presence/absence of kanamycin (25 μg/ml). The cultures were grown at 37°C at 200 rpm. The cell density was measured periodically at 600 nm (OD600) using spectrophotometer. For hydrogen peroxide stress, log phase cultures (OD600 of 0.8–1.0) of M. smegmatis strains were diluted 1:100 into Middlebrook 7H9 broth and grown for approximately 12 h until the OD600 reached 0.4. Re-inoculated cells were then treated with the 7 mM H2O2. At 0, 1, 2, and 3 h, 100 μl samples were serially diluted and plated on Middlebrook 7H10 plates to determine the colony forming units (Li et al., 2014).

Uptake and Intracellular Growth of M. smegmatis Expressing M. tb Ppiases in Human THP-1 Macrophages

THP-1 monocytic cell line was cultured and differentiated with PMA in RPMI 1640 medium as reported earlier (Nair et al., 2009; Tripathi et al., 2015). The THP-1 monolayers were infected with log-phase bacteria (Ms_WT, Ms_VC, Ms_ppiA, and Ms_ppiB), for 4 h at MOI of 50. The cells after infection were treated with medium containing 20 μg/ml gentamicin for 30 min, and washed twice with RPMI medium. The plates were incubated at 37°C after adding fresh complete medium. The cells were dislodged gently at different time points and centrifuged at 2000 rpm for 3 min, washed twice with fresh RPMI 1640 medium and lysed in sterile water. The lysate was then diluted in Middlebrook 7H9 broth and plated on Middlebrook 7H10-OADC agar plates. The plates were incubated at 37°C and colonies were counted after 4 days. For each data point, the mean of triplicate was used.

RESULTS

Mycobacterium tuberculosis Ppiases Display Antigenic Stretches and Also Elicit Significantly Higher B-Cell Response in TB Patients

His tagged M. tb rPpiA and GST tagged rPpiB were purified using Ni-NTA column and glutathione sepharose affinity column, respectively (Supplementary Figure 1). In silico antigenicity profiling of M. tb PpiA and PpiB protein (Figure 1A) using protein analysis software (Protean version 4.0, Lasergene Navigator; DNA STAR Inc; Madison, Wis) displayed major antigenic stretches with a peak value ≥1.7 (Chakhaiyar et al., 2004). To investigate if M. tb Ppiases could indeed elicit humoral immune response, experiments were designed to compare humoral immune response against the M. tb PpiA and PpiB in patients and healthy individuals. Statistical analysis revealed that TB patient group mounted a significantly higher (P < 0.001) antibody response against rPpiA and rPpiB compared to healthy group (Figure 1B). These results indicate that M. tb Ppiases elicit B-cell response and have possible immunomodulatory effect.
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FIGURE 1. Mycobacterial Ppiases elicit B cell response in tuberculosis patients. (A) In silico analysis of PpiA and PpiB proteins (182 and 308 amino acids, respectively) of M. tb, using protein analysis software (Lasergene Navigator; DNA STAR) displayed major antigenic stretches with a peak value ≥1.7. (B) Reactivity to rPpiA and rPpiB was studied then in two sets (patients and healthy groups) by ELISA. Statistical analysis of immunoactivity revealed that the patient group mounted significantly higher (P < 0.001) immune response against rPpiases compared to healthy controls. The horizontal line indicates the mean of the absorbance values.



rPpiases Alter Cytokine Profile in THP-1 Macrophages

Having shown the ability of M. tb Ppiases to elicit higher B-cell response, we investigated the ability of these proteins in modulating the secretion of various cytokines. Human monocytes (THP-1) differentiated with PMA were treated with increasing concentrations of polymyxin B treated rPpiA and rPpiB. Soup was collected after 24 h to estimate levels of different cytokines by ELISA. Significant increase in the levels of TNF-α and IL-6 (Figure 2) was observed, when treated with increasing concentration of rPpiA (2.5, 5, 10, 20 μg). However, no such significant increase in the levels of IL-10 could be noticed (Supplementary Figure 2). Interestingly, decrease in the level of TNF-α and IL-6 along with increase in the levels of IL-10 was observed (Figures 3A–C) when treated with increasing concentration of rPpiB (2.5, 5, 10, 20 μg). These results demonstrate that mycobacterial Ppiases alter cytokine secretion in human monocytic-macrophage cell lines. These observations are in agreement with previous reports involving mycobacterial chaperones and HSPs in immune modulation (Peetermans et al., 1994; Naffin-Olivos et al., 2014).
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FIGURE 2. PpiA stimulates secretion of pro-inflammatory cytokines by THP-1 cells. Concentration dependent increase in the release of pro-inflammatory cytokines (A, TNF-α; and B, IL-6) as a function of treatment of THP-1 cells with rPpiA (2.5, 5.0, 10, and 20 μg) for 24 h. Data represent the mean ± SD of three replicates. LPS was used as a positive control. (***P < 0.001).
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FIGURE 3. M. tb PpiB decreases secretion of TNF-α, IL-6 and stimulates secretion of IL-10 cytokine by THP-1 cells. Dose dependent decrease in the release of pro-inflammatory cytokines (A, TNF-α; B, IL-6) and concomitant increase in the release of anti-inflammatory cytokine (C, IL-10), consequent to treatment by rPpiB (2.5, 5, 10, and 20 μg) for 24 h. Data represent the mean ± SD of three replicates. (***P < 0.001). LPS was used as positive control and mean levels of TNF-α and IL-6 observed in LPS treated cells were 1,753 ± 135 and 2070 ± 272, respectively.



M. smegmatis Expressing M. tb Ppiases Show Increased Survival under Hydrogen Peroxide Stress

M. smegmatis strains (Ms_WT, Ms_VC, Ms_ppiA, and Ms_ppiB) were grown in Middlebrook 7H9 broth with 10% OADC and growth profile was analyzed by measuring optical density at 600 nm. No significant difference was observed in the growth profile of recombinant M. smegmatis strains, as compared to the wild type M. smegmatis (Figure 4), indicating that overexpression of rPpiases does not affect in vitro growth of M. smegmatis under normal conditions. For investigating survival under hydrogen peroxide stress, which mimics one of the stresses faced by intracellular mycobacteria, log phase cultures (OD600 of 0.4) of recombinant M. smegmatis strains were treated with the 7 mM concentration of H2O2 for a period of 3 h. Colony forming unit counts indicated a significant difference in the survival of Ms_ppiA and Ms_ppiB as compared to the Ms_WT and Ms_VC cells (Figure 5). These results clearly indicate that M. tb cyclophilins play a critical role in stress adaptation, pointing to their role in virulence, as reported earlier, for another intracellular pathogen Brucella abortus (Roset et al., 2013).
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FIGURE 4. M. smegmatis carrying PpiA/PpiB do not alter bacterial growth in vitro. Bacterial growth (OD600) of wild type M. smegmatis (Ms_WT), M. smegmatis transformed with vector alone (Ms_VC), with vector carrying M. tuberculosis ppiA gene (Ms_ppiA) or ppiB gene (Ms_ppiB) was plotted. Data represent mean ± SD of values obtained from three independent cultures.
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FIGURE 5. M. smegmatis growth profile under conditions of oxidative stress. Secondary culture of wild type M. smegmatis mc2155, vector transformed M. smegmatis, or those transformed with vector plasmid carrying M. tuberculosis ppiA gene (Ms_ppiA), or ppiB gene (Ms_ppiB) were grown until O.D. = 0.4 and were treated with 7 mM H2O2 for 3 h and log c.f.u. was calculated at different time points. The data represent the mean ± SEM of triplicate wells and are representative of three individual experiments. (***P < 0.001).



M. smegmatis Expressing M.tb Ppiases Show Increased Survival in Human THP-1 Cells

To directly demonstrate the impact of M. tb PpiA and PpiB on survivability of mycobacterium in host cells, recombinant M. smegmatis strains were assayed for in vitro growth in THP-1 cells and compared with wild type M. smegmatis. As could be seen, recombinant Ms_ppiA and Ms_ppiB survived longer, upto 72 h (p < 0.001), in THP-1 cells than Ms_WT or Ms_VC (Figure 6). An increase of ~1 log was observed after 24 h in the control group, after which the colony forming unit (c.f.u.) declined. In contrast, Ms_ppiA and Ms_ppiB strains continued to replicate and survive up to 72 h within the macrophages. These results establish the critical role of Ppiases in intracellular survival.
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FIGURE 6. M. smegmatis expressing PpiA and PpiB show increased survival in THP-1 cells. THP cells were infected with wild type M. smegmatis mc2155, vector control transformed M. smegmatis, or those transformed with M. tuberculosis ppiA gene (Ms_ppiA), and ppiB (Ms_ppiB) and plated after 24, 48, and 72 h and log c.f.u./monolayer was calculated at different time points. The data represented are mean ± SEM of triplicate wells and are representative of three individual experiments. (***P < 0.001).



DISCUSSION

Besides their biological function as helpers in protein folding, bacterial molecular chaperones have a distinctive role in virulence and stress tolerance. They are also termed as moonlighting proteins (Vanghele and Ganea, 2010). Hsp70 chaperone is present on bacterial surface and functions also as a plasminogen receptor in pathogens like M. tb, Neisseria meningitides, and Listeria monocytogenes (Knaust et al., 2007; Xolalpa et al., 2007). We investigated whether mycobacterial cyclophilins also have roles beyond protein folding to modulate the host immune response and assist in pathogenesis. Since B cells can exert influence on T cells, they are considered as important determinants in the outcome of infection with M. tb. In-silico analysis of M. tb PpiA and PpiB proteins displayed major antigenic stretches with a peak value ≥1.7. This was vindicated by the observation of significantly increased presence of antibodies to M.tb Ppiases in sera from TB patients as compared to healthy individuals. This is consistent with earlier findings that members of stress family of proteins such as Hsp70 and Hsp10 elicit strong B-cell response (Mehlert and Young, 1989; Young and Garbe, 1991). These findings clearly indicate the immunodominant nature of these cyclophilins expressed during infection and also highlight their likely diagnostic potential.

In M. tb infection cycle, macrophages act as the first line of defense and the pathogen hires a plethora of strategies to counteract the host immune response. Skewing of the balance in secretion of pro-inflammatory and anti-inflammatory cytokines results in intracellular bacterial clearance or survival, respectively (Newman et al., 1991; Byrd, 1997). Chronic inflammatory pathology is the hallmark of tuberculosis, which indicates that overproduction of pro-inflammatory cytokines lies at the heart of the infection. TNF-α is crucial for the formation and maintenance of granuloma that are main effector sites of antimicrobial activity against the pathogen (Kindler et al., 1989). Estimation of proinflammatory cytokines secreted by THP-1 cells on treatment with increased doses of rPpiA revealed that this Ppiase is a potent stimulator of TNF-α and IL-6 and thus may play an important role in host inflammatory pathology. Mycobacterial HSPs Hsp65 and chaperones have been earlier shown to act as strong immune modulators and are potent stimulators of pro-inflammatory cytokines (Peetermans et al., 1994; Naffin-Olivos et al., 2014).

Our results implicate M. tb PpiA as a stimulator of pro-inflammatory cytokines thereby pointing to its vital role in the inflammatory pathology of tuberculosis (Figure 7). Conversely, assessment of pro-inflammatory cytokines secreted by THP-1 cells upon treatment with increasing concentrations of rPpiB revealed that the protein is an inhibitor of TNF-α and IL-6 along with stimulating secretion of IL-10. That M. tb PpiB is able to subvert the innate immune response points to its role in aiding the establishment of infection, which fits well with previous findings that PpiB is essential for the survival of the pathogen (Sassetti et al., 2003).
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FIGURE 7. Model of PpiA and PpiB action on M. tb pathogenesis. PpiB aids mycobacterial growth by production of inhibitory cytokine IL-10. PpiA induces secretion of pro-inflammatory cytokines and may be associated with immunopathological responses in tuberculosis, which aids in bacterial dissemination and disease progression.



The kinetics of production along with balance between pro-inflammatory and anti-inflammatory cytokines released by macrophages upon exposure to mycobacterial antigens regulate the T cell responses (Dheenadhayalan et al., 2006; Kim et al., 2011). Production of pro-inflammatory cytokines is known to contribute to the host response against mycobacteria (Ladel et al., 1997a; Tsao et al., 1999; Sasindran and Torrelles, 2011). Our apparently paradoxical observation that PpiA increases intracellular survival despite the pro-inflammatory role suggests an alternative role of PpiA mediated TNF-α and IL-6. Since PpiA is known to be expressed late in the infection cycle (Pathakumari et al., 2015), the pro-inflammatory cytokines induced by PpiA is likely associated with immunopathological responses in tuberculosis leading to necrosis and cachexy that aid in disease progression. Production of TNF-α has earlier been shown to be directly related to virulence correlating with intracellular viability (Newman et al., 1991; Engele et al., 2002) and is also known to promote growth of virulent M. tb in monocytes (Byrd, 1997). Thus, induction of PpiA mediated TNF-α by macrophages at the site of infection permits the multiplication of intracellular bacteria and may therefore present an evasion mechanism employed by M. tb. This pro-inflammatory response induced by high bacterial load is also known to induce apoptosis that is associated with mycobacterial survival (Santucci et al., 2000). Earlier studies have also shown that mycobacterial components increase the production of pro-inflammatory cytokine TNF-α in macrophages/monocytes and this elevated level of TNF-α is regarded as reason for mycobacterial persistence and virulence within human macrophages (Dheenadhayalan et al., 2006; Kim et al., 2011). IL-6, although important for control of tuberculosis in mice model (Ladel et al., 1997b), in humans is considered as a correlate of disease progression because of its role in inflammation and pathology (Tsao et al., 1999; Ilonidis et al., 2006). Conversely, PpiB employs the classical approach to aid mycobacterial growth by production of inhibitory cytokine IL-10 (Figure 7). The different strategies employed by the same classes of protein is possibly a function of the difference in their expression kinetics: PpiB being expressed early during infection employs IL-10 to dampen the inflammatory host response, whereas PpiA, expressed late in infection (Pathakumari et al., 2015) aids in immunopathology. IL-10 secreted by host cell after mycobacterial infection is also known to increases the intracellular bacterial survivability by blocking phagosomal maturation (O'Leary et al., 2011). Although Ppiases are constitutively expressed for their action as a peptidyl prolyl isomerase to catalyze the cis-trans isomerization of proline imidic peptide bonds in oligopeptides, the convergent evolution has adapted the mycobacterial proteins for moonlighting functions. Thus, different immunological response could be based upon the different expression patterns at different stages of infection cycle. Although currently there are no gene expression data to claim this but an earlier study wherein PpiA was shown to induce IFN-γ in LTBI as compared to that of PTB suggested enhanced expression of this protein, late in infection cycle (Pathakumari et al., 2015). Moreover PpiA is also known to be upregulated in intraphagosomal niche during infections (Mattow et al., 2006). On the contrary PpiB being essential for the in vitro growth of M. tb, suggests its expression early during infection.

Intracellular infectious agents that have co-evolved in long standing association with the host have acquired mechanisms to persist within the host cell. The persistence of pathogenic mycobacteria within the hostile environment of host macrophages is in part due to the bacterial ability to adapt to the stress conditions encountered. Our data suggest that M. tb Ppiases might play a role in the intracellular survival by subverting the host cell defenses, such as oxidative stress as well as by immunomodulation. M. tb Hip1 has been shown to modulate macrophage responses through proteolysis of GroEL2 (Naffin-Olivos et al., 2014) and this augers well with our earlier report of chaperone activity of M.tb Ppiases (Pandey et al., 2016), though the exact mechanism remains to be elucidated. In conclusion, our study demonstrates immunomodulatory potential of M. tb Ppiases and in the process unveils previously unknown functions of peptidyl-prolyl isomerases. The novel immunological features attributed herein to PpiB, an essential protein of M. tb, highlights the importance of this protein/enzyme as an important target for the development of more efficacious therapeutic interventions against TB.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of Institutional Bioethics Committee, Bhagwan Mahavir Medical Research Centre, Hyderabad, India with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Institutional Bioethics Committee.

AUTHOR CONTRIBUTIONS

NE and SH conceptualized and designed the research; SP, DT, and MK performed research; SP, DT, AK, JS, SH, and NE carried out data analysis; GS recruited and classified human subjects; SP, DT, JS, SH, and NE wrote the manuscript.

FUNDING

This work was partially funded by a Centre of Excellence research grant (BT/PR12817/COE/34/23/2015) to SH and NE from the Department of Biotechnology, Ministry of Science and Technology (DBT), Government of India.

ACKNOWLEDGMENTS

SP and MK thank the CSIR, Government of India (GoI) for the award of Research Fellowship. DT is a recipient of Research Associateship from Department of Biotechnology, GoI, India. SH is a JC Bose National Fellow of the Department of Science and Technology, Ministry of Science and Technology, GoI. SH is a Robert Koch Fellow of the Robert Koch Institute, Berlin, Germany.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fcimb.2017.00038/full#supplementary-material

REFERENCES

 Banerjee, S., Nandyala, A. K., Raviprasad, P., Ahmed, N., and Hasnain, S. E. (2007). Iron-dependent RNA-binding activity of Mycobacterium tuberculosis aconitase. J. Bacteriol. 189, 4046–4052. doi: 10.1128/JB.00026-07

 Banerjee, S., Nandyala, A., Podili, R., Katoch, V. M., Murthy, K. J. R., and Hasnain, S. E. (2004). Mycobacterium tuberculosis (Mtb) isocitrate dehydrogenases show strong B cell response and distinguish vaccinated controls from TB patients. Proc. Natl. Acad. Sci. U.S.A. 101, 12652–12657. doi: 10.1073/pnas.0404347101

 Bhaduri, A., Misra, R., Maji, A., Bhetaria, P. J., Mishra, S., Arora, G., et al. (2014). Mycobacterium tuberculosis cyclophilin A uses novel signal sequence for secretion and mimics eukaryotic cyclophilins for interaction with host protein repertoire. PLoS ONE 9:e88090. doi: 10.1371/journal.pone.0088090

 Byrd, T. F. (1997). Tumor necrosis factor alpha (TNFα) promotes growth of virulent Mycobacterium tuberculosis in human monocytes iron-mediated growth suppression is correlated with decreased release of TNFα from iron-treated infected monocytes. J. Clin. Invest. 99, 2518–2529. doi: 10.1172/JCI119436

 Chakhaiyar, P., Nagalakshmi, Y., Aruna, B., Murthy, K. J. R., Katoch, V. M., and Hasnain, S. E. (2004). Regions of high antigenicity within the hypothetical PPE major polymorphic tandem repeat open-reading frame, Rv2608, show a differential humoral response and a low T cell response in various categories of patients with tuberculosis. J. Infect. Dis. 190, 1237–1244. doi: 10.1086/423938

 Cole, S. T., Brosch, R., Parkhill, J., Garnier, T., Churcher, C., Harris, D., et al. (1998). Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence. Nature 393, 537–544. doi: 10.1038/31159

 Dheenadhayalan, V., Delogu, G., and Brennan, M. J. (2006). Expression of the PE_PGRS 33 protein in Mycobacterium smegmatis triggers necrosis in macrophages and enhanced mycobacterial survival. Microbes Infect. 8, 262–272. doi: 10.1016/j.micinf.2005.06.021

 Ehrt, S., and Schnappinger, D. (2009). Mycobacterial survival strategies in the phagosome: defence against host stresses. Cell Microbiol. 11, 1170–1178. doi: 10.1111/j.1462-5822.2009.01335.x

 Engele, M., Stössel, E., Castiglione, K., Schwerdtner, N., Wagner, M., Bolcskei, P., et al. (2002). Induction of TNF in human alveolar macrophages as a potential evasion mechanism of virulent Mycobacterium tuberculosis. J. Immunol. 168:1328. doi: 10.4049/jimmunol.168.3.1328

 Farhana, A., Kumar, S., Rathore, S. S., Ghosh, P. C., Ehtesham, N. Z., Tyagi, A. K., et al. (2008). Mechanistic Insights into a novel exporter-importer System of Mycobacterium tuberculosis unravel its role in trafficking of iron. PLoS ONE 3:e2087. doi: 10.1371/journal.pone.0002087

 Friedland, J. S., Shattock, R., Remick, D. G., and Griffin, G. E. (2008). Mycobacterial 65-kD heat shock protein induces release of proinflammatory cytokines from human monocytic cells. Clin. Exp. Immunol. 91, 58–62. doi: 10.1111/j.1365-2249.1993.tb03354.x

 Gu, S., Chen, J., Dobos, K. M., Bradbury, E. M., Belisle, J. T., and Chen, X. (2003). Comprehensive proteomic profiling of the membrane constituents of a Mycobacterium tuberculosis strain. Mol. Cell. Proteomics 2, 1284–1296. doi: 10.1074/mcp.M300060-MCP200

 Henderson, B. (2010). “Heat shock proteins are mediators of bacterial-host interactions,” in Prokaryotic and Eukaryotic Heat Shock Proteins in Infectious Disease, eds A. G. Pockley, S. K. Calderwood, and M. G. Santoro (Dordrecht: Springer), 185–209.

 Henriksson, L. M., Johansson, P., Unge, T., and Mowbray, S. L. (2004). X-ray structure of peptidyl-prolyl cis-trans isomerase a from Mycobacterium tuberculosis. Eur. J. Biochem. 271, 4107–4113. doi: 10.1111/j.1432-1033.2004.04348.x

 Ilonidis, G., Parapanisiou, E., Anogeianaki A., Giavazis, I., Theofilogiannakos E. K., Tsekoura P., et al. (2006). Interleukin-1beta (IL-1 beta), interleukin 6 (IL-6) and tumor necrosis factor (TNF) in plasma and pleural fluid of pneumonia, lung cancer and tuberculous pleuritis. J. Biol. Regul. Homeost. Agents 20, 41–46.

 Khubaib, M., Sheikh, J. A., Pandey, S., Srikanth, B., Bhuwan, M., Khan, N., et al. (2016). Mycobacterium tuberculosis Co-operonic PE32/PPE65 proteins alter host immune responses by Hampering Th1 response. Front. Microbiol. 7:719. doi: 10.3389/fmicb.2016.00719

 Kim, K.-H., Yang, C.-S., Shin, A.-R., Jeon, S.-R., Park, J.-K., Kim, H.-J., et al. (2011). Mycobacterial heparin-binding hemagglutinin antigen activates Inflammatory responses through PI3-K/Akt, NF-κB, and MAPK pathways. Immune Netw. 11, 123–133. doi: 10.4110/in.2011.11.2.123

 Kindler, V., Sappino, A. P., Grau, G. E., Piguet, P. F., and Vassalli, P. (1989). The inducing role of tumor necrosis factor in the development of bactericidal granulomas during BCG infection. Cell 56, 731–740. doi: 10.1016/0092-8674(89)90676-4

 Knaust, A., Weber, M. V., Hammerschmidt, S., Bergmann, S., Frosch, M., and Kurzai, O. (2007). Cytosolic proteins contribute to surface plasminogen recruitment of Neisseria meningitidis. J. Bacteriol. 189, 3246–3255. doi: 10.1128/JB.01966-06

 Ladel, C. H., Blum, C., Dreher, A., Reifenberg, K., Kopf, M., and Kaufmann, S. H. (1997a). Lethal tuberculosis in interleukin-6-deficient mutant mice. Infect. Immun. 65, 4843–4849.

 Ladel, C. H., Szalay, G., Riedel, D., and Kaufmann, S. H. (1997b). Interleukin-12 secretion by Mycobacterium tuberculosis-infected macrophages. Infect. Immun. 65, 1936–1938.

 Li, W., Zhao, Q., Deng, W., Chen, T., Liu, M., and Xie, J. (2014). Mycobacterium tuberculosis Rv3402c enhances mycobacterial survival within macrophages and modulates the host pro-inflammatory cytokines production via NF-kappa B/ERK/p38 signaling. PLoS ONE 9:e94418. doi: 10.1371/journal.pone.0094418

 Lu, K. P., Hanes, S. D., and Hunter, T. (1996). A human peptidyl-prolyl isomerase essential for regulation of mitosis. Nature 380, 544–547. doi: 10.1038/380544a0

 Mark, P. J., Ward, B. K., Kumar, P., Lahooti, H., Minchin, R. F., and Ratajczak, T. (2001). Human cyclophilin 40 is a heat shock protein that exhibits altered intracellular localization following heat shock. Cell Stress Chaperones 6, 59–70.

 Mattow, J., Siejak, F., Hagens, K., Becher, D., Albrecht, D., Krah, A., et al. (2006). Proteins unique to intraphagosomally grown Mycobacterium tuberculosis. Proteomics 6, 2485–2494. doi: 10.1002/pmic.200500547

 Mehlert, A., and Young, D. B. (1989). Biochemical and antigenic characterization of the Mycobacterium tuberculosis 71kD antigen, a member of the 70kD heat-shock protein family. Mol. Microbiol. 3, 125–130. doi: 10.1111/j.1365-2958.1989.tb01801.x

 Naffin-Olivos, J. L., Georgieva, M., Goldfarb, N., Madan-Lala, R., Dong, L., Bizzell, E., et al. (2014). Mycobacterium tuberculosis Hip1 modulates macrophage responses through proteolysis of GroEL2. PLoS Pathog. 10:e1004132. doi: 10.1371/journal.ppat.1004132

 Nair, S., Ramaswamy, P. A., Ghosh, S., Joshi, D. C., Pathak, N., Siddiqui, I., et al. (2009). The PPE18 of Mycobacterium tuberculosis Interacts with TLR2 and Activates IL-10 Induction in Macrophage. J. Immunol. 183, 6269–6281. doi: 10.4049/jimmunol.0901367

 Newman, G. W., Gan, H. X., McCarthy, P. L., and Remold, H. G. (1991). Survival of human macrophages infected with Mycobacterium avium intracellulare correlates with increased production of tumor necrosis factor-alpha and IL-6. J. Immunol. 147, 3942–3948.

 O'Leary, S., O'Sullivan, M. P., and Keane, J. (2011). IL-10 blocks phagosome maturation in Mycobacterium tuberculosis-infected human macrophages. Am. J. Respir. Cell Mol. Biol. 45, 172–180. doi: 10.1165/rcmb.2010-0319OC

 Pandey, S., Sharma, A., Tripathi, D., Kumar, A., Khubaib, M., Bhuwan, M., et al. (2016). Mycobacterium tuberculosis peptidyl-prolyl isomerases also exhibit chaperone like activity in-vitro and in-vivo. PLoS ONE 11:e0150288. doi: 10.1371/journal.pone.0150288

 Pathakumari, B., Anbarasu, D., Parthasarathy, R. T., and Raja, A. (2015). PpiA antigen specific immune response is a potential biomarker for latent tuberculosis infection. Tuberculosis 95, 736–743. doi: 10.1016/j.tube.2015.07.006

 Peetermans, W. E., Raats, C. J., Langermans, J. A., and Van Furth, R. (1994). Mycobacterial heat-shock protein 65 induces proinflammatory cytokines but does not activate human mononuclear phagocytes. Scand. J. Immunol. 39, 613–617. doi: 10.1111/j.1365-3083.1994.tb03421.x

 Roset, M. S., García Fernández, L., DelVecchio, V. G., and Briones, G. (2013). Intracellularly induced cyclophilins play an important role in stress adaptation and virulence of Brucella abortus. Infect. Immun. 81, 521–530. doi: 10.1128/IAI.01125-12

 Santucci, M. B., Amicosante, M., Cicconi, R., Montesano, C., Casarini, M., Giosuè, S., et al. (2000). Mycobacterium tuberculosis-induced apoptosis in monocytes/macrophages: early membrane modifications and intracellular mycobacterial viability. J. Infect. Dis. 181, 1506–1509. doi: 10.1086/315371

 Sasindran, S. J., and Torrelles, J. B. (2011). Mycobacterium tuberculosis infection and inflammation: what is beneficial for the host and for the bacterium? Front. Microbiol. 2:2. doi: 10.3389/fmicb.2011.00002

 Sassetti, C. M., Boyd, D. H., and Rubin, E. J. (2003). Genes required for mycobacterial growth defined by high density mutagenesis. Mol. Microbiol. 48, 77–84. doi: 10.1046/j.1365-2958.2003.03425.x

 Silswal, N., Singh, A. K., Aruna, B., Mukhopadhyay, S., Ghosh, S., and Ehtesham, N. Z. (2005). Human resistin stimulates the pro-inflammatory cytokines TNF-α and IL-12 in macrophages by NF-kappaB-dependent pathway. Biochem. Biophys. Res. Commun. 334, 1092–1101. doi: 10.1016/j.bbrc.2005.06.202

 Sykes, K., Gething, M. J., and Sambrook, J. (1993). Proline isomerases function during heat shock. Proc. Natl. Acad. Sci. U.S.A. 90, 5853–5857. doi: 10.1073/pnas.90.12.5853

 Tripathi, D., Kant, S., Garg, R., and Bhatnagar, R. (2015). Low expression level of glnA1 accounts for absence of cell wall associated poly-l-glutamate/glutamine in Mycobacterium smegmatis. Biochem. Biophys. Res. Commun. 458, 240–245. doi: 10.1016/j.bbrc.2015.01.079

 Tsao, T. C., Hong, J., Huang, C., Yang, P., Liao, S. K., and Chang, K. S. (1999). Increased TNF-α, IL-1 β and IL-6 levels in the bronchoalveolar lavage fluid with the upregulation of their mRNA in macrophages lavaged from patients with active pulmonary tuberculosis. Tuber. Lung Dis. 79, 279–285. doi: 10.1054/tuld.1999.0215

 Tundup, S., Pathak, N., Ramanadham, M., Mukhopadhyay, S., Murthy, K. J. R., Ehtesham, N. Z., et al. (2008). The co-operonic PE25/PPE41 protein complex of Mycobacterium tuberculosis elicits increased humoral and cell mediated immune response. PLoS ONE 3:e3586. doi: 10.1371/journal.pone.0003586

 Vanghele, M., and Ganea, E. (2010). The role of bacterial molecular chaperones in pathogen survival within the host. Rom. J. Biochem. 100, 87–100.

 Wu, X., Wilcox, C. B., Devasahayam, G., Hackett, R. L., Arévalo-Rodríguez, M., Cardenas, M. E., et al. (2000). The Ess1 prolyl isomerase is linked to chromatin remodeling complexes and the general transcription machinery. EMBO J. 19, 3727–3738. doi: 10.1093/emboj/19.14.3727

 Xolalpa, W., Vallecillo, A. J., Lara, M., Mendoza-Hernandez, G., Comini, M., Spallek, R., et al. (2007). Identification of novel bacterial plasminogen-binding proteins in the human pathogen Mycobacterium tuberculosis. Proteomics 7, 3332–3341. doi: 10.1002/pmic.200600876

 Young, D. B., and Garbe, T. R. (1991). Heat shock proteins and antigens of Mycobacterium tuberculosis. Infect. Immun. 59, 3086–3093.

 Zhang, X. C., Wang, W. D., Wang, J. S., and Pan, J. C. (2013). PPIase independent chaperone-like function of recombinant human Cyclophilin a during arginine kinase refolding. FEBS Lett. 587, 666–672. doi: 10.1016/j.febslet.2013.01.028

Conflict of Interest Statement: 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.

Copyright © 2017 Pandey, Tripathi, Khubaib, Kumar, Sheikh, Sumanlatha, Ehtesham and Hasnain. 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.

OPS/images/fcimb-07-00038-g005.gif





OPS/images/fcimb-07-00038-g006.gif
T T
S { g
§ P
&
i
g
(R T





OPS/images/fcimb-07-00038-g003.gif
£ 5%

SIS TS

PP concentraton i)

PSS

58 concantaton o)






OPS/images/fcimb-07-00038-g004.gif





OPS/images/fcimb-07-00038-g007.gif
TNFal 161 IL-101 TNFal 16T

oy s [r——"
protrand Myhadr o 1

4w o [Npre—s





OPS/images/fcimb-07-00038-g001.gif
AR B AR e

R EEEEIIE

R R R R R R X

penont peoont

Absorbance at 492 nm

- ros

- convol
- poia

Contol





OPS/images/fcimb-07-00038-g002.gif
& &
SEEEEE S SIS IESS





OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Mycobacterium tuberculosis
Peptidyl-Prolyl Isomerases Are
Immunogenic, Alter Cytokine
Profile and Aid in Intracellular

Survival









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





