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PGRS Domain of Rv0297 of Mycobacterium tuberculosis Is Involved in Modulation of Macrophage Functions to Favor Bacterial Persistence












	
	ORIGINAL RESEARCH
published: 11 September 2020
doi: 10.3389/fcimb.2020.00451






[image: image2]

PGRS Domain of Rv0297 of Mycobacterium tuberculosis Is Involved in Modulation of Macrophage Functions to Favor Bacterial Persistence

Tarina Sharma1, Sonam Grover2, Naresh Arora2, Manjunath P3, Nasreen Zafar Ehtesham3* and Seyed Ehtesham Hasnain2,4*


1Kusuma School of Biological Sciences, Indian Institute of Technology, New Delhi, India

2Institute of Molecular Medicine, Jamia Hamdard, New Delhi, India

3ICMR-National Institute of Pathology, New Delhi, India

4Dr. Reddy's Institute of Life Sciences, Hyderabad, India

Edited by:
Hridayesh Prakash, Amity University, India

Reviewed by:
Supriya Shukla, Case Western Reserve University, United States
 Dhiraj Kumar, International Centre for Genetic Engineering and Biotechnology, India

*Correspondence: Nasreen Zafar Ehtesham, nzehtesham@gmail.com
 Seyed Ehtesham Hasnain, seyedhasnain@gmail.com; vc@jamiahamdard.ac.in

Specialty section: This article was submitted to Microbes and Innate Immunity, a section of the journal Frontiers in Cellular and Infection Microbiology

Received: 24 May 2020
 Accepted: 23 July 2020
 Published: 11 September 2020

Citation: Sharma T, Grover S, Arora N, P M, Ehtesham NZ and Hasnain SE (2020) PGRS Domain of Rv0297 of Mycobacterium tuberculosis Is Involved in Modulation of Macrophage Functions to Favor Bacterial Persistence. Front. Cell. Infect. Microbiol. 10:451. doi: 10.3389/fcimb.2020.00451



Mycobacterium tuberculosis (M. tb) Rv0297-encoded PE_PGRS5 has been known to be expressed at the later stages of infection and in acidified phagosomes during transcriptome and proteomic studies. The possible role of Rv0297 in the modulation of phagosomal maturation and in providing protection against a microbicidal environment has been hypothesized. We show that Rv0297PGRS is involved in modulating the calcium homeostasis of macrophages followed by impedance of the phagolysosomal acidification process. This is evident from the downregulation of the late endosomal markers (Rab7 and cathepsin D) in the macrophages infected with recombinant Mycobacterium smegmatis (rM.smeg)—M.smeg_Rv0297 and M.smeg_Rv0297PGRS—or treated with recombinant Rv0297PGRS protein. Macrophages infected with rM.smeg expressing Rv0297 produce nitric oxide and undergo apoptosis, which may aid in the dissemination of pathogen in the later stages of infection. Rv0297 was also found to be involved in rescuing the bacterium from oxidative and hypoxic stress employed by macrophages and augmented the survivability of the recombinant bacterium. These results attribute to the functional significance of this protein in M.tb virulence mechanism. The fact that this protein gets expressed at the later stages of lung granulomas during M.tb infection suggests that the bacterium possibly employs Rv0297 as its dissemination and survival strategy.
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INTRODUCTION

Tuberculosis (TB), the leading cause of death worldwide, is caused by Mycobacterium tuberculosis (M.tb). The World Health Organization (WHO) 2019 report stated ~1.3 million deaths in HIV-negative patients with an additional loss of 300,000 among HIV-positive patients. Around 10 million new cases of TB have been estimated globally. The emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains has worsened the conditions in the past two decades. India accounts for 24% of the total MDR/XDR-TB cases, followed by 13% in China and 10% in the Russian Federation (WHO., 2019). M.tb, an intracellular pathogen, has an essential virulence characteristic of survivability in host macrophages. The detailed mechanism employed by M.tb to survive in the highly microbicidal environment of macrophages is very complex and is still enigmatic.

The development and pathogenesis of the disease may depend on several complex networks of host–pathogen interactions within human macrophages. Ca2+, an important secondary messenger, is the key molecule that affects the majority of host cellular responses. Several cellular proteins bind to both intracellular as well as extracellular Ca2+ ions to modulate downstream signaling within the cell (Clapham, 2007). M.tb, an intracellular pathogen, is able to modulate the Ca2+ levels within infected macrophages as a vital persistence approach (Vergne et al., 2004). This ability of M.tb suggests a crucial link between Ca2+ and host cellular cascades—such as interaction with Toll-like receptors (TLRs), immune responses, production of reactive oxygen species (ROS) and nitric oxide (NO) intermediates, apoptosis of host cells, and acidification of phagolysosomes. Calcium signaling is found to be critical for the maturation of phagosomes (Malik et al., 2000, 2001, 2003). Pathogenic mycobacterium possesses the ability to amend the physiological levels of Ca2+, thereby hindering the acidification of the phagosomal compartments. This inhibition can also be imitated by the inhibition of calmodulin, sphingosine kinase, or Ca2+/calmodulin-dependent protein kinase II (CaMKII) pharmacologically (Malik et al., 2000, 2001, 2003). The acidification process can be re-established by using Ca2+ ionophores, which increases the levels of intracellular Ca2+ Ions (Malik et al., 2000). M.tb blocks the phagolysosomal maturation by not allowing the recruitment of late endosomal markers. Early endosomal markers include transferrin receptor, early endosome antigen 1 (EEA-1), and Rab5 that have to be exchanged by late endosomal markers such as cathepsin D and Rab7. M.tb impedes the expression of late endosomal markers, thus decreasing the maturation process of phagolysosomes (Rink et al., 2005; Poteryaev et al., 2010; Thi et al., 2013). Another important aspect in M.tb pathogenesis is the involvement of a regulated host cell death in the form of apoptosis, which plays a crucial role in pathogenesis. Though considered as a defense mechanism for the host, apoptosis is now exploited by many pathogenic bacteria, particularly M.tb, for their dissemination (Ruckdeschel et al., 1997; Wickstrum et al., 2009). Dissemination of M.tb infection via the apoptotic bodies has been recently observed (Aguiló et al., 2013).

The PE/PPE/PE_PGRS protein family is coded by 10% of the M.tb genome. The PE_PGRS proteins of this family are majorly intrinsically disordered in nature (Cole et al., 1998; Ahmad et al., 2018, 2020; Grover et al., 2018). PE_PGRS proteins are identified as tandem repeats of Gly-Gly-Ala or their variants. Many variations in the size and number of the repetitive sequences of Gly-Gly-Ala or Gly-Gly-Asn motifs are present within different PE_PGRS proteins (Brennan and Delogu, 2002) and are known to serve as a source of antigenic variation (Akhter et al., 2012) and host immune evasion (Brennan and Delogu, 2002; Tiwari et al., 2012, 2014). Multiple functions of the PE_PGRS proteins have been assigned so far, such as host cell apoptosis (Basu et al., 2007; Grover et al., 2018), bacillary survival (Iantomasi et al., 2012), pro- and anti-inflammatory immune responses (Chakhaiyar et al., 2004; Chaitra et al., 2007; Singh et al., 2008; Bansal et al., 2010; Cohen et al., 2014; Khubaib et al., 2016), granuloma maintenance (Ramakrishnan et al., 2000), inhibition of phagosomal maturation (Thi et al., 2013), and resistance to microbicidal components (Singh et al., 2016). Genomic and proteomic differences in several PE_PGRS proteins of M.tb H37Rv and H37Ra have been shown to account for the difference in the pathogenesis and virulence of these strains (Kohli et al., 2012). Evidences supported their role in the virulence and survival of mycobacterium within the host macrophages and granulomas (Ramakrishnan et al., 2000). Dominant and consistent expression of PE_PGRS proteins during TB infection in guinea pig lungs has been shown; specifically, the co-operonic PE-PGRS53/54 and PE-PGRS56/57 proteins have been shown to be among the most dominantly expressed proteins 30 and 90 days post-infection in lung tissues (Kruh et al., 2010). The PGRS domain of PE_PGRS consists of multiple nona-peptide motifs which form a parallel beta helix structure capable of binding with calcium ions (Bachhawat and Singh, 2007). The binding of such proteins may amend the calcium homeostasis or cause a sudden dip in the calcium levels at the focal point of infection and thereby hinder the phagolysosomal acidification and, thus, possibly improve the survival of the pathogen inside macrophages. The involvement of several mycobacterial PE/PPE/PE_PGRS proteins has been identified in arresting the acidification of phagosomes (Stewart et al., 2005). Thus, the role of these PE/PPE proteins in arresting vacuole acidification and consequent maximization of intracellular survival was noticed.

M.tb Rv0297-encoded PE_PGRS5 protein has been found to be expressed in lung granulomas 90 days post-infection in a proteomic analysis (Kruh et al., 2010). It was also a part of a M.tb-specific genomic island (Becq et al., 2007). In a high-throughput study, enrichment of the Mycobacterium bovis Bacille Calmette–Guérin (BCG) PE_PGRS5 mutant in acidified phagosomes was shown (Stewart et al., 2005). The present study has been designed to investigate the likely role of the PGRS domain of M.tb Rv0297 in the modulation of calcium homeostasis with subsequent involvement in the impedance of phagolysosomal maturation, modulation of host immune responses, and bacterial persistence via the apoptosis of infected host cells. This protein may serve as an important factor in the pathogenesis of tuberculosis and it enhances the surviving capability of mycobacterium. These findings provide better understanding of the pathogenic potential of the PGRS domain of PE_PGRS proteins that can be targeted for therapeutic interventions.



MATERIALS AND METHODS


Generation of Constructs

For generating the rRv0297PGRS protein, the gene coding for Rv0297PGRS was cloned in a pET28a expression vector and a recombinant protein purified as described in our previous study (Grover et al., 2018). The Rv0297PGRS gene cloned in the pET28a expression vector was expressed in BL21(DE3)pLysS cells. The recombinant protein was purified from inclusion bodies by solubilization in 8 M urea in phosphate-buffered saline (PBS, pH 7.5) and on-column renaturation using a urea gradient followed by Ni2+-nitrilotriacetic acid (NTA) chromatography. The protein was treated with polymyxin B (Sigma) at 4°C for 2 h.

For the generation of recombinant clones expressed in Mycobacterium smegmatis, the gene coding for Rv0297 full length and Rv0297PGRS proteins were cloned in a constitutive expression vector pVV16 and transformed in competent M. smegmatis mc2155 by electroporation. Positive transformants were grown in 7H9 medium supplemented with 10% (v/v) albumin–dextrose–catalase (ADC), 50 μg/ml hygromycin, and 25 μg/ml kanamycin. Restriction digestion and Western blotting confirmed the positive clones.



Cell Culture

The macrophage cell lines human THP-1 and murine RAW264.7 were maintained in Roswell Park Memorial Institute (RPMI 1640) and Dulbecco's modified Eagle's medium (DMEM) respectively supplemented with 10% fetal bovine serum (FBS, Invitrogen), penicillin (100 IU/ml), and streptomycin (100 μg/ml). The required number of cells was seeded in 6- and 24-well plates depending on the experiment. Cells were either treated with different concentrations of the rRv0297PGRS protein or infected with recombinant M. smegmatis (rM.smeg_pVV16, rM.smeg_Rv0297, and rM.smeg_Rv0297PGRS).



In vitro Infection of THP-1 With Recombinant M. smegmatis

THP-1 cells (2 × 106 cells/well) were seeded in six-well tissue culture plates. The next day, cells were infected with M.smeg_Rv0297, M.smeg_Rv0297PGRS, and M.smeg_pVV16 (vector control) grown to an optical density (OD) of 0.8 at a multiplicity of infection (MOI) of 1:10 in a BSL 2 facility. After 3 h of infection, the cells were washed with PBS and 5–20 μg/ml gentamycin to kill extracellular bacteria, followed by incubation with complete medium for 24 and 48 h. For Western blot analysis, the infected THP-1 macrophages were incubated for 48 h. For the colony forming unit (CFU) assay, the infected cells were incubated for 24 and 48 h.



Nitrite Quantitation in Macrophages

RAW264.7 cells were infected with recombinant strains expressing Rv0297 and Rv0297PGRS. After 30 h of infection, the cell-free supernatant (150 μl) was mixed with 50 μl of Griess reagent for 30 min. Nitrite concentration was measured using sodium nitrite as a standard. Plates were read at 540 nm.



Cytokine Assessment in Macrophages

Cells were either infected with the recombinant strains or treated with the Rv0297PGRS protein (0–10 μg/ml) for 30 h. Bovine serum albumin (BSA, 10 μg/ml) and lipopolysaccharide (LPS, 200 ng/ml) have been used as the negative and positive controls for the assessment of cytokines. The cell-free supernatant was collected and the tumor necrosis factor alpha (TNF-α) and interleukin 12 (IL-12) concentrations were measured using an ELISA Kit (eBIosciences) as per the manufacturer's instructions. Plates were read at 450 nm.



Calcium Release Assay

THP-1 macrophages were treated with the Rv0297PGRS protein (for 30 h) and stained using Fluo-4 NW dye solution (Molecular Probes, Invitrogen). Calcium influx was measured by reading at 494 nm excitation and 516 nm emission wavelengths.



Western Blot Analysis

Western blot analyses were performed with anti-Rab5, anti-Rab7 (CST), anti-cathepsin D (Cloud-Clone Corp.), anti-cleaved caspase-3 (Santa-Cruz), anti-PARP-1 (Santa-Cruz), and anti-β-actin (Sigma). Membranes were developed using a chemiluminescent reagent (Thermo Fisher).



In vitro Stress Response Assay

M.smeg_Rv0297, M.smeg_Rv0297PGRS, and M.smeg_pVV16 were grown to an OD of 1.0 and diluted in fresh 7H9 medium supplemented with 10% ADC to obtain an OD of 0.2. The bacterial cells were then seeded in 96-well plates and allowed to grow for the next 24 h. After 24 h of growth, oxidative and hypoxic stress was given by using 1–10 mM of H2O2 and 1–5 mM of CoCl2, respectively. After 24 h, cell viability was assessed using 0.3% Resazurin sodium salt by measuring the spectrophotometric reading at 570 and 600 nm and the survival percentage was calculated.



Bacterial Survivability Assessment in Infected Macrophages

Phorbol 12-myristate 13-acetate (PMA)-differentiated THP-1 macrophages were infected with recombinant M. smegmatis expressing Rv0297 and Rv0297PGRS. After 0, 24, and 48 h, the macrophages were lysed and serially diluted, followed by plating on 7H10 agar plates for growth of the bacterial colonies. The CFU of the bacterial colonies were calculated after 48 h of incubation to assess viable bacteria.



Statistical Analysis

All data were expressed in the form of mean ± standard deviation (SD) derived from three different groups of independent experiments using GraphPad Prism 6.0 software. A one-way analysis of variance (ANOVA) was performed, followed by Dunett's post hoc test in order to calculate the statistical significance at p < 0.05.




RESULTS


Rv0297PGRS Domain Interferes in the Maturation of Phagolysosomes

Inhibition of phagolysosomal acidification and resistance against the microbicidal components of phagolysosomes are two of the important survival strategies used by M.tb for containment of infection (Armstrong and Hart, 1971; Vergne et al., 2003, 2004). The maturation process of phagolysosomes depends on several factors, including calcium signaling (Vergne et al., 2003; Trimble and Grinstein, 2007). A rise in the cellular calcium levels affects the phagolysosomal acidification via activating calcineurin phosphatase (Malik et al., 2000). M.tb blocks the phagolysosomal maturation by not allowing the recruitment of late endosomal markers. Early endosomal markers include transferrin receptor, EEA-1, and Rab5, which will be exchanged by the late endosomal markers such as cathepsin D and Rab7 (Rink et al., 2005; Poteryaev et al., 2010; Thi et al., 2013). The role of the PGRS domain of Rv0297 in calcium perturbations at the host cellular level and the subsequent arrest in phagolysosomal acidification has been predicted. THP-1 cells, when treated with the rRv0297PGRS protein, result in the calcium release from the THP-1 macrophages in a dose-dependent manner (Figure 1A). The levels of cathepsin D were estimated in the rRv0297PGRS protein-treated macrophages to assess its effect on phagolysosomal maturation. It was observed that rRv0297PGRS protein treatment affected the levels of the late endosomal marker cathepsin D in THP-1 cells (Figure 1B).
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FIGURE 1. Rv0297 downregulated the phagolysosomal acidification. Ca2+ release from Rv0297PGRS-stimulated (for 30 h) THP-1 cells measured by Fluo-4 dye (A). Thapsigargin (1 mM) was used as the positive control. (B,C) Western blots depicting the downregulation of the early and late phagosomal markers (Rab5, Rab7, and cathepsin D). (B) The levels of cathepsin D were assessed upon stimulation of the macrophages with Rv0297PGRS for 30 h. (C) Levels of the early and late phagosomal markers were assessed in THP-1 macrophages infected with M.smeg_VC, M.smeg_Rv0297, and M.smeg_Rv0297PGRS for 48 h. To ensure the equal loading of lysates, β-actin levels were loaded and immunoblotted. The data shown are representative of three independent experiments. (D) Densitometric analysis of the Western blots depicted in (C). *P < 0.05, **P < 0.01, and P > 0.05 (ns).


These findings were further explored using recombinant M. smegmatis expressing full-length Rv0297 and its PGRS domain. The expression of either full-length Rv0297 or its PGRS domain does not seem to affect the in vitro growth of the recombinant bacterium (Supplementary Figure 1). Infection of THP-1 macrophages with rM.smeg expressing full-length Rv0297 and the Rv0297PGRS domain has been observed to inhibit the maturation of phagolysosomes as compared to the vector control. Early and late phagolysosomal markers were assessed by the immunoblotting of lysates from rM.smeg-infected macrophages using anti-Rab5 (CST), anti-Rab7 (CST), and anti-cathepsin D (Cloud-Clone Corp.) antibodies. All three recombinant M. smegmatis expressing Rv0297, Rv0297PGRS, and the vector display normal levels of the early endosomal marker Rab5 (Figure 1C, panel 1). In contrast, probing with the late endosomal marker Rab7 showed a more than 50% reduction in the case of M. smegmatis expressing Rv0297 and Rv0297PGRS as compared to the vector control pVV16 (Figure 1C, panel 2). The levels of cathepsin D in the lysates of the infected macrophages were also reduced to more than 50% in the case of M.smeg_Rv0297 and M.smeg_Rv0297PGRS (Figure 1C, panel 3). Both the late endosomal markers were downregulated, depicting that Rv0297 was interfering with the maturation of phagolysosomes (Figures 1C,D). Moreover, the reduction level was higher in the macrophages infected with rM.smeg expressing only the PGRS domain as compared to the full-length protein.



M.smeg_Rv0297PGRS Leads to the Production of NO and Apoptosis of Infected Host Cells

Apoptosis, a programmed cell death, generally protects the host cells by clearing the infection in the initial stages. However, it can favor the bacterium in the later stages of infection by disseminating the disease via apoptotic bodies. We accordingly investigated the effect of the PGRS domain of Rv0297 in macrophages infected with rM.smeg_Rv0297 and rM.smeg_Rv0297PGRS. For quantification of nitric oxide release, infection was done in RAW264.7 macrophages for 30 h. For the detection of apoptosis, PMA-differentiated THP-1 cells were infected with recombinant M. smegmatis expressing either full-length Rv0297 or the Rv0297PGRS domain. The levels of NO were found to be upregulated in the macrophages infected with Rv0297-expressing bacteria as compared to the vector control (Figure 2A). The levels were similar in both full-length Rv0297 and its PGRS domain, reflecting the fact that the effect was solely due to the PGRS domain. Extending this result, the capability of the recombinant strains to induce apoptosis was investigated by probing against apoptotic markers. It was observed that Rv0297 and its PGRS domain were efficiently able to induce apoptosis of the infected macrophages after 48 h, as evident from the cleavage of caspase 3 to activated caspase 3 fragments (Figures 2B,C). Similar effects were observed in the case of poly(ADP-ribose) polymerase (PARP) cleavage as a marker of apoptosis (Figures 2D,E). These results indicate that the Rv0297PGRS domain provides the capability to non-pathogenic bacterium to stimulate NO production from host macrophages, followed by macrophage cell death by apoptosis. In contrast, M.smeg_pVV16 (the vector control), being devoid of Rv0297, is incapable of inducing such responses in macrophages (Figure 2).
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FIGURE 2. Rv0297 induces the production of nitric oxide (NO) followed by the apoptosis of host cells. (A) NO production by RAW264.7 macrophages upon infection with recombinant Mycobacterium smegmatis for 30 h. Tunicamycin (1 μm) was used as the positive control. Data were plotted as NO concentrations (in micromolars). Apoptosis was assayed by assessment of cleaved caspase 3 and poly(ADP-ribose) polymerase (PARP) in infected THP-1 macrophages. (B,C) Cleavage of pro-caspase 3 to active caspase 3 in THP-1 cells upon infection with recombinant M. smegmatis for 48 h. (D,E) Cleavage of full-length PARP in THP-1 cells upon infection with recombinant M. smegmatis for 48 h. Recombinant M. smegmatis with just the pVV16 vector was used as the negative control; doxorubicin was the positive control for the induction of apoptosis. Densitometric analysis of Western blots are depicted in (C,E). *P < 0.05, **P < 0.01, and P > 0.05 (ns).




Rv0297PGRS Domain Confers Resistance to Oxidative and Hypoxic Stress Conditions

Apoptotic bodies disseminate bacteria to nearby cells, thus leading to the progression of infection. Infected macrophages present a microbicidal environment in the form of acidic and hypoxic stresses to degrade the mycobacteria. M.tb presents an alternative survival strategy for residence in macrophages by attaining resistance against acidic and hypoxic stress environments (Gomes et al., 1999; Vandal et al., 2009). Mycobacterium secretes several proteins, which provide it protection against oxidative burst and hypoxic conditions (Stewart et al., 2005; Singh et al., 2016). H2O2 and CoCl2 were reported to create oxidative and hypoxic stress conditions, respectively (Piret et al., 2002; Wijeratne et al., 2005; Singh et al., 2016). Survival of rM.smeg expressing full-length Rv0297 as well as only the PGRS domain was examined using Resazurin sodium salt. Recombinant M. smegmatis that expresses Rv0297 and Rv0297PGRS presented a higher survival percentage in the presence of hypoxic conditions of 1–10mM of CoCl2 as compared to the M. smegmatis expressing the vector control pVV16 (Figure 3A). The vector control M.smeg_pVV16 was also unable to grow beyond the 1 mM concentration of H2O2. In contrast, bacteria expressing either Rv0297 or Rv0297PGRS protein were growing well even in the presence of 5 mM H2O2 (Figure 3B). These results show that M.tb full-length Rv0297 or the PGRS domain alone may play a role in resisting macrophage stress conditions.


[image: Figure 3]
FIGURE 3. Mycobacterium tuberculosis Rv0297PGRS protects the bacterium against oxidative and hypoxic stress conditions. Recombinant M.smeg_pVV16, M.smeg_Rv0297, and M.smeg_Rv0297PGRS bacterial cells were grown in the presence of hypoxic (CoCl2) (A) and oxidative (H2O2) (B) stress environments. Cell viability was assessed using 0.3% Resazurin sodium salt for 4 h spectrophotometrically. Data were plotted as percent survivability. 26. All values were represented as mean+SD from three independent experminets. *P < 0.05, **P < 0.01, ***P < 0.001, and P > 0.05 (ns).




Rv0297 Enhances Bacterial Survival in Macrophages

Extending the above results, we explored the bacillary persistence in infected macrophages. To further investigate the role of Rv0297PGRS in enhancing the survival ability of M. smegmatis inside THP-1 macrophages, a CFU assay was performed and the intracellular bacillary survival of rM.smeg_pVV16, rM.smeg_Rv0297, and rM.smeg_Rv0297PGRS was compared. PMA-differentiated THP-1 macrophages were infected with recombinant M. smegmatis constructs at an MOI of 1:10 at 37°C for 3 h, followed by washing and gentamicin treatment to remove extracellular bacteria. The intracellular growth of bacteria was assayed by enumerating the CFU at different time points post-infection. rM.smeg_Rv0297 and rM.smeg_Rv0297PGRS were found to be surviving better than rM.smeg_pVV16 during the course of infection in THP-1 macrophages (Figure 4). This clearly shows that recombinant M. smegmatis expressing the Rv0297 protein either full length or only the PGRS domain displays enhanced survival in human macrophage cell lines, signifying a probable role of Rv0297 in bacterial persistence. No significant difference in response of either full length or its PGRS domain was observed, thereby implying that the PGRS domain alone was significant (Figure 4).
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FIGURE 4. Rv0297 provides survival advantage to Mycobacterium smegmatis in infected macrophages. THP-1 macrophages were infected with M. smegmatis expressing Rv0297 full-length protein or the PGRS domain only, and bacterial load was assessed 24 or 48 h post-infection. All values were represented as the mean ± SD from three independent experiments. **P < 0.01, ***P < 0.001, and P > 0.05 (ns).




Rv0297PGRS Is Also Involved in the Modulation of Immune Responses

The PE/PPE/PE_PGRS proteins of M.tb have very high antigenic indexes and are able to evoke immune responses to modulate the host responses upon M.tb infection (Choudhary et al., 2003; Chakhaiyar et al., 2004; Singh et al., 2008; Tundup et al., 2008; Nair et al., 2009; Bansal et al., 2010; Cohen et al., 2014). The antigenic index of Rv0297 is 1.98 as compared to the other well-studied proteins—PE_PGRS33, PE_PGRS62, and PE_PGRS17 (antigenic indices of 1.6981, 0.3496, and 0.8921, respectively)—using the VaxiJen Antigenecity Prediction tool. Memory T cells against Rv0297 have been shown to be present in latently M.tb-infected individuals (Lindestam Arlehamn et al., 2013).

To investigate the likely role of Rv0297PGRS in the modulation of host immune responses, THP-1 cells were either treated with different concentrations of Rv0297PGRS protein or infected with rM.smeg expressing Rv0297PGRS, followed by assessment of TNF-α and IL-12p70 cytokine production by ELISA. In both the cases, Rv0297 was found to stimulate the production of higher levels of TNF-α, which is a pro-inflammatory cytokine (Figures 5A,B). With the increased concentrations of proteins, the levels of IL-12p70 (Figure 5C) also increased, thus pointing toward the immunomodulatory role of Rv0297. Non-immunogenic protein BSA (10 μg/ml) does not lead to any cytokine production. In comparison to that, 200 ng/ml of LPS induced significant amounts of both cytokines, as predicted. The production of TNF-α and IL-12p70 from macrophages was correspondingly higher when the cells were infected with M.smeg_Rv0297 and M.smeg_Rv0297PGRS as compared to the vector control and uninfected (Figures 5B,D). A major cytokine involved in lung granuloma formation is TNF-α (Tufariello et al., 2003). In contrast, the production of Rv0297 in the later stages of infection and the subsequent induction of TNF-α release may aid in granuloma maintenance. The immune response thus generated may be linked to the activation of chemokine essential for the recruitment of macrophages and the maintenance of lung granulomas.


[image: Figure 5]
FIGURE 5. Rv0297PGRS is involved in the immunomodulation of host macrophages. THP-1 cells were either treated with different concentrations of Rv0297 protein or infected with recombinant Mycobacterium smegmatis expressing Rv0297PGRS, and production of TNF-α (A,B) and IL-12p70 (C,D) cytokines was assessed by ELISA (eBiosciences) as per the manufacturer's instruction. All values were represented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and P > 0.05 (ns).





DISCUSSION

M.tb secretes several proteins which modulate the cellular cascades, such as the production of ROS and NO intermediates (Stamm et al., 2015), host cell apoptosis (Harding and Boom, 2010), antigen presentation (Mahajan et al., 2012), and phagosomal acidification (Kleinnijenhuis et al., 2011), in its favor for initiating disease pathogenesis. The unique presence of PE_PGRS proteins in the pathogenic strains of Mycobacterium is an indicator of their likely role in the pathogenesis and virulence of tuberculosis (Ramakrishnan et al., 2000; Brennan and Delogu, 2002; Delogu et al., 2004; Akhter et al., 2012). The high sequence variations and repetitive nature of PE/PPE/PE_PGRS proteins have been implicated in antigenic variation and immune evasion (Cole et al., 1998; Banu et al., 2002; Talarico et al., 2005; Akhter et al., 2012). The PE_PGRS family of proteins are majorly secreted or surface-exposed and play crucial roles in host–pathogen interactions (Banu et al., 2002; Delogu et al., 2004). In our previous study, the Rv0297PGRS domain was reported to localize to the endoplasmic reticulum (ER) of host cells and thereby evoke an ER stress-mediated stress response. The stress-generated response was dependent on the interactions between Rv0297PGRS and TLR4 (Grover et al., 2018).

M.tb, an intracellular pathogen, survives within host macrophages via a number of intricate mechanisms. One of the important survival strategies of pathogenic M.tb is their survival inside acidified macrophages and inhibition of the acidification of phagosomes (Armstrong and Hart, 1971; Vergne et al., 2003, 2004). Involvement of calcium signaling is the critical feature of this process (Malik et al., 2001, 2003). PE_PGRS proteins, having calcium-binding domains, were thought to bind calcium ions from host cells (Bachhawat and Singh, 2007; Yeruva et al., 2016). Once M.tb resides in macrophages, it produces these proteins that will serve as possible calcium binders and thus disturb the physiological levels of cellular calcium, thereby inducing calcium release from ER stores (Meena, 2019). The first step of the interaction of M.tb with macrophages leads to altered levels of calcium signaling cascades, thereby modulating phagosomal acidification. Earlier studies have demonstrated the downregulation of this pathway by M. tb via inhibition of sphingosine kinase. Sphingosine kinase is a macrophage enzyme that is required for upregulated levels of cytosolic calcium (Malik et al., 2003; Kusner, 2005). All these aspects show that cytosolic calcium levels gets depleted upon M.tb infection in human macrophages, which thereby alters the maturation of phagolysosomes; this is used as their survival strategy (Malik et al., 2000; Stober et al., 2001).

The M. bovis BCG mutant lacking PE_PGRS5 has been found to be enriched in acidified phagosomes in a transposon mutant library screening, indicating a possible function of this protein in arresting the acidification of phagolysosomes (Stewart et al., 2005). Thus, its function in phagosomal acidification during TB pathogenesis was investigated in the present study. Macrophages infected with M. smegmatis expressing full-length Rv0297 and/or the PGRS domain alone have shown downregulated levels of the late endosomal markers Rab7 and cathepsin D as compared to the vector control. However, the early endosomal markers were found to be similar in M.smeg_Rv0297, M.smeg_Rv0297PGRS, and M.smeg_pVV16. These results show that the Rv0297PGRS domain was able to affect the process of phagosomal acidification by downregulating the levels of macrophage late endosomal markers such as Rab7 and cathepsin D. The explicit role of PE-PGRS11 and PE_PGRS30 in mediating mycobacterial resistance to oxidative stress (Chaturvedi et al., 2010) and inhibition of phagolysosomal fusion (Iantomasi et al., 2012), respectively, was evident. PE_PGRS62 has been described to arrest phagosomal maturation by hindering the recruitment of Rab7 and blocking iNOS expression (Thi et al., 2013). It can be noted that these proteins, as possible calcium modulators, may affect the fusion of phagosomes with lysosomes to inhibit clearing of the mycobacterium. In addition to these observations, Rv0297-expressing M. smegmatis initiates the apoptotic pathway of macrophages, thus aiding in its dissemination given its expression at the later stages of infection (Kruh et al., 2010). M.smeg_Rv0297 was found to be viable under macrophage acidic stress conditions and continued to multiply. Apoptosis has been designated to favor mycobacterial survival in the later stages. The PGRS domain of Rv0297 is also involved in evoking immune responses in terms of TNF-α and IL-12 production. TNF-α is one of the major cytokines involved in lung granuloma formation during the later stages of infection (Tufariello et al., 2003). As Rv0297 was found to be expressed at the later stages of tuberculosis infection (Kruh et al., 2010), the immune response thus generated may be linked to the recruitment of macrophages and maintenance of lung granulomas. All these observations point to hitherto unknown roles of Rv0297 in modulating macrophage functions along with providing protection to the infected bacterium.

In our previous study, the ER stress-mediated apoptosis of Rv0297PGRS was found to be TLR4-dependent. Moreover, the virulence and pathogenesis of M.tb depends on the interaction of mycobacterial ligands with TLRs, including TLR1, TLR2, TLR4, and TLR9, along with their associated signaling cascades, such as apoptosis and immune system activation (Means et al., 1999, 2001; Tapping and Tobias, 2003; Bulut et al., 2005). Diverse mycobacterial components activate the formation of TLR heterodimers (TLR1 with TLR2 and TLR4 with TLR6) to initiate downstream signaling cascades (Drennan et al., 2004; Krutzik and Modlin, 2004). The modulation and attenuation of immune responses during M.tb infection in RAW264.7 and THP-1 cells have been shown to be dependent on TLR4 signaling-mediated upregulation of the host microRNA (Niu et al., 2018). Thus, there is a need to unveil the specific roles of TLR functions using knockdown studies of multiple TLRs (Bafica et al., 2005). The dependency of TLRs in evoking immune responses by Rv0297PGRS can be further investigated to unravel the involvement of a possible crosstalk mechanism between different TLRs.

In conclusion, our results demonstrate the novel functions employed by M.tb through the PGRS domain of Rv0297. Rv0297PGRS is able to induce calcium release from stimulated cells, as evidenced by the Fluo-4 calcium release assay. Subsequently, Rv0297 was observed to interfere with the phagosomal acidification process by downregulating the expression of the late endosomal markers Rab7 and cathepsin D in infected macrophages. Rv0297PGRS has been found to induce the apoptosis of infected cells for bacterial survival and thereby aids in the dissemination of the infection to nearby cells. The PGRS domain of Rv0297 also enhances the survivability of recombinant bacterium under the highly acidic environment of the macrophages. Hence, Rv0297-encoded PE_PGRS5 may have a role in the calcium-modulated host responses during M.tb infection via altering macrophage functions.
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