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Editorial on the Research Topic 


Modulation of Macrophage Signaling Pathways During Bacterial Infections



Introduction

Macrophages are the specialized cells of an immune system that play both an immunological and a physiological role. In response to environmental clues, macrophages change their plasticity. Based on a classical paradigm, macrophages are classified as M1 or classically activated macrophages and M2 or activated macrophages. The phonotypical plasticity of macrophages enables them to contribute to the pathogenesis as well as homeostasis mechanisms. We have been exploring macrophages in the context of a bacterial infection.

We previously demonstrated that M2 polarization of M1 effector alveolar macrophages during chronic/persistent Chlamydia pneumonia, Mycobacterium tuberculosis, and Helicobacter pylori, pathogens are decisive for infection-induced cancer development in a host. Since chronic infection with these pathogens has been associated with adenocarcinoma, we feel that disruption of macrophage plasticity plays a crucial role in the development of cancer. We argue that the management of M1/M2 imbalance is paramount for minimizing the risk of developing cancer by a chronic and persistent infection. This may be achieved by targeting a major intracellular signaling component such as Sphingolipids, Th2/Th17 responses which promote the M2 phenotype during persistent infection and are potentially involved in the development of cancer.

Several articles in this Research Topic discuss how various pathogens sabotage effector functions of M1 macrophages and evade immune control to establish an infection. This Research Topic is a collection of reports that address the importance of macrophage directed approaches in host-directed therapies (HDT) for the effective management of infectious diseases. These bacterial pathogens include Chlamydia pneumoniae, Chlamydia trachomatis, Salmonella enterica, Listeria monocytogenes, and Mycobacterium Tuberculosis (M.tb), which can cause serious human diseases like acute lower respiratory tract infections, typhoid, and tuberculosis (TB). Among these ailments, TB, one of the oldest known human diseases, is a leading cause of death from a single infectious agent (WHO, 2017). People with an impaired immune function are at a heightened risk of developing active disease, making TB co-infection a leading cause of death among people with HIV. Despite the availability of improved diagnostics and treatment options, intracellular bacterial diseases continue to pose a major public health challenge worldwide. The emergence of drug resistance pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA), multi-drug resistant (MDR), and others, further dampens the prospect of eradicating these infectious diseases. A greater understanding of the mechanisms of host-pathogen interactions and rewiring of host signaling pathways during infection will aid in the development of novel HDT and therapeutic targets. The bacterium, on the other hand, manipulates macrophage signaling pathways and interferes with host protective responses to survive and establish infection. More work is needed to fully understand the complexity of intracellular infections and host-pathogen interactions. Identifying host factors that are exploited by pathogens will help develop targets for HDT.

This Research Topic was launched to discuss the latest trends in the field and to discuss possibilities of tweaking an effector arm of immunity for controlling the pathogen burden in host cells. Several leading groups across the globe have contributed to this Research Topic and covered various intriguing aspects of signaling, including host pathogen interaction during acute infection in macrophages.

The work by Yu et al. addresses the impact of glycolysis and oxidative phosphorylation in macrophage differentiation during anti-infection and anti-tumor inflammation. They unraveled the importance of HIF1α-mediated glycolysis, which is important for M1 macrophage differentiation and plays a critical role in anti-bacterial infection. Additionally, they demonstrated that active glycolysis may also help prevent excessive reactive oxygen species (ROS) production when mitochondrial respiration is impaired.

The research article by Arora et al. highlights the influence of M.tb Rv1954A protein on the M1 polarization of macrophages. They provide experimental evidence that Ms_Rv1954A fosters infectivity and augments the generation of ROS/reactive nitrogen species and apoptosis in RAW264.7 macrophage cells. Rv1954A imparts protection against oxidative and nitrosative stress and enables the survival of Ms_Rv1954A inside macrophages. Although the authors demonstrated the role of M.tb Rv1954A in a Mycobacterium smegmatis model, this work warrants further investigation in the context of a Mycobacterium tuberculosis infection.

Sharma et al. discovered the novel role of the polymorphic guanine-cytosine-rich sequence (PGRS) domain of M.tb Rv0297. Their work reveals the impact of Rv0297-PGRS in modulating calcium homeostasis and the arrest of acidification of the phagolysosomal compartment in macrophages. They explicitly demonstrate that macrophages infected with recombinant M. smegmatis (rM.smeg) expressing Rv0297 produce nitric oxide and undergo apoptosis which may aids in the dissemination of pathogen in the later stages of infection. Rv0297 was also found to be involved in rescuing the bacterium from oxidative/hypoxic stress, contributing to the survival mechanism of bacteria in the hostile environment of infected macrophages. Their work suggests that Rv0297-encoded PE_PGRS5 may have a role in the calcium-modulated host responses during M.tb infection via altering macrophage functions.

Garg et al. investigated the functional importance of calcium transporting P2A ATPase, CtpF on the interaction of M.tb with macrophages. The authors demonstrated that CtpF enhances calcium effluxes in infected macrophages during the early stages of M.tb infection. Downregulation of ctpF expression by conditional knockdown resulted in the perturbation of the host’s calcium levels with a concurrent reduction in mTOR activation in macrophages. Their work demonstrated how M.tb engages its metal efflux pumps to exploit autophagy in a host for securing their survival and growth.

The research article by Kim et al. investigated the host immune response against M. avium by transcriptome analysis of canine peripheral blood mononuclear cells. The study highlights the temporal regulation of the immune response by M. avium. In addition, it reveals that M. avium, like M.tb, is capable of inducing Th17 immune response and conferring resistance toward apoptosis in infected canine polymorphonuclear leukocytes. This study adds to our understanding as to how M avium modulates a host immune response and how we can intervene to afford protection against this pathogen.

The review article by Maphasa et al. discussed the mechanistic aspects of autophagy and its evasion by M.tb. Because of the overlap and conserved pathways which orchestrate both autophagy and apoptosis, the authors also focused on the relationship between apoptosis and autophagy during the infection. In view of this, the authors highlighted the therapeutic impact of autophagy inducing compounds (AICs) in the context of M.tb infection. The authors also discussed the potential of developing nanoparticles (NPs) based on nanomedicine directed therapies (HDTs) for TB therapy. The introduction of NPs to HDT-TB can allow for targeted drug delivery, therefore minimizing toxic side effects, while increasing the amount of the drugs that reach target cells. Their study also enhanced our understanding of the mode of action of AICs and advised us toward designing a superior treatment strategy against M.tb infections in the future.

Another compelling study by Ali et al. reported the novel role of M.tb Rv1523 MTase in the methylation of mycobacterial cell envelope lipids and its contribution to virulence and drug resistance. Their findings reveal the hitherto unknown role of Rv1523 encoded MTase in cell wall remodeling and modulation of immune responses. Their data prudently demonstrated that a functional gain of mycolic acid Rv1523 methyltransferase contributes to the virulence and development of resistance to antibiotics in M. smegmatis. Thus, mycolic acid methyltransferase may serve as a potential target for the development of novel therapeutics. Moreover, the authors highlight that the Rv1523 MTase is important for maintaining a resilient cell wall structure and also exhibits immune-modulatory properties, which enables the bacteria to persist longer inside the macrophages. The functional role of cell wall MTases in the pathophysiology of M.tb makes the Rv1523 mycolic acid MTases enzyme an attractive target for the development of novel drugs against TB.

In a similar study, Lei et al. confirmed that Rv3722c interacts with the host TRAF3 to promote M.tb replication in macrophages. A knock-down of the TNF receptor associated factor 3 (TRAF3) attenuated the effect of Rv3722c on the intracellular M.tb survival. The authors reveal that Rv3722c interacts with TRAF3 and interrupts its downstream pathways to promote M.tb survival in macrophages. The authors also demonstrated that M.tb Rv3722c regulates the secretion of cytokine through mitogen-activated protein kinase (MAPK) and nuclear factor kappa light chain enhancer of activated B cells (NF-κB) pathways. In this study, the authors revealed that Rv3722c may inhibit the MAPK pathway by suppressing the phosphorylation of p38 and c-Jun N-terminal kinase (JNK) through TRAF3. These findings facilitate a further understanding of the mechanism of M.tb secreted proteins in regulating the host cell immune response and promoting its intracellular survival.

A mini review by Saha et al. discusses the significance of Coronin 1-dependent signaling cascades and the PknG related sequence of events on the pathogenesis of mycobacterial diseases. Coronin 1, being a cortical protein, is transiently recruited to all mycobacteria containing phagosomes, but only pathogenic mycobacteria can retain it on the phagosome to hinder its maturation. The review discusses recent information on these two proteins in the context of macrophage signaling manipulation encompassing diverse mechanisms like calcium-calcineurin signaling, reduced proinflammatory cytokine secretion, cytoskeletal changes, and adaptation in an acidic environment, which ultimately converge toward mycobacterial survival inside the macrophages.

Apart from M.tb, H pylori is another deadly pathogen that also poses a serious threat and causes not only infection but also cancer. In this context, a compelling study by Xie et al. sheds new light on the mechanisms of the immunopathology of H. pylori infection. Their study established a correlation of a notch signaling pathway with an altered mRNA profile in CD4+ Th cells in an H. pylori infected patient group. They revealed that increased Notch1 signaling is associated with an enhanced Th1 response during an H. pylori infection. The study suggests Notch1 as a possible therapeutic target for the control of an H. pylori infection. However, their study could not confirm the influence of Notch1 signaling in Th17 cells which are decisive for the pathogenesis of the disease, and thus need further confirmation for a better understanding of prognosis in H. pylori–infected patients.

Leseigneur et al. report an update on the various immune evasion strategies employed by several pathogens in the M1 effector macrophage. Their study was focused on several fascinating subversive tools which are developed by Listeria monocytogenes, Staphylococcus aureus, and pathogenic Yersinia spp., illustrating diversity and commonality in mechanisms used by microorganisms with different pathogenic lifestyles.

Slonova et al. demonstrated that human recombinant PGLYRP1/Tag-7/PGRP-S (peptidoglycan recognition proteins) potentiates the response of murine (ANA-1 cells) and human macrophages to facultative intracellular pathogen Listeria monocytogenes. The authors demonstrated that human PGLYRP1 augments an immunogenic response in mouse macrophages. Human PGLYRP1 also protected mouse macrophages from L. monocytogenes infection by enhancing intracellular bacterial killing and promoted immunogenic inflammation. The authors suggest that PGLYRP1/Tag-7/PGRP-S acts as a molecular sensor for an L. monocytogenes infection and leads to increased killing through a mechanism(s) that remains to be defined. This is anticipated to be mediated by a scavenger receptor but needs further investigation.

A research article by Liu et al. analyzed the distribution of monocyte subsets in syphilis patients and studied the effect of Treponema pallidum (Tp) on monocyte functions to explore the pathogenesis of syphilis. Tp inhibits the maturation of CD14+/CD16- monocytes into immature phenotype (CD14+/CD16+ monocytes), promotes secretion of interleukin 1 beta (IL-1β) and increases monocyte migration capacity through the mTOR pathway. Their data revealed that mTOR affects the expression of IL-1β and migration in Tp-exposed THP-1 cells. This study sheds new light on the mechanism by which Tp interacts with monocytes during infection.

A study by Gao et al. reports that macrophage dynamin-related protein 1 (DRP1) promotes the secretion of TNF-α during infection. Their data revealed that DRP1 promotes mitochondrial fission and maintains cellular homeostasis during infection. In this study, the authors confirmed that the depletion of DRP1 decreased mitochondrial fragmentation and Tumor necrosis factor- alpha (TNF-α) production in macrophages upon stimulation with either lipopolysaccharide (LPS) or MRSA infection. Dynamin-related protein 1 (DRP1) was required for the post-transcriptional processing of a TNF-α peptide during infection. The results of the study highlight DRP1 as a key player in the macrophage pro-inflammatory response and suggested its involvement in the post-transcriptional control of TNF-α production.

In their review, Sachdeva and Sundramurthy discuss the various mechanisms by which pathogen containing vacuoles intersect with lysosomal trafficking pathways and maintain their distinctiveness. Their study suggests that different pathogens or pathogen-derived products exhibit a global influence on the integrity of a host lysosomal system. This review integrates recent advancements in how pathogens alter lysosomal pathways and how a host encounters these alterations to restore the protective role of the lysosomes against these pathogens. The review also briefly discusses the heterogeneity in lysosomal targeting by these pathogens and the possible mechanisms and consequences.

A review article by Szulc-Dabrowska et al. summarizes the role of cathepsins in bacteria-macrophage interaction. It describes the important strategies engaged by bacteria to manipulate the cathepsin expression and activity in macrophages. The presence of cathepsins in the endo-lysosomal compartment permits direct interaction with and killing of bacteria and may contribute to the processing of bacterial antigens for effective presentation. The main focus was on specific bacterial species due to their clinical relevance to humans and animal health, i.e., Mycobaterium, Mycoplasma, Staphylococcus, Salmonella, Shigella, Francisella, Chlamydia, Listeria, Brucella, Helicobacter, Neisseria, and other genera.

The mini review article by Qian et al. discusses the role of proline-glutamate (PE)/proline-proline-glutamate (PPE) proteins, which are believed to be linked to ESX system function. Furthermore, the authors highlight the importance of PE/PPE proteins in host cell interaction, immune response regulation, and cell fate determination during complex host-pathogen processes. Qian et al. also propose future directions for PE/PPE protein research and rationalize how PE/PPE based diagnostics can be used for global tuberculosis control.

Mishra et al. investigated microRNAs as a therapeutic candidate in HDTs upon bacterial infection. The authors re-analyzed the publicly available transcriptomic dataset of macrophages, infected with different pathogenic bacteria and identified significant genes and microRNAs common to the differential infections. Mishra et al. identified miR-30e-5p, to be upregulated in different bacterial infections which enhances innate immunity to combat bacterial replication by targeting key negative regulators such as SOCS1 and SOCS3 of innate immune signaling pathways. The authors proposed miR-30e-5p as one of the potential candidates to be considered for additional clinical validation toward HDTs. Given the significance of miR based therapeutics against cancer and infectious disease, in vivo validation of this concept would be advantageous.

The review article by Galli and Saleh outlines recent evidence, highlighting host-bacterial immune-metabolic interactions. Their study emphasized that in response to bacterial sensing; macrophages undergo metabolic adaptations that contribute to the induction of innate immunity signaling and/or macrophage polarization. The intermediates of the glycolysis pathway, the tricarboxylic acid cycle, mitochondrial respiration, amino acid, and lipid metabolism directly interact with and modulate macrophage effectors at the epigenetic, transcriptional, and post-translational levels. Some intracellular bacterial pathogens usurp macrophage metabolic pathways to attenuate anti-bacterial defenses.



Conclusion and Perspective

The collection of focused research and review articles in this Research Topic provides a herbarium of key findings that sheds new light on various intriguing aspects of infection biology in macrophages. We believe that this Research Topic adds valuable information to understanding to develop HDT, particularly, by exploiting macrophage directed strategies for pathogen control and better clinical outcome of diseases.
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Macrophages differentiated into a classically activated (M1) or alternatively activated phenotype (M2) in infection and tumor, but the precise effects of glycolysis and oxidative phosphorylation (OXPHOS) metabolic pathway remain unclear. Herein, the effects of glycolysis or OXPHOS on macrophage polarizations were investigated using a pharmacological approach in mice. 2-Deoxy-D-glucose (2-DG) treatments, which blocks the key enzyme hexokinase of glycolysis, efficiently inhibits a specific switch to M1 lineage, decreasing the secretion of pro-inflammatory cytokines and expressions of co-stimulatory molecules associated with relieving infectious inflammation in vitro and in vivo. Glycolytic activation through the hypoxia-inducible factor-1α (HIF-1α) pathway was required for differentiation to the M1 phenotype, which conferred protection against infection. Dimethyl malonate (DMM) treatment, which blocks the key element succinate of OXPHOS, efficiently inhibits a specific switch to M2 lineage when macrophages receiving M2 stimulation, decreasing the secretion of anti-inflammatory cytokine and CD206 expressions. Mitochondrial dynamic alterations including mitochondrial mass, mitochondrial membrane potential (Dym) and ROS productions were critically for differentiation to the M2 phenotype, which conferred protection against anti-tumor immunity. Glycolysis is also required for macrophage M2 differentiation. Thus, these data provide a basis for a comprehensively understanding the role of glycolysis and OXPHOS in macrophage differentiation during anti-infection and anti-tumor inflammation.

Keywords: glycolytic activity, macrophages differentiation, macrophage function, cancer, bacterial infection, infectious inflammation


INTRODUCTION

Macrophages are professional antigen-presenting cells (APCs) that play major role in both inflammatory diseases and cancer (Murray, 2017). As sentinels of the immune system, macrophages continuously sample changes in the microenvironment, including barrier breakage, shifts in metabolism due to nutrient depletion, increase in oxygen consumption (hypoxia) (Murray, 2017). Macrophages sense their microenvironment through an array of molecular sensors through pattern recognition receptors (Jackaman et al., 2017). Sensing of altered microenvironment and cellular metabolism often results in skewing of immune function from homeostasis to inflammatory response (Jackaman et al., 2017). As a result, macrophages with different functionality and phenotype are recruited to the tissue. Recent studies have indicated that metabolic regulation is tightly linked to macrophages development, differentiation and functions (Liu et al., 2006; Zhu et al., 2014). The distinct metabolic profiles of macrophage functional differentiation are intimately linked to their status and functions. Understanding the metabolic status and the relationship with functional differentiation of macrophages would allow us to develop novel immunomodulatory therapies to inflammatory diseases and cancer.

Glucose metabolism is an important way of energy supply for macrophages in the body (Liu et al., 2006; Byles et al., 2013; Zhu et al., 2014). Glucose can be used to fuel Adenosine triphosphate (ATP) production through two linked metabolic pathways: glycolysis and oxidative phosphorylation (OXPHOS; including the tricarboxylic acid cycle [TCA]) (Liu and Yang, 2013; Su et al., 2015; Shakespear et al., 2018). Glycolysis is an almost universal way to convert glucose into pyruvate. In aerobic organisms, pyruvate enters mitochondria, where it is completely oxidized by oxygen to carbon dioxide and water. Most of its potential energy is preserved in the form of ATP (Liu and Yang, 2013; Li et al., 2019). In the absence of enough oxygen, pyruvate will be reduced to many products by NADH, especially lactic acid in animals and ethanol in yeast. Oxidative phosphorylation (OXPHOS) refers to the process of ATP synthesis driven by the energy released by the oxidation steps of organic substances including sugar, lipid, and amino acid in the decomposition process (Zhang et al., 2018) In eukaryotic cells, oxidative phosphorylation occurs in mitochondria (Liu and Yang, 2013; Zhang et al., 2018). Systems involved in OXPHOS are distributed in the inner membrane of mitochondria in the form of complexes, forming a respiratory chain, also known as electron transfer chain (Smeitink et al., 2001; Levine and Puzio-Kuter, 2010; Saha et al., 2017). Glycolysis pathway is highly upregulated in rapidly growing cancer cells, which is the first phenomenon described by Otto Warburg (Levine and Puzio-Kuter, 2010). It is usually called Warburg effect. It is a phenomenon that highly proliferative cells tend to transfer to aerobic glycolysis even when there is enough oxygen (Wang et al., 2014; Huang et al., 2016; Phan et al., 2017). In aerobic glycolysis, NADH regenerates by reducing pyruvate to lactate via lactate dehydrogenase. Enzymes in glycolysis pathway are potential targets for cancer treatment (Wang et al., 2014). Although the importance of glycolysis and OXPHOS in the energy supply of immune cells has attracted considerable attention (O'Neill et al., 2016), their precise roles in regulating the differentiation of macrophages and in regulating infection and tumorigenic inflammation remain unclear.

In this study, we used pharmacological methods to observe the effects of glycolysis and OXPHOS on the functional differentiation of macrophages in vitro and in vivo. It was found that HIF1α-dependent glycolysis is important for M1 macrophage differentiation and plays critical roles in anti-bacterial infection. In addition, OXPHOS and mitochondrial homeostasis dynamics are required for regulating M2 macrophage differentiation in anti-tumor immunity.



MATERIALS AND METHODS


Mice and Treatments

C57BL/6 (B6) wild-type (WT) mice used in the experiments were aged 8–12 weeks and obtained from Beijing Weitonglihua Experimental Animal Center. Hif1αflox/flox mice (on the C57BL/6 genetic background) crossed with Lyz-cre mice to obtain Hifα−/− mice. All animal experiments were performed in accordance with protocols approved by the Animal Ethics Committee of College of Life Sciences, Beijing Normal University. WT mice were treated as previously described (Saha et al., 2017). Briefly, WT mice were daily injected with dimethyl malonate (DMM; 160 mg/kg/mouse), or 2-deoxy-D-glucose (2-DG; 2 g/kg/mouse) in 0.1 mL phosphate-buffered saline (PBS) into the intraperitoneal cavity. As control, mice were intraperitoneally (i.p.) injected with 0.1 mL PBS.



Cells and in vitro Cell Culture

The cell lines, B16F10 and L929, were obtained from ATCC and cultured in RPMI 1640 medium (Corning incorporated, New York, USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) as described previously (Liu and Yang, 2013; Gao et al., 2017; Phan et al., 2017). For the preparation of L929 supernatant, L929 were seeded into a T75 cell culture flask (Corning incorporated, New York, USA). After incubation for 8–10 days, cells were harvested and centrifuged to acquire the supernatant.

For bone-marrow derived macrophages (BMDMs) preparation, bone marrow cells (BMs) were flushed from femur and tibia bones of the mice. After the red cells were lysed, the BMs were grown in a humidified incubator at 37°C with conditional medium for 7 days containing 64% Dulbecco's modified eagle media (DMEM), 10% FBS, 1% penicillin-streptomycin, 25% L929 supernatant. Differentiated BMDMs were subjected to flow cytometry assays to determine the purity of macrophages. The percentages of macrophages (CD11b+F4/80+ cells) were more than 90%.



Antibodies and Reagents

Antibodies for iNOS (D6B6S) and β-Actin (8H10D10), used for immunoblotting assays, were from Cell Signaling Technology (Danvers, MA, USA). Antibodies used for flow cytometry assays are fluorescently labeled. Fluorescently labeled antibodies for mouse F4/80 (BM8), mCD11b (M1/70), mCD8 (53–6.7), mCD86 (GL1), mCD80 (16-10A1) were purchased from eBioscience (San Diego, CA, USA). Fluorescently labeled antibodies for mCD45 (TU116), mCD44 (IM7), CD62L (MEL-14) were ordered from BD Biosciences (San Diego, CA, USA). Fluorescently labeled anti-mCD4 (RM4-4) was ordered from Biolegend (San Diego, CA, USA).

Cytofix/Cytoperm Golgi Stop Kit with BS GolgiStop™ used for intracellular staining was purchased from BD Biosciences (San Diego, CA, USA). Fixation/Permeabilization Solution Kit used for Foxp3 staining was from eBioscience (San Diego, CA, USA). Fluorescently labeled anti-TNFα (MP6-XT22), anti-IFNγ (XMG1.2) anti-IL-12p40 (C8.6), Foxp3 (NRRF-30) was purchased from eBioscience (San Diego, CA, USA). Anti-CD206 (C068C2) was from Biolegend (San Diego, CA, USA). Fluorescently labeled antibodies to Glut1 (EPR3915). Primary anti-succinate dehydrogenase subunit A (SDHA; 2E3GC12FB2AE2; used for flow cytometry analysis) and goat anti-rabbit IgG H&L (Alexa Fluor® 488) was purchased from Abcam (Mountain View, CA, USA).



SDHA Knockdown With RNA Interference

As described previously (Coppo et al., 2016; Zhang et al., 2018; Dreschers et al., 2019; Jung et al., 2019), a gene-knockdown lentiviral construct SDHA short hairpin RNA shRNA (m) Lentiviral Particles (sc-61835-V, Santa Cruz Biotechnology, Dallas, Texas, USA) were used according to the manufacturer's instructions. Sorted BMDMs were infected with recombinant lentivirus, selected stable clones expressing the shRNA via puromycin dihydrochloride (sc-108071, Santa Cruz Biotechnology, Dallas, Texas, USA) selection, the SDHA expression was confirmed using quantitative PCR. The sorted macrophages with either control or shRNA vectors were used for functional assay.



L. monocytogenes Infection

Age- and sex-matched WT mice (6–10 weeks old), treated with 2-DG or not, were injected intravenously with 3 × 105 colony-forming units (CFU) of L. monocytogenes. 48 h later, the mice were killed to analyze the phenotypes of T cells in the peripheral lymph nodes (PLNs), mesenteric lymph nodes (MLNs), and spleens. Infected spleens and livers were harvested and homogenized in PBS. After serial dilutions, homogenates were plated on LB agar plates and incubated at 37°C overnight. Meanwhile, organs targeted by L. monocytogenes (spleen and liver) were fixed in 4% paraformaldehyde, embedded in paraffin, made into slices and stained with Hematoxylin-eosin (H&E).

For macrophage function analysis, macrophages in peritoneal cavity and target organs (spleen and liver) were extracted as previously described (Shi et al., 2019). Briefly, spleen and liver were digested with collagenase for 30 min at 37°Cafter cut into pieces with surgical scissors. Peritoneal cells, splenocytes and hepatocytes were then subjected to intracellular staining and flow cytometry analysis.



Mouse Tumor Models

Age- and sex-matched WT mice (6–10 weeks old), treated with DMM or not, were injected subcutaneously with 2 × 105 B16F10 melanoma cells and monitored for tumor growth. Mice were killed before their tumor size reached 225 mm2 according to protocols approved by the Animal Ethics Committee of College of Life Science, Beijing Normal University. 14 days later after injection, all mice were killed for flow cytometry assays of T cells and macrophages from the draining lymph nodes (dLNs) and tumors, respectively. The tumors were fixed in 4% paraformaldehyde, embedded in paraffin, made into slices and stained with H&E. Meanwhile the paraffin slices were also used for immunohistochemically (IHC) staining. The antibody used in IHC staining were as follows: mouse anti-CD11b (Google Biology, Wuhan, Hubei, China), mouse anti-F4/80 (Google Biology, Wuhan, Hubei, China). IHC-toolbox within ImageJ was used to analyze with IHC image (Liu and Yang, 2013). For training samples, randomly captured 10 images under 40 X magnitude. For experiment samples, randomly selected 5 images from the middle, right-top, left-top, right-bottom, and left bottom from each slice under 40 X magnitude. The brown color area was measured, and the percentages of brown color area of each image was calculated.



Metabolic Assays

The respiratory burst indicated by proton production rate (PPR) was measured as previously described (Liu et al., 2013a). Briefly, macrophages were sorted from peritoneal cells and incubated with dihydrorhodamine (1 M, Sigma-Aldrich-P8139, St.Louis, MO, USA). Samples were incubated at 37°C for 15 min and subjected to flow cytometry analysis. Oxygen consumption rate (OCR) was measured with an XFe24 extracellular flux analyzer (Seahorse Bioscience) according to the manufacturer's instructions as described previously (Lu et al., 2018). In brief, macrophages sorted from peritoneal exudate cells activated with lipopolysaccharide (LPS) for 24 h, or IL-4 for 48 h were seeded in XFe24 microplates (5 × 105) to immobilize the cells. Wash the cells with XF base medium with glucose (10 mM), sodium pyruvate (1 mM), L-glutamine (2 mM) (referred to as the assay medium). After incubation in the assay medium in an incubator without CO2 for 1 h, cells were subjected to oxygen consumption assays with a Mito stress test kit (Seahorse Biosciences). oligomycin (1 μM), FCCP (1 μM), rotenone/antimycin A (0.5 μM) were added into medium subsequence. The data were acquired on the Seahorse XF-24 and analyzed on the Wave.



Flow Cytometry Assays

For flow cytometry analysis of surface markers, cells were stained with buffer as suggested in the antibody protocols. For cell intracellular staining, Cytofix/Cytoperm Golgi Stop Kit with BS GolgiStopTM and Fixation/Permeabilization Solution Kit were used according to the manufacturer's instructions. For macrophage intracellular staining, cells isolated from the indicated organs were stimulated with LPS or IL-4 to induce the polarization of macrophages. Then polarized macrophages were restimulated with LPS for 5 h, together with GolgiStop. For T cell intracellular staining, cells isolated from the indicated organs were stimulated with phorbol-12-myristate-13-acetate (PMA) and ionomycin with GolgiStop. After surface staining and cleaning, cells were fixed and infiltrated with Fixation/Permeabilization solution immediately. The cells were then stained with fluorescent labeled antibodies for 30 min and analyzed on ACEA new cells (ACEA Biosciences). Then use novoexpress to collect and analyze data. The expression of the molecule was analyzed by flow cytometry. To quantify the expression in the whole positive cell population, the mean fluorescence intensity (MFI) was analyzed. To compare the ratio of different cell populations, the percentage of positive or negative cells was quantified.



Quantitative Real-Time PCR and Immunoblotting Assays

RNA was extracted with TRI Reagent (Sigma-Aldrich, St.Louis, MO, USA) from peritoneal exudate macrophages (PEMs). Complementary DNA (cDNA) was synthesized using the PrimeScript™ RT Master Mix (Perfect Real Time) (Takara, Kusatsu, Shiga, Japan). An ABI Q6 Flex Real-time PCR system was used for quantitative PCR with primers from Applied Biosystems. Hif1α gene specific primers used in this study are as follows. Forward primer: ccagcagacccagttacaga; Reverse primer: tgagtgccactgtatgctga. The individual gene expression was calculated was normalized to the expression of Hprt. The primers used for Hprt were as follows. Forward primer: agtacagccccaaaatggttaag; Reverse primer: cttaggctttgtatttggcttttc. For relative quantification, SYBR® Premix ExTaqTM (Perfect RealTime) (Takara, Kusatsu, Shiga, Japan) was used. The results were analyzed with An ABI Q6 Flex Real-time PCR system.

Immunoblotting assays were performed as described previously (Liu et al., 2016). To be brief, proteins were extracted with RIPA Lysis Buffer (Beyotime Biotechnology, Shanghai, China). After boiled in 100°C for 10 min, denatured proteins were subjected to dodecyl sulfate sodium salt-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred from the gel to polyvinylidene fluoride (PVDF) film. After incubation with 5% bovine serum albumin (BSA), protein-specific primary antibodies and horseradish peroxidase (HRP)-conjugated goat anti-rabbit or goat anti-mouse IgG H&L, protein expression levels were detected with chemiluminescence apparatus.



Fluorescence Microscopy

For live-cell imaging, BMDMs (5 × 105), pretreated with or without DMM, were seeded on 35 mm glass-bottom dish (NEST, Wuxi, Jiangsu, China) and stimulated with IL-4 for 48 hrs. Then cells were co-cultured with mitoTracker Greeen (50 nM) and TMRM (100 nM) at 37°C for 30 min. Hochest was used to stain the nuclei. After the cells were washed with warmed PBS for 3 times, microscopy was performed with a LSM880 (Carl Zeiss) confocal microscope. The data were collected using Carl Zeiss software ZEN 2010 (black edition), and the mitochondrial lengths were measured using Carl Zeiss software ZEN 2012 (blue edition).



Statistical Analyses

All data are presented as the means ± SD. One-way or two-way ANOVA was used for comparisons among multiple groups with the SPSS software according to the type of data. Student's unpaired t test for comparison of means was used to compare two groups. P < 0.05 was considered to be statistically significant.




RESULTS


Glycolytic Metabolism Signal Shifts During Macrophage Functional Differentiation

Macrophages are one of the most important members in the innate immune system. Once activated, macrophages quickly proliferate and polarize into different subsets, mainly classically activated macrophages (M1) and alternatively activated macrophages (M2), to execute specific functions, which need a huge demand for energy (Liu et al., 2013b). Glycolysis and OXPHOS are important metabolic pathways for cells to produce ATP in immune responses. Our previous results and other studies have shown that pro-inflammatory signal suppresses macrophage proliferation and shifts macrophage metabolism from Myc to HIF1α dependent metabolism (Liu et al., 2016; Mills et al., 2016). To investigate the immune role of glycolysis or OXPHOS in macrophage-mediated immune responses, we purified CD11b+F4/80+ macrophages from mouse peritoneal cells and evaluated the macrophage metabolic pathway activity alterations using different macrophage polarization conditions. Here we used LPS and LPS+IFNγ which are classically considered to induce M1 macrophage polarization and IL-4 cytokines that are considered to induce M2 macrophage polarization (Liu et al., 2015). The glycolytic pathway activity of polarized macrophages was measured by the PPR, and the OXPHOS pathway activity was measured by the OCR. Results showed that LPS or LPS+IFNγ stimulation significantly increased the PPR (Figure 1A). Meanwhile, the protein levels of glucose transporter 1 (Glut1), an important member in glycolysis, were notably up-regulated on LPS or LPS+IFNγ stimulation (Figure 1B). However, neither the OCR, nor the protein levels of SDHA, an important component in electron transfer chain (ETC), were changed significantly (Figures 1C,D). These results suggested that glycolytic activity was elevated during M1 macrophage polarization, but not OXPHOS. Upon IL-4 stimulation, the PPR and the protein levels of Glut1 kept unchanged (Figures 1E,F), while the OCR and the protein levels of SDHA were increased remarkably (Figures 1G,H), indicating that OXPHOS activity was elevated during M2 macrophage polarization, but not glycolysis. Thus, the differentiation of different subtypes of macrophages may be related to the regulation of glycolysis or OXPHOS pathway.
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FIGURE 1. Macrophage polarizations are associated with glycolysis and OXPHOS. Peritoneal macrophages (PEMs) sorted from C57BL/6 mice were stimulated with LPS (100 ng/mL), or LPS (100 ng/mL) and IFNγ (100 ng/mL) for 24 h (A–D), or IL-4 for 48 h (E–H). The respiratory burst was determined by measuring the PPR (A,E). The protein expression levels of Glut1 was measured by flow cytometry assays (B,F). Cellular OXPHOS activity was measured by monitoring the OCR of cells (C,G). The expression of SDHA, a component of ETC was determined by flow cytometry assays (D,H). Representative results are based on one of three independent experiments performed with similar results. The data are presented as the mean ± SD (n = 3–5 mice per group). Statistical significance was measured by one-way ANOVA for comparisons among multiple groups and Student's unpaired t test for comparisons between two groups. ***P < 0.001, compared with the indicated groups.




Glycolysis Is Required for M1 Macrophage Differentiation

To further investigate the role of glycolysis in macrophage polarization, we treated the peritoneal macrophages with glycolysis inhibitor 2-deoxy-D- glucose (2-DG), and assessed the M1 macrophage subset polarization and function alteration in vitro. Results showed that blocking HK1/2 expressions with 2-DG treatment significantly downregulating the PPR level and the protein levels of Glut1, a molecule of glycolysis signaling pathway during M1 differentiation (Figures 2A,B and Figures S1A,B). Next, we examined the M1 macrophage function alteration with 2-DG treatments. Data from flow cytometry assays showed that 2-DG treatment significantly inhibited the production of pro-inflammatory cytokines TNFα and IL-12p40 in macrophages of peritoneal exudates (Figures 2C,D). Consistently, the BMDMs were induced with L929 supernatant for 7 days. 2-DG treatment significantly blocks the productions of pro-inflammatory cytokines TNFα and IL-12p40 (Figures 2E,F). Moreover, 2-DG treatment significantly suppressed the expressions of CD80 and CD86, con-stimulatory molecules of macrophages (Figures 2G,H). Also, 2-DG treatment significantly blocks the protein levels of inducible nitric oxide syntheses (iNOS), a typical marker of M1 macrophages differentiation (Figures 2I,J). However, 2-DG treatment did not affect the levels of OXPHOS and SDHA and the M2 marker CD206 and IL-10 expressions (Figures S2A–D). These data suggest glycolysis is required for M1 macrophages functional differentiation.
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FIGURE 2. Glycolysis is required for M1 macrophage polarization. Peritoneal macrophages (PEMs) sorted from C57BL/6 mice were stimulated with LPS (100 ng/mL) for 24 h, with or without glycolysis inhibitor, 2-DG (1 mM). The respiratory burst was determined by measuring the PPR and the protein expression of Glut1 (A,B). Pro-inflammatory cytokines TNFα and IL-12p40 were determined by flow cytometry assays (C–D). Cells from bone marrow (BMs) were induced with L929 supernatant for 7 days. After stimulation with LPS for 24 h, the expressions of pro-inflammatory cytokines TNFα and IL-12p40 and co-stimulator molecules CD80 and CD86 were determined with flow cytometry (E–H). iNOS expressions were analyzed with Immunoblotting and flow cytometry (I,J). Representative results are based on one of three independent experiments performed with similar results. The data are presented as the mean ± SD (n = 3–5 mice per group). Statistical significance was measured by one-way ANOVA for comparisons among multiple groups. ***P < 0.001, compared with the indicated groups.




OXPHOS Is Required for M2 Macrophage Functional Differentiation

During the M2 macrophages differentiation, OXPHOS and SDHA signal molecule expressions are significantly upregulated and glycolysis remains unchanged compared with control groups (Figures 1E–H and Figures 3A,B). These suggest OXPHOS and SDHA signal pathway are significantly involved during the M2 macrophage functional differentiation. To further test the role of SDHA and OXPHOS signal pathway in M2 macrophage functional differentiation, PEMs are treated with SDHA inhibitor 2-dimethylimidazole (DMM), OCR levels and SDHA expressions are significantly downregulated (Figures 3A,B). Consistently, treatment with DMM caused lower anti-inflammatory cytokine IL-10 and higher proinflammatory TNFα (Figure 3C). Also, it significantly decreased the percentage and MFI of CD206, a typical M2 macrophage marker, compared with control groups in PEMs and/or BMDMs (Figure 3D and Figure S3). However, DMM treatment did not affect the levels of PPR and Glut1 and the M1 marker iNOS expressions (Figures S4A–C). Importantly, the above results with SDHA inhibitors were confirmed using SDHA shRNA (Figures 3E,F and Figure S5). Therefore, these data suggest that SDHA and OXPHOS signal pathway are critical for the M2 macrophage functional differentiation.
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FIGURE 3. OXPHOS is required for M2 macrophage polarization. Peritoneal macrophages (PEMs) sorted from WT mice were pretreated with SDHA inhibitor DMM (160 mg/kg/mouse) and stimulated with IL-4 (10 ng/mL) for 48 h. Cellular OXPHOS activity was measured by monitoring the OCR of cells (A). The protein levels of SDHA were determined by flow cytometry (B). Cells from BMs from WT mice were induced with L929 supernatant for 7 days. BMDMs were then stimulated with IL-4 for 48 h and cytokines IL-10 and TNFα were determined by flow cytometry (C). The CD206 expression in PEMs and BMDMs were determined by flow cytometry (D). Expression of CD206 and IL-10 expression in the sorted BMDMs expressing control shRNA or SDHA shRNA vector (E–F). Representative results are based on one of three independent experiments performed with similar results. The data are presented as the mean ± SD (n = 3–5 mice per group). Statistical significance was measured by one-way ANOVA for comparisons among multiple groups and Student's unpaired t test for comparisons between two groups. ***P < 0.001, compared with the indicated groups.




OXPHOS Signal Pathway Is Critical for Maintaining the Mitochondrial Homeostasis During M2 Macrophage Differentiation

Mitochondrial morphologies and functions are critically involved in regulating the OXPHOS activity and cellular energy in determining the fate of cells (Martinez et al., 2013; Mills et al., 2016). We further evaluated the alterations of mitochondrial dynamics in OXPHOS signal regulation during M2 macrophages differentiation. We first stained cells with MitoTracker Green for total mitochondrial content, regardless of mitochondrial membrane potential (Dym), and found that DMM treatment recovered the increased mitochondrial mass after IL-4 stimulation, compared with control macrophages (Figure 4A). This suggests mitochondrial mass probably related with the level of mitochondrial OXPHOS. It has been known that mitochondrial mass increase could be due to accumulation of functional with Dym or dysfunctional mitochondria with loss of Dym (Liu et al., 2016). To differentiate this, we used a combination of mitoTracker Green with TMRM (Dym stain) to distinguish between respiring mitochondria and dysfunctional mitochondria and found that the increase in functional mitochondria (mitoTracker Greenhigh TMRMhigh) and the decrease in dysfunctional mitochondria (mitoTracker Greenhigh TMRMlow) in M2 macrophages, which could be reversed by blocking SDHA and OXPHOS signaling pathway with DMM treatment. These data suggest that increased mitochondrial mass of M2 macrophages through the SDHA and OXPHOS pathways is due to the accumulation of functional mitochondria, not to the alternation of dysfunctional mitochondria. It is reported that the Dym is associated with mitochondrial ROS production (Liu and Yang, 2013; Ryan and O'Neill, 2020). To assess ROS levels in the mitochondria, we used the mitochondria-specific ROS indicator MitoSOX to selectively detect superoxide in the mitochondria of live cells. We found that MitoSOX fluorescence was downregulated in IL-4-stimulated M2 macrophages and correlated with total mitochondrial mass as indicated by MitoTracker Green staining. Blocking OXPHOS signaling pathway almost completely reversed these effects (Figure 4C), and these findings suggest that OXPHOS signal pathway is critically involved in the accumulation of functional mitochondria with low ROS production during M2 macrophages differentiation. The accumulation of low ROS-producing functional mitochondria in M2 macrophages was also visualized by live-cell imaging using both fluorescent dyes (Figure 4D). The mitochondrial fusion dynamic alteration, and formed elongated tubules, which occupied more cytoplasmic area in M2 macrophages after IL-4 stimulation, could be significantly reversed by DMM treatment (Figures 4D,E). Altogether, these data suggest OXPHOS signal pathway is critical for maintaining the mitochondrial dynamic and homeostasis during M2 macrophage differentiation.
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FIGURE 4. OXPHOS signal pathway is critical for maintaining the mitochondrial homeostasis during M2 macrophage differentiation. Peritoneal macrophages (PEMs) sorted from WT mice were pretreated with SDHA inhibitor DMM (10 mM) and stimulated with IL-4 for 48 hrs. The mitochondrial masses were analyzed with flow cytometry (A). BMs from WT mice were induced with L929 supernatant for 7 days. BMDMs were then stimulated with IL-4 for 48 h and the percentages of mitochondrial membrane potential changes (B) and mitoROS production (C) were determined by flow cytometry. The mitochondrial morphological changes were observed by laser confocal microscope as described in Methods (D,E). Representative results are based on one of three independent experiments performed with similar results. The data are presented as the mean ± SD (n = 3–5 mice per group). Statistical significance was measured by one-way ANOVA for comparisons among multiple groups. ***P < 0.001, compared with the indicated groups.




HIF1α-Dependent Glycolysis Is Associated With M1 and M2 Macrophage Polarization

HIF1α is reported to be a key regulator in macrophage glycolytic pathway activity. Our previous studies and other studies have also demonstrated the importance of HIF1α in macrophage polarization and metabolism (Li et al., 2018; Eddie Ip et al., 2017; Gao et al., 2017; Peruzzotti-Jametti and Pluchino, 2018; Song et al., 2019). Here we further explored the role of HIF1α in macrophage polarization and glycolytic pathway activity. We purified the macrophages from mouse peritoneal cells and stimulated the cells with LPS or LPS and IFNγ for 12 hrs. mRNA levels of Hif1α is determined by quantitative real-time PCR. Results showed that Hif1α mRNA levels were elevated on LPS or LPS and IFNγ (Figure S6A), indicating that Hif1α may be involved in the functional differentiation of M1 macrophages.

Next, we acquired PEMs from WT and Hif1α−/− mice and determined the glycolytic activity of the cells on LPS or LPS and IFNγ stimulation. Results showed that PEMs from Hif1α−/− mice had much lower glycolytic activity, as indicated by lower PPR and glut 1 expression (Figure S6B and Figures 5A,B). Consistently, Hif1α−/− mice showed lower proinflammatory cytokine secretion and iNOS expression (Figures 5C–E). These data suggest HIF1α is required for macrophage glycolysis activity and M1 differentiation. While, 2-DG treatment did not alter the level of Hif1α mRNA (Figure S6C) and showed comparable alteration of macrophages glycolytic activities and macrophages M1 proinflammatory cytokine secretion and iNOS expression in Hif1α−/− mice and in WT mice (Figures 5A–E). These data suggest that blocking glycolysis does not affect the expression of HIF1α and HIF1α is upstream target of glycolysis-dependent M1 macrophage functional differentiation. It is reported that mTORC1 regulates HIF1α signaling in many cells and which is essential for M1 macrophages differentiation (Eddie Ip et al., 2017). Although LPS stimulation significantly upregulated the level of p-S6, an important downstream target of mTORC1. However, 2-DG treatment did not significantly affect the expression of p-S6 (Figure S7). It is suggested that mTORC1 may regulate M1 macrophage differentiation in the upstream of glycolytic signaling pathway.
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FIGURE 5. HIF1α-dependent glycolysis is associated with M1 and M2 macrophage polarization. Peritoneal macrophages (PEMs) sorted from WT mice pretreated with glycolysis inhibitor 2-DG (1 mM) or DMM (10 mM) for 1 hr were stimulated with LPS (100 ng/mL) for 12 h or IL-4 for 48 h. Cell glycolysis were measured by extracellular acidification rate (A). The protein expression of Glut 1 (B), intracellular staining of TNFα and IL-12p40 (C,D) and iNOS expression (E) were determined by flow cytometry. Cellular OXPHOS activity was measured by monitoring the OCR of cells (F). The expression of SDHA (G) and CD206 (H) were determined by flow cytometry. mRNA expression of Arginase I (I) and Yim1 (J) were determined by qPCR. Representative results are based on one of three independent experiments performed with similar results. The data are presented as the mean ± SD (n = 3–5 mice per group). Student's unpaired t test for comparisons between two groups. *P < 0.05 and ***P < 0.001, compared with the indicated groups.


Is HIF1α related to M2 differentiation and oxidative phosphorylation? Although M2 polarization condition IL-4 treatment significantly increased oxidative phosphorylation and SDHA levels (Figures 5F,G), and also promoted M2 macrophages marker CD206, Arginase 1 and Yim1 expressions (Figures 5H–J), HIF1α deficiency significantly reduced the glycolysis PPR and glut1 expression, but not the levels of OXPHOS and SDHA, and also inhibited the expression of M2 differentiation markers CD206, Arg1, and Yim1 (Figures 5F–J and Figures S8A,B). These data suggest that HIF1α and glycolysis signaling are required for M2 macrophages differentiation. Consistently, blocking SDHA and OXPHOS activities with DMM treatment significantly inhibited OXPHOS and SDHA without affecting PPR and Glut1 levels and the level of Hif1α mRNA (Figures 5F,G and Figure S8C) and significantly inhibited the MFI level of macrophages M2 marker CD206 and expressions of Arg1 and Yim1 mRNA in Hif1α−/− mice and in WT mice (Figures 5H–J). Altogether, these data collectively suggest that HIF1α-glycolysis and OXPHOS are required for M2 macrophages differentiation.



Inhibition of Glycolysis Aggravates L. monocytogenes Infections and Suppresses the M1 Macrophages Differentiation

Generally, M1 macrophages are considered to be involved in pro-inflammatory immune responses, including bacterial infection. Mouse L. monocytogenes infections is a classical model for evaluating the function of M1 macrophages (Gao et al., 2017). Consistent with previous studies (Miller et al., 1998), 2-DG treatment could not show direct toxic effects to L. monocytogenes bacterial replication when these bacterial were cultured in the presence or absence of glycolysis inhibitor 2-DG in vitro (Figure S9). To further investigate the significance of HIF1α-dependent glycolysis in M1 macrophage polarization and function, we challenged the WT mice, pretreated with or without glycolysis inhibitor 2-DG, with L. monocytogenes in vivo for 48 h (Liu et al., 2016; Li et al., 2018). At 48 h, the severity of infection was evaluated by measuring the bacterial burdens in spleen, liver and peritoneal cavity and H&E staining. As showed in the figures, mice pretreated with 2-DG displayed a markedly more severe course of infection after the challenge. 2-DG treatment significantly increased the survival of L. monocytogenes bacterial in PEMs, spleen and livers (Figure 6A). Microscopic and histological observations revealed a more severe pathological inflammation in spleens and livers from mice pretreated with 2-DG (Figure 6B). These results were in consistence with the T cell responses. Through flow cytometry analysis of effector T cell in peripheral lymph nodes (PLN), mesenteric lymph nodes (MLN) and spleens, the percentages of CD44+CD62LlowCD4+T cells and CD44+CD62LlowCD8+T cells were markedly decreased in organs from mice pretreated with 2-DG (Figure 6C). Additionally, peritoneal macrophages, splenic and hepatic macrophages from mice pretreated with 2-DG showed decreased TNFα and IL-12p40 production compared with control group (Figure 6D and Figure S10). Consistently, 2-DG treatment significantly decreased the levels of PPR, Glut1 and iNOS and suggested that blocking glycolysis treatment with 2-DG significantly inhibited the M1 macrophages differentiation (Figures 6E–G and Figure S11). Although DMM treatment significantly reduce the expression of SDHA and OXPHOS activity, but not the level of PPR and glut1, it has no significant effects on survival of L. monocytogenes bacterial in PEMs, spleen and livers, TNFα production and iNOS expressions (Figures S12A–F). Altogether, these data indicate that glycolysis, but not OXPHOS is required for M1 macrophage polarization in ameliorating the L. monocytogenes infections.
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FIGURE 6. Blocking glycolysis aggravates L. monocytogenes infections and suppresses the M1 macrophages differentiation. WT mice were injected i.p. with 2-DG (2 g/kg weight). 4 h later, mice were i.p. injected with 3 × 105 CFU of L. monocytogenes bacteria. 48 h after injection, mice were killed, and the CFU of mouse livers, spleens and peritoneal cavity were determined (A). The H&E staining of pathological livers and spleens were shown (B). The percentages of effector T cells from PLN, MLN, and spleen were determined (C). Macrophages from peritoneal cavity, spleen and livers were re-stimulated with LPS (100 ng/mL) for 5 h, together with GolgiStop, and the protein expressions of pro-inflammatory cytokines TNFα and iNOS were determined by flow cytometry (D,E) and cell glycolysis were measured by extracellular acidification rate (F), the protein expression of Glut1 was determined by flow cytometry (G). Representative results are based on one of three or four independent experiments performed with similar results. The data are presented as the mean ± SD (n = 3–5 mice per group). Student's unpaired t test for comparisons between two groups. *P < 0.05 and ***P < 0.001 compared with the indicated groups.




OXPHOS Signal Pathway Promotes Tumor-Associated M2 Macrophage Differentiation in Anti-tumor Immunity

Tumor associated M2 macrophages are reported to mediate anti-tumor immunity (Wang et al., 2019). Given the importance of OXPHOS in tumor-associated M2 macrophage polarization and function, we hypothesized OXPHOS plays an important role in M2 mediated anti-tumor immunity. We first employed a mouse model of melanoma to examine the role of OXPHOS in M2 macrophage mediated anti-tumor immunity. We injected i.p. DMM for 4 h and inoculated subcutaneous (s.c.) WT mice with B16F10 melanoma cells. DMM treatment exhibited a markedly delayed tumor growth (Figure 7A). At 14 days post-inoculation, mice were killed for flow cytometry assays of T cells and macrophages from the draining lymph nodes (dLNs) and tumors, respectively. In addition, the tumors were preserved in 4% paraformaldehyde for further pathology analysis. The IHC staining photos showed that DMM pretreated mice had comparable numbers of infiltrated immune cells, especially macrophages (Figures 7B,C). The percentage of CD44+CD62LlowT cells and Foxp3+T cells (Figure S13) is comparable between in the dLNs of tumor-bearing mice treated by DMM or not. However, the lower production of pro-inflammatory cytokine TNFα and IFNγ in CD4+T cells or CD8+T cells in the tumor-bearing mice were significantly reversed by DMM treatment (Figure S14). These data suggest that mice pretreated with DMM suffered an alleviated inflammation in tumor, although there was no significant change in inflammatory macrophage infiltrating ratio. Consistently, blocking SDHA expression and oxidative phosphorylation activities of macrophages with DMM treatment significantly downregulated the CD206 expressions and MFI of macrophages, but not IL-10 expression in tumor-bearing mice (Figures 7D–H). DMM treatment did not affect the expression of PPR and Glut1 or change the expressions of M1 marker iNOS in macrophages (Figure S15). Blocking glycolysis activities with 2-DG treatment did not significantly inhibit tumor growth, but downregulated the macrophage M1 marker iNOS and M2 marker CD206 expressions, although not IL-10 (Figure S16). Altogether, these data suggest OXPHOS signal pathways are required for tumor-associated M2 macrophage differentiation in anti-tumor immunity.


[image: Figure 7]
FIGURE 7. OXPHOS signal pathway promotes tumor-associated M2 macrophage differentiation in anti-tumor immunity. WT mice were intraperitoneally (i.p.) injected with DMM (160 mg/kg/mouse) for 4 h and s.c. injected with 2 × 105 B16F10 melanoma cells. Tumor growth curve (A) and the H&E and immunohistochemistry staining of melanoma tumor was shown and positive cells percent summarized (B,C). Macrophages isolated from tumor and the cellular OXPHOS activity was measured by monitoring the OCR of cells (D). The expression of SDHA (E), IL-10 (F), and CD206 (G,H) in macrophages were determined by flow cytometry. Representative results are based on one of three or four independent experiments performed with similar results. The data are presented as the mean ± SD (n = 3–10 mice per group). Student's unpaired t test for comparisons between two groups. *P < 0.05 and ***P < 0.001, compared with the indicated groups.





DISCUSSION

Macrophages can closely coordinate their metabolic processes with their functional characteristics, enable them to develop and differentiate, and respond appropriately to a variety of pathophysiological signals in the process of infection and tumor inflammation (Rayamajhi et al., 2010; Saha et al., 2017). Inflammation is usually triggered by receptors of the innate immune system, such as toll like receptors. The initial recognition of infection was mainly mediated by macrophages in tissues, which led to the production of inflammatory mediators (Conlan, 1999). Recent studies on the metabolism of macrophage cells have shown that the metabolic spectrum has undergone profound changes in the course of macrophage activation (Kelly and O'Neill, 2015; Yeung et al., 2015; O'Neill and Pearce, 2016). For example, LPS activated macrophages will undergo glycolysis metabolism changes, while IL-4 activated macrophages will produce oxygen and phosphorus, both of which indicate that metabolic adaptation during macrophage activation is a key component of macrophage polarization, which helps them play a role in infection and tumor inflammation, but their precise roles in regulating the differentiation of macrophages and in regulating infection and tumorigenic inflammation remain unclear. In this study, we found that HIF1α-dependent glycolysis is important for M1 macrophage differentiation and plays a critical role in anti-bacterial infection. In addition, OXPHOS and mitochondrial homeostasis dynamics play an important role in regulating M2 macrophage differentiation in anti-tumor immunity (Figure S17).

Cancer cells exhibit glycolysis even in the presence of oxygen, a phenomenon known as Warburg effect. Instead, a noncancerous cell changes its metabolism from glucose oxidation to glycolysis based on its ambient oxygen concentration (Yeung et al., 2015; Jackaman et al., 2017; Murray, 2017). In this study, we investigated the glucose metabolism of primary macrophages and demonstrated that HIF-1 α-dependent glycolysis is necessary for the ATP supply of macrophages. In addition, we also found that glycolysis reprogramming plays a key role in macrophage function. Warburg effect refers to the glycolysis of cancer cells even in the presence of oxygen. On the contrary, glucose metabolism of non-cancer cells changes flexibly according to the effectiveness of molecular oxygen (Murray, 2017). A phenomenon called the Pasteur effect. The mitochondrial electron transport chain is the key to glucose oxidation, which leads to the transformation of metabolism to glycolysis under the condition of severe hypoxia (Wang et al., 2019). Previously, we have shown that HIF-1α mediated glycolysis activation is beneficial to the synthesis of ATP under severe hypoxia to guide the differentiation of MDSC in tumors (Buck et al., 2016; Wang et al., 2019). Here, we report that HIF-1 α-glycolysis axis actively changes glucose metabolism from glucose oxidation to glycolysis. This change in glycolysis can be called active glycolysis because it alters metabolic flow and has nothing to do with mitochondrial activity compared to classical glycolysis in severe hypoxia. By changing the distribution of ATP in cells, the glycolytic activity of non-cancer cells may play an important role in cell-type specific function. In this study, we found that glycolysis reprogramming under hypoxia plays an important role in macrophage mobilization, which is consistent with previous reports (Wang et al., 2019). In addition, active glycolysis may help to prevent excessive ROS production when mitochondrial respiration is impaired.

Mitochondria are dynamic organelles that often divide and fuse. Previous evidence suggests that mitochondria not only maintain the homeostasis of immune cells, but also are necessary to initiate immune responses (Palsson-McDermott et al., 2015; Weinberg et al., 2015; Buck et al., 2016; Escoll et al., 2017). Changes in mitochondrial metabolism after macrophage inflammatory therapy are essential for proper immune response (Christofk et al., 2008; Li et al., 2018). Studies as early as the 1970s have shown that inflammatory stimulation attenuates macrophage respiration by inhibiting the respiration of Compounds II and III and slowing down state III. Inflammatory stimulation also alters Krebs circulation, effectively breaking it after citrate and succinate (Colegio et al., 2014; Palsson-McDermott et al., 2015; Saha et al., 2017; Li et al., 2018). In addition, previous studies have shown that inflammatory stimulation increases mitochondrial ROS production and is an important response of macrophages to kill bacteria (Garaude et al., 2016; Peruzzotti-Jametti and Pluchino, 2018), but the mechanism was obscure. Moreover, how mitochondrial dynamics determine the subtype of immune response is still lack of research. In this study, we elucidated the important role of mitochondrial morphology in promoting the differentiation of M2 macrophages. Our study shows that mitochondrial dynamic alteration is central to determining the level of OXPHOS and the functional phenotype of macrophages. OXPHOS or succinate-dependent OXPHOS is critically involved in determining the tumor-associated M2 macrophages differentiation and takes effects in anti-tumor immunity. Studies have shown that cancer cells rely on glycolysis and are sensitive to 2-DG therapy (Levine and Puzio-Kuter, 2010; Colegio et al., 2014; Garaude et al., 2016). Although our results showed that 2-DG treatment inhibited the expression of some tumor associated M2 macrophages markers, it still did not significantly inhibit tumor growth in mice. Consistent with previous study (Zhao et al., 2017; Peruzzotti-Jametti and Pluchino, 2018), glycolysis is also required for the M2 macrophages differentiation. Moreover, HIF1α-glycolysis is also critical for the M2 macrophages differentiation. However, in our data, although blocking glycolysis with 2-DG treatment inhibited M2 macrophage differentiation, it did not show significant anti-tumor effects in tumor bearing mice. These data suggest that the regulation of glucose activity, especially OXPHOS, is very crucial in regulating the differentiation of M2 macrophages in anti-tumor immunity.

In conclusion, our results show that HIF1α-dependent glycolysis, OXPHOS and mitochondrial dynamics significantly induce the different processes of macrophage functional differentiation. Therefore, when inflammation occurs, macrophages with different functions gather in different inflammatory environments to induce immune response and eliminate inflammatory response. This study used in vivo and in vitro experimental system to clarify the changes of macrophage function guided by glucose metabolism of macrophages and to play a critical regulatory role in anti-infection and anti-cancer immunity. Therefore, these data collectively indicated that metabolic regulation is tightly linked to macrophages functional differentiation. The distinct metabolic profiles of macrophage functional differentiation are intimately linked to their status and functions in infection and cancer.
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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.

Keywords: apoptosis, endosomal markers, lung granulomas, Mycobacterium smegmatis, PE_PGRS5, phagosome maturation


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).


[image: Figure 1]
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.
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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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Calcium is a very important second messenger, whose concentration in various cellular compartments is under tight regulation. A disturbance in the levels of calcium in these compartments can play havoc in the cell, as it regulates various cellular processes by direct or indirect mechanisms. Here, we have investigated the functional importance of a calcium transporting P2A ATPase, CtpF of Mycobacterium tuberculosis (Mtb) in the pathogen's interaction with the host. Among its uncanny ways of dealing with the host with umpteen strategies for survival and persistence in humans, CtpF is identified as a new player. The levels of ctpF are upregulated in macrophage stresses like hypoxia, high nitric oxide levels and acidic pH. Using confocal microscopy and fluorimetry, we show that CtpF effluxes calcium in macrophages in early stages of Mtb infection. Downregulation of ctpF expression by conditional knockdown resulted in perturbation of host calcium levels and consequent decreased activation of mTOR. We present a mechanism how calcium efflux by the pathogen inhibits mTOR-dependent autophagy and enhances bacterial survival. Our work highlights how Mtb engages its metal efflux pumps to exploit host autophagic process for its proliferation.
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INTRODUCTION

Tuberculosis continues to be a serious concern to mankind. The phenomenon of dormancy associated with Mycobacterium tuberculosis (Mtb) fuels successful survival in the host (Gengenbacher and Kaufmann, 2012). Hypoxia, high levels of nitric oxide (NO) and carbon monoxide (CO) are signals for DevS (DosS) and DosT, the dormancy sensor kinases, which get phosphorylated and transmit the signal to DevR (DosR) response regulator (Voskuil et al., 2003; Saini et al., 2004; Kumar et al., 2008). The 48 genes which are under the control of DevRS two- component system, are upregulated under these conditions (Voskuil et al., 2003; Kumar et al., 2008). The DevRS regulon is highly expressed upon macrophage infection, suggesting that these genes might play a critical role in persistence/survival mechanisms of the bacterium (Voskuil and Schlesinger, 2015). While the functions of some of these genes have been studied, the functions of others are predicted or unknown.

Rv1997 or cation transporting P-type ATPase F (ctpF) is one such gene, which in addition to the regular cues of dormancy (Park et al., 2003; Voskuil et al., 2003; Kumar et al., 2008), is also upregulated in early infection, non-replicating persistence-1 (NRP-1) and NRP-2 states (Muttucumaru et al., 2004). It is one of the twelve P-type ATPases, detected in the proteome of Mtb H37Rv (Botella et al., 2011; Novoa-Aponte et al., 2012). P-type ATPases are integral membrane proteins, present in almost all domains of life and maintain active ion gradients across the cell membrane at the expense of ATP. The catalytic cycle of these ion pumps has been illustrated by the studies on SERCA1 (sarco/endoplasmic reticulum Ca2+-ATPase of rabbit muscle cells) ATPases (Olesen et al., 2004, 2007; Sorensen et al., 2004; Toyoshima and Mizutani, 2004). They oscillate between two conformational regiments: the metal bound form (E1) and the unbound form (E2) (Bublitz et al., 2011).

Previous studies have indicated the importance of the ionic milieu of Mtb phagosomes in influencing the activity of mycobacterial P-type ATPases. Mtb phagosomes have high concentration of heavy metals, leading to the induction of CtpC which is implicated in efflux of Zn2+ or Mn2+ (Botella et al., 2011; Padilla-Benavides et al., 2013). Similarly, CtpV which exports Cu2+, enables bacterial survival in such conditions (Ward et al., 2010; Wolschendorf et al., 2011). An unusual ATPase, CtpE is shown to be involved in uptake of Ca2+ ions by M. smegmatis (Gupta et al., 2017). Being a P2A ATPase, CtpF is predicted to be involved in alkali/alkaline earth metal transport (Novoa-Aponte et al., 2012). Here, we have characterized CtpF as a Ca2+-transporting P2A ATPase. Conditional knockdown (CKD) of ctpF lead to impaired mycobacterial survival in macrophages. Also, we show how CtpF contributes in autophagy inhibition, facilitating Mtb survival, by perturbing Ca2+ homoeostasis or levels in the cells.



RESULTS


Reduction in ctpF levels Leads to Decreased Mycobacterial Survival in THP-1 Macrophages

Although ctpF is known to be a non-essential gene for in vitro growth of Mtb (Sassetti et al., 2003), its expression is upregulated in early stages of infection (Botella et al., 2011), suggesting its participation in intracellular survival of the organism. To investigate its role in Mtb physiology, before and after the infection, we resorted to down-regulate its expression. The conditional knockdown of ctpF (ctpFCKD) was generated in Mtb H37Rv deploying CRISPR-cas9 strategy, as described in the Materials and Methods section. Figure 1A shows ctpF transcript levels in putative knockdown colonies obtained using sgRNA1 and sgRNA2. The clone sg1-1 showing 25-fold reduction in ctpF expression was used as ctpFCKD for further experiments. Although in exponential phase cultures, no significant difference was seen in the in vitro growth of ctpFCKD as compared to Mtb H37Rv or dcas9-pRH2521 (vector control), substantial growth difference was observed during the stationary phase (Figure 1B). The 13-fold upregulation of ctpF transcript in stationary phase, as compared to early log phase in Mtb also suggested that CtpF confers growth advantage to Mtb in stationary phase (Figures 1B,C). ctpF transcript was also upregulated when exponential phase Mtb cultures were exposed to stress conditions, akin to those normally found in macrophages. The transcript levels increased by 5, 20, and 100-fold in presence of NO, acidic media and hypoxia, as compared to the untreated (Figure 1D). These results suggested that CtpF may have a more important role for Mtb survival intracellularly unlike aerobic in vitro growth. After 72 h of infection in THP-1 macrophages, Mtb and the vector control strains showed 1.26 and 1.05 log increase, respectively, from their initial CFUs, while the ctpFCKD CFUs did not show any increase (Figure 1E), indicating its role in intracellular survival of Mtb. Recovery of similar number of bacterial CFUs for Mtb, vector control and the knockdown at 0 h post infection, ruled out the possibility of initial uptake difference.
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FIGURE 1. CtpFCKD strain is attenuated for growth in macrophages. (A) Screening of CtpFCKD colonies. Quantitative RT-PCR showing downregulation of ctpF transcript with respect to levels in Mtb H37Rv, in putative knockdown colonies with sgRNA1, and sgRNA2. (B) In vitro growth curve of Mtb H37Rv (pink), dcas9-pRH2521 (orange), and ctpFCKD (olive green) in 7H9-ADC media. Graph depicts fold change in ctpF transcript levels in Mtb H37Rv in late log and stationary phase as compared to early log phase (C) and in different stresses as compared to mid-log phase (D). 16s rRNA was used as internal control in (A,C,D). (E) Growth profile of Mtb H37Rv, dcas9-pRH2521, and ctpFCKD in THP-1 macrophages. Six hundred ng/ml ATc was added after every 48 h to maintain conditional knockdown in (A,B). The values shown are mean of three independent experiments and error bars represent standard deviation. *, ** and NS indicate p < 0.05; p < 0.01 and p-value Non-significant, respectively, as analyzed by unpaired student's t-test.




Growth Defect of MsCtpF is Rescued by Ca2+ Supplementation

In a complementary approach to decipher the role of ctpF, M. smegmatis strain expressing hexa-histidine tagged CtpF (MsCtpF) was generated. The protein expression was confirmed by immunoblotting using anti-His antibody (Figure 2A). MsCtpF strain showed retarded growth in 7H9 medium, suggesting the possibility that excess metal efflux, could be depriving bacterium of metal needed for its physiological processes (Figure 2B). To determine whether the growth defect of MsCtpF gets rescued by externally provided metal ions, growth of M. smegmatis (Ms), MspMyNT (vector control), and MsCtpF strains was carried out with or without Ca2+ /Mg2+ ions. With the increase in Ca2+ concentration, increased rescue of growth was seen (Figures 2C–E). With 10 mM Ca2+ concentration, MsCtpF showed almost similar growth pattern as the vector control (Figure 2E). No rescue was observed in case of Mg2+ supplementation (Figures 2F–H), indicating that CtpF is likely to be a Ca2+ specific efflux pump.
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FIGURE 2. Growth defect of MsCtpF is rescued by Ca2+ ions. (A) Immunoblot showing hexa-histidine tagged CtpF expression in MsCtpF, post-induction, using anti-His antibody. Lanes representing the pellet and supernatant fractions of cultures uninduced (UI) and induced (Ind) with 2% acetamide are indicated. Growth curve of induced Ms (pink), MspMyNT (orange), and MsCtpF (olive green) in 7H9 media only (B), with 2, 5, and 10 mM CaCl2 supplementation (C–E) and with 2, 5, and 10 mM MgCl2 (F–H), respectively. The results shown are mean +/– S.D. from three independent experiments.




CtpF is a Bonafide Calcium ATPase

Given its requirement for intracellular growth of Mtb, we sought to understand the biochemical properties of CtpF. To assess its in vitro activity, we adopted a strategy of isolation of membrane vesicles harboring CtpF, as it is an integral membrane protein. The ATPase activity of the protein is dependent on divalent metal ions. With increasing concentration of Ca2+ and Mg2+, increase in ATPase activity was observed (Figure 3A). No increase in the ATPase activity of CtpF vesicles was detected with monovalent ions: K+ and Na+. The ATPase activity of MsCtpF vesicles showed higher Vmax and lower Km with Ca2+ (347 nanomoles/mg protein/h and 1.34 mM, respectively) than Mg2+ ions (248.5 nanomoles/mg protein/h and 1.6 mM, respectively) (Figure 3A). Increasing concentrations of EDTA inhibited both Mg2+/Ca2+ mediated ATPase activity with maximum inhibition at 2 mM concentration, while EGTA only inhibited Ca2+ stimulated activity (Figures 3B,C). When sodium orthovanadate, a competitive inhibitor of ATPase activity was used in the reaction with both the ions, complete inhibition of Pi release was seen (Figure 3D). These results confirm the recent observations (Maya-Hoyos et al., 2019). Although the activity is seen with Mg2+ addition, albeit lower than Ca2+, it appears that in vivo Mg2+ is not the preferred substrate (Figure 2). Taking together, the results of growth rescue by Ca2+ supplementation and not by Mg2+ (previous section, Figure 2) and the Ca2+ dependent ATPase activity, we conclude that CtpF is a bonafide Ca2+ ATPase.
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FIGURE 3. In vitro activity of CtpF (A) ATPase assay. Michaelis Menten curve showing nanomoles of Pi/mg of protein/h obtained with membrane vesicles of MsCtpF when stimulated with Ca2+ and Mg2+ ions. The absorbance values obtained by Malachite Green Assay were normalized with the only vector and no metal ion controls. The line curve with circular symbols show activity with Ca2+, while with square symbols show activity with Mg2+. K+ Inhibition of ATPase activity in presence of EDTA (B), EGTA (C), and sodium orthovanadate (D).


Modeled structure of CtpF using Ca2+ -bound SERCA1a in E1 confirmation (PDB code 1SU4) as the template is shown in Figure S1. Model of CtpF in an alternate confirmation E2 (with inhibitor Cyclopiazonic Acid bound) was reported recently (Santos et al., 2020). Although our results, in general, are in broad agreement with theirs, there are a few subtle differences. In their CtpF model, the drug Cyclopiazonic Acid (CPA) is docked onto the enzyme, in what appears to be a locked state. In support, their results also show inhibition of ATPase activity of the enzyme in presence of the drug (See discussion). CtpF has highest similarity (60.1%) as well as identity (33.3%) with SERCA1a, covering 99% query length. Like SERCA1a, the cytoplasmic region of CtpF has three domains viz Domain A, actuator or anchor; Domain N, nucleotide; and Domain P, phosphorylation, while membrane-localized region “M” contains two domains: domain T, transport and domain S, substrate-specific (Figures S1A,B). When the Ca2+ binding residues in SERCA1a structure (Clarke et al., 1989; Toyoshima et al., 2000), were superposed with the structurally equivalent residues in CtpF, except for D800 and A305, all the other Ca2+ binding residues were found to be conserved in both the proteins (Figures S1C,D). The functional residues inferred from structural and biochemical studies of SERCA were mapped onto the multiple sequence alignment (MSA) of CtpF orthologs across MTB complex (MTBC) and a few representative actinomycetes (Figure S2A). A cent percent conservation in ATP binding and phosphorylation residues was seen in all the test species. The Ca2+ binding residues were conserved in MTBC, but showed variation in M. smegmatis, Streptomyces and Brevibacterium sp. (Figure S2A). MSA of CtpF with Ca2+ ATPases from rabbit, pig, human and bovine, also showed conservation of ATP-binding, Ca2+ binding residues and the phosphorylation residue (Figure S2B). The modeling and MSA results reveal that the functional residues in CtpF (or its homologs) are conserved across diverse species.



MsCtpF Shows Defective Biofilm, Pellicle, and Sliding Motility

From the previous sections, it is apparent that optimum level of ctpF expression is needed for mycobacterial growth. At lower level of expression of ctpF, intracellular growth of Mtb is affected, while its overexpression in M. smegmatis affected the in vitro growth. Hence, other phenotypic characteristics of MsCtpF strain were examined. A thin and fragile biofilm was observed for MsCtpF cultures (Figure S3A upper panel). The middle panel shows restoration of biofilm forming capacity of MsCtpF upon addition of 2 mM CaCl2, but not with same concentration of Mg2+ ions (Figure S3A, lower panel). MsCtpF also exhibited thin pellicle and reduced sliding motility which gets partially rescued by Ca2+ supplementation (Figures S3B,C). Decrease in biofilm in MsCtpF cultures, might be due to less availability of calcium for initial attachment and maturation of biofilm (Wang et al., 2019).



CtpF Effluxes Calcium in Host Macrophages

Integrating the functionality of CtpF as a Ca2+ ATPase (this study) and elevated transcriptional levels of ctpF in the early stages of Mtb infection (Botella et al., 2011), we investigated whether CtpF is engaged in calcium efflux in host macrophages. Using ratiometric fluorimetry, the levels of calcium were measured ex vivo, in mouse peritoneal macrophages after infection with H37Rv, vector control and ctpFCKD. The total Ca2+ levels in macrophages infected with H37Rv and the vector control increased by 10.25 and 9.4%, 1 h post infection, respectively, as compared to the uninfected macrophages. Nearly same levels were maintained till 4 h post-infection in macrophages infected with both the strains (Figure 4A). No increase in calcium levels was seen in ctpFCKD, after 1 and 2 h of infection as compared to uninfected control. At 4 h post-infection, the levels of calcium in ctpFCKD were restored back to the levels, seen in macrophages infected with either WT or the vector control. In a separate experiment, at same time points, the infected macrophages were imaged by confocal microscopy. Figures 4B,C show representative confocal images of macrophages, post-infection with all the three strains. The infected macrophages treated with calcium chelator BAPTA, AM (last lanes of Figures 4B,C) were used as positive control and as expected they showed less Fura Red signal. No surge in Fura Red signal was seen post-infection with ctpFCKD in macrophages, indicating that CtpF mediates calcium efflux by Mtb at early time points after infection.
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FIGURE 4. CtpF mediates calcium efflux into the host macrophages. (A) Percentage increase in calcium levels in mouse peritoneal macrophages after infection with Mtb H37Rv, dcas9-pRH2521, and ctpFCKD strains with respect to uninfected (UI) cells, at indicated time points. *Indicates p < 0.05, as calculated by unpaired student's t-test. Representative confocal images of macrophages loaded with Fura red, AM (pseudo-colored green), taken under 63X objective lens using 488 and 405 nm lasers (DAPI) at 1 h (B), 2 h and 4 h (C) post-infection. Scale bars represent 5 μm.




CtpF-Mediated Ca2+ Efflux Leads to mTOR-Dependent Autophagy Inhibition in Macrophages

From the experiments presented above, it is evident that CtpF is a player in Ca2+ efflux from pathogen to the host, which may trigger further downstream events. Calcium flux regulates various events such as apoptosis, inflammasome regulation, necroptotic cell death etc. in the host (Harr and Distelhorst, 2010). Signaling mechanisms such as mammalian target of rapamycin (mTOR) pathway are also regulated by calcium levels in the cell. mTOR is a serine/threonine kinase and master regulator of autophagy in the cell (Gutierrez et al., 2004). Previous reports suggest activation of mTOR, as one of the mechanisms for inhibiting autophagy by Mtb to ensure its survival in the host (Gutierrez et al., 2004; Jo, 2013). In murine peritoneal macrophages, Mtb H37Rv infection resulted in an increase in mTOR phosphorylation (Figure 5A). The p-mTOR was nearly absent at 1 and 2 h post-infection with ctpFCKD, as opposed to H37Rv or the vector control. However, after 4 h of infection, p-mTOR signal could be detected in the ctpFCKD, suggesting the gradual restoration of p-mTOR levels. These results corroborate with the restored calcium levels at 4 h, presented in the above section (Figure 4A), indicating how mycobacterial calcium efflux may regulate phosphorylation of mTOR. To ascertain whether reduced p-mTOR level is responsible for enhanced clearance of ctpFCKD (Figure 1E), induction of autophagy was examined. Macrophages infected with ctpFCKD showed increased conversion of microtubule-associated protein 1A/1B-light chain 3B I (LC3B-I) to the lipidated autophagosome membrane marker LC3B-II at 4 and 16 h post-infection, as compared to uninfected or macrophages infected with WT or the vector control (Figure 5B). At 16 h post infection, most of LC3B-I in ctpFCKD infected macrophages is converted to LC3B-II, suggesting autophagy-dependent killing of ctpFCKD. Higher number of LC3B puncta observed by confocal microscopy, after 16 h of infection with CtpFCKD also suggested autophagy induction (Figure 5C).
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FIGURE 5. CtpF mediated Ca2+ efflux leads to mTOR-dependent autophagy inhibition in macrophages. Immunoblots showing decrease in p-mTOR (A) and conversion of LC3B-I to LC3B-II in uninfected (UI) and peritoneal macrophages infected with Mtb H37Rv, dcas9-pRH2521, and ctpFCKD strains at indicated time points (B). Confocal images showing LC3B puncta at indicated time points after ex vivo infection with Mtb H37Rv, dcas9-pRH2521, ctpFCKD strains, and uninfected cells (UI) (C). Scale bars represent 5 μm.





DISCUSSION

Interplay of Mtb with the host involves multiple facets and the homoeostasis of micronutrients appear to be one of them (Ward et al., 2010; MacGilvary et al., 2019). Thus, the fine tuning of the expression of P-type ATPases which maintain metal ion gradients of the organism across the membrane would ensure Mtb to cope up with excess or scarcity of metal ions, during infection. Indeed, transcriptomic studies showed upregulation of ctpG, ctpC, ctpF, and ctpV and downregulation of ctpD, ctpE, and ctpA in intracellular mycobacteria (Botella et al., 2011). Each one of the P-type ATPases that are differentially expressed upon Mtb infection, partakes in different metal ion transport highlighting the requirement for their traffic across the mycobacterial membrane. For example, Mtb takes care of heavy metal quota of phagosomes through export of zinc and copper ions, via CtpC and CtpV, respectively (Ward et al., 2010; Botella et al., 2011; Wolschendorf et al., 2011). While CtpC is essential for virulence in mice and guinea pigs, CtpV mutant has defective pathology in mice, with no reduction in bacterial burden (Ward et al., 2010; Padilla-Benavides et al., 2013). CtpC is also involved in transport of Mn2+ and in secreted protein metalation (Padilla-Benavides et al., 2013). Calcium being a major second messenger, is one of the key players in physiology of both host and diverse pathogens (Rosch et al., 2008; Faxén et al., 2011). While calcium has an established role in phagosome biogenesis, which is a crucial determinant in Mtb pathogenesis (Vaeth et al., 2015), the levels of calcium in Mtb phagosomes or effects of its perturbation has not been understood. The role of CtpF described here in controlling the calcium transport across the membrane provides some insight in this aspect. The upregulation of ctpF and downregulation of Ca2+ influx pump ctpE upon Mtb infection (Botella et al., 2011), appears to be a measured response of the pathogen for maintaining its own Ca2+ homeostasis as well as rewire host's autophagic response for its survival. This maintenance of low intracellular and high extracellular calcium concentrations seems to be a conserved phenomenon in many bacteria (Rosch et al., 2008; Fujisawa et al., 2009; Faxén et al., 2011). Interplay and cross talk among various P-type ATPases through different stages of Mtb infection seems to be important in maintaining pathogen's ionic milieu, in response to stress conditions in the host.

Surge in calcium levels seen in macrophages after 1 and 2 h of infection with Mtb (Figure 4) and lack of such increase in ctpFCKD, indicates the importance of CtpF-mediated calcium flux from the pathogen to the host to modulate downstream events. The resultant higher calcium milieu in the macrophages may be responsible for negative regulation of ctpE, as seen earlier in transcriptomic survey of intracellular mycobacteria (Botella et al., 2011) and calcium mediated negative regulation of ctpE in in vitro cultures (Gupta et al., 2017). The lower calcium milieu in macrophages infected with ctpFCKD, could induce ctpE-mediated calcium uptake into Mtb from host intracellular stores, restoring the calcium levels after 4 h of infection (shown in Figure 4). Although our ex vivo experiments suggest dynamic calcium exchange between pathogen and the host in early time points of infection, further investigation of calcium traffic between Mtb and host at different stages of infection would aid in better understanding of features that regulate survival, persistence and clearance mechanisms of Mtb in the host.

In its engagement with the host, Mtb employs innumerable strategies for its uptake, survival in harsh environment, and subsequently, to proliferate or persist intracellularly. Inhibition of autophagy is one of the prime munitions of Mtb (Gutierrez et al., 2004; Castillo et al., 2012). Increase in Mtb replication seen in TB, as well as in TB-HIV co-infected human macrophages by autophagy inhibitors illustrate the point (Andersson et al., 2016). To impair host autophagic mechanisms, Mtb uses myriad of strategies, first being induction of an army of cytokines expression such as IL-4 (Ní Cheallaigh et al., 2011) and IL-13 (Jo, 2013). Another approach is modulation of mTOR, a major inhibitor of autophagic flux (Jo, 2013). Two independent mechanisms of mTOR modulation are understood so far. In the first, Eis-mediated acetylation by Mtb increases IL-10 expression and activates PI3K/Akt/mTOR/p70S6K pathway (Duan et al., 2016). In the second mechanism, Esx-1 mediated ESAT-6 release inhibits autophagy by activation of mTOR (Romagnoli et al., 2012; Dong et al., 2016). mTOR is regulated by calcium release from lysosomes, resulting in binding and activation of calmodulin (CAM). The latter, in turn, activates kinase activity of multi-protein mTORC1 complex comprising mTOR, mLST8, DEPTOR, Ttil/Tel2, PRAS40, and Raptor (Li et al., 2016; Saxton and Sabatini, 2017), leading to autophagy inhibition. Our results suggest that not only lysosomal calcium, but the bacterial calcium efflux may also act as an mTOR activator. By virtue of less calcium efflux in ctpFCKD, decrease in mTOR activation and concomitant increase in autophagy was observed. Our findings, that the organism engages a calcium ATPase for throwing out the ion, thereby altering cellular calcium levels to impact host signaling mechanisms, adds another layer to its multi-layered autophagy inhibition strategy for intracellular survival.

That the CtpF or its homologs are conserved across different life forms, highlights the importance of the regulation of calcium ion concentration across the species but undervalues its credentials as a potential drug target in Mtb. Nevertheless, subtle variation in its structure, kinetic properties and characteristics in different organisms may result in differences in calcium transport. Notably, the observation that CtpF is not essential in vitro but provides a survival advantage to the intracellular Mtb, reaffirms its potential as a drug target. The modeling studies presented by us and others (Santos et al., 2020) provide some insights in this direction. Similar to SERCA ATPase (Olesen et al., 2007; Di Marino et al., 2015), CtpF may also exist in a number of conformational states including the calcium bound and unbound forms. The inhibitor of the ATPase, C PA appears to lock the protein in calcium free conformation similar to its action on SERCA (Santos et al., 2020). The binding sites for the drug and calcium are largely non-overlapping and the inhibition seen (Santos et al., 2020) is likely by allosteric mode and the drug binding would block the channel of calcium entry. Thus, binding of the drug and calcium to the protein appears to be mutually exclusive. The points underscore the potential of developing CPA derivatives as well as new molecules to target CtpF to impact calcium traffic in intracellular Mtb.



MATERIALS AND METHODS


Bacterial Strains

Mtb H37Rv and M. smegmatis strains were grown either on Middlebrook 7H11 agar solid media or in 7H9 broth (Difco, USA) with or without oleic acid-albumin-dextrose-catalase (OADC) enrichment. Hygromycin and kanamycin were used at a concentration of 50 and 25 μg ml−1, respectively, for culturing Mtb dcas9-pRH2521 and ctpFCKD strains. For culturing recombinant E. coli DH5α strains, 150 and 50 μg ml−1 hygromycin and kanamycin were used, respectively.



Generation of M. smegmatis and Mtb Strains

The coding DNA sequence (CDS) of ctpF was cloned in acetamide-inducible vector pMyNT at BamHI and HindIII sites using ctpFpMyNT FP and ctpFpMyNT RP primers (Table S1). pMyNT vector was a gift from Annabel Parret & Matthias Wilmanns (Addgene plasmid # 42191; RRID: Addgene_42191). The positive clones were confirmed using restriction digestion and Sanger's sequencing. The recombinant plasmid was transformed into M. smegmatis mc2155, induced with 2% acetamide at 0.4 OD for 12 h at 37°C and expression of CtpF was confirmed using anti-his antibody. The resultant strain was called MsCtpF. ctpF conditional knockdown (ctpFCKD) was generated in Mtb by CRISPR-Cas9 approach (Singh et al., 2016). Two small guide RNAs (sgRNAs) targeting the non-template strand of ctpF gene: sg1 (319 bp downstream of translational start site) and sg2 (408 bp downstream of translational start site) were cloned in pRH2521 vector and transformed in Mtb H37Rv-dCas9 to generate two separate strains. The colonies obtained after transformation of both the sgRNAs were cultured and screened for decrease in expression of ctpF transcript, upon sgRNA induction with 600 ng/ml ATc.



Preparation of Membrane Vesicles

The MsCtpF culture was induced with 2% acetamide at 0.4 OD for 12 h at 37°C. The membrane fraction was isolated from the induced culture as described previously (Rezwan et al., 2007). The membrane pellet was washed and solubilized in buffer containing 50 mM Tris pH 7.4, 100 mM NaCl, 10% glycerol, containing DDM (0.1 g per g of membrane) and the suspension was centrifuged at 16,000 g for 10 min and the supernatant contained membrane vesicles. The membrane vesicles thus obtained were stored at −80°C until further use.



ATPase Assay

The ATPase activity was determined by measuring the release of inorganic phosphate (Pi) as described previously with some modifications (Padilla-Benavides et al., 2013). The reaction mixture consisted of assay buffer (60 mM Tris pH 7.4 and 100 mM KCl), 1 mM ATP and 4 μg of membrane vesicles from MspMyNT and MsCtpF strains. The reactions were carried out with 0.2–3 mM of KCl, NaCl, MgCl2, and CaCl2. The effective Pi release was calculated by normalizing Pi release at all the concentrations of metal ion with respect to no metal ion and only vector reading. The metal ion stimulated activity was measured by plotting Pi release vs. metal concentration and the curves were fit to Michaelis-Menten equation (Non-linear regression) to obtain Km and Vmax values. To assess the effect of chelators, the reactions were supplemented with different concentrations of EDTA and EGTA in separate sets. To check the inhibition of ATPase activity, the reactions were supplemented with different concentrations of sodium orthovanadate.



Analysis of Growth

Primary cultures of Ms, MspMyNT and MsCtpF strains were used for inoculating 7H9 media with an initial OD of 0.02. The cultures were induced with 2% acetamide and growth curve was set in honeycomb well plate in Bioscreen C Automated Microbiology Growth Curve Analysis System. The OD600 values were recorded after 2 h till 48 h and plotted in Graph Pad prism 6.0 software. To see growth rescue of MsCtpF, the media was supplemented with 1–10 mM CaCl2 and 1–10 mM MgCl2 in separate plates. For Mtb H37Rv growth curves, secondary cultures were inoculated at an initial OD of 0.02 in 7H9-ADC medium and OD was recorded at every 48 h for 12 days.



Biofilm, Pellicle Formation, and Sliding Motility

Biofilm assay for secondary induced cultures of Ms, MspMyNT and MsctpF strains was set up in a 12 well plate with/without 2 mM CaCl2 and MgCl2. The plate was kept at 37°C for 7 days for biofilm formation. For pellicle formation, cultures were left undisturbed in tubes at 37°C for 7 days. Sliding motility assay was carried out as described (Martínez et al., 1999). Briefly, 1 μl of induced cultures were spotted on 7H9 agarose plates containing 0.47 g/100 ml 7H9 powder, 0.5% tryptone, 0.2% glycerol, 0.3% agarose, 2% acetamide, with/without 2 mM CaCl2 and MgCl2. The plates were incubated at 37°C for 3 days.



Homology Modeling of CtpF

Homology model of CtpF was generated using MODELLER9.21 package (Webb and Sali, 2016) using the structure of Ca2+-bound SERCA1a (PDB code 1SU4). The sequence of CtpF was aligned with the SERCA1a structure using align2d() command in MODELLER9.21 generating structure based target-template sequence alignment. Target-template alignment and 1SU4 template structure was used to construct five models of CtpF using model-single pyscript in MODELLER9.21. The best model with the lowest value of the MODELER objective function, the DOPE assessment score (−95859.38281), or the highest GA341 assessment score (1.00000) was selected for analysis. Analysis of structures including structural superposition and generation of molecular graphics was performed using PyMOL (DeLano, 2002).



Multiple Sequence Alignment

Two multiple sequence alignments: CtpF with well-studied Ca2+-ATPases from rabbit, pig, human and bovine and CtpF with orthologs from Mtb complex and representative species of actinomycetes, were generated using Clustal Omega service (Madeira et al., 2019). For analysis, the generated alignment was rendered to represent residue conservation and similarities along with secondary structure information from aligned sequences using program ESPript 3.0 (Robert and Gouet, 2014).



THP-1 Macrophage Infection

THP-1 cells were seeded at cell density of 104/well in a 96 well plate containing RPMI 1640 complete medium and activated using 20 ng/ml PMA for 16 h. The media containing PMA was aspirated and the cells were incubated with incomplete medium without antibiotics. The cells were infected with different Mtb strains at MOI of 1:10 for 4 h, extracellular bacteria were killed using 40 ug/ml gentamicin for 45 min, and intracellular bacteria were harvested at 0, 24, 48 h. Serial dilutions were prepared, plated on 7H11-OADC plates and CFU was calculated after 3 weeks of incubation.



Measurement and Imaging of Intracellular Calcium in Macrophages

The Mtb H37Rv, dcas9-pRH2521, ctpFCKD cultures were induced during exponential phase and used to infect peritoneal macrophages at MOI of 1:10. After 1, 2, and 4 h of infection, extracellular bacteria were removed by washing and the cells were stained with Fura Red, AM dye (Thermo Fisher Scientific, USA) for 1 h at 37°C, followed by 20 min incubation at room temperature (Rohrbach et al., 2005). The fluorescence values were measured at two different excitation-emission wavelengths: 435/630 nm and 470/650 nm and their ratio were taken. In a separate experiment, the cells were infected and stained with Fura Red, AM dye, counter-stained with 10 ug/ml DAPI and mounted on a glass slide with prolong glass antifade (Thermo Fisher Scientific, USA). As a positive control, the infected cells after the indicated time points were incubated with BAPTA, AM (Thermo Fisher Scientific, USA) for 30 min to chelate the calcium and then loaded with Fura Red, AM dye. The macrophages were visualized under 63X objective, using Zeiss LSM-880 microscope with excitation/emission maxima wavelengths: 488/660 nm and the images were pseudo-colored in green. Post-acquisition processing of images was done using Zen blue 2.3 lite software.



Quantitative Real-Time PCR

Total RNA was extracted from Mtb H37Rv using FastRNA® Pro Blue Kit (MP Biomedicals, USA) according to manufacturer's instructions. RNA was treated with Turbo DNase I (Thermo Fisher scientific, USA) to remove genomic DNA contamination. RNA was quantified and cDNA was prepared using High capacity cDNA reverse Transcriptase kit (Thermo Fisher scientific, USA). Gene expression levels were determined by quantitative real time PCR using cDNA with DyNAmo Color Flash SYBR Green Master Mix (Thermo Fisher scientific, USA) on CFX384 Touch Real-Time PCR Detection System (Bio-Rad, USA). 16s rRNA was used as an internal control and relative expression levels were calculated using 2−ΔΔCt method as described previously (Schmittgen and Livak, 2008). The primer sequences are listed in Table S1. Nitric oxide stress was given to Mtb according to a method described previously (Voskuil et al., 2003). Mtb was exposed to hypoxia and acidic media as described earlier (Rohde et al., 2007; Garg et al., 2015).



Isolation of Murine Peritoneal Macrophages

Four to six weeks old, male and female BALB/c mice were procured from The Jackson Laboratory and maintained at the Central Animal Facility (CAF), Indian Institute of Science (IISc). Eight percent Brewer's thioglycollate was injected in the peritoneal cavity of mice. Four days post-injection, the peritoneal exudates containing elicited macrophages were harvested in ice-cold 1X PBS. The cells were maintained in cell culture dishes containing Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated Fetal Bovine Serum (Gibco, Thermo Fisher Scientific, USA) at 37°C in 5% CO2 incubator.



Ex vivo Infection With Mtb and Immunoblotting

Equal number of the peritoneal macrophages were seeded in 24-well plate and infected with different Mtb strains at an MOI of 1:10. At different time points, cells were washed and lysed in RIPA buffer [50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 μg/ml each of aprotinin, leupeptin, pepstatin, 1 mM Na3VO4, 1 mM NaF] on ice for 30 min and total protein was collected. An equal amount of protein from each cell lysate was electrophoresed on SDS-PAG and transferred onto PVDF membrane (Millipore, USA) by semi-dry Western blotting method (Bio-Rad, USA). Non-specific binding was blocked with 5% non-fat dry milk powder in TBST [20 mM Tris-HCl (pH 7.4), 137 mM NaCl, and 0.1% Tween 20] and incubated overnight at 4°C with primary antibody diluted in TBST with 5% BSA. The blots were washed and incubated with anti-rabbit or anti-mouse secondary-HRP conjugated antibodies for 2 h. The blots were developed using enhanced chemiluminescence detection system (Perkin Elmer, USA) as per manufacturer's instructions. β-ACTIN was used as a loading control. Phospho-mTOR (Ser2448) and HRP-conjugated anti-rabbit IgG antibodies were from Cell Signaling Technology and Jackson Immuno Research, USA, respectively. Anti-β-ACTIN-Peroxidase and anti-LC3B antibodies were from Sigma-Aldrich, USA.



Statistical Analyses

Quantitative data are expressed as mean ± s.d. from three independent experiments. Statistical analyses were performed using GraphPad Prism 6.0. To determine the statistically significant differences between experimental groups, an unpaired Student's t-test was performed.
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Supplementary Figure 1. Homology model of CtpF. (A) Overall topology. The model is colored in rainbow with colors changing gradually from the N-terminus (blue) to the C-terminus (red). (B) Domain colored model of CtpF. Domain A (smudge), actuator or anchor; Domain N (yellow), nucleotide; Domain P (dark salmon), phosphorylation, Domain T (blue), transport, and Domain S (cyan), class specific support domain, are shown. D333 is the proposed residue of phosphorylation in P domain in CtpF, based on its structural conservation with the phosphorylation residue D351 in P domain in SERCA1a (PDB code 1SU4). (C) Ca2+ binding sites mapped in homology model of CtpF. Ca2+ ions are depicted as magenta spheres. Amino acid residues are shown in a stick model and are colored as green for CtpF and yellow for SERCA1a. Amino acid residues are numbered as residue (CtpF/SERCA1a) or residue (CtpF)/residue (SERCA1a). (D) The table shows transmembrane helix position for the calcium binding residues in CtpF and SERCA1a.

Supplementary Figure 2. The multiple sequence alignment of CtpF and CtpF orthologs across different actinomycetes spp. (A) and with calcium ATPases with known structures (B). (A) The alignment of CtpF protein sequences from different species of MTBC complex (M. africanum, M. bovis, M.canetti, M. microti), M. smegmatis, and other actinomycetes (Streptomyces and Burkholderia sp.). (B) The alignment of CtpF protein sequence from Mtb, ATP2A2 from Sus scrofa (Pig), ATP2A2 from Homo sapiens (Human), ATP2A1 from Oryctolagus cuniculus (Rabbit) and ATP2A1 from Bos taurus (Bovine). Conserved residues are marked in white on a red background while similar residues are in red. Residues in blue frame depict similarity across groups. Residues that bind adenosine moiety of ATP in the N domain, Ca2+ in the transmembrane region and the phosphorylation residue in the P domain as inferred from structural and biochemical studies of SERCA from rabbit, pig, human and bovine, are indicated by yellow circle, blue squares, and green stars, respectively, on the alignment. Secondary structural elements and residue numbering indicated above the alignment are extracted from the CtpF model.

Supplementary Figure 3. MsCtpF shows changes in cell envelope. (A) Pellicle assay for acetamide induced Ms, MsPMyNT, MsCtpF cultures in 7H9 media (upper panel); 7H9 media supplemented with 2 mM CaCl2 (middle panel) and 2 mM MgCl2 (lower panel). (B) Biofilm assay without (upper panel)/ with 2 mM CaCl2 (middle panel) and 2 mM MgCl2 (lower panel). (C) Sliding motility assay without (upper panel)/ with 2 mM CaCl2 (middle panel) and 2 mM MgCl2 (lower panel). The experiment was repeated thrice, and the result shown is the representative image.



ABBREVIATIONS

CtpF, Cation transporting P-type ATPase F; Mtb, Mycobacterium tuberculosis; CKD, conditional knockdown; mTOR, mammalian target of rapamycin; CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats.
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Macrophages participate to the first line of defense against infectious agents. Microbial pathogens evolved sophisticated mechanisms to escape macrophage killing. Here, we review recent discoveries and emerging concepts on bacterial molecular strategies to subvert macrophage immune responses. We focus on the expanding number of fascinating subversive tools developed by Listeria monocytogenes, Staphylococcus aureus, and pathogenic Yersinia spp., illustrating diversity and commonality in mechanisms used by microorganisms with different pathogenic lifestyles.
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INTRODUCTION

As professional phagocytes, macrophages are key components of host first line of defense against infection. Upon sensing local microenvironmental signals, macrophages display a continuous spectrum of functional characteristics, known as macrophage polarization, leading to microbicidal M1 or M2 macrophages associated with tissue repair and inflammation resolution (Locati et al., 2020). Macrophages detect pathogenic microorganisms by expressing pattern recognition receptors (PRRs), which interact with conserved microbe-associated molecular patterns (MAMPs). Among PRRs, Toll-like receptors (TLRs) play a major role in triggering immune responses as they recognize specifically a wide range of MAMPs, such as lipoproteins, lipopolysaccharide, flagellin, DNA, and RNA (Fitzgerald and Kagan, 2020). PRRs/MAMPs interactions activate signaling pathways, ultimately leading to cytokine production and/or phagocytosis (Figure 1). Once internalized, microorganisms are located in phagosomes, which mature and fuse with lysosomes, creating phagolysosomes. These acidic vesicles contain multiple antimicrobial molecules such as proteases, reactive oxygen species (ROS), reactive nitrogen species (RNS), and antimicrobial peptides, which contribute to degradation of pathogens (Levin et al., 2016). Macrophages also use nutritional immunity to actively sequester nutrients, thus preventing bacteria to acquire essential factors such as iron and manganese (Sheldon and Skaar, 2019). In addition, macrophages have been shown to produce macrophage extracellular traps that immobilize and kill pathogens (Doster et al., 2018).


[image: Figure 1]
FIGURE 1. Macrophage anti-microbial mechanisms. (1) Bacteria are recognized by macrophage pattern recognition receptors (PRRs) such as Toll-like receptors (TLR), which bind conserved microbe-associated molecular patterns (MAMPs). (2) MAMP/PRR interaction triggers signaling cascades (e.g., IRF3, MAPKs, NF-κB) leading to macrophage responses, including formation of the phagocytic cup. (3) Internalized bacteria reside in phagosomes, from which nutrients and essential factors such as iron and magnesium are transported to the cytoplasm, restricting their supply to bacteria. Macrophages combine this starvation strategy with a poisoning mechanism involving phagosomal import of toxic amount of zinc and copper. (4) Phagosome maturation and fusion with lysosomes lead to acidification of the compartment lumen and activation of digestive enzymes such as proteases, which along with antimicrobial peptides (AMP), reactive oxygen and nitrogen species (ROS and RNS), lysozyme and lactoferrin contribute to bacterial killing. Macrophages can also undergo ETosis to release macrophage extracellular traps (MET) that immobilize and kill extracellular bacteria. (5) Additionally, infected macrophages secrete multiple cytokines to attract and activate other cells, which contribute to an effective immune response.


Despite this powerful arsenal, macrophages fail to eliminate a wide variety of pathogens, which evolved complex strategies to counter and evade host immune system (Baxt et al., 2013). Some microorganisms prevent immune recognition by modulating their surface components, secrete immunomodulators to inhibit macrophage activation, hide in host cells or kill immune cells directly through toxin secretion and/or indirectly by inducing apoptosis (Kaufmann and Dorhoi, 2016). Others are able to evade phagocytosis and antigen presentation and highjack host cell pathways to acquire nutrients and ensure their survival (Hmama et al., 2015; Kaufmann and Dorhoi, 2016; Mitchell et al., 2016). While pathogens share multiple mechanisms, they developed specific evasion strategies depending on their pathogenic lifestyle. In this minireview, we will present recent advances in our understanding of macrophage subversion by important pathogenic bacteria characterized by specific life cycles: Listeria monocytogenes, Staphylococcus aureus and Yersinia spp.



LISTERIA MONOCYTOGENES

Listeria monocytogenes is the etiologic agent of listeriosis, a foodborne infection whose clinical manifestations range from self-limiting enteritis in immunocompetent individuals to life-threatening sepsis and meningo-encephalitis in the elderly and newborns. Three decades of research established this facultative intracellular bacterium as a model to study cellular and infection microbiology (Impens and Dussurget, 2020; Lecuit, 2020). L. monocytogenes fascinating life cycle in macrophages, i.e., entry, phagosomal escape, replication, actin-based movement and spread, was first described by Tilney and Portnoy (Tilney and Portnoy, 1989). This seminal study paved the way for identification of the major factors required to bypass cellular defenses and promote bacterial replication, including the pore-forming toxin listeriolysin O (LLO), PlcA and PlcB phospholipases, the ActA surface protein necessary for actin-based motility and their transcriptional activator PrfA (Radoshevich and Cossart, 2018).

PrfA is the master regulator of virulence in L. monocytogenes. New facets of its properties have recently been revealed (Figure 2). PrfA was shown to induce secretion of the chaperone PrsA2 and the chaperone/protease HtrA, whose protein folding and stabilizing functions promote bacterial fitness and survival during infection of macrophages (Ahmed and Freitag, 2016). In addition, PrfA function has been reported to depend on the balance between activating and inhibitory oligopeptides imported by the Opp permease (Krypotou et al., 2019). Cysteine-containing peptides provides cysteine necessary for synthesis of glutathione, the PrfA activator, contributing to L. monocytogenes survival in macrophages. This study uncovers a new mechanism of regulation of PrfA by controlling the oligopeptide composition of the environment. It also reinforces the link between metabolism and virulence previously underscored by the demonstration of PrfA activation by the global nutritional regulator CodY (Lobel et al., 2015). Along the same lines, L-glutamine imported by the GlnPQ ABC transporter, has been shown to be an indicator of intracellular localization and an inducer of L. monocytogenes virulence genes (Haber et al., 2017).
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FIGURE 2. Macrophage evasion mechanisms by Listeria monocytogenes, Staphylococcus aureus and pathogenic Yersinia. Listeria monocytogenes: (L1) Upon uptake by the macrophage, Listeria monocytogenes is engulfed in a phagosome, in which ethanolamine uptake through EutH permease and activation of redox-responsive spxA1 and ohrA are required for its survival. (L2) In addition to secretion of LLO and phospholipases, processing of the PlpA lipoprotein is required for phagosomal escape. (L3) Once in the cytosol, bacterial growth and virulence are mediated by the master regulator PrfA, which is activated by CodY and glutathione (GSH). The Opp permease ensures importation of cysteine-containing oligopeptides to allow glutathione synthesis by GshF. Full expression of Listeria virulence genes requires appropriate amounts of L-glutamine imported by the high-affinity ABC transporter GlnPQ. PrfA triggers secretion of PrsA2 chaperone and HtrA chaperone/protease, whose functions are required for invasion and intracellular growth. (L4) Listeria induces mitophagy through the oligomerization of NLRX1 receptor by LLO, lowering ROS levels, and promoting bacterial survival. Listeria also controls ROS levels by secretion of the nucleomodulin OrfX, which interacts with the regulator RybP. (L5) ActA inhibits xenophagy along with PlcA and PlcB, which block LC3 lipidation. Listeria intracellular survival also depends on Ap2a2-mediated control of LLO cytotoxicity by restricting its cytosolic activity. (L6) Besides ActA, YjbH, and ArpJ are required for efficient bacterial spread from cell to cell. (L7) Listeria produces extracellular vesicles (EV) containing many virulence factors, including LLO, to promote macrophage death and control innate immunity response. Staphylococcus aureus: (S1) Staphylococcus aureus is phagocytosed by macrophages. The moonlighting metabolic protein pyruvate dehydrogenase, once lipoylated by LipA, suppresses macrophage activation by lipopeptides through binding to TLR1/2. LipA also decreases RONS production. (S2) Staphylococci reside and multiply in mature phagosomes, through sensing of acidification by GraXRS and activation of several genes allowing bacterial replication and resistance to antimicrobial peptides (AMP). (S3) S. aureus also modulates metabolic fluxes to induce a starvation-like state of macrophages, triggering autophagy. (S4) Secretion of alpha-toxin Hla and leukocidin AB (LukAB), besides having a direct cytotoxic effect, inhibits macrophage phagocytosis and promotes biofilm formation. Through a yet unknown intermediate, biofilm conditioned medium attenuates NF-κB activation by increasing KLF2 expression. Pathogenic Yersinia, i.e., Y. enterocolitica (light purple), Y. pseudotuberculosis (purple), and Y. pestis (dark purple): (Y1) In the lungs, Yersinia adheres to alveolar macrophages through Pla, which shows immunosuppressive properties. (Y2) Injection of Yops, virulence effectors, in macrophages through the T3SS allows manipulation of host cell pathways. In absence of YopM, YopE, and YopT activate the inflammasome by dephosphorylating pyrin. (Y3) Once translocated into the host cell, LcrV is glutathionylated, promoting binding to RPS3, suppressing apoptosis and increasing necroptosis. YopJ inhibition of TAK1 leads to activation of RIPK1 and induction of necroptosis or apoptosis of targeted macrophage. YopJ also inhibits MAPK and NF-κB pathways, inhibiting pro-IL-1β production and limiting pro-inflammatory response. YopP inhibits RIPK1 phosphorylation by p38MAPK/MK2, triggering macrophage apoptosis and activation of cell death effectors gasdermin D and E. (Y4) Macrophages intoxicated with low levels of YopJ can release IL-1β upon uptake of inflammasome from highly intoxicated dead cells, possibly by efferocytosis. (Y5) N-formylpeptides released by Y. pestis are recognized by host receptor FPR1, promoting immune cell chemotaxis toward bacteria. Adhesion of bacteria to macrophage is mediated by FPR1/LcrV interaction, which allows the assembly of type three secretion system. (Y6) Sphingosine-1-phosphate released from dead cells attracts new phagocytes, which in turn are targeted by Yersinia released from necroptotic cells, ultimately promoting infection.


One of the most important virulence factors positively regulated by PrfA is LLO. This cholesterol-dependent cytolysin forms pores in the phagosome membrane, resulting in vacuolar rupture and bacterial escape to the cytosol. However, it is expressed at all stages of the intracellular cycle and could be cytotoxic if active outside of the phagosome. The N-terminal PEST-like sequence of LLO is essential to restrict its cytosolic activity and prevent cell killing (Decatur and Portnoy, 2000). The adaptor-related protein complex 2 Ap2a2, a subunit of the AP-2 endocytic machinery, has recently been shown to interact with the PEST-like region of LLO, revealing how cytotoxicity is controlled (Chen et al., 2018). Recognition of LLO by AP-2 triggers its endocytic removal from plasma membrane and its degradation, possibly through autophagosomal or multivesicular body-mediated pathways. The acidic content of the phagosome is known to be optimal for LLO, which contributes to the compartmentalization of its activity. The transient exposure of L. monocytogenes to the low pH of the phagosome imposes mechanisms of adaptation. The ethanolamine permease EutH is required for ethanolamine uptake and promotes bacterial growth at low pH in vitro. Anderson et al. broadened this concept by showing that EutH is important for L. monocytogenes survival in the phagosome (Anderson et al., 2018).

Additional new genes involved in the intracellular life cycle of L. monocytogenes have been identified by the Portnoy's lab using an elegant strategy relying on screening a library of himar1 transposon mutants constructed in a Cre/Lox-based suicide strain that failed to replicate in macrophages upon activation of ActA (Reniere et al., 2016). The spxA1 gene encoding a putative disulfide stress transcriptional regulator and the ohrA gene encoding a peroxiredoxin domain-containing protein of the organic hydroperoxide resistance subfamily, were required for L. monocytogenes survival in the phagosome and optimal replication in bone marrow-derived macrophages. The yjbH gene encoding a putative thioredoxin and the arpJ gene encoding an amino-acid permease were required for L. monocytogenes spread from cell-to-cell. This study confirmed the contribution of the PplA lipoprotein to L. monocytogenes intracellular life cycle. Processing of PplA leads to secretion of a peptide, which has been previously shown to be required for vacuolar escape (Xayarath et al., 2015). L. monocytogenes glutathione synthase gene gshF was expectedly identified in the screen, as glutathione is an allosteric activator of PrfA (Reniere et al., 2015). Overall, these findings point to an important role of redox metabolism during L. monocytogenes/macrophages interactions.

After rupture of the phagosomal membrane, bacteria replicate in the cytosol. Our understanding of the mechanisms by which L. monocytogenes evades cell defenses and survives intracellularly has significantly improved in the last 5 years. Besides its spectacular role in actin-based propulsion of bacteria, ActA has long been known to play a key role in escape from autophagic recognition by recruitment of the Arp2/3 complex and Ena/VASP at the bacterial surface (Birmingham et al., 2007; Yoshikawa et al., 2009). Several studies confirmed the importance of ActA and the role of PlcA and PlcB in escape from autophagy (Tattoli et al., 2013; Mitchell et al., 2015, 2018). In addition to their contribution to vacuolar rupture, phospholipases are required for bacterial multiplication in infected cells by subverting the autophagic process, possibly by blocking LC3 lipidation. Listeria monocytogenes also escapes innate immune response by inducing mitophagy in macrophages (Zhang et al., 2019). Secretion of LLO triggers oligomerization of the mitophagy receptor NLRX1, resulting in increased mitophagy, lower levels of mitochondrial ROS and increased bacterial survival. Another mechanism evolved by L. monocytogenes to evade macrophage oxidative defenses is secretion of the nucleomodulin OrfX (Prokop et al., 2017). This PrfA-regulated virulence factor has been shown to inhibit ROS and NO production in infected macrophages. OrfX is targeted to the nucleus and interacts with RybP, a regulatory protein that controls infection. OrfX decreases RybP levels, thereby promoting bacterial survival.

Listeria monocytogenes also subverts cellular processes by producing extracellular vesicles. Coelho et al. demonstrated that L. monocytogenes secretes vesicles that contain many virulence factors, including LLO and PlcA (Coelho et al., 2019). These vesicles mediate LLO-dependent macrophage toxicity, consolidating the emerging concept of extracellular vesicles as prominent weapons in host-pathogen interactions.



STAPHYLOCOCCUS AUREUS

Staphylococcus aureus is a highly successful facultative intracellular opportunistic pathogen, which has developed many mechanisms to counter host immune defenses. This arsenal allows bacteria to infect virtually any human tissue, leading to diverse clinical manifestations, ranging from mild to severe skin and soft tissue infections to life-threatening endocarditis, necrotizing pneumonia or septicemia (Tong et al., 2015). S. aureus secretes several toxins that can directly and specifically interfere with cellular functions, trigger cell death or damage immune cells (Spaan et al., 2017). This pathogen is also able to withstand phagocyte-mediated killing. Though most studies on S. aureus/phagocyte interactions focused on neutrophils (de Jong et al., 2019), macrophages also gained attention as they may be “Trojan horses” used by bacteria to disseminate throughout the body. Accordingly, S. aureus can resist phagocytic oxidative and nitrosative killing, antimicrobial peptides and nutritional immunity (Flannagan et al., 2015). Here, we present recent findings uncovering novel mechanisms developed by S. aureus to evade macrophage-mediated killing (Figure 2).

Contrary to L. monocytogenes, which quickly escapes phagosomes and replicates in the cytosol, S. aureus resides and multiplies in mature phagolysosomes in murine and human macrophages (Flannagan et al., 2016). Bacteria divide in mature phagolysosomes and trigger macrophage death by apoptosis or necroptosis rather than membrane disruption. Acidification of the phagolysosome, usually a bactericidal mechanism, is sensed by S. aureus through the GraXRS regulatory system (Flannagan et al., 2018). It triggers transcription of genes involved in adaptation to the phagolysosome hostile environment such as resistance to antimicrobial peptides. This adaptation is independent of toxin production, as mutants of the Agr quorum sensing system or SaeR, two major regulators of toxin production, and alpha phenol soluble modulin mutants can still replicate in macrophages. Interestingly, this seems in contradiction with previous reports showing that agr expression was induced in THP1 macrophages and by acidic pH (Tranchemontagne et al., 2015). Strains, cell lines and methodological differences could explain discrepancies between these studies, as discussed by Flannagan et al. (2018). Multiplication of S. aureus in mature phagolysosomes, ultimately leading to cell death and bacterial dissemination, is compatible with the “Trojan horse” hypothesis.

The link between metabolism, immunity and virulence has recently gained attention. Once inside macrophages, S. aureus exploits host cell metabolism to ensure its own proliferation. Methicillin-resistant S. aureus infection of HeLa cells and bone marrow derived macrophages from BALB/c mice has been shown to modulate cellular metabolic fluxes, depleting notably glucose and amino acid pools (Bravo-Santano et al., 2018). These changes induce a starvation-like state of infected cells, activating AMPK and ERK pathways and triggering autophagy. Inhibition of autophagy blocked S. aureus replication, suggesting that metabolic activation of autophagy is essential for intracellular bacterial proliferation. Proteins involved in bacterial metabolism may also play a role in immune evasion, as revealed by the study of moonlighting proteins (Wang et al., 2014). These multifunctional proteins are highly conserved in bacteria. In addition to their cytoplasmic role in metabolism and stress response, some of them are released outside of bacteria where they contribute to virulence properties such as tissue adhesion and immune escape. For instance, S. aureus can blunt macrophage activation by modification and secretion of the moonlighting protein pyruvate dehydrogenase (PDH) (Grayczyk et al., 2017). The authors showed in this study that bacterial lipoic acid synthetase LipA adds a lipoic acid on the E2 subunit of the PDH complex, yielding lipoyl-E2-PDH whose role in the cytoplasm is to convert pyruvate to acetyl-CoA. The lipoyl-E2-PDH is excreted by bacteria and suppresses macrophage activation through specific binding and inhibition of TLR1/2 heterodimer activation. The same group also showed that LipA decreases production of ROS and reactive nitrogen species (RNS) by NADPH oxidase and iNOS, respectively, both in vitro and in a mouse model of S. aureus infection (Grayczyk and Alonzo, 2019). Together, these studies support the concept that specific cytoplasmic proteins moonlight outside bacteria and link metabolism and virulence.

Staphylococcus aureus capacity to form biofilms is important for successful immune escape. A biofilm matrix surrounding bacteria prevents recognition and phagocytosis by immune cells. In addition, biofilms may directly dampen immune response by polarizing macrophages toward an anti-inflammatory phenotype (Thurlow et al., 2011). More recently, it was shown that S. aureus growing in biofilms subverts immune responses through active secretion of virulence factors (Scherr et al., 2015). The authors demonstrated that alpha-toxin Hla and leukocidin LukAB have a synergistic action resulting in inhibition of macrophage phagocytosis and induction of cytotoxicity, promoting biofilm formation in a murine model of S. aureus orthopedic implant infection. Another group showed that biofilm-conditioned medium was responsible for attenuated NF-κB activation due to increased expression of the anti-inflammatory transcription factor Kruppel-like factor 2 in RAW264.7 macrophages (Alboslemy et al., 2019). While bacterial molecule(s) responsible for KLF2 induction remain(s) to be identified, these findings confirm the importance of virulence factor secretion to suppress macrophage functions in addition to the role of biofilms as a physical barrier.



YERSINIA

The Yersinia genus includes three human pathogenic species: the two enteropathogens Yersinia enterocolitica and Yersinia pseudotuberculosis, as well as Yersinia pestis, the etiological agent of plague. The three species harbor the pCD1 plasmid coding for a type three secretion system (T3SS) and Yersinia outer proteins Yops, potent virulence effectors that are injected in target cells. In contrast to L. monocytogenes and S. aureus, pathogenic Yersinia are well-equipped to manipulate host cells from the outside, by mechanisms recently reviewed (Pinaud et al., 2018; Demeure et al., 2019). Translocation of Yops into host immune cells modulates pyroptosis/apoptosis. Apoptosis is triggered via caspase-8 activation by YopP/J, while YopM and YpkA activate caspase-3. Pyroptosis can be regulated by Yops acting on caspase-4/5, pyrin, NLRP3, ASC, RhoGTP or caspase-8. YopP/J and YopE also interfere with MAPK and NF-kB signaling. Depending on the phase of the disease, Yersinia spp. trigger pro- or anti-inflammatory responses. Yops can also prevent phagocytosis: YopH, YopT, YopE, and YpkA/YopO can block phagocytosis signaling and modulate GTPases or actin. In addition to Yops, capsular antigen fraction 1 (F1) and Psa fimbria (pH 6 antigen) prevent macrophage adhesion and phagocytosis. Psa and Ail outer-membrane protein enhance Yops delivery, and Ail and Pla outer-membrane protein promote cell attachment and invasion.

Recent studies refined our understanding of Yersinia interactions with macrophages, in particular subversion of cell death processes (Figure 2). Y. enterocolitica YopP has been shown to inhibit phosphorylation of the master regulator of cell fate RIPK1 by p38MAPK/MK2 (Menon et al., 2017). Upon suppression of MK2 activity, RIPK1 autophosphorylates and triggers macrophage apoptosis to promote infection. Along the same lines, in a murine model of bubonic plague, Y. pestis YopJ induced RIPK1-dependent necroptotic cell death causing bubo necrosis. Necroptosis was delayed by pro-survival factors such as FLIP, allowing Y. pestis to replicate inside macrophages before cell death. Sphingosine-1-phosphate secreted by dying cells attracted new phagocytes, which could be infected by bacilli released from necroptotic cells, ultimately enhancing spread of Y. pestis (Arifuzzaman et al., 2018). Gasdermin D (GSDMD) and gasdermin E (GSDME) are cell death effectors triggering cell membrane permeabilization and potassium efflux upon cleavage by caspase-1/4/11 and caspase-3/7, respectively. Two studies recently reported an additional pathway controlling gasdermin processing. In murine macrophages infected with Y. pseudotuberculosis, YopJ induced cell death by inhibiting TAK1 and by RIPK1/caspase-8-dependent cleavage of gasdermin D (GSDMD) and gasdermin E (GSDME) downstream of TLR4-TRIF activation (Orning et al., 2018; Sarhan et al., 2018). Orning et al. suggest that Yersinia spp. inhibition of TAK1 results in cell death with features of both apoptosis and pyroptosis and in GSMD-dependent activation of the NLRP3 inflammasome leading to IL-1β release. Sarhan et al. hypothesized that IL-1β production requires an heterogeneous population of infected macrophages. Macrophages with levels of YopJ too low to block MAPK signaling retain their capacity to produce pro-IL-1β which is then possibly matured by efferocytosis of dead cells, or uptake of ASC/NLRP3 inflammasomes released from dead cells that were heavily intoxicated. Interestingly, human macrophages are resistant to cell death induced by TAK1 inhibition and produced little if any IL-1β (Sarhan et al., 2018). This resistance and TLR4 hypo-responsiveness to Y. pestis tetra-acylated LPS presumably contribute to the initially silent preinflammatory phase of plague. Macrophage infection with Yersinia spp. can trigger activation of the NLRP3 inflammasome but also caspase-1 inflammasome assembled upon RhoA-sensitive pyrin activation (Orning et al., 2018; Medici et al., 2019). RhoA-targeting YopE and YopT trigger inflammasome assembly, in absence of YopM that inactivates pyrin. In Y. pseudotuberculosis, YopE and, to a lower extent YopT, were recently shown to induce dephosphorylation of pyrin Ser205, thereby activating the inflammasome (Medici et al., 2019). This study reveals that RhoA specificity of Yops affects pyrin activation.

Selective destruction of immune cells by Y. pestis is a landmark of plague, allowing bacterial multiplication and systemic spread. The plague receptor on human immune cells has recently been identified by the Schneewind's group (Osei-Owusu et al., 2019). A CRISPR-Cas9 screen in U937 macrophages linked Y. pestis T3SS-mediated killing to N-formylpeptide receptor FPR1, a member of the GPCR family that triggers immune cells chemotaxis and cytokine production upon sensing N-formylpeptides released by bacteria. Binding of the T3SS cap protein LcrV to FPR1 was necessary for assembly of the translocon and injection of effectors, which subvert signaling pathways and trigger cell death. Of note, FPR1 is not essential for Y. pestis effector translocation in mouse macrophages. Importantly, this study identified human FRP1 R190W as a potential plague resistance allele. The same group discovered that Y. pestis LcrV was glutathionylated at Cys273 with host-derived glutathione, a posttranslational modification required for successful infection in mice and rats (Mitchell et al., 2017). Macrophage ribosomal protein S3 (RPS3) was identified as a ligand of LcrV. RPS3 is a component of ribosomal 40S subunit and a regulator of apoptosis, DNA repair and innate immune response. Glutathionylation of LcrV promoted RPS3 binding, reduced the rate of effector injection, suppressing apoptosis, increasing necroptosis and IL-1β and IL-18 release, triggering an inflammatory response correlated with increased virulence.

An early preinflammatory phase is critical for Y. pestis proliferation in lungs and progression of pneumonic plague. While importance of Yops in this early phase has long been known, a recent report refined the role of the plasminogen activator protease Pla in the progression of primary pneumonic plague (Banerjee et al., 2019). Using human precision-cut lung slices, human primary alveolar macrophages and a murine intranasal infection model, the authors showed that Pla was required for bacterial adherence and optimal effector secretion into alveolar macrophages, the primary host cells targeted by Y. pestis in the early phase of pneumonic plague. They further showed that Pla contributes to dampen inflammatory cytokine production in the human lung model, establishing its immunosuppressive properties and supporting its role in the preinflammatory phase of pneumonic plague.



PERSPECTIVES

L. monocytogenes, S. aureus, and Yersinia spp. have been powerful model organisms to decipher the molecular mechanisms of interactions between pathogenic bacteria and macrophages. While the universe of bacterial subversion strategies has recently expanded, our understanding of macrophage biology has also immensely progressed (Ginhoux and Guilliams, 2016; Gao et al., 2017; Gordon and Plüddemann, 2019; Guilliams et al., 2020) and pathogenomics data showing within-species heterogeneity skyrocketed (Bosi et al., 2016; Maury et al., 2016; Seif et al., 2018; Savin et al., 2019; Oyas et al., 2020), uncovering an unforeseen complexity. Future studies of the dialogue between bacteria and these cells will thus be more challenging than ever and will undoubtedly rely on technological developments, in particular in imaging and systems biology. In parallel, refinement of cellular, tissular and in vivo infection models will be required in order to discover relevant new concepts. In particular, heterogeneity of bacterial and macrophage populations, spatiotemporal dynamics of interactions and multiplicity of microenvironmental cues can hardly be recapitulated in standard assays using cell lines. This calls for appropriate in vivo infection models, which frequently reveals unexpected findings that were not or could not be observed in vitro (Blériot et al., 2015; Jones and D'Orazio, 2017; Gluschko et al., 2018; Paudel et al., 2020) and which are instrumental to development of innovative therapeutic strategies (Dickey et al., 2017; Kaufmann et al., 2018; Morrison, 2020).
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Mycobacterium tuberculosis (M. tb), the intracellular pathogen causing tuberculosis, has developed mechanisms that endow infectivity and allow it to modulate host immune response for its survival. Genomic and proteomic analyses of non-pathogenic and pathogenic mycobacteria showed presence of genes and proteins that are specific to M. tb. In silico studies predicted that M.tb Rv1954A is a hypothetical secretory protein that exhibits intrinsically disordered regions and possess B cell/T cell epitopes. Treatment of macrophages with Rv1954A led to TLR4-mediated activation with concomitant increase in secretion of pro-inflammatory cytokines, IL-12 and TNF-α. In vitro studies showed that rRv1954A protein or Rv1954A knock-in M. smegmatis (Ms_Rv1954A) activates macrophages by enhancing the expression of CD80 and CD86. An upregulation in the expression of CD40 and MHC I/II was noted in the presence of Rv1954A, pointing to its role in enhancing the association of APCs with T cells and in the modulation of antigen presentation, respectively. Ms_Rv1954A showed increased infectivity, induction of ROS and RNS, and apoptosis in RAW264.7 macrophage cells. Rv1954A imparted protection against oxidative and nitrosative stress, thereby enhancing the survival of Ms_Rv1954A inside macrophages. Mice immunized with Ms_Rv1954A showed that splenomegaly and primed splenocytes restimulated with Rv1954A elicited a Th1 response. Infection of Ms_Rv1954A in mice through intratracheal instillation leads to enhanced infiltration of lymphocytes in the lungs without formation of granuloma. While Rv1954A is immunogenic, it did not cause adverse pathology. Purified Rv1954A or Rv1954A knock-in M. smegmatis (Ms_Rv1954A) elicited a nearly two-fold higher titer of IgG response in mice, and PTB patients possess a higher IgG titer against Rv1954A, also pointing to its utility as a diagnostic marker for TB. The observed modulation of innate and adaptive immunity renders Rv1954A a vital protein in the pathophysiology of this pathogen.

Keywords: host-pathogen interface, immune modulation, oxidative stress, signature protein, Th1 response


INTRODUCTION

Mycobacterium tuberculosis (M. tb), the causative agent of tuberculosis (TB), persists as a latent form in nearly 30% of the global population who may not only serve as reservoir for inadvertent transmission of disease but also develop active TB during immunocompromised conditions. Recent reports have suggested that nearly 10 million new cases of TB are diagnosed annually with almost 1.45 million deaths being reported in 2018 alone (WHO., 2019). There is an exigent need to better understand the pathomechanism of this disease, which advocates an in-depth exploration of the mycobacterial interaction with the host immune system.

Macrophages play a key role in the clearance of bacteria through phagocytosis but paradoxically are the primary targets of M. tb infection (Tundup et al., 2008). M. tb has evolved mechanisms that enable it to not only avoid phago-lysosomal fusion but also allow the pathogen to remain in a non-replicating state within the macrophages, thereby dodging immunosurveillance (Bussi and Gutierrez, 2019). This is achieved by an arsenal of infectivity factors that modulate the host defense strategies. M. tb modulates the activity of the macrophage by dampening the secretion of pro-inflammatory cytokines, which in turn suppress the antibacterial activity of other immune cells. IFN-γ induces the activation of macrophages, thereby leading to phagolysosome formation and generating reactive oxygen species (ROS) that lead to clearance of infection (Winau et al., 2006; Cavalcanti et al., 2012). TNF-α supplements the activity of IFN-γ and generates ROS within the macrophages that exert bacteriostatic effects on pathogens (Delneste et al., 2003; Parameswaran and Patial, 2010). Knockout mice deficient in IFN-γ and TNF-α acquire M. tb infections at a higher rate as compared to control mice, pointing to the role of IFN-γ/TNF-α in immunity against TB (Olsen et al., 2016). M. tb employs various strategies to dampen this pro-inflammatory cascade to override the host defense system (Hmama et al., 2015). Apart from immune modulation, M. tb proteins impair the activity of antigen-presenting cells (APCs) by either suppressing the expression of co-stimulatory molecules or impairing the activity of antigen-presenting molecules (Noss et al., 2000; Hickman et al., 2002).

Studies to explore the immunomodulatory effect of M. tb proteins have been at the forefront so as to decipher the role in pathogenesis (Trajkovic, 2004; Hoffmann et al., 2018; Stylianou et al., 2018). Comparative analysis of genome and proteome of non-pathogenic and pathogenic mycobacterial species revealed that M. tb evolved through reductive evolution from non-pathogenic mycobacteria (Rahman et al., 2014). Despite the reduction in the genome size, M. tb attained pathogenicity by gene co-option whereby several functions were carried out by individual proteins. Additionally, several genes responsible for survival and infectivity expanded in numbers (Saini et al., 2012; Rahman et al., 2014; Singh et al., 2014). In the current study, we examined the function of gene Rv1954A that is exclusively present in pathogenic mycobacteria and absent in non-pathogenic mycobacteria. Rv1954A could have a role in M. tb infectivity and thus provide insights into the pathomechanism of TB disease. Our study showed the presence of the Rv1954A gene in M. tb and BCG but absence in non-pathogenic bacteria. The hypothetical protein Rv1954A was expressed in M. tb but not in BCG and hence was termed as a “signature protein” of M. tb. We elucidated the immunomodulatory role of M. tb Rv1954 both in vitro and in vivo, delineating its role in innate immune modulation and consequent effect on adaptive immune responses.



MATERIALS AND METHODS


Reagents and Other Supplies

Gibco (Thermo Fisher Scientific India Pvt. Ltd., Mumbai, India) supplied all cell culture reagents including DMEM. Merck Limited, Mumbai, India, supplied sarkosyl, imidazole, staurosporine, kanamycin, and isopropyl β-D-1-thiogalactopyranoside (IPTG). BD Biosciences (San Jose, CA, USA) supplied Middlebrook 7H11 agar, Middlebrook 7H9 media, and Middlebrook 7H10 media. ELISA kit, toxicity removal kit, and enzymes were obtained from PeproTech (Rocky Hill, NJ, USA), Norgen (Thorold, ON, Canada), and NEB (Massachusetts, USA), respectively. Plastic wares for cell culture were obtained from Corning (USA). All reagents used were of analytical grade.



Computational Analyses and Molecular Cloning of Rv1954A

ANCHOR software (https://iupred2a.elte.hu) was used to predict the protein-binding sites in the disordered region, and the IEDB (http://tools.immuneepitope.org/) tool was used to predict T cell/B cell epitopes in the protein of interest. The ORF encoding the M. tb Rv1954A gene was amplified by polymerase chain reaction (PCR) using forward and reverse primers (Supplementary Table 1). The gene was inserted in EcoRI and XhoI restriction sites of pET28a to construct a recombinant plasmid pET28a_Rv1954A. The recombinant construct pET28a_Rv1954A was transformed into E. coli BL21(DE3) expression strain, and the Rv1954A protein was purified by the Ni-NTA affinity column and eluted with 200 mM imidazole after inducing the culture for 3 h at 37°C with 1 mM IPTG. In order to concentrate the dialyzed protein, 3 kDa cutoff Centricon was used. Contamination of bacterial endotoxin was removed from the concentrated protein by treating with polymyxin B beads followed by estimation of bacterial endotoxin through LAL testing which estimated nil, and the protein was further visualized through SDS-PAGE.



Generation of M. smegmatis Knock-In of M. tb Rv1954A

M. smegmatis mc2155 was obtained from ATCC and maintained as glycerol stocks. These bacterial strains were cultured in Middlebrook 7H9 growth media supplemented with 10% OADC. The pST_Ki_Rv1954A construct was generated using the digested product from the pET28a_Rv1954A construct (Parikh et al., 2013). To make M. smegmatis Rv1954A knock-in, electroporation was employed. The positive colonies were selected on Middlebrook 7H11 agar plates containing kanamycin. PCR amplification was used to confirm the positive clones as described previously (Pandey et al., 2017). A three step sequential process was used to confirm the integration of pST_Ki_Rv1954A into the genome of M. smegmatis. Firstly, 7H11 agar plates containing kanamycin were used to select the M. smegmatis-positive colonies having Rv1954A (Ms_Rv1954A) and vector pST-Ki (Ms_Vc). The positive colonies were then passaged for seven generations on plates containing kanamycin. This was followed by plating and passaging the positive colonies on a kanamycin-negative plate for five generations. Lastly, plating and passaging the colonies for seven generations on a kanamycin plate confirmed the integration of the cassette. Colonies which were confirmed were grown till the log phase and were harvested followed by centrifuging and heating the pellet at 95°C for 30 min and the pellet resuspended in an SDS-PAGE loading dye. Centrifugation of the lysate fraction was done at 13,000 rpm for 10 min, and the supernatant obtained was loaded on 10% tricine gel. Western blotting was used for confirmation of Rv1954A protein by anti-rabbit polyclonal Rv1954A antibody generated in rabbit (described below). Visualization of the blots was done after incubation with anti-rabbit IgG antibody, which were HRP labeled.



Macrophage Culture and Cytokine Estimation

Murine macrophage cell line RAW264.7 (ATCC) and RAW-ΔTLR4 and RAW-ΔTLR2 were cultured in DMEM supplemented with 10% fetal bovine serum (Gibco), 0.1 mg/mL streptomycin, 10 mM glutamine, and 1× Penta (Gibco) with 5% CO2 at 37°C. RAW264.7 cells (5 × 104 cells/well) were cultured with different concentrations of endotoxin-free Rv1954A protein, and supernatant was collected after 24 h for estimation of various cytokines (TNF-α and IL-12). A vial of rRv1954A protein at 10 μg/ml was autoclaved at 121°C, 15 psi of pressure for 30 min to denature/heat inactivate (HI) it, which served as control. rRv1954A protein at 10 μg/ml was treated with Proteinase K (Ambion) at 37°C for 1 h followed by heat inactivation at 95°C for 10 min, which also served as a negative control. 200 ng/ml LPS (Escherichia coli O111:B4) obtained from Sigma (USA) was used as a positive control. In another set of experiment, RAW264.7 (ATCC), RAW-ΔTLR4, and RAW-ΔTLR2 (2 × 105) were infected with Ms_Vc or Ms_Rv1954A in a 12-well plate in incomplete DMEM for 4 h at MOI of 1:10 at 37°C followed by three washes with PBS and kept in a complete medium containing gentamicin to kill extracellular bacteria. After 24 h of infection, the supernatant was collected and levels of different cytokines were quantified using murine standard ELISA Development Kit, as per the manufacturer's protocol. Briefly, 96-well ELISA plates were coated with 100 μl of capture antibody and incubated at RT for overnight followed by washing the plates three times with 300 μl PBST (1× PBS pH 7.2, 0.05% Tween 20) and blocking with 1% BSA for 1 h at RT. The plates were then washed thrice with PBST, and addition of 100 μl of previously stimulated supernatant was done in each well incubating at RT for 2 h. Hundred μl of the detection antibody was added after washing five times with PBST followed by adding an enzyme conjugate (100 μl/well), avidin HRP conjugate, for 2 h. The plates were incubated at RT for 2 h. Hundred μl of TMB substrate was added to each well for color development after washing seven times with PBST followed by stopping the reaction with 2N H2SO4, and absorbance was taken at 450 nm and reference wavelength at 570 nm. The cytokine levels were determined by plotting the curve along with standards.



Immunofluorescence Staining

RAW264.7, RAW-ΔTLR4, RAW-ΔTLR2, and RAW-ΔTLR2/4 cells (0.5 × 106 cells/well) were seeded on coverslips in a 12-well plate for overnight. In another set of experiment, RAW264.7 which were seeded on the coverslips were incubated with 50 μg/ml or without rat anti-mouse anti-TLR4 antibody for 90 min (Andresen et al., 2016). The cells were treated with 10 μg/ml Rv1954A protein for 6 h followed by washing and fixing the cells with 4% PFA. These fixed cells were blocked with 3% BSA followed by incubating with anti-Rv1954A raised in rabbit (1:500) for 1 h. After washing with PBS, these cells were incubated with Alexa Flour 594-labeled anti-rabbit IgG and DAPI followed by mounting and visualization under a fluorescent microscope.



Measurement of Reactive Oxygen Species, Nitric Oxide Levels, and Apoptosis

RAW 264.7 cells (2 × 105) infected with Ms_Vc or Ms_Rv1954A in incomplete DMEM for 4 h at MOI of 1:10 at 37°C followed by three washes with PBS and kept in a complete medium containing gentamicin to kill extracellular bacteria. After 12, 24, and 48 h of infection, cells were harvested and washed with PBS. These cells were further processed for determination of levels of ROS or NO generated and apoptosis, as mentioned below. For the determination of the generation of reactive oxygen species (ROS) in RAW264.7 cells, CellROX Orange (Thermo Fisher Scientific India Pvt Ltd, Mumbai, India) was added followed by incubation at 37°C for 30 min. Cells were acquired using a FACSCanto II cytometer (BD Biosciences), and the data were analyzed using FlowJo software (Becton, Dickinson and Company, New Jersey, US). The generation of nitric oxide was determined using Griess reagent as per the manufacturer's protocol. Hundred μl of culture supernatants was added to 100 μl of Griess reagent followed by measuring the absorbance at 570 nm in a spectrophotometer. Apoptosis was measured using Annexin-V-7AAD staining kit (BioLegend, California, USA) as per the manufacturer's protocol. Cells cultured with Ms_Vc or Ms_Rv1954A were harvested, washed with cold PBS, and resuspended in Annexin binding buffer followed by staining with Annexin V-7AAD stain and incubated for 15 min. Treatment of cells with staurosporine (500 nM) served as the positive control. Cells were acquired using FACSCanto II cytometer (BD Biosciences), and the data were analyzed using FlowJo software.



Extracellular Staining of Surface Markers

RAW 264.7 cells (2 × 105) were infected with Ms_Vc or Ms_Rv1954A in incomplete DMEM for 4 h at MOI of 1:10 at 37°C followed by washing thrice with PBS and kept in complete medium containing gentamicin to kill extracellular bacteria for 48 h. Cells were harvested and treated with fluorescently labeled antibodies against various activation markers. Cells were fixed and analyzed by flow cytometry.



Mycobacterial Survival Assay

M. smegmatis mc2155 were grown till the log phase and diluted at 1:100 in 7H9 media followed by culturing till OD600 reached 0.05 and then were re-inoculated and allowed to grow in culture for 30 h. OD600 was taken after every 3 h up to 30 h. RAW 264.7 cells (2 × 105) were infected with Ms_Vc or Ms_Rv1954A in incomplete DMEM for 4 h at MOI of 1:10 at 37°C followed by washing thrice with PBS and kept in complete medium containing gentamicin to kill extracellular bacteria. One ml of 0.025% SDS was used to lyse the cells after 4, 12, 24, and 48 h of infection followed by plating the dilutions on 7H11 agar plates, and colonies were counted and colony-forming units (CFU) were calculated. In another experiment, log phase cultures (OD600 of 0.8–1.0) of Ms_Vc or Ms_Rv1954A were diluted 1:100 in 7H9 media and cultured till OD600 reached 0.2 and re-inoculated cells were then treated with the indicated concentrations of H2O2 (5 and 10 mM) or 5 or 10 mM NaNO2 for 3, 6, and 9 h, and the cells which survived were grown by plating appropriate dilutions on 7H10 media. The CFU was calculated.



Mycobacterial Phagocytosis Assay

A 45-min treatment of SYTO-9 (10 μM) (Thermo Scientific) was used to stain the recombinant M. smegmatis (100 × 106) Ms_Vc and Ms_Rv1954A. The excess dye was removed by washing the stained cells with PBS, thrice. RAW 264.7 cells (2 × 105) were infected with SYTO-9-stained Ms_Vc or Rv1954A in incomplete DMEM for 4 h at MOI of 1:10 at 37°C followed by washing thrice with PBS and kept in complete medium containing gentamicin in a 12-well plate. Cells were washed three times with PBS, and the internalization of SYTO-9 stained Ms_Vc or Ms_Rv1954A by RAW264.7 cells was analyzed through a flow cytometer. For microscopic visualization of phagocytosis, 10-mm-diameter coverslips were used and RAW 264.7 cells were kept for adherence at 37°C in a CO2 incubator. RAW 264.7 were co-cultured with SYTO-9-stained Ms_Vc or Ms_Rv1954A at MOI of 1:10 in incomplete DMEM for 4 h at 37°C. The cells were washed and fixed with 4% PFA in PBS for 30 min, and quenching was done using 50 mM NH4Cl in PBS followed by visualizing the cells through a fluorescence microscope (Nikon Carl Zeiss) (Naqvi et al., 2017).



Immunizations

All experiments using lab animals were performed according to the guidelines of the Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA), Government of India (CPCSEA guidelines www.envfor.nic.in/divisions/awd/cpcsea_laboratory.pdf), and Institutional Animal Ethics Committee and Institutional Biosafety Committee, National Institute of Pathology, New Delhi, India, approved the protocols (Approval No. NIP/IAEC-1701). All animals used in the experiments were kept in positive-pressure air-conditioned units (25°C, 50% relative humidity, 12-h light/dark cycle). Generation of the polyclonal antibodies against purified recombinant M. tb-Rv1954A was done in white New Zealand rabbits by subcutaneous injection of 200 μg/ml of purified recombinant protein emulsified with an equal volume of Freund's incomplete adjuvant followed by two booster immunizations each after 15-days intervals. Two weeks after final immunization, a dot-blot technique was used for quantitative estimation of the antibody titer. For immunization, inbred BALB/c mice (female, 8–12 weeks, 20–25 g) were obtained from the National Institute of Immunology (New Delhi, India). The test group (n = 5) was injected subcutaneously with purified recombinant M. tb-Rv1954A protein (10 μg/ml) in PBS buffer followed by booster doses (10 μg/ml) after every tenth day till 1 month of primary immunization. The control group (n = 5) was sham immunized with PBS only. Use of adjuvant was avoided to minimize the immunomodulatory bias obtained by use of adjuvants (Ciabattini et al., 2016; Knudsen et al., 2016). In another experiment, BALB/c mice (female, 8–12 weeks, 20–25 g) obtained from the National Institute of Biologicals (NIB) Noida, India, were intraperitoneally injected with Ms_Vc (n = 6) or Ms_Rv1954A (1 × 107) (n = 6) for evaluation of the antigenicity and immunogenicity of Rv1954A protein (Meng et al., 2017; Ruangkiattikul et al., 2017; Dang et al., 2018). After 4 weeks of primary immunization, mice were sacrificed and blood was collected from both sets of mice either immunized with purified recombinant Rv1954A or intraperitoneally injected with Ms_Vc/Ms_Rv1954A, and serum was obtained and stored at −20°C till further use. Another group of mice was also given intratracheal instillation with Ms_Vc or Ms_Rv1954A (1 × 106) followed by a booster dose after 15 days. Mice were sacrificed after 1 month of primary immunization, and lungs were recovered to observe any signs of pathology.



Isolation of Splenocytes and Estimation of Cytokines

Mice were sacrificed after 30 days of primary immunization, and spleens were recovered. Splenocytes were obtained using standard protocols (Ahmad et al., 2018) for in vitro assays. Spleens were recovered and perfused using a 26-gauge needle, and cell suspension obtained using a cell strainer devoid of debris was centrifuged and suspended in RBC lysis buffer (0.84% NH4Cl solution). The splenocytes obtained were devoid of erythrocytes and were centrifuged and resuspended in complete media. Splenocytes (1 × 106 cells) were then re-stimulated with recombinant protein (10 μg/ml) for various time points. The supernatants were collected and levels of IFN-γ quantified using the murine standard ELISA Development Kit, as per the manufacturer's protocol described earlier.

In another experiment, splenocytes from mice infected with Ms_Vc or Ms_Rv1954A (0.1 × 106 cells/well) were also seeded in a 96-well plate, stimulated with recombinant protein Rv1954A, and incubated at 37°C for 12, 24, and 48 h. The levels of secreted cytokines TNF-α, IL-6, and IL-12 were quantified using a murine standard ELISA Development Kit (PeproTech, Rocky Hill, NJ, USA) as per the manufacturer's protocol.



Histological Analysis of Lungs

BALB/c mice (n = 6) were given intratracheal infection with PBS, Ms_Vc (1 × 106), or Ms_Rv1954A (1 × 106) in 50 μl PBS. A booster dose of intratracheal infection was also given after 15 days. Mice were sacrificed after 1 month of primary infection. The lungs from the mice were fixed in 4% formalin and were processed for hematoxylin and eosin staining.



Human Subjects

All the protocols involving the use of samples from human subjects conformed to the Declaration of Helsinki. Approval was granted for all related experiments by the Institutional Ethics Committee (IEC), National Institute of Pathology, New Delhi, India. Informed consent was obtained from all the study participants included in the study. TB patients attending to the DOTS center of All India Institute of Medical Sciences (AIIMS), New Delhi, were enrolled (n = 31). Patients attending to other departments with no history of TB or contact with any active TB patient/sample were included as control (n = 18). Microscopic examination for presence of acid-fast bacilli in sputum smear abetted with GeneXpert and chest radiography of patients was the primary basis of TB diagnosis. TST status was not known in controls, and considering a high burden setting, 40% of control samples can be safely assumed as latently infected but with no clinical symptom or history of active disease. Blood (5 ml) was withdrawn from the median cubital vein of each participant by a trained phlebotomist. Blood was allowed to coagulate, and serum was isolated and stored at −20°C for further use.



Estimation of IgG Levels

ELISA was used for estimation of IgG levels in mice and human sera. Briefly, 96-well plates were coated with purified recombinant Rv1954A protein (10 μg/ml) and kept at 4°C overnight followed by washing with PBST (1× PBS pH 7.2, 0.05% Tween 20) three times and blocked with 10% FBS for 1 h at RT again followed by washing. This was followed by washing the plate thrice, and addition of mouse serum samples at 1:100 pre standardized dilution to each well and subsequently incubated for 2 h at RT. After five washes, goat anti-mouse IgG-HRP labeled secondary antibody (Merck Limited, Mumbai, India) at a dilution of 1:10,000 was added and incubated for 1 h. Addition of TMB substrate was done after seven washes followed by stopping the reaction with 2NH2SO4 and taking absorbance at 450 nm in a spectrophotometer, which correlated with the amount of serum IgG level. In order to assess Rv1954A specificity against sera of TB patients, plates were coated with purified recombinant Rv1954A protein (10 μg/ml) and incubated with patient serum samples at 1:200 dilution. HRP-conjugated secondary antibody at a dilution of 1:10,000 was added and incubated for 2 h. The substrate used was SIGMAFAST™ OPD tablets. Fifty μl of 3 N H2SO4 was used to stop the reaction. The optical density was measured at a wavelength of 492 nm. To assess the specificity of TB patients' sera against Rv1954A, plates coated overnight with purified recombinant Rv1954A protein (100 μl of 10μg/ml) were incubated with patient and control serum samples at 1:200 dilutions. Appropriate antigen concentration and serum dilution were determined by chequerboard titrations. After 2 h of incubation and 5 subsequent washes, HRP-conjugated secondary antibody at a dilution of 1:10,000 was added and incubated for 1 h. The substrate used was SIGMAFAST™ OPD tablets. Fifty μl of 3 N H2SO4 was used to stop the reaction. The optical density was measured at a wavelength of 492 nm.



Statistical Analysis

GraphPad Prism 8 software was used for statistical analysis. ANOVA and Mann–Whitney tests were used to determine statistical significance. A p < 0.05 was considered significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 denote the level of significance.




RESULTS


Rv1954A Is Specific to Pathogenic Mycobacteria and Secretory in Nature

The hypothetical Rv1954A protein was examined to understand its role in the modulation of immune response in the host. In order to identify putative proteins for possible coding segments, the open reading frame of the M. tb genomic sequence was studied. A comparative study of the M. tb Rv1954A putative protein with a database comprising all the known protein sequences showed that it is absent in other species of mycobacteria except BCG. M. tb Rv1954A also showed intrinsically disordered regions and encompassed numerous B cell and T cell epitopes (Supplementary Figures S1A,B). The Rv1954A protein is secretory in nature, which was predicted by PredictProtein software (Supplementary Figure S2A). Western blot analysis also showed the secretory nature of Rv1954A as M. tb H37Rv culture filtrate comprised Rv1954A (Supplementary Figure S2B). It was interesting that although BCG had a sequence for Rv1954A, the BCG culture filtrate was devoid of Rv1954A (Supplementary Figure S2B). Cloning of the Rv1954A gene was done followed by expression in the pET28a vector, and the recombinant protein was purified (Supplementary Figure S3). The Rv1954A gene was subcloned in the pST_Ki expression vector followed by electroporation in M. smegmatis, and positive constructs having His-tagged Rv1954A (Ms_Rv1954A) or Vector control pST-Ki (Ms_Vc) were cultured (Supplementary Figure S4A).



Rv1954A Enhances TLR4-Mediated Production of Pro-inflammatory Cytokines in Macrophages

The role of Rv1954A in inducing secretion of cytokine was examined in vitro by treatment of RAW264.7 macrophage cells with the rRv1954A protein for 24 h. Even though every batch of protein purified from E. coli BL(DE3) was treated with Polymyxin B Agarose for endotoxin removal, any remnant LPS from the E. coli cell membrane can lead to induction of cytokine and generate false-positive results. In order to rule this out, a vial of rRv1954A protein at maximum treatment concentrations was autoclaved to denature/heat inactivate (AC) it, which served as control. The rRV1954A protein (10 μg/ml) was treated with Proteinase K (PK) to serve also as a control. The supernatants collected from RAW264.7 cells were estimated for levels of cytokines using ELISA. There was a significant induction of cytokines like IL-12 (Figure 1AI) and TNF-alpha (Figure 1AII) in macrophages, and as expected in negative controls, cytokine levels were at best negligible. In order to identify which TLR is involved in secretion of pro-inflammatory cytokines in macrophages by M. tb Rv1954A, RAW264.7 macrophage cells, RAW-ΔTLR4, and RAW-ΔTLR2 were treated with endotoxin-free M. tb rRv1954A protein (2, 5, and 10 μg/ml) for 24 h. A significant secretion of IL-12 and TNF-α was observed in RAW264.7 macrophage cells and RAW-ΔTLR2 (Figure 1A). There was a significant reduced secretion of IL-12 and TNF-α in the case of RAW-ΔTLR4 cells.
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FIGURE 1. Rv1954A enhances TLR4-mediated production of pro-inflammatory cytokines in macrophages. RAW264.7, RAW-ΔTLR4, and RAW-ΔTLR2 cells were treated with purified Rv1954A protein (2, 5, 10 μg/ml). Autoclaved (AC) protein and proteinase K (PK)-treated protein served as negative controls. LPS treatment served as a positive control. Levels of IL-12 and TNF-α were estimated using ELISA (A). Representative data from three experiments show the concentration of IL-12 and TNF-α as mean ± SEM. Statistical significance was determined with the student t-test. (B) RAW264.7, RAW-ΔTLR4, and RAW-ΔTLR2 were infected with Ms_Vc and Ms_Rv1954A at an MOI of 1:10. Supernatants were collected after 24 h of infection, and secretion of cytokine levels was estimated through ELISA. Representative data from three experiments show the concentration of IL-12 and TNF-α as mean ± SEM. Statistical significance was determined with the student t-test. RAW264.7, RAW-ΔTLR4, RAW-ΔTLR2, and RAW-ΔTLR2ΔTLR4 cells were cultured on coverslips followed by incubation with Rv1954A protein 10 μg/ml for 6 h. The cells were fixed and incubated with anti-Rv1954A followed by staining with Alexa Flour 594 nm and DAPI and visualized by a fluorescent microscope (magnification is 40×, scale bar represents 20 μm) (C). RAW 264.7 cultured on the coverslips were pretreated with or without rat anti-mouse anti-TLR4 for 90 min. Cells were stimulated with 10 μg/ml rRv1954A protein for 6 h followed by fixing and treatment with anti-Rv1954A antibody raised in rabbit tagged with Alexa Flour 594 and DAPI followed by mounting and visualization under a fluorescent microscope (magnification is 40×, scale bar represents 20 μm) (D).


To independently address whether TLR4 is involved in the induction of cytokine release by M. tb rRv1954A, WT and TLR-deficient RAW macrophage cells were infected with Ms_Vc or Ms_Rv1954A. After 24 h of infection, the supernatants were collected, and secretion of cytokines was estimated by ELISA. There was a significant increase in secretion of IL-12 and TNF-α upon infection of RAW264.7 and RAW-ΔTLR2 cells with Ms_Rv1954A compared to Ms_Vc (Figure 1B). However, there was a significant decrease in the secretion of IL-12 and TNF-α upon infection of RAW-ΔTLR4 cells with Ms_Rv1954A compared to Ms_Vc.

Next, RAW264.7 macrophage cells, RAW-ΔTLR2, RAW-ΔTLR4, and RAW-ΔTLR2ΔTLR4 were cultured on coverslips and treated with 10 μg/ml rRv1954A protein for 6 h followed by fixing the cells with 4% PFA. These fixed cells were treated with anti-Rv1954A antibody raised in rabbit tagged with Alexa Flour 594 and DAPI followed by mounting and visualization under a fluorescent microscope, which reveal red puncta on the surface of the cells having DAPI-stained nuclei (blue). These red puncta could be interpreted/indicative as an interacting complex on the surface of the cells. When there was no rRv1954A protein added, such red puncta were not observed (Figure 1C, row 1). Red puncta. Red puncta were observed on the surface of RAW 264.7 cells and RAW-ΔTLR2 incubated with Rv1954A protein (Figure 1C, row 2 and row 3). However, these structures were not observed on the surface of RAW-ΔTLR4 cells and RAW-ΔTLR2 ΔTLR4 cells even in the presence of Rv1954A protein (Figure 1C, row 4 and row 5). As there is presence of red puncta on the surface of RAW 264.7 and RAW-ΔTLR2 cells only and not on TLR4-deficient cells, we concluded that Rv1954A interacts with TLR4 of macrophages. To independently address the formation of these structures, we also pretreated RAW 264.7 cells cultured on the coverslips with or without rat anti-mouse anti-TLR4 for 90 min. Cells were stimulated with 10 μg/ml rRv1954A protein for 6 h, fixed, and treated with anti-Rv1954A antibody raised in rabbit tagged with Alexa Flour 594 and DAPI followed by mounting and visualization under a fluorescent microscope. Pretreatment of anti-TLR4 resulted in no complex formation on the surface of the cells (Figure 1D, row 1) whereas no pretreatment of anti-TLR4 resulted in complex formation (Figure 1D, row 2).

Taken together, our data suggest an interaction of TLR4 with Rv1954A that subsequently leads to secretion of various cytokines.



Rv1954A Enhances Infectivity of Non-pathogenic Mycobacteria and Leads to Increased Induction of ROS, RNS, and Apoptosis

Growth kinetics was compared for Ms_Vc and Ms_Rv1954A, and there was no difference in doubling time (Supplementary Figure S4B). Ms_Vc and Ms_Rv1954A were fluorescently tagged with SYTO9 and cocultured with RAW264.7 macrophage cells at MOI of 10. SYTO9-stained Ms_Rv1954A were phagocytosed more compared to Ms_Vc, which was confirmed through fluorescence microscopy (Figure 2A). In order to have a quantitative data regarding the infectivity of Ms_Rv1954A, SYTO9-stained Ms_Rv1954A and Ms_Vc were cocultured with RAW264.7 macrophage cells at MOI of 10 for 4 h and harvested followed by running through a flow cytometer. It showed a two-fold higher mean fluorescence intensity (MFI) corresponding to an uptake of SYTO9-stained Ms_Rv1954A as compared to control Ms_Vc (Supplementary Figure S7). The infectivity of Ms_Rv1954A was also assessed by a different approach by infecting RAW264.7 cells with Ms_1954A or Ms_Vc. Macrophages were lysed and plated on agar, and the CFU/ml was examined. The CFU/ml of live bacteria that infected the macrophage cells is shown in Figure 2B. Thus, non-pathogenic M. smegmatis attains a comparatively virulent phenotype as visualized by increased infection, which could be attributed to the expression of Rv1954A in recombinant M. smegmatis.
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FIGURE 2. Rv1954A enhances infectivity of non-pathogenic mycobacteria and leads to increased induction of ROS, RNS, and apoptosis. RAW 264.7 cells were infected with fluorescent SYTO 9-stained Ms_Vc and Ms_ Rv1954A. Internalization of Ms_Vc and Ms_Rv1954A by macrophages was visualized through fluorescent microscope (magnification 100×, scale bar represents 5 μm) (A) and by CFU assay (B). For estimating the generation of reactive oxygen species, RAW 264.7 cells infected with Ms_Vc and Rv1954A were stained with CellROX Orange. The mean fluorescence intensity (MFI) of ROS generated within the macrophage is represented as mean ± SEM from three separate experiments (C). Two-way ANOVA was used for statistical significance. Levels of nitric oxide (NO) were estimated using Griess reagent assay, after 12, 24, and 48 h post infection of RAW264.7 cells with Ms_Rv1954A or Ms_Vc. The mean fluorescence intensity (MFI) of ROS generated within the macrophage is represented as mean ± SEM from three separate experiments (D). Two-way ANOVA was used for statistical significance. RAW264.7 cells were infected with Ms_Vc or Ms_ Rv1954A at an MOI of 10. After 48 h, cells were stained with Annexin V/7AAD dye and apoptosis was assessed. Data are shown by the percent apoptotic cells as mean ± SEM from three separate experiments. Staurosporine (500 nM)-treated cells were used as a positive control (PC) (E). One-way ANOVA was used for statistical significance. p < 0.05 is considered significant, * p < 0.05, **p < 0.01. ***p < 0.001.


There is a generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) upon infection with mycobacteria in macrophages (Shastri et al., 2018), and apoptosis may take place if it fails to get rid of pathogens (Jamaati et al., 2017). Generation of ROS and NO and apoptosis were assessed after every 12 h after infection with Ms_Rv1954A or Ms_Vc. Infection of RAW264.7 cells with Ms_Rv1954A led to generation of nearly two-fold higher ROS at 24 and 48 h compared to Ms_Vc (Figure 2C). Ms_Rv1954A also induced significantly higher NO at 24 h and 48 h compared to cells infected with Ms_Vc (Figure 2D). Thus, macrophages exhibit stress response by generating ROS and NO after infection with Rv1954A. Viability of macrophages was reduced after infection with Ms_Rv1954A compared to Ms_Vc. The mechanism behind this reduction in viability of RAW264.7 cells was studied by investigating whether cells are undergoing apoptosis, which was assessed by Annexin V/7AAD staining and through flow cytometry. Measuring the percent apoptosis revealed that Ms_Rv1954A induces a significant increase in apoptosis of RAW264.7 cells at 48 h after infection as compared to Ms_Vc (Figure 2E). These results suggest that infection with Ms_1954A leads to stress response in RAW264.7 cells followed by apoptosis.



Rv1954A Enhances Mycobacterial Survival Inside Macrophages and Accords Protection Against Oxidative and Nitrosative Stress

Experiments were designed to evaluate the role of Rv1954A in survival under stress. As can be seen, the survival of Ms_Rv1954A was significantly enhanced at 24 h and 48 h compared to Ms_Vc (Figure 3A). Colony formation (CFU/ml) was used to enumerate survival of Ms_Rv1954A within macrophages at different time points after infection. CFU obtained represented the number of bacteria that survived within the macrophages. The observed data suggest that expression of Rv1954A imparts infectivity character to non-pathogenic M. smegmatis that translates into increased survivability within the macrophage.
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FIGURE 3. Rv1954A enhances mycobacterial survival inside macrophages and accords protection against oxidative and nitrosative stress. RAW 264.7 cells were infected with Ms_Vc or Ms_Rv1954A, and the colony-forming units/ml were counted after 12, 24, and 48 h. Survival of viable Ms_Vc and Ms_Rv1954A from three experiments is represented as mean ± SEM (A). Ms_Vc and Ms_Rv1954A were given stress by culturing them in the presence of 5 and 10 mM of sodium nitrite. The cell viability was quantitated at 3, 6, and 9 h. Survival in terms of log10 CFU/ml as mean ± SEM was represented from three experiments (B). Ms_Vc and Ms_ Rv1954A cells were given oxidative stress by culturing them in the presence of 5 mM and 10 mM of hydrogen peroxide. The cell viability was quantitated at 3, 6, and 9 h. Survival in terms of log10 CFU/ml was represented from three experiments as mean ± SEM (C). Two-way ANOVA was used for statistical significance. p < 0.05 is considered significant, *p < 0.05, **p < 0.01. ***p < 0.001 and ****p < 0.0001.


An increased amount of ROS and RNS in macrophages can successfully eliminate M. smegmatis infection (Jordao et al., 2008). However, we observed that Ms_Rv1954A survives for longer compared to Ms_Vc within the macrophages (Figure 3A) despite enhanced ROS and RNS levels. This observation was revalidated by in vitro generation of RNS- and ROS-mediated stress. Treatment of Ms_Rv1954A or Ms_Vc with sodium nitrite (5 and 10 mM) and hydrogen peroxide (5 and 10 mM) for up to 9 h imitates the induction of RNS and ROS stress, respectively. The viability of Ms_Vc or Ms_1954A in NaNO2 and H2O2 was measured through CFU. There is an increase in CFU of Ms_Rv1954A as compared to Ms_Vc after treatment of the cultures of Ms_Rv1954A and Ms_Vc with 5 mM NaNO2 or with 10 mM NaNO2 for 3, 6, and 9 h (Figure 3B). Treatment of cultures with H2O2 (5, 10 mM) also resulted in significantly higher CFU of Ms_Rv1954A cells as compared to Ms_Vc cells (Figure 3C). Thus, Ms_Rv1954A is more resistant to RNS or ROS stress compared to Ms_Vc, which suggests that Rv1954A accords with protection against oxidative and nitrosative stress within macrophages. Thus, Rv1954A proteins likely help mycobacteria survive under stress conditions created within immune cells after infection.



Upregulation of Molecules Associated With Cell Maturation, Co-stimulation, and Antigen Presentation by Rv1954A in Macrophages

In order to study the role of Ms_Rv1954A on activation of macrophages, flow cytometry was employed. CD80, CD86, and CD40 which are co-stimulatory markers along with MHC I and MHC II, which are antigen-presenting molecules, were examined. Mean fluorescence intensity signifying the estimate of surface expression of CD80, CD86, CD40, MHC I, and MHC II on macrophages increased significantly upon infection with Ms_Rv1954A as compared to Ms_Vc (Figure 4). It clearly depicts that Rv1954A play an important role in activation of macrophages by enhancing the expression of CD80 and CD86. There was an upregulation of CD40 by Rv1954A, which signifies that Rv1954A likely enhances the association of APCs with T cells during antigen presentation. There was also an increase in MHC I and MHC II by Rv1954A, pointing to their role in modulation during antigen presentation to CD4+ and CD8+ cells.
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FIGURE 4. Upregulation of molecules associated with cell maturation, co-stimulation, and antigen presentation by Rv1954A in macrophages. RAW264.7 cells were infected with Ms_Vc and Ms_Rv1954A at an MOI of 10:1. Cells were harvested after 24 h of infection. The frequency of CD40+, CD80+, CD86+, MHCI, and MHCII markers was determined through a flow cytometer. Representative facs plots show the mean fluorescence intensity of cellular markers (A). Representative data show the mean fluorescence intensity of cellular markers as mean ± SEM (B). Statistical significance was determined with one tailed Mann–Whitney test. A p < 0.05 was considered significant. **p < 0.01.




Rv1954A Generates Th1-Biased Immune Response in Mice

In order to study the immunomodulatory role of Rv1954A in the generation of lymphocyte subpopulations, mice were immunized either with rRv1954A protein or with recombinant M. smegmatis (Ms_1954A). Administration of Ms_Rv1954A resulted in splenomegaly (Supplementary Figure S5A) in mice observed at necroscopy (1 month after infection). There was also an increase in the number of splenocytes (Supplementary Figure S5B) as compared to Ms_Vc. The primed splenocytes were further re-stimulated with Rv1954A proteins (5 μg/ml) for 12, 24, and 48 h which induced significantly higher IL-12 (Figure 5A), IL-6 (Figure 5B), and TNF-α (Figure 5C). Thus, Rv1954A mounts a strong pro-host Th1 response. Moreover, estimation of IFN-γ from culture supernatants also revealed an enhanced secretion from Rv1954A-immunized animals (Supplementary Figure S6).
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FIGURE 5. Rv1954A generates Th1-biased immune response in mice. Spleen were recovered from mice (n = 7) infected with Ms_Vc (1 × 107) and Ms_Rv1954A (1 × 107). Primed splenocytes were in vitro stimulated with Rv1954A protein for 12, 24, and 48 h. Secretion of IL-12 (A), IL-6 (B), and TNF-α (C) was estimated through ELISA. The concentrations of IL-12, IL-6, and TNF-α are represented as mean ± SEM from three experiments. Two-way ANOVA was used for determination of statistical significance. P < 0.05 is considered significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, and nd means not detected.




Infection of Ms_Rv1954A Through Intratracheal Instillation in Mice Leads to Enhanced Infiltration of Lymphocytes in the Lungs

After observing a good immunological response of Rv1954A and enhanced survival of Ms_Rv1954A in macrophages, we checked its effect by aerogenic route in order to mimic actual infection. Comparison of histological analysis of the lungs of mice infected with Ms_Rv1954A and Ms_Vc through intra-tracheal instillation showed enhanced infiltration of lymphocytes into the lung parenchyma in the case of mice infected with Ms_Rv1954A (Figure 6A). Granuloma-like structures were not seen in any of the hematoxylin and eosin-stained samples of the lung tissues. The inflammatory airways in lungs of mice infected with Ms_Rv1954A were visualized by a blinded observer and were found significantly less in comparison to mice infected with Ms_Vc (Figure 6B). These observations clearly suggest that Ms_Rv1954A is more immunogenic compared to Ms_Vc but at the same time is not so virulent that it can cause any adverse pathology.
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FIGURE 6. Infection of Ms_Rv1954A through intratracheal instillation in mice leads to enhanced infiltration of lymphocytes in the lungs. BALB/c mice (n = 6) that were injected with either phosphate-buffered saline (uninfected) or Ms_Vc (1 × 107) or Ms_Rv1954A cells (1 × 107) intratracheally. Lungs were recovered and washed in PBS followed by fixing in 10% formalin solution. Paraffin-embedded lungs were fine sectioned followed by staining with hematoxylin and eosin (HE) solution. The images were captured for at least 5 different fields at different magnifications (A). Quantitative representation of the inflammation-free airways in the lungs of mice after infection with Ms_Vc or Ms_Vc intratracheally through hematoxylin and eosin staining (B). Data are represented as mean ± SEM. Statistical significance was determined with student's t-test, ***p < 0.001 and ****p < 0.0001.




Rv1954A Induces IgG Response and Sero-Specificity Determines Its Possible Diagnostic Candidature

Having observed the role of Rv1954A in cell-mediated immunity, we explored the role of Rv1954A in humoral immune response. ELISA was performed to measure the immunoglobulin G (IgG) level in the sera of mice immunized with either purified Rv1954A protein or Ms_Rv1954. Mice immunized with Rv1954A protein showed a nearly one-fold higher titer of IgG in the sera as compared to control mice. Mice immunized with Ms_Rv1954A showed a nearly two-fold higher titer of IgG as compared to mice injected with Ms_Vc cells (Figure 7A). Ability of Rv1954A to elicit an IgG response led us to validate whether Rv1954A-specific IgGs could be employed as a diagnostic biomarker. A comparative humoral immune response against the Rv1954A protein in pulmonary tuberculosis (PTB) patients and control population revealed a significantly higher IgG titer in sera of all the PTB-positive patients compared to sera of the controls (Figure 7B). These results point to the likely utility of Rv1954A as a novel diagnostic marker for TB.
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FIGURE 7. Induction of IgG response exhibiting sero-specificity by Rv1954A. M. tb Rv1954A protein was immunized in BALB/c mice or mice infected with Ms_Rv1954A and Ms_Vc. The mouse sera having IgG was tested using ELISA (A). Sera were obtained from pulmonary TB patients (n = 31) or control volunteers (n = 19). Immunoreactivity of human sera against Rv1954A was tested using ELISA (B). Data are represented as mean ± SEM. One-tailed Mann–Whitney test was used for statistical significance. p < 0.05 is considered significant, *p < 0.05, ***p < 0.001.





DISCUSSION

In order to eradicate TB by 2035, as envisaged under the Sustainable Development Goals of UNO and the WHO End TB Strategy, major focus of research includes areas such as discovering new drugs, repurposing drugs, discovering new vaccines, and administering vaccines through different routes to enhance its efficacy (Khan et al., 2019; Kumar et al., 2019; Darrah et al., 2020; Sheikh et al., 2020). Our earlier intensive comparative computational analysis revealed proteins that are specific to M. tb pathogen and absent in all other mycobacterial species (Rahman et al., 2014). Pathogen specificity puts these proteins at the forefront of process of pathogenesis demanding exploration in detail. In this study, we evaluated the immunomodulatory role of M. tb antigenic protein Rv1954A, which is present but not expressed in the BCG strain. Rv1954A is highly antigenic, which is revealed through in silico analysis for epitope search and antigenicity. Therefore, these pathogenic proteins need to be researched in detail for their possibility to be used in diagnostics and as vaccine candidates.

Our study revealed that treatment of macrophages with Rv1954A led to release of pro-inflammatory cytokines like IL-12, IL-6, and TNFα in a dose- and time-dependent manner by interacting via TLR4. The same results were corroborated in mice infected with non-pathogenic M. smegmatis expressing Rv1954A (Ms_Rv1954A) wherein sensitized lymphocytes also evoked a pro-inflammatory response after in vitro treatment with antigens.

M. tb Rv1954A also activates innate immunity by activating macrophages, which is evident by increased expression of co-stimulatory markers such as CD80, CD86, and CD40. This suggests that treatment of Rv1954A activates macrophages, and this protein is exploited by these host sentinels to produce an efficient microbicidal response. The initial innate immune modulatory response by Rv1954A in macrophages is likely translated later into efficient adaptive response by lymphocytes, which determines the outcome of the interaction. Moreover, the immune response usually gets skewed toward either Th1 or Th2, depending on their physiochemical properties/adjuvant used (Freeman et al., 1993; Levine et al., 1995). We deliberately omitted the use of any adjuvant as mycobacterial proteins have self-adjuvanting properties that we have observed earlier and have also been previously reported (Lee et al., 2014). Induction of hallmark pro-inflammatory cytokine IFN-γ in immunized mice was also observed, which clearly depicts pro-host immune modulatory effects of the antigenic protein (Supplementary Figure S7). TNFα, along with INF-γ, produces NOS, which enhances a bacteriostatic effect of macrophages. TNF-α also has a role in modulation of migratory potential leading to granuloma formation, which limits the bacteria from further transmission (Cavalcanti et al., 2012). This cytokine also regulates other inflammatory cytokines like IL-1 and IL-6 during M. tb infection. Despite all pro-host effects, this cytokine needs strict regulation as excessive levels can lead to immunopathology with worsening of clinical symptoms. IL-12 is required for the expansion and optimal activation of Th1 response by inducing the production of IFNγ. Apart from this, IL-12 also facilitates dendritic cell migration along with chemokine production to control mycobacterial infections. IL-6 production is also critical during early M. tb infection as it affects protection by modulating cytotoxic T cell differentiation. IL-6 exhibits a protective role in the early phase while causing pathology in the chronic phase of TB infection, thereby stating it to be controversial (Zhang et al., 1994). Though IL-17 has emerged as another critical cytokine that imparts mucosal protection against M. tb, the effect of Rv1954A on that subset is yet to be validated. The production of these pro-inflammatory cytokines suggests a switch toward the Th1 type of response that is critical for protection against intracellular pathogens like M. tb.

Our results suggested that Ms_Rv1954A survives for a prolonged duration within the macrophage, indicating an increase in infectivity. These infected macrophages also reveal an enhanced bactericidal response, which was paradoxical to enhanced growth of recombinant bacteria inside macrophages. Thus, generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) takes place in the macrophage to get rid of the pathogen (Shastri et al., 2018) or may become apoptotic if it does not eliminate the pathogen (Jamaati et al., 2017) upon infection with M. tb. This suggested that Rv1954A somehow imparts resistance to these oxidative and nitrosative stresses, which was validated by inducing stress to the recombinant bacteria Ms_Rv1954A. The mechanistic details to deciphering the role of Rv1954A in conferring resistance to stress are further warranted. These results also provide a mechanism of apoptosis induction in macrophages upon infection with recombinant Ms_Rv1954A. Enhanced infectivity acquired by Ms_Rv1954A probably leads to activation of apoptosis. Apoptosis acts as a host defense mechanism as apoptosis controls bacterial replication. Apoptotic macrophages are an important source of bacterial antigens, which stimulate M. tb-specific T-cell immunity (Winau et al., 2006). These attributes indicate that vaccine candidates expressing Rv1954 could survive longer and eventually generate efficient innate and adaptive immune responses. One of the possible setbacks could be infectivity-mediated pathology. Interestingly, upon aerosol infection with Ms_Rv1954A, we observed enhanced infiltration owing to enhanced immunogenicity, but no overt pathology mediated by knock-in of Rv1954A.

All evidence emerging was suggestive of a Th1 type of response that advocates use of Rv1954 as a probable vaccine candidate. The observed immunological characteristics strongly suggest a novel role for this signature protein Rv1954A. In addition to cell-mediated immunity, a humoral branch of the immune system is also activated by Rv1954A. There are recent reports which suggest that antibodies can have a positive effect on the immune responses against M. tb. B cells are multifaceted because of their ability to present antigen, secrete antibody, and cytokine, exerting a significant effect on T cell-mediated immunity, which is considered critical for TB control (Igietseme et al., 2004; Lund and Randall, 2010; Chan et al., 2014). Taking these findings into consideration, we expected antibodies against Rv1954A in sera of TB patients. We found a clear non-overlap in IgG reactivity in PTB patients and controls, which clearly reflects that response by Rv1954A is highly specific. The sero-specificity of Rv1954A suggested that it can be used as a diagnostic marker for TB like resistin which we have earlier reported (Ehtesham et al., 2011). Considering the variable efficacy of BCG, a signature protein of M. tb such as Rv1954A can be genetically engineered into BCG, which may solve some of the drawbacks of BCG.

Thus, we can conclude that M. tb Rv1954A has an immunomodulatory role (Figure 8). It can induce pro-host immune response under both in vitro and in vivo conditions. However, we have not addressed the role Rv1954A in the context of M. tb infection. Moreover, the emerging and substantial role of “trained immunity” in TB control and vaccine developments has drawn impetus again on innate immunity that was overshadowed by adaptive immunity (Koeken et al., 2019; Netea et al., 2020). Exploring epigenetic and metabolic programming of innate immune cells by mycobacterial effector proteins will elucidate the molecular mechanism to generate efficacious vaccines for better control of tuberculosis (Lerm and Netea, 2016; Covian et al., 2019).
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FIGURE 8. Model depicting the role of Rv1954A in modulating immune responses. Our studies showed that M. tb Rv1954A protein is a secretory protein that elicits high levels of Th1 cytokines in macrophages through the TLR4-mediated pathway. Rv1954A knock-in M. smegmatis (Ms_Rv1954A) was taken up more by macrophages and endured stress response but showed higher survival in macrophages. Ms_Rv1954A induced increased expression of early activation marker CD69, co-stimulatory molecule CD40, antigen-processing molecule (MHCII), and CD80/CD86 molecules associated with modulation of T cell activity in macrophages. Intratracheal instillation of Ms_Rv1954A also resulted in infiltration of cells in the lungs without any granuloma formation. M. tb Rv1954A showed specificity to the sera obtained from TB patients.
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Supplementary Figure S1. M.tb Rv1954A revealed its antigenic potential through in silico analysis. (A) B-cell and T cell epitope prediction in Rv1954A by IEDB tool (http://tools.immuneepitope.org). (B) Anchor server was used to predict presence of protein binding sites in disordered regions (https://iupred2a.elte.hu).

Supplementary Figure S2. Secretory nature of Rv1954A is revealed through in silico and western blot analysis. (A) Localization prediction of Rv1954AA by PredictProtein tool (https://www.predictprotein.org/) depicting its secretory nature. (B) Western blot image depicting the expression of Rv1954A in CFP of M. tb H37Rv. A distinct band of 10 KDa is observed in CFP of M. tb H37Rv but not in the CFP of BCG. WCL, Whole Cell Lysate; CFP, Culture Filtrate Protein; M, marker.

Supplementary Figure S3. Construction and expression of Rv1954A knock-in M. smegmatis. (A) The elution of recombinant M.tb Rv1954A depicted by SDS PAGE. A distinct band is observed at 10 KDa (M: marker; FT: flow through; W1: Wash1; W2: Wash 2; W3: Wash 3; W4: Wash 4 E1-E3: Elutions). (B) Confirmation of recombinant M.tb Rv1954A using western blot. (C) Molecular characterization of pST_Ki_Rv1954A knock-in M. smegmatis. Confirmation of Subcloning of Rv1954A in pST-Ki expression vector using colony PCR (PC: positive control; L: DNA ladder; 1-4: colony). (D) Confirmation of pST-Ki_ Rv1954A in knock-in M. smegmatis using colony PCR. PC, positive control; L, DNA ladder; 1-4: Colonies 1-4.

Supplementary Figure S4. Rv1954A of knock-in M. smegmatis Ms_Rv1954A expresses Rv1954A. (A) Western blot confirmation of M.tb 1954A using in-house specific polyclonal antibody raised in rabbit. Note the presence of a band corresponding to 10 KDa in Ms_Rv1954A lane. (B) Growth curve of Ms_Rv1954A as compared to vector control Ms_Vc. Statistical significance was determined with two-way ANOVA. Note the absence of any significant difference in terms of growth kinetics between Ms_Rv1954A and Ms_Vc.

Supplementary Figure S5. Splenomegaly and increased number of splenocytes is caused by Ms_Rv1954A. BALB/c mice (n = 6) that were injected with either PBS (uninfected) or Ms_Vc (1 × 107) or Ms_Rv1954A (1 × 107). Spleen was recovered after 1 month. (A) Representative picture depicting splenomegaly in the mice infected with Ms_Rv1954A as compared to Ms_Vc. (B) The number of splenocytes was counted after making single cell suspension using trypan blue exclusion method. Representative data show the number of splenocytes as mean ± SEM. Statistical significance was determined with one tailed Mann-Whitney test. p < 0.05 was considered significant, **p < 0.01.

Supplementary Figure S6. Induction of secretion of IFN-γ from re-stimulated splenocytes by Rv1954A. BALB/c mice (n = 5) were immunized with purified recombinant Rv1954A proteins (10 μg/ml). Splenocytes (1 × 106) isolated from mice were cultured in absence or presence of Rv1954A protein (2, 5, 10 μg/ml) for 48 h and the levels of IFN-γ were estimated by ELISA. Representative data show IFN-γ secretion, as mean ± SEM. Statistical significance was determined with one tailed Mann-Whitney test. p < 0.05 was considered significant, *p < 0.05 and **p < 0.01.

Supplementary Figure S7. Increased survival of Ms_Rv1954A in infected macrophages. RAW264.7 cells were co-cultured with SYTO-9 stained Ms_Rv1954A or Ms_Vc at MOI of 10:1. The uptake of Ms_Vc and Ms_Rv1954A cells within RAW264.7 macrophage cells was assessed by flowcytometer after 12, 24, and 48 h. Representative data from three experiments show mean fluorescent intensity (MFI) of fluorescently tagged viable Ms_Vc and Ms_Rv1954A as mean± SEM. Statistical significance was determined with two-way ANOVA. p < 0.05 was considered significant, ***p < 0.001 and ****p < 0.0001.

Supplementary Table S1. Different primers used in the study.
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Macrophages being the connecting link between innate and adaptive immune system plays a crucial role in microbial antigen presentation and orchestrates the subsequent clearance of microorganisms. Microbial invasion of macrophages trigger a plethora of signaling cascades, which interact among them to generate a dynamically altered hostile environment, that ultimately leads to disruption of microbial pathogenesis. Paradoxically, Mycobacterium sp. exploits macrophage proteins such as Coronin 1, Calcineurin, LRG47, SOCS1, CISH, Gbp5 etc. and secretes virulence proteins such as PknG, PtpA, SapM, Eis etc. to hijack these intra-macrophage, signaling cascades and thereby develop its own niche. Coronin 1, being a cortical protein is transiently recruited to all mycobacteria containing phagosomes, but only pathogenic mycobacteria can retain it on the phagosome, to hinder its maturation. Additionally, mycobacterial infection linked secretion of virulence factor Protein Kinase G through its phosphorylation, manipulates several macrophage signaling pathways and thus promotes pathogenesis at various stages, form early infection to latency to granuloma formation. Here we discuss the present status of mycobacteria engaged Coronin 1-dependent signaling cascades and secreted PknG related sequence of events promoting mycobacterial pathogenesis. Current knowledge about these two proteins in context of macrophage signaling manipulation encompassing diverse mechanisms like calcium-calcineurin signaling, reduced proinflamtory cytokine secretion, cytoskeletal changes, and adaptation in acidic environment, which ultimately converge toward mycobacterial survival inside the macrophages has been discussed.

Keywords: mycobacterium, macrophage, Coronin 1, PknG, phagosome arrest, host-directed therapy


INTRODUCTION

Macrophages are the first line of defense to any intracellular microbial attack in our body and to stifle these microbial invaders, macrophage have evolved different innate immune strategies like phagocytosis, micropinocytosis, phagosome-lysosome fusion, apoptosis, autophagosome formation, antigen presentation etc. (Weiss and Schaible, 2015; BoseDasgupta and Pieters, 2018). This panoply of innate immune events orchestrated by the macrophage, ensures microbial clearance form our body. However, macrophages in certain cases are incapable of eliminating the invaded pathogen, thus allowing them to form a safe niche within itself, which ultimately emanates into a diseased condition. Mycobacteria sp. which are the causative agent of pulmonary and extra-pulmonary tuberculosis, leprosy, skin abscess etc. are one of those notorious intracellular pathogens. On average 10 million people contract tuberculosis every year with a mortality being close to 1.5 million. Additionally latent TB infection globally is 1.7 billion of which more than 10% progress to active disease (World Health Organization, 2019). India harbors one-third of global TB burden of which 40% is infected with XDR/TDR mycobacterial strains. It is believed that more than 40% of Indian population are effected with latent TB (Goyal et al., 2017). On the otherhand there are close to 0.2 million leprosy cases and the count seems to rise slowly with approximately one in fifty thousand getting affected. M. tuberculosis is transmitted from an active TB patient through the aerosolized droplets released upon sneezing or coughing, which when inhaled by another person migrates through the respiratory track to the lower lobe of lungs where it recruits and infects alveolar macrophages. M. leprae is transmitted through nose and mouth droppings from infected individuals. When macrophage fail to prevent mycobacterial pathogenesis within itself, the immune system tries to contain mycobacteria by forming a fibroblast coat around the infected macrophages, thus forming a granuloma. Formation of granuloma indicates onset of active TB, which progresses as a necrotizing caseous core generated by macrophage rupture of mycobacteria followed by mycobacterial dissemination to other loci for disease progression (Cambier et al., 2014). This intelligent acid-fast bacilli have evolved certain strategies to withstand macrophage laid elimination mechanisms and in contrary exploit these cells as a protective shield by secreting certain virulence factors and hijacking macrophage proteins (Pieters, 2008). Upon mycobacterial apposition close to macrophage membrane, depending on the context, different phagocytic receptors such as Complement receptor 3, mannose receptor, Sp-A receptor, Fcg receptor, Dectin 2, Mincle, and TLR2 recognize mycobacteria (Caron and Hall, 1998; Killick et al., 2013; Hmama et al., 2015; Wagener et al., 2018) and trigger membrane invagination and pseudopod extension along the mycobacterial surface. In general upon phagocytic uptake or even before phagocytic cup closure, few proteins like NADPH oxidases (Panday et al., 2015) are recruited and activated, while expression of pro-inflammatory cytokines (Domingo-Gonzalez et al., 2016) occur so as to initiate an antimicrobial response. NADPH oxidase is known to generate ROS and thereby activate the innate immune system through a Th1 response. But mycobacteria is known to utilize CpsA to prevent the action of NADPH oxidase (Köster et al., 2017). Mycobacteria is known to engage host factors such as Coronin 1, Calcineurin, SOCS1, CISH, LRG47, Gbp5 etc. to establish its niche within the macrophage. Trimeric Coronin 1 being cortical gets associated with the phagsome and is retained by mycobacteria to hinder phagosome maturation through activation of the phosphatase Calcineurin. Mycobacteria by upregulating SOCS1 can prevent the downstream signaling of the pro-inflammatory cytokine IFNγ, whereas CISH has been shown to hinder the phagosomal localization of V-H+ATPase by degrading its subunit A and thereby hindering mycobacterial phagosome acidification and maturation (Jayachandran et al., 2007; Queval et al., 2017). Both LRG47 and Gbp5 are IFNγ inducible genes, where the later is triggered by mycobacteria secreted ESAT6 (MacMicking et al., 2003; Shenoy et al., 2012; Tretina et al., 2019). These proteins can activate the inflammasome pathway during mycobacterial infection (Tretina et al., 2019) while cytosolic mycobacteria can trigger autophagy (Gutierrez et al., 2004). Autophagy can dampen inflammasomes (Songane et al., 2012; Saitoh and Akira, 2016), thus creating a favorable niche for infected mycobacteria. Mycobacteria secretes a number of virulence factors such as PknG, PtpA, SapM, Eis etc, to promote pathogenesis. Where PknG is known to hinder phagolysosome fusion (Walburger et al., 2004), its role as a kinase inside macrophages is yet to be deciphered. PtpA on the other hand by dephopsphorylating VPS33b, excludes V-H+ATPases from acidifying the mycobacterial phogosome (Wong et al., 2011). Additionally, acid phosphatase SapM, by dephosphorylating the phosphoinositides can limit the phagosomal access of maturation factors and thereby hinder the process (Zulauf et al., 2018). Eis on the other hand alter the innate immune responses like autophagy, inflammation and cell death via a redox dependent manner (Shin et al., 2010). Following phagocytosis, dynamin, and Rab5 effector rabaptin engages the PI3 kinase; Vps34 to recruit Rab5 to the phagosomal membrane (Kinchen and Ravichandran, 2008). Concomitantly there is fusion of early endosomal antigen (EEA1) containing vesicles with these nascent phagosomes (Lawe et al., 2002). But for mycobacteria containing phagosomes, Vps34 generated PIP2 and PIP3 (Jeschke et al., 2015) is depleted by mycobacteria secreted SapM (Vergne et al., 2005) thus preventing the phagosomal access of maturation factors. Additionally mycobacteria activated p38-MAPK can reduce EEA1 recruitment to the mycobacterial phagosome (Fratti et al., 2003). In a poorly understood “early” acidification event, phagosomes are minimally acidified (Beyenbach and Wieczorek, 2006) which possibly triggers cathepsins to bring in V-H+ ATPase to the phagosome membrane (Fratti et al., 2003). Generally phagosomal acidification by V-H+ ATPase brings in the HOPS complex that interact with phagosome bound Rab5 and exchanges it with Rab7 to form the late phagosome (Caplan et al., 2000). These late phagosomes bring C33 protein that enables the interaction of lysosomal RILP protein with phagosome bound Rab7 and triggers phagolysosome formation (Jordens et al., 2001) which is marked by LAMP1 (Huynh et al., 2007). Owing to impaired acidification of mycobacteria containing phagosomes the HOPS complex might not be activated and therefore the Rab5 to Rab7 exchange and the process thereafter does not occur (Poirier and Av-Gay, 2012; Mottola, 2014). Although an insignificant level of Rab5 gains access to this phagosome it might be inefficient to recruit the HOPS complex to get exchanged with Rab7 (Mottola, 2014). Interestingly 20 h post-infection it has been observed that mycobacteria resides in LAMP1 and CathepsinD positive phagolysosomes (van der Wel et al., 2007). Hindered phagosome maturation (Ehrt and Schnappinger, 2009) might allow for the mycobacterial expression of MarP, a serine protease responsible for cleavage mediated activation of the peptidoglycan hydrolase RipA, that is essential for proper division of mycobacteria (Botella et al., 2017). RipA and Ami1 are essential for mycobacterial replication and persistence inside these phagolysosomes (Healy et al., 2020). Additionally a part of the infected mycobacteria is known to utilize the Esx1 secretion system to secrete ESAT6 and CFP10 to rupture the phagosome and escape into the cytoplasm (van der Wel et al., 2007). Once in the cytoplasm, these mycobacteria trigger the cGAS/STING pathway for autophagosome formation (Watson et al., 2015). The above stated observations are represented schematically in Figure 1. Once phagocytosed, infected mycobacteria face a hypoxic challenge, while withstanding a strong innate immune response or when it is restricted within the granuloma (Rustad et al., 2009). This hypoxic challenge triggers the DosR regulon, which then in a concerted way limit the mycobacterial metabolism and thereby its proliferation and trigger a condition of latency (Doddam et al., 2017). Mycobacteria infected macrophages, during the process of hindered phagosome maturation or cytosolic escape or upon induction of latency do not undergo apoptosis, while in general when macrophage fail in its ability to limit a pathogen it undergoes apoptosis. Mycobacteria are known to engage NuoG, SecA2, PknE, and SodA like proteins to limit macrophage apoptosis (Liu et al., 2017). Prevention of apoptosis restricts macrophage bactericidal activity and also allows mycobacteria to proliferate in its established niche in case of active TB or stay dormant as in the case of latent TB.


[image: Figure 1]
FIGURE 1. Overview of phagosome maturation in general or in mycobacterial infection: Generally upon phagocytic uptake, dynamin, and Vps34 enable fusion of Rab5 vesicles with the phagosome. There is concomitantly acquisition of EEA1 as well. This early phagosome is then acidified by V-H+ATPase, thus activating the HOPS complex to enable the Rab5-Rab7 exchange. The Rab7 positive acidified late endosome is then sensed by C33, which then enables the fusion of RILP positive lysosomes with these late endosomes to form the phagolysosome. It is believed that the process of phagosome to phagolysosome occur in 2–3 h. For mycobacterial phagosomes, NADPH oxidase activity is prevented by mycobacterial CpsA. Next mycobacteria activated p38-MAPK pathway hinders EEA1 acquisition onto these phagosomes. Concomitantly mycobacteria activated CISH can prevent phagosomal acidification by degrading V-H+ATPase. Mycobacteria secreted SapM and PtpA, limit the access of maturation factors thus hindering phagosome maturation. Part of the mycobacteria can escape into the cytosol by rupturing the maturation hindered phagosome through Esx1 secreted ESAT6 and CFP10. Cytosolic mycobacteria triggers the cGAS/STING pathway and thereby forms an LC3 positive autophagosome. Hindered phagosome exhibit phagolysosomal characteristics in being LAMP1 and CathepsinD positive 20 h post-phagocytosis of mycobacteria. This hindrance is required to overexpress acid tolerant protease MarP, which then activates RipA. Ami1 together with activated RipA then promotes mycobacterial replication and proliferation.


Thus, mycobacteria need to manipulate macrophage signaling cascades in a balanced way allowing it to get associated with the macrophage. Once inside the phagosome of permissive macrophages, mycobacteria recruits and retains the cortical protein, Coronin 1 on the phagosome membrane and secretes virulence factors of which Protein Kinase G (PknG) plays a primary role and these together enables it to survive within the macrophage as well as generate an anti-inflammatory milieu. Here we discuss different approaches taken by several groups to understand the role of Coronin 1 and PknG in mycobacterial pathogenesis.



CORONIN 1: THE “FIFTH COLUMNIST” INSIDE MACROPHAGES

Mycobacterial pathogenesis depends upon successful survival and replication of bacilli inside macrophages (Falkow, 1991). To fulfill this purpose Mycobacterium sp hijacks several host factors. Coronin 1 is one such factor that helps mycobacteria to prevent phagosome maturation and thereby aids in mycobacterial survival inside the macrophages (Hasan et al., 1997; Ferrari et al., 1999). Coronin 1 is an evolutionary conserved protein belonging to the β-propeller and WD repeat containing Coronin family protein (De Hostos, 1999). Coronin 1 is specifically expressed in the hematopoetic cell line lineage and to a lesser extent in the brain (Appleton et al., 2006; Jayachandran et al., 2014). Deletion of Coronin 1 affects F-actin dynamics and thereby compromises phagocytosis (Yan et al., 2005). Intracellularly, Coronin 1 trimerizes via its C-terminal coiled-coil domain and localizes to the cell cortex (BoseDasgupta and Pieters, 2014a), hence macrophage phagocytosis of live or dead mycobacteria has Coronin 1 recruited on the phagosome membrane, but only live pathogenic mycobacteria can retain this Coronin 1 coat (Ferrari et al., 1999). Live pathogenic mycobacteria secretes lipoamide dehydrogenase or CIP50, which then interacts with Coronin 1 across the phagosome membrane and thereby retains it on the phagosome (Deghmane et al., 2007). Interestingly pro-inflammatory cytokine IFNγ induced GTPase, LRG47 or called Immunity Related GTPase M (IRGM) in mice, can disrupt the interaction between lipoamide dehydrogenase and Coronin 1. The resultant loss of Coronin 1 from the phagosomal membrane enables maturation of the mycobacteria-containing phagosome and later fusion with the lysosomes where they are subsequently degraded by lysosomal hydrolases (Deghmane et al., 2007). Active TB patients exhibit elevated levels of Coronin 1 and TLR2 and it is believed that the former can trigger the overexpression of the later (Constantoulakis et al., 2010). M. leprae containg phagosomes have been shown to harbor both TLR2 and Coronin 1 on the phagosome membrane where the former trigger the innate immune response (Suzuki et al., 2006).

Kuffer cell or liver macrophages, which interestingly do not express Coronin 1, can efficiently eliminate phagocytosed mycobacteria through lysosomal transfer (Anand and Kaul, 2005). Trimeric Coronin 1 is known to induce phagosome maturation arrest via activation of calcium dependent phosphatase calcineurin (Jayachandran et al., 2007). Coronin 1 regulates intracellular Ca2+ homeostasis by promoting Ca2+ release through CRAC channels (Pieters et al., 2013) thus forming local Ca2+ pool around the phagosome that could be activating calcineurin, which then by dephosphorylating a group of proteins called “dephosphins” could hinder phagosome maturation. Hence Calcineurin inhibitor FK506 pre-treated macrophages upon being infected with mycobacteria, results in phagosome maturation (Jayachandran et al., 2007). Phagosomal Coronin 1 is known to block p38-MAPK triggered LC3 recruitment to the phagosomes and autophagosome formation (Seto et al., 2012), which is crucial to mycobacterial pathogenesis. Interestingly the C-terminal coiled-coil deleted Coronin 1 expressing Coronin 1 knockdown cells or pro-inflammatory cytokine activated macrophages upon mycobacterial infection fail to activate Calcineurin, thus indicating the essentiality of the trimeric form of Coronin 1 for activation of Calcineurin (BoseDasgupta and Pieters, 2014b). Pro-inflammatory cytokine activated macrophages induces Coronin 1 phosphorylation by PKC on serine residues in the C-terminal coiled-coil domain (BoseDasgupta et al., 2015) to render it monomeric probably due to the steric repulsion of positively charged coiled-coil domain through which trimerization occurs. Monomeric Coronin 1 being unstable is scaffolded by RACK1 and this complex is shuttled from the cortex to the cytoplasm by the cargo carrier 14-3-3ζ (BoseDasgupta et al., 2015). Hence for classically activated macrophages pathogenic uptake switches from phagocytosis to macropinocytosis wherein the mycobacteria containing macropinosomes lack the trimeric Coronin 1 scaffold, the ensuing calcineurin activation and thereby gets transferred to lysosomes and eliminated (BoseDasgupta and Pieters, 2014b). The above mentioned mechanisms are represented schematically in Figure 2A.


[image: Figure 2]
FIGURE 2. (A) Mechanism of hindered phagosome maturation: Signaling molecules like trimeric Coronin 1 (macrophage factor) and mycobacteria secreted virulent kinase, PknG hinders phagosome maturation. Trimeric coronin1 activates the phosphatase calcineurin by secreting calcium and thus maintains the trimeric scaffold of Coronin 1 around the phagosome while PknG exerts its effect by phosphorylating unknown effector molecules inside the macrophage. (B) Metabolic adaptation of mycobacteria to intracellular ROS: Mycobacterial infection induced ROS can increase NADH level inside mycobacteria, which then engages the RHOCS comlpex. Increased NADH activated PknG phosphorylates L13a, which then interacts with RenU and the complex then degrades NADH. In parallel activated PknG also phosphorylates GarA. While unphosphorylated GarA can hinder the TCA cycle by engaging the enzymes α-KG and glutamate dehydrogenase (GH) to produce glutamate and aspartate, but when phosphoryated α-KG and GH are free to act in TCA cycle and the glutamate and aspartate levels drop.


Further it has been shown that compounds that downregulate coronin 1 has the potential to inhibit mycobacterial survival inside macrophages (Anand et al., 2006; Kaul, 2008). Vitamin D3 and retinoic acid, activates VDR and RXR, which exhibits a synergistic action by forming the heterodimer VDR/RXR that competes with NFAT1/AP1 to bind to its sequence and thereby repress Coronin 1 expression (Anand and Kaul, 2003). It has been observed that mycobacterial infection reduces intracellular VDR levels, and thereby maintain Coronin 1 levels in the cell (Salamon et al., 2014). M. tuberculosis also exploits Coronin 1 as a defense mechanism against autophagy (Seto et al., 2012). Autophagosome formation through recruitment of several layers of membrane around the phagosome is prevented by mycobacteria containing phagosomes harboring the Coronin 1 coat and downregulation of Coronin 1 resulted in LC3 localization to these mycobacteria containing phagosomes and further maturation and fusion with the lysososme resulting in mycobacterial elimination (Seto et al., 2012). Interestingly mycobacteria that escape into the cytosol trigger autophagic response through recruitment of p62/TBK1 like proteins and result in the transfer of these mycobacteria to lysosomes (Pilli et al., 2012). Activation of p38 MAPK is essential for autophagosome formation. Coronin 1 could be blocking the activation of p38 MAPK pathway, which occurs through its phosphorylation, as Coronin 1 knockdown macrophages exhibit increased levels of phosphorylated p38 MAPK (Seto et al., 2012). Taken together it is evident that cortical trimeric Coronin 1 is an immunologically essential host protein is efficiently exploited by mycobacteria to establish its niche within the macrophage.



MYCOBACTERIA SECRETED PKNG, A VERSATILE WEAPON AGAINST MACROPHAGE SIGNAL MODULATION

The genome of mycobacteria harbors 11 eukaryote-like serine/threonine kinases of which, Protein kinase G (82 kda) is one (Cole et al., 1998). The PknG gene locus although being conserved throughout the mycobacterial genus, is believed to be expressed predominantly in the pathogenic forms. Lysine181 in ATP-binding pocket of PknG acts as the active site residue whose mutation renders it inactive (Koul et al., 2001). Mycobacteria secreted PknG shares structural similarity to Yersinia secreted pathogenesis associated kinase YOPO thus indicating the role of PknG in mycobacterial pathogenesis (Aslund and Beckwith, 1999). Presence of PknG gene in the glutamate binding protein operon of H37Rv suggests that it is associated with virulence through regulation of glutamate metabolism (Bhattacharyya et al., 2018). Simultaneously PknG was shown to be secreted inside macrophages to prevent phagosome-lysosome fusion (Cowley et al., 2004; Walburger et al., 2004). Compared to wild type, PknG deleted pathogenic mycobacteria gets rapidly transferred to lysosomes and degraded (Walburger et al., 2004). During the course of evolution, mycobacteria assimilated several host-kinases through horizontal and lateral gene transfer and evolved them to manipulate host cell signaling and vesicular trafficking pathways. Structurally PknG has an unique multidomain make-up, starting with an extremely unstable N-terminus, followed by the autophosphorylation domain, thereafter the rubridoxin domain, next a central kinase domain, thereafter a tetratricopeptide repeat (TPR) domain and finally the C terminus (Scherr et al., 2007; Lisa et al., 2015). TPR domain, a consensus repeat sequence of 34 degenerate amino acids are generally involved in protein-protein interaction (Scheufler et al., 2000). Therefore, PknG could be interacting with other proteins via its TPR domain to manipulate host cell signaling proteins. The kinase domain of PknG has been shown to interact with macrophage Rab7la-GDP in the trans Golgi network, causing inhibition of GTP-GDP exchange and thereby impairing Rab-GTP recruitment to the lysosomal membrane and thus preventing phagosome-lysosome fusion. This interaction also impairs the recruitment of EEA1 and other proteins crucial for phagosome maturation (Pradhan et al., 2018). As a kinase the main function of PknG should be to phosphorylate macrophage proteins, since PknG does not phosphorylate Rab7la it could be postulated that this interaction driven role in hindering phagosome maturation could be a bystander function of PknG and its major role inside macrophages is yet to be deciphered.

PknG gets transphosphorylated on N-terminal threonine residues prior to activation of the kinase domain for phosphorylation events and thereby accentuate mycobacterial survival inside macrophages (Scherr et al., 2009). This transphosphorylation, aided by the rubridoxin domain, is thought to properly structure the N-terminal disordered region and thereby help PknG attain a substrate binding conformation and enable its phosphorylation (Tiwari et al., 2009; Wittwer et al., 2016). The rubridoxin domain harbors four cysteine residues, which forms an iron-sulfur cluster (Wittwer et al., 2016). Such clusters regulate protein conformation which is triggered by the S-nitrosylation of one or more of the cysteine residues in the cluster (Saini et al., 2012). Mutation in these cysteine residues of PknG makes it insensitive to surrounding redox environment (Wittwer et al., 2016). Mycobacterial infection of macrophages causes an intracellular stress, which then leads to production of redox intermediates in the form of ROS and RNI as a major defense mechanism (Kumar et al., 2011). To combat this ROS and RNI mediated stress, mycobacteria employs redox sensors called RHOCS (Wolff et al., 2015) consisting of PknG, ribosomal protein L13 and RenU (nudix hydrolase), that enable metabolic adaptation (Wolff et al., 2015). Macrophage ROS induced increased NADH levels inside the mycobacteria upregulates PknG, which then phosphorylates L13, to induce its association with RenU and the complex then brings NADH to its normal level. Deletion of PknG causes impairment of RHOCS leading to increase susceptibility of mycobacteria to oxidative stress (Wolff et al., 2015). PknG contributes to intramacrophage metabolic adaptation via GarA phosphorlytion. Unphosphorylated GarA upregulates glutamate synthesis and inhibits TCA cycle by directly binding to alpha-ketoglutarate and glutamate dehydrogenase complex, while phosphorylated GarA stimulates aspartate and glutamate catabolism causing a shift of metabolism required for efficient growth of mycoabcteria inside the macrophages and for successful pathogenesis in mice (Rieck et al., 2017). The role of PknG inside mycobacteria has been depicted schematically in Figure 2B. Supply of amino acid abrogates the effect of GarA deletion, thus suggesting that mycobacteria can efficiently sense amino acid availability inside macrophages and thereby adapting it to intercellular lifestyle. Deletion of PknG confines macrophage derived amino acid utilization and encourages lower metabolic activity with respect to PknG expressing wild type mycobacteria thus promoting latency-like conditions inside macrophages (Khan et al., 2017; Rieck et al., 2017). Only pathogenic mycobacteria can downregulate PKCalpha expression inside macrophages due to secretion of PknG inside these macrophages (Chaurasiya and Srivastava, 2009). Protein microarray analysis recently identified Cyclophilin A, a macrophage cytoplasm abundant protein to be interacting with PknG both in vitro and upon infection with mycobacteria (Wu et al., 2018). Cyclophilin A (CypA) which is secreted in response to inflammatory stimuli gets degraded upon being phosphorylated by PknG and this inhibits the inflammatory response through suppression of NF-κB and ERK1/2 pathway. In macrophages PknG overexpression decreases intracellular cytokine levels, thus promoting mycobacterial survival (Wu et al., 2018). Since PknG is an important secreted virulence factor crucial for mycobacterial pathogensis several groups have screened for inhibitors against it. Tetrahydrobenzothiophene (AX20017) was identified as a specific and potent, ATP competitive inhibitor of PknG kinase activity, capable of inducing phagosome maturation (Scherr et al., 2007). Recently, Sclerotiorin a marine seaweed derived compound (Chen et al., 2017) and NU-6027 (4-cyclohexyl, 2-6-diamino-5-nitrosopyrimidine) (Kidwai et al., 2019) a known CDK-2 inhibitor were also found to inhibit the autophosphorylation of PknG, which then leads to lysosomal transfer of infected mycobacteria. Altogether it is established that mycobacteria secreted PknG plays a crucial role in mycobacterial pathogenesis and thus an important therapeutic target in a realm of drug resistance to curb the global tuberculosis menace.



CONCLUSION

The interplay of host factors and secreted virulence factors culminating in immunesubversion ultimately enables successful mycobacterial pathogenesis. Owing to the emergence of chemoresistant mycobacterial species and the success of host-directed immunomodulatory therapeutics in oncotherapy, such approaches are being envisioned against tuberculosis and leprosy. Targeting of Coronin 1 trimerization through peptidomimetics could induce maturation of mycobacterial phagosomes thus leading to lysosomal transfer and elimination. PknG being a secreted kinase can be targeted in the macrophage cytosol so as to prevent phosphorylation of host substrates key to mycobacterial pathogenesis and thereby induce its elimination. Therefore, host-directed therapeutics would emanate as an efficient strategy to combat the global tuberculosis and leprosy menace.
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Helicobacter pylori infection induces CD4+ T differentiation cells into IFN-γ-producing Th1 cells. However, the details of mechanism underlying this process remain unclear. Notch signal pathway has been reported to regulate the differentiation of CD4+ T cells into Th1 subtype in many Th1-mediated inflammatory disorders but not yet in H. pylori infection. In the present study, the mRNA expression pattern of CD4+ T cells in H. pylori–infected patients differed from that of healthy control using Human Signal Transduction Pathway Finder RT2 Profiler PCR Array, and this alteration was associated with Notch signal pathway, as analyzed by Bioinformation. Quantitative real-time PCR showed that the mRNA expression of Notch1 and its target gene Hes-1 in CD4+ T cells of H. pylori–infected individuals increased compared with the healthy controls. In addition, the mRNA expression of Th1 master transcription factor T-bet and Th1 signature cytokine IFN-γ was both upregulated in H. pylori–infected individuals and positively correlated with Notch1 expression. The increased protein level of Notch1 and IFN-γ were also observed in H. pylori–infected individuals confirmed by flow cytometry and ELISA. In vitro, inhibition of Notch signaling decreased the mRNA expression of Notch1, Hes-1, T-bet, and IFN-γ, and reduced the protein levels of Notch1 and IFN-γ and the secretion of IFN-γ in CD4+ T cells stimulated by H. pylori. Collectively, this is the first evidence that Notch1 is upregulated and involved in the differentiation of Th1 cells during H. pylori infection, which will facilitate exploiting Notch1 as a therapeutic target for the control of H. pylori infection.
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INTRODUCTION

Helicobacter pylori is a microaerophilic, spiral-shaped gram-negative bacterium that colonizes the stomach in more than 50% of the world's population and causes many H. pylori–associated diseases including gastritis, ulcers, and gastric cancer. H. pylori infection often induces robust immune response, which does not appear to be sufficient to completely eradicate pathogens and causes life-long persistent infection. The development of drugs provides powerful tools for controlling infection. However, drug resistance, and refractory and poor compliance remain major problems in H. pylori–infected individuals. Thus, there is a need to better understand the pathogenesis of H. pylori infection and to explore novel therapeutic strategies for its eradication.

A great body of evidence has proved that CD4+ T cells are activated in the acquired immune response against H. pylori infection, especially IFN-γ-producing Th1 cells (D'Elios et al., 1997a,b, 2003; Bamford et al., 1998; Mattapallil et al., 2000; Akhiani et al., 2002; Eaton et al., 2006; Sayi et al., 2009; McColl, 2010; Flach et al., 2011; Chen et al., 2013; Gray et al., 2013; Yang et al., 2013; Li et al., 2015, 2016). For example, Th1 cells infiltrated in the human stomach during H. pylori infection (Bamford et al., 1998). Either vaccine-induced or host natural protective immunity to H. pylori infection depends on Th1-dependent cellular immune response in mice (Ermak et al., 1998; Akhiani et al., 2002; Eaton et al., 2006). A similar predominant Th1 response was observed early in rhesus macaques during acute H. pylori infection (Mattapallil et al., 2000). Several research groups including our team demonstrated that immunodominant CD4+ epitopes of some H. pylori antigens induced a Th1-skewed response in humans (Chen et al., 2013; Yang et al., 2013; Ning et al., 2018). Taken together, these results highlight a vigorous Th1 immune response against H. pylori infection. However, the mechanism underlying this process remains elusive.

CD4+ T helper cells are critical for the acquired immune responses to combat pathogens by differentiating into a variety of effector cells, including Th1, Th2, Th17, and Treg. Each of the Th cell subsets expresses master transcription factors and produces signature cytokines. Th1 cells secrete the transcription factor T-bet, and the hallmark cytokine IFN-γ is essential for the differentiation. The cytokine milieu generated by activated CD4+ T cells themselves is one of the crucial determinants for fate decision into effector Th subtypes during differentiation (Zhu et al., 2010; Schmitt and Ueno, 2015), but the mechanism of action of cytokine cannot fully explain the pathogen-induced differentiation mechanism of CD4+ T cells, indicating that other molecules account for this process.

Notch signaling is a conserved pathway that plays an essential role in cell fate determination. There are four Notch receptors (Notch1, 2, 3, 4) and five mammalian ligands (DLL1, DLL3, DLL4, Jagged1, and Jagged2) in mammalian. Once bound by Notch ligands, the receptors release the Notch intracellular domain (NICD) via γ-secretase. NICD, the active form of Notch receptor, translocates into the nucleus and activates downstream target genes, such as Hes1. Notch signaling has been considered as a critical regulator for the differentiation and function of immune cells including T cells. There is accumulating evidence that Notch signaling can regulate naive CD4+ T-cell differentiation into the Th1 type (Maekawa et al., 2003; Minter et al., 2005; Skokos and Nussenzweig, 2007; Zhang et al., 2011; Roderick et al., 2013; Amsen et al., 2015; Verma et al., 2016; Dua et al., 2019). Studies using preclinical models have also revealed the potential therapy of targeting Notch signaling to reduce immune pathology, highlighting the mechanism by which Notch signaling regulates the differentiation and function of T cell (Amsen et al., 2015). To date, there has been no report on the role of Notch signaling in CD4+ T-cell differentiation into Th1 subtypes during H. pylori infection. We put forward our hypothesis that Notch signaling might be initiated and activated during H. pylori infection that subsequently affects Th1 cell differentiation.

In the present study, the mRNA expression level of Notch1, Hes-1, T-bet, and IFN-γ was upregulated in CD4+ T cells from H. pylori–infected individuals. T-bet and IFN-γ expression levels were both positively associated with Notch1 expression. In vitro inhibition of Notch signaling attenuated Th1 cell response, which may shed light on the use of Notch 1 as a therapeutic target for controlling H. pylori infection.



MATERIALS AND METHODS


Study Subjects

The protocol was in conformity with the Institutional Human Ethics Review Board of Clinical Laboratory, the affiliated Xinhui People's Hospital, Southern Medical University, Jiangmen, China. All subjects signed the informed consent and were measured for H. pylori infection using C14 urea test. At the same time, they were treated under a gastroscope with gastric antrum forceps and detected by rapid urease test. The patients were considered as H. pylori positive when the results of two detection methods were both positive. Patients who had received antibiotics or proton pump inhibitors (PPI) within 1–2 weeks before the examination and patients with other serious chronic diseases were excluded. All healthy controls were examined clinically and were not suffering from any infectious disease. Venous blood was collected by venipuncture from H. pylori–infected individuals and healthy controls and placed into tubes containing EDTA-K2 (BD Vacutainer, New Jersey, USA). Blood samples were analyzed by Sysmex XN2000 Automatic Hematology Analyzer (Sysmex, Tokyo, Japan).



CD4+ T-Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from H. pylori–infected patients and healthy controls using Ficoll-Hypaque density gradient centrifugation (GE Healthcare Bio-Sciences AB, Hamburg, Germany). Then CD4+ T cells were purified from PBMCs by human CD4+ T-cell magnetic beads (Miltenyi Biotec, Palo Alto, CA, USA). The purity was >95% by flow cytometry determination.



RNA Extraction

Total RNA was extracted from CD4+ T cells using TRIzol (Takara, Dalian, China) following the manufacturer's protocol and treated with RNase-free DNase (Solarbio, Beijing, China). A cDNA synthesis kit (Vazyme, Nanjing, China) was used for reverse transcription according to the manufacturer's instructions.



RT2 Profiler PCR Array

CD4+ cells were harvested from H. pylori–infected individuals and healthy controls. Total RNA was isolated and cDNAs were generated using RT2 First Strand Kit (SA Biosciences, Frederick, USA). Human Signal Transduction Pathway Finder PCR Array including the cDNAs of 84 key genes representative of 10 different signal transduction pathways (PAHS-014Z; SA Biosciences) was used to determine the major signal transduction pathways induced by H. pylori infection as described by the manufacturer. RT2-PCR was conducted with the following conditions: one cycle of 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min in an ABI-7300 Q-PCR System (Applied Bio-systems, Foster, CA, USA). Genomic DNA control, positive PCR control, and reverse transcription control provided by the manufacturer were used as quality control. The data were analyzed by software provided by SA Biosciences.



Quantitative Real-Time PCR

Quantitative real-time PCR was amplified using SYBR Green PCR mixture (Vazyme) to quantify the levels of Notch1, Hes1, T-bet, and IFN-γ with the following conditions in an Applied Biosystems instrument: 40 cycles of 95°C for 30 s, 95°C for 10 s, and 60°C for 30 s. All experiments were repeated at least thrice independently to ensure the reproducibility. The sequences of primers are listed in Table 1. The relative fold change of mRNA levels of Notch1, Hes1, T-bet, and IFN-γ was determined using the ΔΔCt method (Li et al., 2012). The averages and SDs were calculated from triplicate datasets. ΔCt was the difference between Ct of target gene mRNA and Ct of internal control β-actin.


Table 1. Primers for quantitative real-time PCR.
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CD4+ T-Cell Culture and Stimulation

CD4+ T cells were placed into 24-well plates at a density of 1 × 10 6 cells/ml and cultured in RPMI-1640 supplemented with 10% of fetal bovine serum (FBS; Invitrogen) and 1% penicillin/streptomycin (100 U/ml; Invitrogen) at 37°C in a humidified atmosphere of 5% CO2. Anti-CD3/CD28 (eBioscience, San Diego, CA, USA; 1 mg/ml) was added for maintenance of CD4+ T-cell activity. To inhibit Notch signaling, CD4+ T cells were pretreated with 20 μmol/L γ-secretase inhibitor (N-[N-(3,5-difluorophenacetyl)-1-alanyl]-S-phenylglycine t-butyl ester, DAPT) (Sigma-Aldrich, St. Louis, MO, USA) or its vehicle dimethyl sulfoxide (DMSO, 0.08%) for 24 h before H. pylori stimulation (MOI 50). Cells and supernatants were collected for further analyses.



Enzyme-Linked Immunosorbent Assay for IFN-γ

The secretion of IFN-γ in the culture supernatant of CD4+ T cells was assessed using CUSABIO (CUSABIO Biotech, Wuhan, China) following the manufacturer's instruction.



Helicobacter pylori Culture

H. pylori stain SS1 was grown on Columbia ISO agar plates for 2 days at 37°C, and then transferred to Brucella broth supplemented with 5% fetal calf serum (FCS) and antibiotics (polymyxin B, 20 U/ml; vancomycin, 10 mg/ml; trimethoprim, 5 mg/ml) and incubated shaking overnight at 37°C under microaerophilic conditions. Colonies were directly taken from plates and resuspended in RPMI-1640 supplemented with 20% FBS without any antibiotics. Bacteria density was estimated spectrophotometrically. Bacterial count was calculated by determining the optical density (OD) at a wavelength of 600 nm (1 OD = 109 CFU/ml).



Flow Cytometry

CD4+ T cells from H. pylori–infected individuals and uninfected controls were assessed in terms of Notch1 and IFN-γ expression by flow cytometry. Briefly, CD4+ T cells were fixed, permeabilized, and stained with PE-Notch1 (clone mN1A) and FITC-IFN-γ (clone 4S.B3) antibodies or appropriate isotypes (eBioscience, San Diego, CA, USA). Cells used for flow cytometry were incubated with 7-AAD dye at room temperature for 10 min, and 7-AAD–negative cells were considered as live cells. Flow cytometry was conducted on FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA), and the data were analyzed using CellQuest software (Becton Dickinson).



Statistical Analysis

Statistical analysis was performed by GraphPad Prism 6.0 software. The results were expressed as the mean ± SD and analyzed by Student's t-test. Pearson correlation analysis was applied to assess the relationship between two groups. Differences were considered to be statistically significant when the p-value was < 0.05. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




RESULTS


The Number of Lymphocytes in Peripheral Blood of Helicobacter pylori–Infected Patients Was Lower Than Those of Healthy Controls

A total of 91 participants were enrolled in this study. Among them, 52 subjects were confirmed as H. pylori positive, and 39 individuals served as healthy controls. The main characteristics of H. pylori–infected individuals are listed in Table 2. No significant difference was observed in gender and age between two groups. The absolute number of white blood cells, granulocytes, and monocytes was comparable. Only the lymphocytes of H. pylori–infected individuals were significantly lower than those of healthy controls.


Table 2. Characteristics of Helicobacter pylori–infected subjects and healthy controls enrolled in this study.
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The Notch Signaling in CD4+ T Cells of Helicobacter pylori–Infected Individuals Was Altered Compared With That of Healthy Controls

There is a growing body of evidence that Notch signaling can facilitate naive CD4+ T-cell differentiation into Th1 subtype (Maekawa et al., 2003; Minter et al., 2005; Skokos and Nussenzweig, 2007; Zhang et al., 2011; Roderick et al., 2013; Amsen et al., 2015; Verma et al., 2016). To explore whether Notch signaling regulates the differentiation of CD4+ T cells during H. pylori infection, PCR microarray for signal transduction pathways was employed to compare CD4+ T-cell mRNA levels between H. pylori–infected individuals and healthy controls. It was observed that the signaling pathway of H. pylori–infected subjects differed from that of healthy controls. Bioinformatics analysis showed that this alteration was related to various signaling pathways for activating T cells, including Notch signaling (Figure 1).


[image: Figure 1]
FIGURE 1. The results of PCR array analysis showing that the signal pathway of Helicobacter pylori–infected subjects was altered compared with healthy controls. (A) Volcano plot: the red and green circles indicate upregulated and downregulated genes (>2-fold), respectively. The black circles represent no change. The blue line indicates the desired 0.05 threshold for p-value of t-test. (B) Scatter plot. The center line represents genes with no difference in expression. The upper left point represents genes with upregulated expression, and the lower right point represents genes with downregulated expression.




Notch1 mRNA Expression Was Elevated in CD4+ T Cells of Helicobacter pylori–Infected Individuals

Previous studies demonstrated the role of Notch1 in promoting Th1 differentiation (Minter et al., 2005). However, the effect of Notch1 on Th1-mediated response during H. pylori infection has not been examined. To investigate whether Notch 1 contributes to H. pylori infection, qPCR was applied to compare Notch1 mRNA expression in CD4+ T cells between H. pylori–infected patients and healthy controls. It was observed that Notch1 expression in the H. pylori–infected subjects was significantly higher than that in the control group (Figure 2A). The mRNA level of Hes1, the downstream target of Notch 1, was also upregulated in the H. pylori–infected subjects (Figure 2B). In addition, the mRNA expression of Notch1 and Hes1 was assessed in different H. pylori–associated gastrointestinal diseases including gastritis, duodenal ulcer, gastritis with duodenal ulcer, and gastritis with colitis. No difference in Notch1 and Hes1 expression was observed among different groups with upper gastrointestinal tract inflammation. However, the expression of Notch1 in the gastritis with colitis group, which involves inflammation of the upper and lower gastrointestinal tract, was significantly higher compared with that in the upper gastrointestinal tract inflammation group. In addition, Notch1 expression in the gastritis with colitis patients was higher than that in the gastritis with duodenal ulcer patients (Figure 2C). However, Hes1 expression between the upper gastrointestinal inflammation group and the colitis group was comparable (Figure 2D). Collectively, these results demonstrate that Notch1 was activated during H. pylori infection, and Notch1 mRNA expression was higher when inflammation was more severe.
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FIGURE 2. Increase in mRNA expression levels of Notch1 and Hes1 in CD4+ T cells of H. pylori–infected patients. CD4+ T cells were isolated from H. pylori–infected subjects (n = 52) and the control group (n = 39), and Notch 1 and Hes1 mRNA expression was assessed by qPCR. The results were normalized to β-actin. The data are presented as the mean ± SD of three replicates. (A) Notch1 expression; (B) Hes-1 expression; (C) Notch1 expression in different H. pylori–associated gastrointestinal disorders; (D) Hes1 expression in different H. pylori–associated gastrointestinal disorders. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




T-bet mRNA Expression Was Upregulated in CD4+ T Cells of Helicobacter pylori–Infected Individuals and Positively Associated With Notch1 Expression

T-bet is considered as the master transcription factor of Th1 differentiation (Szabo et al., 2002). Previous studies linked Notch signaling to the regulation of Th1 differentiation by activating T-bet (Maekawa et al., 2003; Minter et al., 2005; Tindemans et al., 2017). To further investigate whether Notch1 signaling is involved in Th1 differentiation induced by H. pylori infection, T-bet mRNA expression in CD4+ T cells from H. pylori–infected individuals was assessed by qPCR. The level of T-bet in H. pylori–infected patients was significantly higher than healthy control (Figure 3A). In addition, Pearson correlation analysis revealed that the expression of T-bet in H. pylori–infected subjects was positively correlated with Notch1 expression (Figure 3B). Furthermore, T-bet mRNA expression was compared in different H. pylori–associated gastrointestinal diseases. When H. pylori–infected subjects showed upper gastrointestinal tract inflammation, no significant difference was observed in T-bet expression between the gastritis group and the duodenal ulcer group. Similar results were obtained between duodenal ulcer subjects and gastritis with duodenal ulcer subjects. However, the difference between the gastritis group and the gastritis with duodenal ulcer group was statistically significant. In addition, compared with the upper gastrointestinal tract inflammation group, T-bet mRNA expression in the gastritis with colitis group significantly increased. Moreover, the expression of T-bet in gastritis with colitis subjects was significantly higher than gastritis with duodenal ulcer subjects and duodenal ulcer subjects (Figure 3C). Collectively, these results demonstrate that T-bet is upregulated during H. pylori infection and further increases in H. pylori–infected patients with more severe inflammation.
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FIGURE 3. Upregulated mRNA expression of T-bet in CD4+ T cells of H. pylori–infected patients. CD4+ T cells were isolated from H. pylori–infected subjects (n = 52) and control group (n = 39), and T-bet mRNA expression was measured by qPCR. The results were normalized to that of β-actin. The data are expressed as the mean ± SD of three replicates. (A) T-bet mRNA expression. (B) The correlation of mRNA expression between T-bet and Notch1 was evaluated by Pearson correlation analysis. (C) The mRNA expression of T-bet in different H. pylori–associated gastrointestinal diseases. *p < 0.05, **p < 0.01, ***p < 0.001.




IFN-γ mRNA Expression in CD4+ T Cells of Helicobacter pylori–Infected Patients Was Upregulated and Positively Correlated With Notch 1 Expression

IFN-γ is a hallmark Th1-associated cytokine. Therefore, IFN-γ mRNA expression in CD4+ T cells of H. pylori–infected subjects was assessed by qPCR. The expression of IFN-γ in H. pylori–infected patients was higher than healthy controls (Figure 4A), which was concordant with the results of many previous studies. Pearson correlation analysis showed that the expression of IFN-γ in H. pylori–infected patients was positively correlated with Notch1 expression (Figure 4B). Moreover, the expression of IFN-γ was compared in different H. pylori–associated gastrointestinal disorders. When H. pylori–infected individuals showed upper gastrointestinal tract inflammation, no statistically significant difference was observed among groups. The expression of IFN-γ in the gastritis with colitis group was comparable with the upper gastrointestinal inflammation group. However, the expression of IFN-γ in gastritis with colitis patients was higher than the gastritis with duodena ulcer group (Figure 4C). Overall, these results suggest that IFN-γ increases during H. pylori infection, and the expression is associated with Notch1 expression.


[image: Figure 4]
FIGURE 4. Upregulated mRNA expression of IFN-γ in CD4+ T cells of H. pylori–infected subjects. CD4+ T cells were isolated from H. pylori–infected subjects (n = 52) and the control group (n = 39), and IFN-γ mRNA expression was measured by qPCR. The results were normalized to that of β-actin. The data are presented as the mean ± SD of three replicates. (A) The mRNA expression of IFN-γ. (B) The correlation between the mRNA expression of IFN-γ and Notch1 was evaluated by Pearson correlation analysis. (C) The mRNA expression of IFN-γ in different H. pylori–associated gastrointestinal diseases. *p < 0.05, **p < 0.01.




Notch 1 and IFN-γ Protein Levels Were Enhanced in CD4+ T Cells of Helicobacter pylori–Infected Subjects

To further confirm whether the protein levels of Notch 1 and IFN-γ in CD4+ T cells were also enhanced in H. pylori–infected individuals, coinciding with the observed mRNA level, CD4+ T cells from H. pylori–infected subjects were stained with antibodies specific to Notch 1 and IFN-γ and assessed by flow cytometry. Notch 1 expression in H. pylori–infected subjects was upregulated when compared with healthy controls (Figure 5A). IFN-γ levels also increased in H. pylori–infected patients (Figure 5B). Furthermore, ELISA revealed an elevated concentration of IFN-γ in the culture supernatant (Figure 5C).
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FIGURE 5. Upregulation of Notch 1 and IFN-γ protein expression in CD4+ T cells of H. pylori–infected patients. CD4+ T cells were isolated from H. pylori–infected subjects (n = 10) and the control group (n = 10) and stained with PE-Notch1 and FITC-IFN-γ antibodies. The protein levels of Notch 1 and IFN-γ were determined by flow cytometry. Cells were stained with an isotype-matched antibody as control. The representative flow cytometric result was shown, and the mean fluorescence intensity (MFI) of Notch 1 (A) and IFN-γ (B) was evaluated. (C) The concentration of IFN-γ in the culture supernatant of CD4+ T cells from H. pylori–infected subjects (n = 10) and healthy controls (n = 10) was assessed by ELISA. The data are presented as the mean ± SD of three experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




Inhibition of Notch Signaling Attenuated the Expression of Notch 1 and Hes1 and the Secretion of IFN-γ Expression in vitro

Our findings showed that Notch1 signaling was involved in Th1 differentiation of H. pylori–infected patients. To explore whether blocking the Notch signaling influences the Th1 response, we treated CD4+ T cells with DAPT for 24 h before H. pylori stimulation in vitro. We observed a decrease in Notch1, Hes-1, T-bet, and IFN-γ mRNA expression (Figure 6A) in association with markedly decreased Notch1 (Figure 6B) and IFN-γ (Figure 6C) protein expression and reduced IFN-γ levels (Figure 6D). These results suggest that the blockage of Notch pathway inhibits Th1 response in H. pylori–infected patients.
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FIGURE 6. Inhibition of Notch signaling decreases Th1 response in H. pylori–infected subjects. CD4+ T cells were isolated from H. pylori–infected subjects (n = 10) and incubated with 20 μmol/L DAPT for 24 h before stimulation with H. pylori (MOI = 50). Cells were incubated with DMSO as control. (A) The mRNA expression of Notch1, Hes-1, T-bet, and IFN-γ in CD4+ T cells of H. pylori–infected patients was detected by qPCR. The results were normalized to that of β-actin. The data were presented as the mean ± SD of three replicates. (B) Cells were stained with PE-Notch1 antibody with an isotype antibody as control, and the mean fluorescence intensity (MFI) of Notch 1 was evaluated with and without DAPT treatment. (C) Cells were stained with FITC-IFN-γ antibody with isotype antibody as control. A representative flow cytometric result was shown, and the MFI of Notch 1 was evaluated with and without DAPT treatment. (D) The concentration of IFN-γ in the culture supernatant of CD4+ T cells from H. pylori–infected subjects (n = 10) with and without DAPT treatment was detected by ELISA. The data are presented as the mean ± SD of three experiments. *p < 0.05, **p < 0.01.





DISCUSSION

Cumulative evidence has showed that Notch signaling is involved in CD4+ T-cell differentiation and plays a crucial regulatory role (Osborne and Minter, 2007; Minter and Osborne, 2012; Mueller et al., 2013; Laky et al., 2015; Furukawa et al., 2016; Backer et al., 2018), such as involvement in the differentiation of Th subtype (Bailis et al., 2013; Radtke et al., 2013). Of note, many studies have revealed that Notch1 plays a central role in the polarization of CD4+ T cells to Th1 subset (Maekawa et al., 2003; Amsen et al., 2007, 2009, 2015; Sun et al., 2008; Mukherjee et al., 2009; Verma et al., 2016; Neal et al., 2017). Notch signaling inhibitors can relieve Th1-mediated model of multiple sclerosis, collagen-induced arthritis (CIA) (Jiao et al., 2014), experimental autoimmune encephalomyelitis (EAE) (Minter et al., 2005), and the symptoms of aplastic anemia (Roderick et al., 2013). Collectively, Notch signaling is involved in Th1 cell differentiation and provides new strategies for the control of several diseases. However, the role for Notch signaling in Th1-mediated H. pylori–infected diseases has not been examined. In the present study, the mRNA expression of Notch1 and its downstream target Hes1 in CD4+ T cells of H. pylori–infected patients was notably higher than that of healthy controls. We also examined the expression of Notch2, Notch3, and Notch4, which did not differ between H. pylori–infected patients and healthy controls (data not shown). In accordance with the mRNA levels, the protein expression of Notch1 increased in H. pylori-infected subjects. Taken together, elevated Notch1 and Hes1 expression levels indicate an activation of Notch 1 in CD4+ T cells from H. pylori–infected subjects, which is similar to that of reported Th1-mediated disease. Notch1 expression was stronger during lesion evolution but weaker in the normal tissues in EAE (Seifert et al., 2007). The mRNA expression of Notch1 increased after EAE-specific Ag stimulated peripheral lymphocytes (Jurynczyk et al., 2008). Notch1 expression was higher in Mycobacterium leprae–infected patients than in uninfected controls (Dua et al., 2019). The expression of Notch1 also increased in aplastic anemia (Roderick et al., 2013). However, some reports were discordant to the aforementioned results to some degree. The level of Notch1 was significantly lower in SLE patients compared with controls regardless of disease stage. Further, no significant differences were observed in Notch1 expression between patients who took low doses of steroids and those who took moderate doses of steroids (Sodsai et al., 2008).

In addition, the essential role of the Notch signaling has been reported in many inflammation-related diseases (Bassil et al., 2011; Dees et al., 2011; Ishida et al., 2011; Piggott et al., 2011; Gao et al., 2012). Thus, mRNA expression of Notch1 and Hes1 was examined in the CD4+ T cells from patients with different H. pylori–associated gastrointestinal tract inflammation including gastritis, duodenal ulcer, gastritis with duodenal ulcer, and gastritis with colitis. Notably, the expression of Notch1 was upregulated in the gastritis with colitis group when compared with the upper gastrointestinal tract inflammation group. These results indicate that Notch signal pathway is involved in CD4+ T cell immune response to H. pylori infection and subsequently affects the clinical outcome.

T-bet is considered to be a master transcription factor for the polarization of CD4+ T cells into Th1 and the production of IFN-γ. Several studies have proved that Notch signaling regulates IFN-γ via direct regulation of T-bet, and inhibiting Notch signal pathway could decrease IFN-γ secretion in peripheral blood cells (Maekawa et al., 2003; Palaga et al., 2003). CD4+ T cells from T-bet−/− mice failed to secrete IFN-γ and thus are limited to non-Th1-subtype responses (Szabo et al., 2002). In aplastic anemia patients, the promoter of TBX21 (T-bet coding gene) binds to NICD1 (the active form of Notch1) to regulate Th1-mediated immune response (Roderick et al., 2013). Given a defined role for T-bet in promoting Th1-mediated cellular immunity, the evidence for Th1-mediated pathology of H. pylori infection, and previous observation that Notch1 influences T-bet levels, we wondered whether Notch1 contributes to pathogenesis in H. pylori–associated gastrointestinal disease. In our study, the level of T-bet mRNA in H. pylori–infected patients was higher than that in healthy controls and was positively correlated with Notch1 expression. Moreover, T-bet further increased in H. pylori–infected subjects with more severe inflammation. Taken together, the occurrence of H. pylori infection is accompanied by activated Notch1 and elevated expression of T-bet, indicating that Notch1 is a crucial mediator of Th1-mediated pathology in H. pylori–associated gastrointestinal disease through direct regulation of T-bet.

IFN-γ is vital in the immunopathogenesis of H. pylori infection. Several studies have documented that IFN-γ−/− mice challenged with H. pylori did not develop gastritis (Sawai et al., 1999; Smythies et al., 2000; Yamamoto et al., 2004), suggesting that H. pylori–induced gastritis is involved in the Th1-mediated response. In our study, it was observed that IFN-γ mRNA expression was upregulated in H. pylori–infected subjects and positively correlated with Notch1 expression, suggesting that Notch1 is involved in the differentiation of Th1 cell during H. pylori infection. In vitro, blockage of Notch signaling decreased IFN-γ expression in CD4+ T cells of H. pylori–infected patients, which was roughly concordant with previous studies describing that IFN-γ production was inhibited by blockage of Notch signaling in vascular inflammation (Radtke et al., 2010). However, a reduced production of Th2 cytokines in association with an increased production of Th1 cytokines was observed in allergic pulmonary inflammation after inhibiting Notch signaling (Kang et al., 2009). The discrepancies might be attributed to the different immunological mechanisms of various inflammatory disorders.

γ-Secretase inhibitors can successfully block the final enzymatic step required for Notch cleavage and activation and inhibit Notch signaling (Minter et al., 2005). In aplastic anemia, γ-secretase inhibitor reduced T-bet expression and IFN-γ production, thus inhibiting the differentiation of Th1 cells from CD4+ T cells in vitro and in vivo (Roderick et al., 2013). During the process of pulmonary infection induced by Cryptococcus neoformans, the secretion of IFN-γ decreased when the Notch signaling was inhibited (Neal et al., 2017). Thus, the application of Notch inhibitors as a therapeutic strategy is of substantial and growing interest. In our study, inhibition of Notch signaling attenuated T-bet expression and IFN-γ secretion of CD4+ T cell after stimulation with H. pylori in vitro, indicating appropriate Notch blockage may offer novel strategies in reducing H. pylori–induced inflammation.

Notch signaling has been considered to play an essential role in the pathogenesis of several clinical diseases, such as rheumatoid arthritis (Gao et al., 2012), systemic sclerosis (Jiao et al., 2010; Dees et al., 2011), and giant cell arteritis (Radtke et al., 2010). Inhibition of Notch signaling attenuated the severity of EAE (Bassil et al., 2011) and experimental autoimmune uveoretinitis (Ishida et al., 2011). It has been acknowledged that inflammation of the gastric mucosa induced by H. pylori depends mainly on Th1 cell responses (Smythies et al., 2000; Eaton et al., 2001; Bagheri et al., 2018b). Our study showed for the first time that increased activation of Notch1 was associated with increased Th1 response in H. pylori–infected patients, which may contribute to the pathogenesis of H. pylori–associated gastroenterological diseases. Most importantly, it is not clear if upregulated Notch signaling represents immune response to infection or drives the associated inflammation, or both. Therefore, care must be taken when proposing to target Notch as a means of controlling inflammation associated with H. pylori infection.

In summary, CD4+ T cells from H. pylori–infected subjects displayed a remarkably elevated Notch1, Hes-1, T-bet, and IFN-γ levels compared with healthy controls, suggesting that increased Notch1 was associated with an enhanced Th1 response during H. pylori infection. In vitro, Notch signaling inhibitor can efficiently suppress Th1 response. To our knowledge, this is the first evidence that has explored the involvement of Notch signaling in Th1 cell differentiation in H. pylori infection.

There are several limitations in the present study. First, previous studies have proved that the number of Th17 cells increased in H. pylori–infected patients (Bagheri et al., 2018a), and both Th1 and Th17 may act synergistically to mediate immune response against H. pylori and induce mucosal inflammation in H. pylori–infected patients (Shi et al., 2010; Bagheri et al., 2018b). Therefore, the expression of Notch1 in Th17 cells in our study should be confirmed to better understand the role of Notch1 during H. pylori infection. Second, Notch1 expression should be examined after successful treatment of H. pylori–infected patients, which will provide comprehensive data for Notch1 signaling in a longitudinal study. We will continue this study in the future.
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Monocytes are widely involved in the body’s defense response, and abnormally regulated monocyte subsets are closely related to the pathogenesis of various diseases. It is unclear whether Treponema pallidum (Tp) dysregulates monocyte subsets and impacts the functions of monocytes. This study aims to analyze the distribution of monocyte subsets in syphilis patients and the effect of Tp on monocyte functions to explore the pathogenesis of syphilis. Flow cytometry was employed to detect monocyte subsets. With or without pre-treatment with rapamycin, THP-1 cell migration stimulated by Tp was investigated by a Transwell migration assay, and THP-1 cell phagocytosis was studied using fluorescent microspheres. IL-1β and TNF-α expression was quantified by PCR and flow cytometry, while LC3 and mTOR were investigated in Tp-exposed THP-1 cells using western blotting. Tp infection led to an increase in the proportion of CD14++CD16+ monocytes and a decrease in the proportion of CD14++CD16- monocytes. In addition, Tp promoted monocyte (THP-1) CD14 and CD16 expression in vitro, induced the expression of IL-1β and TNF-α in a dose-dependent manner and promoted the migration and autophagy of monocytes. Furthermore, mTOR phosphorylation on monocytes was stimulated by Tp, and the levels peaked at 30 min. Pre-treatment with rapamycin (mTOR inhibitor) attenuated the expression of IL-1β and migration in Tp-exposed THP-1 cells. Tp abnormally regulates monocyte subsets and promotes migration, autophagy, and the expression of IL-1β and TNF-α in THP-1 cells. Meanwhile, the mTOR affected the expression of IL-1β and migration in Tp-exposed THP-1 cells. This study is important as it sheds light on the mechanism by which monocytes interact with Tp during infection.




Keywords: mTOR, IL-1β, migration, monocytes, Treponema pallidum



Introduction

Syphilis caused by Treponema pallidum (Tp) continues to be a prevalent disease, which raises public health concerns. The number of new syphilis cases reported in China increased to 587,464 in 2019 (https://www.cdc.gov/). Although the advent of penicillin is crucial to the treatment of syphilis, syphilis remains a worldwide public health problem. Tp infection triggers a complex host response that involves both innate and adaptive immunity (Rekart et al., 2017). Recently, increasing evidence has shown that host innate immune responses play critical roles in the containment of Tp infection (Salazar et al., 2007).

Monocytes are essential components of the innate immune system, accounting for approximately 10% of circulating leukocytes in humans and are responsible for phagocytosis of pathogens and dead cells, as well as antitumor activities (Parihar et al., 2010). A recent study suggests that circulating monocytes are important participants in the defense against a wide range of microbial pathogens, and monocyte polarization may differ in the development of different diseases (Serbina et al., 2008; Andrade et al., 2014). Based on the expression patterns of FcγRIII, also known as CD16, and the LPS receptor CD14, circulating human monocytes are classified into three subsets: classical monocytes (CD14++CD16− monocytes), non-classical monocytes (CD14+CD16++ monocytes) and intermediate monocytes (CD14++CD16+ monocytes). These different monocyte subpopulations can exhibit some distinct functional roles in a range of homeostatic and pathological conditions. It was reported that the heterogeneous monocyte population exerts its immune function through migration, phagocytosis, secretion of cytokines (Kapellos et al., 2019). In healthy donors, classical monocytes (CD14++CD16− monocytes) were primed for phagocytosis, innate sensing/immune responses and migration using a novel single-cell PCR gene expression analysis tool (Gren et al., 2015); however, Brucella infection led to an increase in the proportion of classical monocytes, which showed downregulation of immune responses (Wang Y. et al., 2017). Meanwhile, Nabatanzi et al. (2019) observed that the IL-1β production of classical monocytes among human immunodeficiency virus (HIV)-positive patients who received antiretroviral therapy was lower than that of those among healthy HIV-negative adults. Some studies have found that intermediate monocytes were well-suited for antigen presentation and cytokine secretion, while Szaflarska and colleagues (Szaflarska et al., 2004) described an antitumoral phenotype of these cells. Zawada et al. (2016) discovered that the distinct functional properties of monocyte subsets rely on the differential methylation status of immune-related genes. However, the exact role of monocyte subsets in immunity remains elusive, as there are different viewpoints toward this matter. To summarize, each monocyte subset has different features in different homeostasis and disease states. To the best of our knowledge, no detailed analysis of the different monocyte subsets in Tp infection and the effects of Tp on monocyte function has been reported up to date.

The goal of the present study was to analyze the peripheral blood mononuclear cell subset distribution of syphilis patients, meanwhile, to explore the pathogenic effects of Tp on monocyte polarization, inflammatory cytokine expression and migration in vitro.



Methods


Study Participants

This study was conducted between March 2019 and October 2019 at Zhongshan Hospital, School of Medicine, Xiamen University, China. During the study period, 55 syphilis patients diagnosed at Zhongshan Hospital, Xiamen University, were included in the study, and the same number of healthy controls were recruited. The selection criteria adhered to the United States Centers for Disease Control and Prevention guidelines (Workowski and Bolan, 2015), the European Centre for Disease Prevention and Control guidelines, and our previous report (Janier et al., 2014). Specimens from all participants were collected as previously published (Liu et al., 2019); whole blood was collected in 2-ml tube that contained EDTA-K2 for the flow cytometry assays, and subjects who had co-infection with human immunodeficiency virus (HIV), hepatitis B virus (HBV), and hepatitis C virus (HCV) were excluded. This study was approved by the Ethics Committee of Zhongshan Hospital, Xiamen University and was in accordance with the Declaration of Helsinki.



Flow Cytometry Assays

Flow cytometry was performed on a Mindray BriCyte E6 flow cytometer (Mindray, Shenzhen, China) as described in our previous paper (Liu et al., 2019). Briefly, participants’ peripheral blood samples and monocytes (THP-1 cells) were stained with the following antibodies: mouse anti-human CD14-PE and mouse anti-human CD16-PE-Cy7, anti-human gamma 1-PE and anti-human gamma 1-PE-Cy7 for non-fluorescent and non-specific fluorescence controls. In vitro experiments, intracellular staining was performed using the following mouse anti-human mAbs: TNF-α-PE-Cy7 and IL-1β-FITC. Antibodies were purchased from BioLegend (San Diego, CA, USA), except the anti-CD14-PE antibody (BD Biosciences, San Jose, CA, USA). Data were analyzed with FlowJo (TreeStar Software, Ashland, OR, USA).



Cell Culture

THP-1 cells (purchased from the American Type Culture Collection, Manassas, VA, USA) were incubated in RPMI-1640 medium (HyClone, Logan, USA) supplemented with 10% heat-inactivated fetal bovine serum (Biological Industries Ltd., Kibbutz Beit HaEmek, Israel), 100 U/ml penicillin, and 100 g/ml streptomycin (Invitrogen/Life Technologies, Carlsbad, CA, USA) at 37°C in 5% CO2. For stimulation experiments, THP-1 cells incubated were with Tp at different multiplicities of infection (MOIs) (Tp: cells 1:1, 10:1 and 20:1) at 37°C in 5% CO2 for 12 h in 12-well culture plates. Concurrently, the autophagy and mTOR were assessed by adding the inhibitors, which are 3-methyladenine (3-MA) (1 mM) and rapamycin (Rapa) (50 nM), respectively, dissolved in PBS to pre-treat the cells for 30 min. 3-MA and Rapa were purchased from Sigma-Aldrich (St. Louis, MO, USA).



Propagation of Tp

The Nichols strain was kindly donated by Lorenzo Giacani, PhD (University of Washington, Seattle, USA) and was maintained as previously described (Gao et al., 2018). The strain was propagated intratesticularly in adult male New Zealand white rabbits.



Real-Time PCR Assay

In order to evaluate the mRNA expression, total RNA was extracted from the cultured cells using an RNeasy kit (Tiangen Biotech Co., Ltd., Beijing, China) and then reverse transcripted with a high-capacity cDNA reverse transcription kit (Takara, Shiga, Japan) and sequenced using the Illumina HiSeq2500 platform by Gene Denovo Biotechnology Co (Guangzhou, China). DESeq2 software was performed. RNA differential expression analysis and principal component analysis were performed with R package gmodels (http://www.rproject.org/). Gene Ontology (GO) enrichment analysis provides all GO terms that are significantly enriched in differentially expressed genes (DEGs) comparing to the genome background, and filter the DEGs that correspond to biological functions. RT-PCR was carried out using a QuantiFast SYBR One-Step RT-PCR kit (Qiagen, Shanghai, China) and the LightCycler R96 instrument (Roche Diagnostics, Roche Instrument Center AG, Rotkreuz, Switzerland). The expression level was normalized with reference to the GAPDH housekeeping gene, and the relative gene expression was calculated using the 2−ΔΔCT method. The primers are listed in Supplementary Table 1.



Western Blotting Assays

Western blotting analysis was performed according to the method described in the literature (Deng et al., 2016). The primary (rabbit anti-human LC3, rabbit anti-human mTOR and mouse anti-human GAPDH antibodies) and secondary (anti-rabbit horseradish peroxidase-labeled antibody and anti-mouse horseradish peroxidase-labeled antibody) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) and used at a dilution of 1:1,000 and 1:10,000, respectively. The results were quantified using ImageJ software.



Cell Migration Assays

For cell migration experiments, cells cocultured with Tp (MOI = 10) for 12 h were collected in 24-well Transwell plates (Corning Incorporation, NY, USA) Approximately 5 × 105 cells in a volume of 200 µl (serum free) were seeded in the upper chamber, and then 400 µl of RPMI 1640 medium with 10% FBS was added to the lower chambers of Transwell plates. The Transwell plates were incubated at 37°C with 5% CO2 for 2, 4, and 6 h. Cells that migrated to the lower chamber were counted by flow cytometry, in which flow cytometry absorbed 30 µl of cell suspension and calculated the cell concentration of each group.



Phagocytosis Assays

Phagocytic capacity was assayed by flow cytometry using FITC-dextran. Tp-treated cells, and an equal amount of PBS-treated cells as a control group was collected, and the removed cells (5 × 105) suspended in RPMI 1640 medium with 10% FBS were incubated together with FITC-dextran (0.1 mg/ml) at 37°C for 2, 4, and 6 h as described previously (Aryanpur et al., 2016). The cells were washed with PBS three times, and flow cytometry was used to detect the phagocytic rate of each group of cells.



Statistical Analysis

SPSS version 19.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis of the experimental data. To be more specific, Shapiro–Wilk test was used to examine the normal distribution of continuous variables. Two-tailed Student’s t test and one-way analysis of variance (ANOVA) were used to compare means. A 2-sided P value less than 0.05 was considered statistically significant.




Results


Monocyte Subsets Associated With Syphilis

Among the 55 syphilis patients, 32 were male, and 23 were female. The median age of syphilis patients was 56 years (range: 38 to 74). All syphilis patients were subjected to reactive baseline serum RPR and serum TPPA tests. Among the 55 subjects in the control group, 23 were male, and 32 were female. The median age of the participants was 52 years (range: 39 to 65), and serum RPR and serum TPPA tests were negative. The characteristics of the study participants are summarized in Supplementary Table 2. To determine whether Tp affected the frequency and phenotype of monocyte subsets, cells were analyzed by flow cytometry, and the gating strategy is shown in Figure 1A. Based on CD14 and CD16 expression, the monocytes were divided into three subsets. The proportion of the intermediate monocyte (CD14++CD16+ monocytes) subsets was significantly elevated in syphilis patients compared to healthy controls (15.06 ± 10.75 vs. 5.52 ± 2.89%, P < 0.001), whereas the proportion of classical monocytes (CD14++CD16– monocytes) was significantly lower in syphilis patients than in healthy controls (68.97 ± 14.45% vs. 82.52 ± 4.56%, P < 0.001) (Figure 1B).




Figure 1 | Characteristics of monocyte subsets in syphilis patients and healthy controls. (A) Gating strategy for monocyte subsets. (B) The percentage of each monocyte subset in syphilis patients (n = 55) and healthy controls (n = 55). (C) Tp promoted the expression of CD14 and CD16 in THP-1 cells. The data in the bar graphs are the means ± SEMs of three separate experiments. ***P < 0.001. FSC, forward scatter; SSC, side scatter; HC, healthy controls; SP, syphilis patient.



The effect of Tp on monocytes was further examined in vitro. When Tp was co-cultured with THP-1 cells, the proportion of the CD14+CD16+ monocyte subset significantly increased, compared with that of the control group (14.81 ± 0.9% vs. 1.03 ± 0.05%, P < 0.001, Figure 1C).



Differential Expression of mRNAs in Cells Between Tp-Exposed Monocytes THP-1 and Control Groups

To further elucidate the effects of Tp on monocytes, Tp (MOI = 10) was co-cultured with THP-1 cells for 12 h and transcriptome profiling by RNA-Seq was conducted. In total, 2,614 mRNAs were differentially expressed between the monocytes of three Tp-exposed monocyte groups and three PBS-treated controls, and those with a fold change greater than two were considered over-expressed or under-expressed (Figure 2A). After applying the criteria, specifically, 1,477 mRNAs were significantly upregulated, whereas 1,137 mRNAs were significantly downregulated in the Tp-exposed monocytes compared to PBS-treated monocytes (Figure 2B). There were 47 differentially expressed cytokines, of which three were downregulated, and 44 were upregulated. CXCL1, IL-1β, and TNF-α were the differentially regulated in Tp infected monocytes among the top 50 differential genes. In gene ontology (GO) analysis, which evaluates the enrichment of dysregulated mRNAs in cellular components, biological processes, and molecular functions, the most significant associations were observed with the following terms: immune system process, cell migration, and cell motility (Figure 2C).




Figure 2 | Differential expression of mRNAs in cells between the Tp and control groups. The volcano plots (A) and heatmap (B) demonstrate the differentially expressed mRNAs between the Tp-exposed THP-1 cells and PBS-treated control cells. In total, 1,477 mRNAs were significantly upregulated, and 1,137 mRNAs were significantly downregulated in the Tp-exposed THP-1 cells compared with control cells. The red dots indicate the mRNAs with upregulated expression, the blue dots indicate the mRNAs with downregulated expression, and the black dots indicate the mRNAs with no significant differences between groups. mRNAs with an expression fold change >2 and with an FDR-adjusted P < 0.05 were considered statistically significant. (C) GO analysis evaluated the pathways enriched by the top 20 dysregulated mRNAs.





Tp Changes the Function of Monocytes THP-1


Tp Promoted Immune System Process Changes in Monocytes THP-1

According to the GO analysis results of transcriptome profiling, the differentially expressed genes in Tp-exposed THP-1 cells were mostly involved in immune system processes. Therefore, the changes in immune function in THP-1 cells caused by Tp were analyzed.



Tp Induced the Expression of IL-1β and TNF-α in THP-1 Cells

To verify the effects of Tp on monocyte function, we firstly detected the expression levels of IL-1β mRNA and TNF-α mRNA in THP-1 cells incubated with Tp at different MOIs. As shown in Figures 3A, B, the expression of IL-1β mRNA in Tp-treated monocytes at different MOIs (Tp: cells 1:1, 10:1 and 20:1) was significantly increased by 401.8 ± 6.01, 1,929 ± 60.47, and 3,909 ± 137.5 times compared to the control group, respectively. Meanwhile, the expression of TNF-α mRNA in monocytes increased significantly compared with the control group by 14.67 ± 2.07, 19.09 ± 0.85, and 24.77 ± 1.83 times (P < 0.001), respectively. Next, the expression levels of IL-1β protein and TNF-α protein were detected by flow cytometry. As shown in the Figures 3C, D, the average fluorescence intensities of IL-1β and TNF-α increased with increasing MOIs of Tp. This demonstrated a dose-dependent effect (P < 0.05).




Figure 3 | Tp-induced expression of IL-1β and TNF-α in THP-1 cells. THP-1 cells were incubated with Tp at different MOIs for 12 h. The mRNA expression of IL-1β and TNF-α was evaluated by RT-PCR (A, B). The protein expression of IL-1β and TNF-α was evaluated by flow cytometry (C, D). (*P < 0.05; **P < 0.01; ***P < 0.001). MOI, multiplicity of infection.







mTOR Was Essential for the Expression of IL-1β on Tp-Treated THP-1 Cells

To explore the mechanism of Tp’s effect on monocyte function, we first evaluated the role of mTOR on monocyte function with Tp-treated cells by western blotting. The phosphorylation of mTOR (P-mTOR), a well-defined indicator of mTOR protein activation, was stimulated on monocytes by Tp in a time-dependent manner, and the concentration peak appeared at 30 min and then declined over time (Figure 4A). Next, THP-1 cells were pre-treated with Rapa (mTOR inhibitor), which inhibited the phosphorylation of mTOR (Figure 4B), and then attenuated the expression of IL-1β mRNA and IL-1β protein induced by Tp (Figures 4C, E). The mRNA expression and protein expression of TNF-α were also downregulated, but the differences were not significant (Figures 4D, F).




Figure 4 | mTOR, but not autophagy, was essential for the expression of IL-1β induced by Tp. (A) THP-1 cells were incubated with Tp at an MOI of 10 for different amounts of time, and the levels of phosphorylated and total mTOR protein were detected by Western blotting. (B) THP-1 cells were pre-treated with Rapa (50 nM) for 30 min and then incubated with Tp at an MOI of 10 for 30 min. The levels of phosphorylated and total mTOR protein were detected by Western blotting. (C, D) THP-1 cells were pre-treated with Rapa (50 nM) for 30 min and then incubated with Tp at an MOI of 10 for 12 h. The levels of IL-1β and TNF-α were evaluated by RT-PCR. (E, F) The protein expression of IL-1β and TNF-α was detected by flow cytometry. (*P < 0.05; **P < 0.01; ***P < 0.001).



Autophagy is closely related to the secretion of inflammatory cytokines (Cadwell, 2016). In the present study, the autophagy level of Tp-exposed monocytes was significantly increased compared to that in the control group (Supplementary Figure 1A). However, when the autophagy was suppressed by pre-treatment with 3-MA (Supplementary Figure 1B), IL-1β and TNF-α expression showed no significant changes (Supplementary Figures 1C–F).



Effect of TP on Phagocytosis of Monocytes THP-1

The phagocytosis of innate immune cells is essential for the clearance of pathogens invading the body. We used fluorescent microspheres to detect the phagocytic capacity of monocytes after Tp stimulation. After THP-1 cells were incubated with FITC-dextran for 2, 4, and 6 h; the phagocytic rates of the monocytes in the experimental group and the control group showed no significant differences (P > 0.05, Figures 5A, B and Supplementary Figure 2).




Figure 5 | Tp had no effect on the phagocytosis of monocytes. (A) THP-1 cells were incubated with Tp at an MOI of 10 for 12 h, and then, the phagocytosis ability of monocytes was tested by flow cytometry. (B) The data in the bar graphs are the means ± SEMs of three separate experiments.





Tp Promoted Monocyte THP-1 Migration

According to the GO analysis results of transcriptome profiling, the differentially expressed genes in Tp-exposed THP-1 cells were enriched in the primary function of cell migration. Therefore, we analyzed changes in Tp-induced THP-1 cell migration. To examine the effects of Tp on monocyte migration ability, we added RPMI 1640 medium with 10% FBS to the lower chambers of a Transwell system containing monocytes pre-exposed to Tp in the upper chambers. The number of cells pre-exposed to Tp that migrated to the lower chambers at the 4 and 6 h was significantly higher than that of the cells not pre-exposed to Tp that migrated to the lower chambers. There were no significant differences in the number of cells during the 2 h migration. The results are shown in Figures 6A, B.




Figure 6 | Tp promoted monocyte migration. (A) THP-1 cells were incubated with Tp at an MOI of 10 for 12 h. Then, the number of migrated cells was detected by using flow cytometry at different time points (2, 4, and 6 h). (B) The data in the bar graphs are the means ± SEMs of three separate experiments. (**P < 0.01; ***P < 0.001).





Tp Altered Monocyte THP-1 Migration via mTOR

After Rapa pre-treatment, THP-1 cells were cocultured with Tp for 12 h. The migrated monocytes in the lower chamber were collected at 6 h and counted by flow cytometry. Compared with that in the inhibitor-free group, the number of cells migrating to the lower chamber in the Rapa pre-treatment group was significantly reduced (P < 0.01, Figures 7A, B).




Figure 7 | Tp altered monocyte migration via mTOR. (A) THP-1 cells were pre-treated with Rapa (50 nM) for 30 min and then incubated with Tp at an MOI of 10 for 12 h. Then, the number of cells that migrated to the lower chamber at 6 h was detected by using flow cytometry. (B) The data in the bar graphs are the means ± SEMs of three separate experiments. (**P < 0.01; ***P < 0.001).





Discussion

Abnormalities of monocyte subsets have been reported in many studies and was associated with a wide range of diseases and related to disease prognosis (Hirose et al., 2019; Nabatanzi et al., 2019). Our study found that syphilis patients demonstrate changes in monocyte subpopulations, of which intermediate monocytes were significantly increased. In addition, Tp could increase the expression of CD14 and CD16 in a human monocyte cell line (THP-1) in vitro and promote the transformation of monocytes into intermediate monocytes (CD14++CD16+ monocytes). Because intermediate monocytes controlled the differentiation of Treg subsets in HIV-1 coinfections (Guo et al., 2019), we speculated that the increase in intermediate monocytes in syphilis patients may be important for the differentiation of T lymphocyte subsets and the immune evasion of Tp. Studies have also found a significant increase in Treg cells in syphilis patients with sero-resistance (Zhao et al., 2016) and abnormal T lymphocyte subsets in neurosyphilis (Liu et al., 2019). In addition, upon viral infection, non-classical monocytes exhibited strong pro-inflammatory properties that skewed the immune response towards a Th2 profile (Kang et al., 2020). In agreement with our findings, the monocyte subpopulation in patients with brucellosis was also abnormal; what was different from our study was that the number of CD14++CD16− monocytes was significantly higher in patients with brucellosis than the numbers of other monocyte subsets. This suggests that each monocyte subset plays divergent roles in different diseases, as well as differing in the ability to secrete cytokines.

Intermediate monocytes (CD14++CD16+ monocytes), compared with the classical monocyte subsets (CD14++CD16− monocytes), showed a higher phagocytosis rate and secreted higher levels of IL-1β and TNF-α (Andrade et al., 2014). This study showed that Tp promoted IL-1β and TNF-α expression in monocytes THP-1, which was in agreement with a previous study (Babolin et al., 2011). IL-1β and TNF-α are pro-inflammatory cytokines that can cause inflammatory responses and tissue destruction. Through these inflammatory factors, immune cells such as neutrophils, macrophages, T lymphocytes, and B lymphocytes can be recruited, which leads to the inflammation of the skin and blood vessels (Gao et al., 2019). Inflammation in tissues is accompanied by the continued presence of Tp to maintain a strong immune response (Hawley et al., 2017). A study found that the levels of IL-1β, IL-6, and TNF-α were elevated in serum collected from syphilis patients (Peng et al., 2019). Although studies have shown the expression of Tp-induced pro-inflammatory cytokines (Zhu et al., 2017; Lin et al., 2018a; Lin et al., 2018b), very little is known about the Tp-mediated intracellular signaling pathway activation that leads to cytokine expression in monocytes.

To uncover the potential roles of monocytes in the occurrence of syphilis, a GO analysis was performed with the differentially expressed mRNAs in the Tp-exposed monocytes THP-1 and control cells. The differentially expressed mRNAs were mainly involved in biological processes. Among them, the most significant associations were observed with the following terms: immune system process, immune response, cell migration, response to cytokine, and cell activation, and these results are consistent with our results that Tp mainly affects monocyte migration and secretion of IL-1β and TNF-α; however, no significant effect on the phagocytic function of monocytes was observed. Radolf et al. (Moore et al., 2007) found that Tp had the ability to avoid detection and uptake by virtue of its denuded outer membrane. Cruz et al. (2012) observed that while human syphilitic sera promoted uptake of Tp in conjunction with monocyte activation, most Tp bacteria were not internalized. These results indicate that Tp does not affect the phagocytic system of monocytes, thus achieving the purpose of being able to escape immune clearance.

A subsequent KEGG pathway analysis also found the abnormal mTOR and autophagy signaling pathways in the Tp-induced monocytes. Mammalian target of rapamycin (mTOR) is a central regulator of growth and host immunity cells. Our previous research showed that the activation of the mTOR pathway in the pathological process of Tp infection caused the differentiation of macrophages (Zeng et al., 2016; Lin et al., 2018a). In this study, we further found that mTOR activated by Tp was involved in IL-1β secretion but not in TNF-α expression. It proved that Tp regulated IL-1β secretion through the mTOR pathway. In addition to the mTOR signaling pathway, recent studies have found that autophagy is closely related to inflammation (Matsuzawa et al., 2012; Bah and Vergne, 2017; Wang XL et al., 2017), which represents a major adaptive response for maintaining cellular and tissue homeostasis. Our research found that Tp also significantly increased the level of autophagy in monocytes THP-1, but autophagy had no effect on the secretion of cytokines IL-1β and TNF-α stimulated by Tp. Autophagy regulates cytokine secretion depending on the cellular context. Pun et al. (2015) found that autophagy decreased TNF-α expression in primary macrophages. However, in human peripheral blood mononuclear cells stimulated with LPS, 3-MA decreased the transcription of TNF-α while upregulated the transcription of IL-1β (Crisan et al., 2011). The effect of autophagy on the inflammatory status was different in cells and pathogens. Based on our current results, Tp-induced autophagy had no effect on the inflammatory response. The role of Tp-induced autophagy needs to be further studied.

Inflammatory responses following exposure to a stimulator are highly dependent on the migration of monocytes. We found that Tp increased the migration ability of monocytes and promoted the expression of monocyte migration-related genes through GO analysis. Enhanced monocyte migration exacerbates the formation of tissue inflammation injury. A large number of monocytes, T lymphocytes, and other immune cells accumulate in syphilis skin lesions (Cruz et al., 2012). Tp promoted the expression of intercellular adhesion molecules in endothelial cells, the overexpression of matrix metalloproteinases, and the recruitment of monocytes to endothelial cells (Gao et al., 2019; Zang et al., 2019). However, Zhang et al. (Hu et al., 2020) found that Tp stimulated macrophages to produce exosomes containing miR-146a-5p, which reduced the expression of adhesion-reducing molecules in endothelial cells, as well as endothelial migration of monocytes. The effects of Tp on the migration of monocytes were varied. Our experiments started with Tp-stimulated monocytes and revealed a novel fact in syphilis pathophysiology. Our results showed that mTOR activated by Tp was involved in monocyte migration. After adding rapamycin, an inhibitor of mTOR protein, the Tp-induced monocyte migration ability was significantly inhibited.

In this study, we investigated the effect of Tp on peripheral monocyte subsets and functions in vitro. Tp induces the transition of monocytes into intermediate subpopulations (CD14++CD16+ monocytes), promotes monocyte secretion of IL-1β, and increases monocyte migration capacity through the mTOR pathway. These data may be useful for understanding the pathogen–host relationship and the pathogenesis of syphilis. Further studies are required to understand the role of monocytes in Tp-infected animals. In addition, the analysis of monocyte subsets in syphilis at different clinical stages would better elucidate the pathogenesis of Tp. Meanwhile, Tp might also affect other pathways in THP-1 cells, such as pathways involving phosphatases, and further studies are needed for related mechanisms.
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Supplementary Figure 1 | Autophagy was not involved in the expression of IL-1β induced by Tp. (A, B) THP-1 cells were incubated with Tp at an MOI of 10 for 12 h with or without pre-treatment with 3-MA (1 mM) for 30 min, and the levels of LC3 were detected by western blotting. (C, D) THP-1 cells were pre-treated with 3-MA (1 mM) for 30 min and then incubated with Tp at an MOI of 10 for 12 h. The levels of IL-1β and TNF-α were evaluated by RT-PCR and (E, F). The protein expression of IL-1β and TNF-α was detected by flow cytometry.

Supplementary Figure 2 | Tp had no effect on the phagocytosis of monocytes. THP-1 cells were incubated with Tp at an MOI of 10 for 12 h, and then, the phagocytosis ability of monocytes was tested by flow cytometry showed in one histogram from different time points.
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Lysosomes are an integral part of the intracellular defense system against microbes. Lysosomal homeostasis in the host is adaptable and responds to conditions such as infection or nutritional deprivation. Pathogens such as Mycobacterium tuberculosis (Mtb) and Salmonella avoid lysosomal targeting by actively manipulating the host vesicular trafficking and reside in a vacuole altered from the default lysosomal trafficking. In this review, the mechanisms by which the respective pathogen containing vacuoles (PCVs) intersect with lysosomal trafficking pathways and maintain their distinctness are discussed. Despite such active inhibition of lysosomal targeting, emerging literature shows that different pathogens or pathogen derived products exhibit a global influence on the host lysosomal system. Pathogen mediated lysosomal enrichment promotes the trafficking of a sub-set of pathogens to lysosomes, indicating heterogeneity in the host-pathogen encounter. This review integrates recent advancements on the global lysosomal alterations upon infections and the host protective role of the lysosomes against these pathogens. The review also briefly discusses the heterogeneity in the lysosomal targeting of these pathogens and the possible mechanisms and consequences.
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Biology of Lysosome

Lysosomes are membrane-bound acidic, catabolic subcellular organelles present in eukaryotic cells. Lysosomes were first discovered by Christian René de Duve in 1955 (Appelmans et al., 1955; De Duve et al., 1955). Subsequent work from de Duve clarified that even though lysosomes are in a continuum with endocytic and biosynthetic pathways, they are distinct organelles (De Duve, 1963; Kornfeld and Mellman, 1989). Lysosomes are the terminal station for trafficking from degradative endocytosis, autophagy and phagocytosis, and consequently receive diverse cargo from these pathways. Lysosomes contain many types of hydrolytic enzymes including lipases, proteases, glycosidases, nucleases and sulfatases. These enzymes enable lysosomes to digest complex and diverse cargos (Luzio et al., 2017; Münz, 2017; Naslavsky and Caplan, 2018; Inpanathan and Botelho, 2019) into their constituent building blocks (Baggiolini, 1985; Kornfeld and Mellman, 1989; Casciola-Rosen and Hubbard, 1991; Rohrer and Kornfeld, 2001; Kolter and Sandhoff, 2005; Xu and Ren, 2015), which are released into the cytoplasm and recycled via the anabolic pathways of the cell (Luzio et al., 2017; Sabatini, 2017; Lawrence and Zoncu, 2019). Lysosomal acid hydrolases, which are synthesized in the endoplasmic reticulum, are tagged with mannose-6-phosphate (M6P) in the Golgi-network and then traffic to lysosomes via the endocytic system (Chao et al., 1990; Pohlmann et al., 1995; Saftig and Klumperman, 2009; Pohl and Hasilik, 2015; Luzio et al., 2017; Bhamidimarri et al., 2018). M6P receptor independent delivery of lysosomal proteins through sortilin and lysosomal integral membrane proteins (LIMPs) has also been reported (Glickman and Kornfeld, 1993; Storch and Braulke, 2005; Reczek et al., 2007; Braulke and Bonifacino, 2009; Saftig and Klumperman, 2009; Blanz et al., 2015; Markmann et al., 2015). Thus, the biogenesis of lysosomes requires the integration of endocytic and biosynthetic pathways (Kornfeld and Mellman, 1989; Saftig and Klumperman, 2009).



Lysosomal Adaptation and Biogenesis Upon Signals

Long considered as the “garbage bin” of the cell, the role of lysosomes has undergone tremendous revisions over the last few years. Lysosomes play an important role in maintaining homeostasis of several cellular processes including cellular clearance, metabolism, plasma membrane repair, pathogen defense, bone remodeling and act as signaling platform (Baron et al., 1985; Reddy et al., 2001; McNeil, 2002; Kurz et al., 2011; Settembre and Ballabio, 2011; Lacombe et al., 2013; Xu and Ren, 2015; Diez-Roux and Ballabio, 2016; Erkhembaatar et al., 2017; Palmieri et al., 2017; Thelen and Zoncu, 2017; Tsukuba et al., 2017; Corrotte and Castro-Gomes, 2019; Lawrence and Zoncu, 2019). An adaptive and dynamic lysosomal response upon ever-changing cellular environment is critical for the maintenance of cellular homeostasis, one such response being the biogenesis of lysosomes itself (Settembre et al., 2013; Inpanathan and Botelho, 2019). A major environmental trigger for lysosomal biogenesis is infections with intracellular pathogens such as M. tuberculosis and Salmonella (Figure 1).




Figure 1 | Infection induced alterations in lysosomal homeostasis. Lysosomal homeostasis in a eukaryotic cell is altered by different pathogens. Examples of how the lysosomes are altered during infection with M. tuberculosis (Mtb) and Salmonella are shown, with Mtb infection inducing lysosomal biogenesis and Salmonella infection resulting in decreased lysosomal levels. Mechanisms and consequences of these modifications are discussed in the review. Lysosomal heterogeneity in a cell under non-perturbed conditions is depicted by the slightly different sizes and colors of the lysosomes.



Endo-lysosomal proteins such as Rab7 and Lamp proteins play crucial roles in maintenance of lysosomal homeostasis. Rab7 GTPase plays a key role in trafficking of lysosomal enzymes from endosomes to lysosomes, as expression of dominant negative Rab7 impairs lysosomal delivery of acid hydrolases (Press et al., 1998), acidification and ultimately degradation of cargo in lysosomes (Bucci et al., 2000; Guerra and Bucci, 2016). Similarly, trafficking of a subset of lysosomal enzymes and recycling of M6P receptors is altered upon Lamp2 deficiency (Eskelinen et al., 2002), showing its essential nature.

The mechanisms regulating cellular lysosomal biogenesis are becoming clear in the recent years. Transcription factor EB (TFEB), a basic helix-loop-helix-leucine zipper transcription factor of the microphthalmia family, regulates transcription of the lysosomal genes and subsequently lysosomal biogenesis in cell. Multiple kinases including mTORC1, ERK2, AKT, GSKβ and PKCβ phosphorylate TFEB at different residues and regulate its subcellular localisation (Settembre et al., 2011; Parr et al., 2012; Ferron et al., 2013; Li et al., 2016; Palmieri et al., 2017; Puertollano et al., 2018). In nutrient rich conditions, activated mTORC1 on the lysosomal membrane phosphorylates TFEB at Ser142 and Ser211, which promotes the binding of TFEB with the 14-3-3 cytosolic chaperon and favors its cytoplasm retention. Conversely, mTORC1 inactivation upon starvation leads to nuclear translocation of TFEB (Figure 2) (Settembre and Ballabio, 2011; Roczniak-Ferguson et al., 2012; Settembre et al., 2012; Puertollano et al., 2018). Dephosphorylation of TFEB by calcium-activated calcineurin and protein phosphatase 2A also induces nuclear translocation of TFEB (Medina et al., 2015; Zhang et al., 2016; Martina and Puertollano, 2018; Najibi et al., 2019). In the nucleus, TFEB binds to Coordinated Lysosomal Expression and Regulation (CLEAR) element in promoter region of the lysosomal genes and subsequently induces their transcription (Sardiello and Ballabio, 2009). Thus, signals from different cascades integrate at TFEB to regulate the lysosomal biogenesis and homeostasis in cells (Figure 2). Emerging evidence indicate that infection by pathogens influence these lysosomal signaling pathways in the cells (Campbell et al., 2015; Najibi et al., 2019; Sachdeva et al., 2020a). In the following sections, we will explore the intracellular trafficking of two specific pathogens and their intersection with lysosomal pathways.




Figure 2 | Regulation of cellular lysosomal homeostasis by transcription factor EB (TFEB). In homeostatic conditions, late endosomes (LE) containing lysosomal associated membrane proteins (Lamps) and Rab7 fuse with lysosomes. Multiple kinases including mTORC1, AKT, ERK2, GSKβ phosphorylate TFEB, retaining it on the lysosomal surface or sequestered to 14-3-3 chaperons in the cytoplasm. In conditions of lysosomal induction such as starvation, mTORC1 is inactivated and ROS activated MCOLN1 channel releases Ca2+ from lysosomal lumen to cytoplasm. The release of lysosomal Ca2+ locally activates calcineurin, which dephosphorylates TFEB. Protein phosphatase 2A (PP2A) is another reported TFEB phosphatase. Dephosphorylated TFEB translocates to the nucleus where it induces transcription of genes containing CLEAR elements, that include several lysosomal genes, eventually resulting in enhanced lysosomal biogenesis.





Dynamics of PCV and Host Trafficking Alterations

In the host cell, several innate immune elements such as reactive oxygen and nitrogen species (ROS, RNS), lysosomal acid hydrolases, xenophagy, inflammasome, septin caging, and proteasomal degradation are employed to neuter the pathogens (Radtke and O’Riordan, 2006; Deretic and Levine, 2009; Kaufmann and Dorhoi, 2016). But most pathogens manipulate these host mechanisms and generate an intracellular milieu conducive for their survival. One common strategy employed by many pathogens is to avoid trafficking to lysosomes (Méresse et al., 1999b; Duclos and Desjardins, 2000; Alix et al., 2011; Tang, 2015; Martinez et al., 2018). Several pathogens secrete effectors that target key host factors such as Rab GTPases (Deretic et al., 1997; Via et al., 1997; Fratti et al., 2001; Vergne et al., 2003b; Smith et al., 2007; Seto et al., 2011; Sherwood and Roy, 2013; Pradhan et al., 2018), cytoskeleton and motor protein (Dramsi and Cossart, 1998; Bearer and Satpute-Krishnan, 2002; Rottner et al., 2005; Henry et al., 2006b; Haglund and Welch, 2011; Shimono et al., 2016; Anes, 2017; Zhou et al., 2018) and block the fusion with lysosomes (Via et al., 1997; Russell, 2001; Pieters, 2008; Pradhan et al., 2018), instead residing in a modified phagosome, often called the pathogen containing vacuole (PCV) (Haas, 2007).

Mycobacteria and Salmonella are two well-studied pathogens that intersect with and manipulate the endo-lysosomal system of the host for their survival. Intracellular trafficking alteration of the PCV and escape from lysosomal delivery is well studied in both these pathogens (Méresse et al., 1999b; Duclos and Desjardins, 2000; Hashim et al., 2000; Gorvel and Méresse, 2001; Fratti et al., 2003; Vergne et al., 2003b; Chua et al., 2004; Smith et al., 2005; Deghmane et al., 2007; Smith et al., 2007; Alix et al., 2011; Vergne et al., 2014; Tang, 2015; Martinez et al., 2018). In this review, we will focus on the interaction of these pathogens with the functioning of the host lysosomes (Figure 1). We will discuss the molecular mechanisms by which the two pathogens intersect with lysosomal trafficking to establish and sustain their respective PCV’s (Figure 3). While these mechanisms are well known, and other reviews have documented them extensively (Russell, 2001; Holden, 2002; Pieters, 2008; Steele-Mortimer, 2008; Lahiri et al., 2010; Queval et al., 2017; Upadhyay et al., 2018) less is known about the impact of these infections on the lysosomal homeostasis of the infected cell. We will discuss emerging evidence from literature on the impact of these intracellular pathogens on the lysosomal system globally in the infected cells, beyond the confines of the PCV’s and explore their consequences (Figure 4). Finally, we will briefly explore the emerging role of heterogeneity in shaping the outcomes of host-pathogen encounters, and examine the role of lysosomes in this context (Figure 5).




Figure 3 | Manipulation of lysosomal trafficking by Pathogen containing vacuoles. (A, B) summarizes some of the known molecular events in the interface of Mtb containing vacuole (MCV) and Salmonella containing vacuole (SCV), respectively. Pathogen effectors (shown in green) target different host factors (brown) and influence their recruitment or release on the respective PCV’s. Arrows indicate the nature of interactions. Dotted arrows show the processes that occur on a normal phagosome but are manipulated on the PCV.






Figure 4 | Alteration in the host lysosomal system upon intracellular infections. The host lysosomal alterations in four different pathogenic infections are shown. Lysosomes are shown in red. Mtb and Staphylococcus aureus infection increases the host cellular lysosomes levels compared to uninfected condition, whereas Salmonella infections leads to formation of late endosome/lysosome derived filamentous structures. In Trypanosoma infection, lysosomes move toward cell periphery at the site of pathogen entry and fuse with the plasma membrane to facilitate pathogen entry in the host cell. In these infectious condition, i.e Mtb, Salmonella, Staphylococcus and Trypanosoma, transcription factor EB (TFEB) is translocated to nucleus as compared to the uninfected state.






Figure 5 | Lysosomal heterogeneity influencing intracellular Mycobacterium tuberculosis (Mtb) trafficking. (A) Heterogeneity in lysosomal targeting of pathogens in the host cells could be driven by pre-existing heterogeneity of host cells where some cells intrinsically have more lysosomes and are more efficient in trafficking Mtb (green) to lysosomes (red), or it could also be driven by pathogen diversity, where some pathogens cells are less capable of resisting lysosomal delivery. (B) Other model proposes the idea of induced heterogeneity where post-infection the heterogeneity is induced in the host and pathogen e.g. lysosomal levels and lysosomal delivery of Mtb in cells becomes heterogeneous. Existing literature suggests that these events are not mutually exclusive and pre-existing heterogeneity in the pathogen cells can induce diversity in the host cell response. Similarly, heterogeneity of the host cells can generate diversity in the pathogens upon infection.





Mycobacteria Containing Vacuole Trafficking and Maturation

While inert particles such as beads undergo the process of phagosomal maturation and eventually fuse with the lysosomes, Mtb employs several virulence factors such as PknG, PtpA, SapM, LpdC, ManLAM, Ndk, ESAT6, CFP10 (Figure 3A) (Via et al., 1997; Fratti et al., 2001; Fratti et al., 2003; Vergne et al., 2003b; Chua et al., 2004; Vergne et al., 2004; Vergne et al., 2005; Deghmane et al., 2007; MacGurn and Cox, 2007; Bach et al., 2008; Wong et al., 2011; Simeone et al., 2012; Mehra et al., 2013; Shukla et al., 2014; Pradhan et al., 2018) that impede its vacuolar maturation and fusion with the lysosomes (Armstrong and Hart, 1971; Russell, 2001; Pieters, 2008; Cambier et al., 2014; Awuh and Flo, 2016). These effectors modulate several host factors such as PI3Kinase (Fratti et al., 2003; Vergne et al., 2003a; Chua and Deretic, 2004; Zulauf et al., 2018), V-ATPase (Bach et al., 2008), EEA1, Rab7, Lamp2 (Via et al., 1997; Fratti et al., 2001; Seto et al., 2011; Hu et al., 2015; Pradhan et al., 2018), coronin-1 (Ferrari et al., 1999; Deghmane et al., 2007; Jayachandran et al., 2007) and SNAREs (Fratti et al., 2002; Fratti et al., 2003; Vergne et al., 2004) on Mycobacteria containing vacuole (MCV) (Figure 3A) to arrest maturation of the vacuole (Figure 2). Despite the arrested state, MCVs remain fusogenic to early and recycling endosomes, and in fact, show higher fusion with early endosomes (Vergne et al., 2004; Halaas et al., 2010). These reports convincingly show that Mtb extensively modulates its vacuole to attain effective maturation blockage ensuring that the majority of the bacteria do not fuse with lysosomes in cultured macrophages in vitro.



Salmonella Containing Vacuole Trafficking and Maturation

Salmonella is another fascinating pathogen whose intracellular lifestyle intersects extensively with the endo-lysosomal system of host cells. Salmonella can infect non-phagocytic cells by secreting effectors in the host (Brumell et al., 1999; Fu and Galán, 1999; Zhou et al., 1999; Galan and Zhou, 2000). In non-phagocytic cells, Salmonella containing vacuoles (SCVs) acquire early and late endosomal markers e.g. lysosomal membrane glycoproteins, V-ATPases and acquire NADPH oxidase (Vazquez-Torres et al., 2000; Gallois et al., 2001) but do not fuse with lysosomes (Garcia-del Portillo and Finlay, 1995; Méresse et al., 1999a; Uchiya et al., 1999; Duclos and Desjardins, 2000; Gorvel and Méresse, 2001) (Figure 3B). The limited lysosomal hydrolytic activity in SCV could also be because of the rapid dilution of these enzymes in larger area of SCV (Krieger et al., 2014; Liss and Hensel, 2015; Knuff and Finlay, 2017). Salmonella effectors such as PipB2, SifA, SipA, SopB, SopD2, SseJ, SseF, and SseG etc., target several host factors e.g. cytoskeleton, motor proteins, ESCRT machinery (Dukes et al., 2006), SNAREs (Singh et al., 2018), Rab GTPases (Smith et al., 2007) and phosphoinositide levels (Dukes et al., 2006) to maintain juxta-nuclear positioning and the integrity of the SCV (Beuzón et al., 2000; Salcedo and Holden, 2003; Guignot et al., 2004; Kuhle et al., 2004; Boucrot et al., 2005; Abrahams and Hensel, 2006; Abrahams et al., 2006; Henry et al., 2006a; Brawn et al., 2007; Ramsden et al., 2007; Steele-Mortimer, 2008; Wasylnka et al., 2008; Lau et al., 2019), Salmonella induced filaments (Sifs) formation (Stein et al., 1996; Waterman and Holden, 2003; Boucrot et al., 2005; Rajashekar et al., 2008; Szeto et al., 2009; Dumont et al., 2010; Leone and Méresse, 2011; Krieger et al., 2014; Rajashekar et al., 2014; Liss et al., 2017; Gao et al., 2018) and to inhibit fusion with lysosomes (Garcia-del Portillo and Finlay, 1995; Méresse et al., 1999a; Uchiya et al., 1999; Duclos and Desjardins, 2000; Gorvel and Méresse, 2001) (Figure 3B). Interestingly, SCVs are differentially modulated in epithelial cells and macrophages indicating potential cell type specific mechanisms (Reuter et al., 2020).

Altogether, these studies demonstrate that Mtb and Salmonella containing vacuoles are substantially transformed compared to bead containing phagosomes and these alterations have an astounding influence on the intracellular trafficking of these vacuoles along the lysosomal pathway.

While phagosome maturation arrest mediated by Mtb is well-studied in cultured macrophages in vitro, emerging evidence suggest that under in vivo infections, Mycobacterium could encounter acidic conditions and indeed be delivered to and adapt to lysosomal conditions (Levitte et al., 2016; Sundaramurthy et al., 2017). Indeed Mtb infected cells and tissues show higher lysosomal content in vivo (Sundaramurthy et al., 2017; Sachdeva et al., 2020a), and Mtb are delivered rapidly to lysosomes in a susceptible mouse model (Sundaramurthy et al., 2017). Lysosomal delivery however does not result in the elimination of Mycobacteria, rather a reduced growth rate (Levitte et al., 2016; Sundaramurthy et al., 2017). Using elegant photobleaching experiments in zebrafish infected with M. marinum (Mm), Ramakrishnan group showed that the bacteria residing in lysosomes have slower growth compared to the ones that are not fused to lysosomes (Levitte et al., 2016). These studies suggest that additional facets of Mycobacterium interaction with the lysosomal trafficking system could be manifest during in vivo infection, which warrants further investigations.



Pathogens Affecting Host Lysosomal Homeostasis

While extensive work, as described above, has uncovered the mechanisms by which pathogens avoid lysosomal delivery, if and how these pathogens globally influence the host lysosomal homeostasis is not very-well understood. Documenting the global manipulations in the host cell by pathogens, beyond the confines of the PCV, is important to gain a complete appreciation of the influence of infection on the host, which further opens the possibilities to better design the counter-strategies against the pathogens. Recent work from several groups, including ours, have systematically addressed this question.

ESX-1 secretion system is known to play a role in impacting cellular lysosomes in different ways. Mtb and M. marinum (Mm) induces exocytosis of lysosomes upon infection in a ESX-1 dependent manner (Koo et al., 2008a). Esat-6, one of the well-studied substrates of the ESX-1 secretion system, has been recently shown to play a role in permeabilization of lysosomal membrane and release of mature cathepsin B into the cytosol, resulting in inflammasome activation and secretion of pro-inflammatory cytokines such as IL-1β (Amaral et al., 2018). Our recent work shows that Mtb infection alters the host lysosomal homeostasis and globally elevates the cellular lysosomal content of the infected macrophages under both in vitro and in vivo infections in mouse model. Mtb lipids, predominantly Sulfolipid-1, play a major role in lysosomal expansion. Correspondingly, a Sulfolipid-1 deficient Mtb mutant (MtbΔpks2) showed attenuated lysosomal rewiring. Sulfolipid-1 induces lysosomal biogenesis in macrophages in a mTORC1-TFEB dependent manner (Sachdeva et al., 2020a). Other bacterial components such as peptidoglycan from Staphylococcus aureus and lipopolysaccharide (LPS) induce lysosomal expansion using TFEB dependent as well as independent pathways. However, the role of peptidoglycan and LPS on lysosomes in an infection context remains to be validated. These studies show that bacterial membrane components have an influence on the signaling pathways regulating lysosomal homeostasis of the host cells (Hipolito et al., 2019; Najibi et al., 2019; Sachdeva et al., 2020a), and exert an effect on lysosomes globally in the infected cell, beyond the confines of the PCV’s.

Salmonella infection depletes acidic and catalytically active lysosomes in the host cells (Eswarappa et al., 2010; McGourty et al., 2012; Najibi et al., 2019). Salmonella effector PipB2 instigate tubulations of late endosome (LE)/lysosomes to form Sifs. Ectopic expression of PipB2 induces the dispersal of LE/lysosomes toward the cell periphery by increasing their net anterograde movement (Knodler and Steele-Mortimer, 2005). In addition, ectopic expression of SifA, SpiC, and SopD2 in mammalian cells also induces aggregation of LE/lysosomes (Brumell et al., 2001b; Boucrot et al., 2003; Brumell et al., 2003; Shotland et al., 2003). Few other studies have also reported remodeling of the endosomal system in Salmonella infection and propose that it facilitates the nutrient acquisition for the bacteria (Rajashekar et al., 2008; Liss and Hensel, 2015). Furthermore, Salmonella-effector SifA makes a stable complex with the host SKIP and Rab9 in infected cells and subverts the retrograde trafficking of mannose-6-phosphate receptors (MPRs). Subsequently, subverted MPR trafficking leads to misrouting of the lysosomal enzymes in the cell, which ultimately abolishes lysosomal catalytic activity (McGourty et al., 2012). Ectopic expression of SifA is enough to alter MPR trafficking and lysosomal function in HeLa cells (McGourty et al., 2012).

Other than Mtb and Salmonella, few other pathogens such as Staphylococcus aureus, Plasmodium and Trypanosoma alter lysosomal homeostasis in the host cells. Similar to Mtb, Staphylococcus aureus infection increases the levels of lysosomes in the host cells in a TFEB dependent manner (Visvikis et al., 2014; Najibi et al., 2016; Najibi et al., 2019). Infections by protozoan parasites such as Plasmodium and Trypanosoma alter lysosomal homeostasis by increasing lysosomes and inducing lysosomal exocytosis, which facilitates the entry of the pathogen in the host cells (Tardieux et al., 1992; Hissa et al., 2012; Vijayan et al., 2019). These reports suggest that different pathogens impose distinct alterations in the host lysosomal system beyond the confines of the pathogen containing vacuoles by influencing the signaling cascades regulating lysosomal homeostasis (Figure 4). Some of the factors from individual pathogens modulating lysosomal processes is summarized in Table 1, while much work remains to be done in this exciting and emerging area.


Table 1 | Different pathogen and their effectors affecting host lysosomal homeostasis.





Role of the Global Lysosomal Alterations in Pathogenesis Mechanisms

The lysosomal system is modulated in response to the physiological state of the cells and signal integration at the level of TFEB to regulate the lysosomal homeostasis in the cell. Gray et al reported that phagocytosis of Escherichia coli induces lysosomal biogenesis in cells in a TFEB dependent manner and this lysosomal enrichment enhances the bactericidal properties of the host cell (Gray et al., 2016). Our recent work with Mtb mediated lysosomal enrichment shows that the increased lysosomal levels in Mtb infected cells have a host-protective role against pathogenic Mtb (Sachdeva et al., 2020a). MtbΔpks2, the SL-1 mutant Mtb strain, shows attenuated lysosomal rewiring and corresponds to a phenotype of enhanced intracellular Mtb survival (Sachdeva et al., 2020a). Lysosomal proteins such as Lamp1 and 2 are necessary for phagosomal fusion with lysosomes (Huynh et al., 2007). Importantly, they are regulated by TFEB (Palmieri et al., 2011; Vural et al., 2018). Hence, it is suggested that TFEB mediated lysosomal enrichment enhances the fusion of bacterial vacuoles with lysosomes and augments the lysosomal targeting of pathogens in the host cell (Vural et al., 2018). Interestingly phagosome maturation rate is accelerated during SL-1 mediated lysosomal expansion (Sachdeva et al., 2020a), suggesting that enhanced lysosomal function influences phagosome maturation and subsequently bacterial survival. In line with this, chemical inhibition of lysosomal acidification with bafilomycin and cathepsin D using pepstatin in primary macrophages increased the intracellular growth of Mtb (Welin et al., 2011). Similarly, blocking lysosomal enzyme β-hexosaminidase enhanced the intracellular survival of M. marinum suggesting lysosomal hydrolases mediated restriction mechanisms (Koo et al., 2008b). Thus, lysosomal enrichment in macrophages promotes the lysosomal targeting of a proportion of Mtb and consequently limits the intracellular replication of Mtb (Vural et al., 2018; Sachdeva et al., 2020a). Further lysosomal enrichment by chemical treatment of autophagy modulators nortriptyline and prochlorperazine edisylate (Sundaramurthy et al., 2013) or gefitinib (Sogi et al., 2017) in macrophages increased lysosomal targeting of Mycobacteria and suppressed the intracellular bacterial replication. Treatment with Interferon-gamma (IFN-γ), a cytokine of adaptive immunity, substantially decreases mycobacterial survival in the host (Flynn and Chan, 2001). Several findings suggest that the IFN-γ treatment substantially increases the anti-mycobacterial capacity of the host cells by enhancing lysosomal targeting of Mycobacteria (Schaible et al., 1998; Via et al., 1998). These studies suggest that pharmacologically increasing lysosomes influences the lysosomal delivery of Mtb and limits the growth of Mtb in cells, thus playing a protective role against Mtb. Thus either enrichment or depletion of lysosomal content has the respective opposite effect on intracellular Mtb survival, arguing for a reciprocal relationship between macrophage lysosomal content and intracellular Mtb survival.

The depletion of functional lysosomes upon Salmonella infection also facilitates the survival of the pathogen in the host (Eswarappa et al., 2010). Further, genetic or chemical modulation of the host lysosomes correspondingly affected the intracellular survival of Salmonella suggesting that the intracellular growth of Salmonella is affected by the lysosomes (McGourty et al., 2012). Several other studies have also reported that the chemical or genetic enrichment of lysosomes enhances bactericidal properties and bacterial clearance of other pathogens such as Burkholderia cenocepacia, methicillin-resistant Staphylococcus aureus and enteroinvasive Escherichia coli (Sogi et al., 2017; Vural et al., 2018; Liu et al., 2019). These studies show an emerging consensus with these limited examples of the global content of lysosomes in cells having a growth inhibitory effect on intracellular pathogens.

While these studies show the relevance of global alteration of lysosomes to the infection, our recent study also throws light on lysosomal heterogeneity influencing intracellular Mtb trafficking in a non-perturbed macrophage population, i.e a higher proportion of Mtb are delivered to lysosomes in cells with higher lysosomal content (Sachdeva et al., 2020a; Sachdeva et al., 2020b).



Heterogeneity in Host-Pathogen Interaction

It is important to point out that lysosomal enrichment in cells, while restricting the intracellular growth of these pathogens, is not sufficient to completely eradicate the pathogen from the host cell. In fact, only a proportion of the intracellular Mtb population is targeted to lysosomes in response to the lysosomal enrichment in cells. Subcellular localization analysis in different studies shows that approximately 20-40% of Mtb are targeted to lysosomes (Welin et al., 2011; Sogi et al., 2017; Sachdeva et al., 2020a). When the lysosomal rewiring is attenuated, such as in MtbΔpks2 mutant, even less Mtb are delivered to lysosomes (Sachdeva et al., 2020a). It would be interesting to see if the physiological state of the bacteria such as redox potential, metabolic activity or antibiotic sensitivity of this subpopulation is different from the rest of the Mtb population that is not delivered to lysosomes.

Recent studies reveal substantial heterogeneity in the pathogen and host cells at single cell level that impacts the outcome of host-pathogen encounters (Avraham et al., 2015; Avraham and Hung, 2016). Heterogeneity could be either pre-existing or infection induced. Avraham et al. showed that varying PhoPQ activity on LPS modification in a subset of Salmonella generates a heterogeneous population of the pathogens (Avraham et al., 2015). This heterogeneous Salmonella population upon infection further drives variable type 1 IFN response in the host cells, thus promoting diversity in the host cells (Avraham et al., 2015). This study is an elegant example of pathogen heterogeneity shaping the outcome of infection. Recent work from our laboratory reveals pre-existing endocytic heterogeneity in the macrophages that determine their susceptibility to infections (Sachdeva et al., 2020b). The study shows considerably high intrinsic heterogeneity in the endocytic capacity of individual cells in a population, which governs the subsequent phagocytic events, including intracellular infections and subcellular trafficking within macrophages (Sachdeva et al., 2020b). Interestingly, the cells with higher endocytosis also have high levels of lysosomes suggesting a co-regulation of the endosomal and lysosomal numbers (Sachdeva et al., 2020b). In line with this, a recent study indicates the transcription regulation of endocytic genes such as Rab5A and Rab7A by TFEB, a known regulator of lysosomal biogenesis (Nnah et al., 2018). However, the exact mechanisms determining the spread and extent of endo-lysosomal heterogeneity in cells are not known, although it is quite likely that fluctuations in the expression and subcellular localization of TFEB could play a role. Importantly, Mtb trafficking to lysosomes is different in cells with different lysosomal content, i.e a higher proportion of Mtb are delivered to lysosomes in cells with higher lysosomal content, even in the same non-perturbed macrophage cell population (Sachdeva et al., 2020b), an effect that averages out at a population level. Thus, the lysosomal content in Mtb infected cells can be a combination of pre-existing heterogeneity (Sachdeva et al., 2020b) and infection induced lysosomal biogenesis (Sachdeva et al., 2020a) (Figure 5). Importantly, differential subcellular trafficking of Mtb in these heterogeneous host cells could potentially generate diversity in the pathogen as well, since reports indicate that the physiological state of Mtb such as its redox potential is influenced depending on whether the bacterium is in lysosomes, or not (Bhaskar et al., 2014).

Similarly, a recent study shows another instance of pre-existing heterogeneity in the host primary human vascular endothelial cells (HUVEC), where susceptibility to Listeria monocytogenes infection is determined at the level of bacterial adhesion to cells (Rengarajan and Theriot, 2020). These studies demonstrate that heterogeneity, whether pre-existing or generated upon infection has a substantial impact on the pathogen-host encounters at multiple levels including uptake, sub-cellular trafficking and downstream responses such as gene expression changes. Further work and development of novel pathogen reporter strains are required to delineate between infection induced vs pre-existing heterogeneity in different contexts and gain quantitative insights into the consequences of encountering heterogeneous sub-cellular environments for the bacteria.

Overall, the role of heterogeneity in host-pathogen interactions at a single cell level –host or pathogen mediated and pre-existing or infection induced – determining population outcomes is emerging as a major theme in infection biology. How the heterogeneity in lysosome function and importantly composition influences, and is influenced by, infection events will be exciting area to explore in the future.



Conclusion

In this review on intracellular pathogens and host lysosomal landscape, we show that pathogens such as Mtb and Salmonella impose global alteration on the host lysosomal system by manipulating the lysosomal signaling cascades in cells. These pathogens impose diverse kind of alterations in the host lysosomal landscape including enrichment, depletion and redistribution of the lysosomes. Importantly, lysosomes play a host protective role in the host-pathogen encounter and lysosomal enrichment in cells promotes delivery of pathogens such as Mtb and Salmonella to lysosomes, limiting the intracellular pathogen growth. Conversely, depletion of the host lysosomes promotes the intracellular survival of these pathogens. However, the lysosomal system does not completely eradicate pathogens such as Mtb and trafficking of only a subpopulation of these pathogens is influenced by the lysosomal system. In future, it will be important to understand the determinant(s) of the heterogeneous lysosomal targeting of these pathogen and its consequence for the bacteria. Such studies could lead to development of better host lysosomal targeted therapeutics against these dreaded infectious diseases.
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The pe/ppe genes are found in pathogenic, slow-growing Mycobacterium tuberculosis and other M. tuberculosis complex (MTBC) species. These genes are considered key factors in host-pathogen interactions. Although the function of most PE/PPE family proteins remains unclear, accumulating evidence suggests that this family is involved in M. tuberculosis infection. Here, we review the role of PE/PPE proteins, which are believed to be linked to the ESX system function. Further, we highlight the reported functions of PE/PPE proteins, including their roles in host cell interaction, immune response regulation, and cell fate determination during complex host-pathogen processes. Finally, we propose future directions for PE/PPE protein research and consider how the current knowledge might be applied to design more specific diagnostics and effective vaccines for global tuberculosis control.
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Introduction

Mycobacterium tuberculosis (Mtb), the causative pathogen of tuberculosis (TB), is an extremely successful intracellular pathogen. The interactions between Mtb and host immune system determine the outcome of Mtb infection. PE/PPE families are seemingly related to mycobacteria pathogenicity, as its members are abundant in pathogenic mycobacteria (Akhter et al., 2012; Li et al., 2019) and less present in nonpathogenic mycobacteria (McGuire et al., 2012). Previous reviews have discussed the pe/ppe genes evolution (Fishbein et al., 2015), the expression and regulatory role of PE/PPE proteins (Li et al., 2019), as well as the relation with virulence and host cell fate (Yu et al., 2019).

Given the importance of the PE/PPE family in host-pathogen interactions, herein, we summarize the latest experimental advances in PE/PPE protein interactions with host cells and provide a comprehensive overview of the involvement in macrophage processing of Mtb, such as adhesion, receptor interactions, immune response, environmental stress resistance, phagocytosis, intracellular survival, and cell fate regulation. This information may contribute to tuberculosis future intervention strategies, such as improved diagnostic tools and vaccine candidates.



Functional Relationships Between Pe/Ppe Proteins and The Esx Secretion System

Currently, the original evolution of the pe/ppe gene families remains unclear. However, the ancestral pe/ppe gene family is reportedly related to the ESX (early secretory antigen target 6 system) protein family (Gey van Pittius et al., 2006). The pe/ppe genes seem to have evolved and duplicated in association with the duplication of the five esx gene cluster regions in the Mtb genome (Gey van Pittius et al., 2006; Akhter et al., 2012; Fishbein et al., 2015) that can be inferred from the most primitive ESX-4, which has no PE/PPE proteins among its components, in contrast to the more recent ESX-5, which has two PE (PE18 and PE19) and three PPE (PPE25, PPE26, and PPE27) proteins (Majlessi et al., 2015). Besides, the recently evolved PE_PGRS (polymorphic GC-rich sequences) and PPE_MPTR (major polymorphic tandem repeats) subfamilies are believed to have originated from pe/ppe genes within the ESX-5 cluster (Gey van Pittius et al., 2006).

Recent studies have indicated that the ESX system contributes to PE/PPE protein export, and, likewise, ESX system protein secretion is related to that of PE/PPE proteins. Genes in ESX-1 locus that encode secreted proteins EsxA and EsxB are flanked directly upstream by pe35 and ppe68 (Majlessi et al., 2015). PPE68 and PE35 are required for Mtb virulence (Sassetti and Rubin, 2003; Jiang et al., 2016), and PE35 is required for EsxA and EsxB secretion (Brodin et al., 2006; Chen et al., 2013).

ESX−5 is related to the virulence of pathogenic mycobacteria. Deletion of ppe25, pe18, ppe26, ppe27, and pe19 significantly attenuated the virulence in mouse models. Further, ESX-5 inactivation Mtb and Mycobacterium marinum mutants fail to secrete several PE/PPE proteins, many of which are not encoded by the esx-5 locus, suggestive of a loss of the ability to transport PE/PPE proteins across mycobacterial cell envelope (Bottai et al., 2012). In addition, the expression of PE19 enhances envelope permeability inducing higher pathogenic sensitivity (Ramakrishnan et al., 2016). These results strongly suggest that PE/PPE proteins of ESX-5 locus are required for ESX-5 mediated protein export.

Although, to a lesser extent than ESX-1 and ESX-5, the correlation between ESX-3 and PPE-related functions has also been studied. Products of the esx-3 gene locus, which contains pe5 and ppe4, carry out the essential function of iron/zinc acquisition (Serafini et al., 2009; Siegrist et al., 2009). PE5 forms a heterodimer with PE4 to utilize iron from the intracellular host space (Tufariello et al., 2016). In contrast to other members, the exact function of esx-2, including pe36 and ppe69, remains undefined.

Overall, due to the difficulty of recovering stable soluble recombinant PE/PPE proteins, knowledge of their biophysical structure remains insufficient to clarify the secretory interaction between PE/PPE proteins and the ESX system. However, it is worth mentioning that the ESX secretion-associated protein G (EspG), the homolog of the ESX system, recognizes its cognate PE/PPE protein, maintaining it in a stable conformation and promoting secretion (Daleke et al., 2012). The crystal structure of the PE25-PPE41-EspG5 complex yielded valuable information regarding the cross-talk between EspGs and different PE/PPE proteins (Ekiert and Cox, 2014; Korotkova et al., 2014).



Role of PE/PPE Proteins in Host–Pathogen Interactions

Based on the different stages of interaction with the host, we summarize the function and localization of PE/PPE proteins in Supplementary Table 1 and highlight the intriguing roles in Figure 1A: (i) mediating immune responses through cell surface adhesion or receptor binding; (ii) surviving under intracellular stress, phagocytosis, and phagolysosome maturation; (iii) determination of cell fate.




Figure 1 | Effects of PE/PPE proteins on the interaction between Mtb and macrophage. (A) PE/PPE proteins in each frame are shown to affect each stage of host-pathogen interaction, including in cell adhesion and binding to TLR2 or TLR4 receptors, mediating downstream immune signal pathway, inhibiting or increasing phagocytosis of the bacilli, surviving under intracellular stress, and inhibiting phagolysosome maturation in macrophage. (B) PE/PPE proteins regulate four major outcomes observed in macrophage after Mtb infection.




Roles of PPE Proteins in Interactions With Host Cells and Immune Regulation

Surface exposure or secretion into the extracellular environment allows PE/PPE proteins to interact with their host targets directly. Some proteins reportedly interact with receptors like TLR2/4 on the surface of macrophages, activating downstream signaling pathways. The PE9-PE10 complex (Tiwari et al., 2015), PPE39 (Choi et al., 2019), and PE_PGRS5 (Grover et al., 2018) interact with TLR4 to activate downstream signaling and modulate cytokine production. Furthermore, various PE/PPE proteins can interact with TLR2, including PPE26 (Su et al., 2015), PPE32 (Deng et al., 2014), PPE57 (Xu et al., 2015), PPE65 (Qureshi et al., 2019), PE_PGRS33 (Basu et al., 2007; Zumbo et al., 2013; Palucci et al., 2016), and PE_PGRS11 (Bansal et al., 2010). PPE18 can stimulate IL-10 secretion, which might induce Th2 type response via interacting with TLR2 (Nair et al., 2009), and further was defined to inhibit the production of NF-κB/rel-mediated pro-inflammatory cytokine by upregulating suppressor of cytokine signaling 3 protein (SOCS3) (Nair et al., 2011). Besides, PE_PGRS17 was found to mature DCs via TLR2 (Bansal et al., 2010) and cause host cell death and cytokine secretion via Erk kinase, eventually enhancing intracellular survival (Chen et al., 2013).

Generally, the binding of PE/PPE proteins to cell surface receptors activates downstream signaling pathways, including NF-κB and MAPK (p38, JNK, and ERK), which affect cytokine production, leading to a pro-inflammatory or anti-inflammatory response. PPE27 overexpressed strain showed a strengthened ability to induce nitric oxide (NO) and inhibiting IL-6 production, which was abolished by NF-κB, p38, and ERK inhibitors (Yang G et al., 2017). PPE39, a PE/PPE protein defined in hypervirulent strain Beijing/K, exhibited its ability to mature DCs and activate Th1 immune response through NF-κB and MAPK, which functioned as TLR4 agonist (Choi et al., 2019). A series of proteins, including PE13 (Li et al., 2016), PE27 (Kim et al., 2016), PPE26 (Su et al., 2015), PPE32 (Deng et al., 2014), PPE44 (Yu et al., 2017), PPE57 (Xu et al., 2015), PE_PGRS11, and PE_PGRS17 (Bansal et al., 2010) similarly regulate the cytokine profile via NF-κB and MAPK signaling.

PE/PPE protein effects on mycobacterial invasion and macrophage phagocytosis have also been suggested. PPE38-mutant of Mycobacterium marinum exhibited significantly higher invasion efficiency (Dong et al., 2012), while the phagocytosis ratio of PPE29 mutants was expectedly reduced (Meng et al., 2017).

Adherence to the cell surface is another prerequisite for bacterial invasion. Recent reports revealed that PE11 knockdown strains could significantly enhance fibronectin attachment protein production, contributing to the attachment to the host extracellular matrix (Rastogi et al., 2017). PE_PGRS60 can bind to fibronectin, which results in enhanced adhesion and invasion (Meena and Meena, 2016).



Roles of PE/PPE Proteins in Intracellular Survival

Upon entry into macrophages, pathogens adapt to the intracellular environment, such as low pH, reactive oxygen, and nitrogen species, thus creating its own niche. Besides, PPE60 (Gong et al., 2019) and PE13 (Li et al., 2016) can enhance cell resistance to low pH, surface stresses, and antibiotic exposure to increase intracellular survival. PPE11 has also increased early bacterial survival rate under conditions similar to the intracellular macrophage environment, such as the presence of lysozymes, acidic, and active nitrogen intermediates (RNI), and maintains a high bacterial load in mouse tissue, worsening organ pathology (Peng et al., 2018).

Once adapted to the harsh conditions, Mtb survives in macrophages by preventing phagosomal acidification and phagosome-lysosome fusion. PE_PGRS30 and PE_PGRS47 knockout strains lost the ability to inhibit phagosome fusion (Iantomasi et al., 2012; Saini et al., 2016). Similarly, overexpressed PE_PGRS62 significantly inhibits phagosome maturation (Huang et al., 2012; Thi et al., 2013; Long et al., 2019). During phagocytosis, the transcription level of PPE25 is upregulated, and PPE25 mutant strain loses its ability to replicate within macrophages and prevent phagosome-lysosome fusion (Jha et al., 2010).



PE/PPE Proteins Are Involved in the Determination of Cell Fate

Further, PE/PPE proteins are believed to have roles in host defense mechanism which limit Mtb survival or are closely associated with the intracellular persistence and proliferation, eventually inducing host cells three major outcomes as shown in Figure 1B: (i) apoptosis, a form of programmed cell death that is proactively regulated by host cells (Fink and Cookson, 2005); (ii) autophagy, a host degradation system that can resolve infection (Mariño et al., 2014); and (iii) necrosis, a form of passive cell death triggered by external stimuli (Fink and Cookson, 2005).

Cell apoptosis can affect intracellular bacterial viability (Duan et al., 2002). Recent studies indicate that PPE32 (Deng et al., 2016) and PE_PGRS5 (Grover et al., 2018) are involved in ER stress-mediated cell apoptosis. Conversely, PE_PGRS62 (Long et al., 2019) and PE_PGRS18 (Yang W. et al., 2017) can decrease apoptosis and enhance survival rate. PE31 increased guanylate-binding protein-1 (GBP-1) expression and inhibited caspase-3 activation and macrophage apoptosis through the NF-κB pathway (Ali et al., 2020). Although apoptosis caused by some bacterial proteins favors bacterial survival, it also helps to kill intracellular bacteria and activate adaptive immunity (Schaible et al., 2003; Srinivasan et al., 2014). PE/PPE proteins with pro-apoptotic activity might serve as candidates for vaccine development.

Autophagy is related to autolysosome formation, which helps host cell clear out the pathogen, but an aberrant autolysosome may consume most cellular proteins and organelles, thus inducing autophagic cell death (Mariño et al., 2014). PE_ PGRS41 (Deng et al., 2017) and PE_PGRS47 (Saini et al., 2016) have been proved to inhibit autophagy from allowing pathogen survival. A recent report revealed that ubiquitinated PE_PGRS29 could recruit autophagy receptor p62 and deliver Mtb into autophagosomes. Disruption of the interaction between PE_PGRS29 and ubiquitin attenuates Mtb xenophagic clearance, leading to an enhanced bacterial load and an elevated inflammatory response (Chai et al., 2019).

Cell necrosis is involved in the dissemination and virulence of Mtb because it results in the release and spread of tuberculosis-causing pathogens (Behar et al., 2010). Such a function has been reported for PE25-PPE41 complex (Tundup et al., 2014), PE_PGRS33 (Dheenadhayalan et al., 2006), and PPE27 (Yang G. et al., 2017).

In addition, a PPE60-overexpressing strain has recently been found to increase intracebllular survival and shift cell fate to pyroptosis, a newly defined form of programmed cell death, which is correlated with restriction of intracellular growth and enhanced host immune response (Gong et al., 2019; Chai et al., 2020), and with the maturation of IL-1β and IL-18 (Beckwith et al., 2020).




Future Applications of Pe/Ppe Family Proteins In Tb Vaccine Design and Diagnostic Tool Development

Serological antibody assays are routinely performed; however, there is no gold standard in TB serological diagnosis. PE35, an RD1-encoded antigen, can significantly discriminate pulmonary or extra-pulmonary TB patients with healthy BCG-vaccinated individuals (Mukherjee et al., 2007). Another good example is PPE17, whose N-terminal induces high immunogenic response and had greater potential to be a sero-diagnostic marker than full-length PPE17 (Abraham et al., 2017), which could screen the latently infected subjects (Abraham et al., 2018). PPE2 may also serve as a serodiagnosis marker to detect the extra-pulmonary and smear-negative pulmonary cases (Abraham et al., 2014).

The highly immunogenic properties of PE/PPE proteins have been demonstrated by the investigation of IFN-γ T cell responses generated during infection. CD4+-specific epitope-rich PE/PPE proteins, including PE18, PE19, PPE25, PPE26, and PPE27, are potent inducers of cell-mediated immune responses (Sayes et al., 2012). Vordermeier et al. examined cellular immune responses against a panel of 36 PE/PPE proteins during human and bovine infection and observed that many were major targets of the cellular immune response to tuberculosis. The specific HLA-A*0201-restricted epitopes of PPE68 also elicit a potent cellular response (Duan et al., 2015). Additionally, the PE5 protein and EsxI have been proven as a diagnostic antigen of bovine tuberculosis during intradermal tests (Melo et al., 2015). A combination of PPE57 can also increase the sensitivity of ESAT-6 or CFP-10 in the IFN-γ releasing assay for detecting active TB (Chen et al., 2009). The highly cellular immune response indicates that PE/PPE proteins may be better diagnostic and vaccine candidates (Vordermeier et al., 2012).

Numerous studies have also been carried out to assess the potential of PE/PPE proteins as candidate vaccine antigens. Several attempts seem promising. In dendritic cells, which serve as the most efficient antigen-presenting cells, PE27 (Kim et al., 2016), PPE39 (Choi et al., 2019), and PPE60 (Su et al., 2018) could change the cytokine profile toward a pro-inflammatory immune response, suggesting the possibility to be subunit vaccines for tuberculosis. In macrophages, PPE57 (Xu et al., 2015), PPE26 (Su et al., 2015), and PE3 (Singh et al., 2013) were also found to generate a protective immune response. Further, PPE44, HspX, and EsxV could enhance BCG protective efficacy (Mansury et al., 2019). Another vaccine candidate worth mentioning is the attenuated MtbΔppe25-pe19 strain, which outcompeted BCG protective capacity (Sayes et al., 2012). Notably, the contribution of PE-specific and PPE-specific T helper cell 1 (Th1) effector cells in protective immunity against mycobacteria has been recently identified (Sayes et al., 2016).

However, there is a downside to the use of PE/PPE proteins in vaccines, as many of them are believed to hamper the host inflammatory response to evade immune surveillance, thus supporting the development of an immunopathological response. PE32/PPE65 (Khubaib et al., 2016), PPE37 (Daim et al., 2011), and PE25/PPE14 (Chen et al., 2015) were found to tilt the Th1 response toward a Th2 response, which favors the intracellular survival of bacteria. In addition, PE/PPE proteins are polymorphic within clinical isolates (Hebert et al., 2007) and can be degradation-resistant, limiting MHC processing (Koh et al., 2009). However, researchers surprisingly found that the PPE18 protein, which upregulated IL-10 production (Nair et al., 2009) and inhibited the inflammatory response, could be explored as a therapeutic for sepsis caused by exaggerated inflammatory responses (Ahmed et al., 2018). Thorough characterization of candidates or exclusive use of the immunodominant epitopes of PE/PPE proteins may facilitate vaccine development.



Discussion

Since its discovery over 20 years ago, PE/PPE family has been recognized as exclusive to mycobacteria, especially in pathogenic species. Several studies have defined that PE/PPE protein expression is linked to ESX gene clusters is now well-established (Bottai et al., 2012; Sayes et al., 2012). Improved knowledge of the ESX system function has dramatically advanced our understanding of the biological function of specific PE/PPE proteins. Moreover, structural biology studies have started to solve and explain the roles of protein complexes involved in PE-PPE and ESX secretion (Ekiert and Cox, 2014). However, the biology and structure of PE/PPE proteins remain far less understood than other mycobacterial proteins. Elucidating the structure of PE/PPE proteins and their complexes with ESX systems will be pivotal to a more comprehensive mechanistic understanding of how the PE/PPE protein family, in association with the ESX secretion system, contributes to the pathogenicity of Mtb. This is of importance for obtaining further insights into the virulence strategies of mycobacteria, and may provide novel targets for antimycobacterial treatment.

Another feature of the PE/PPE proteins is that they are often found as co-operonic pairs of mostly one PE- and one PPE-coding gene, whose products interact with each other (Akhter et al., 2012) and are believed to assemble as heterodimers (Strong et al., 2006; Tundup et al., 2006; Tiwari et al., 2014). Such interactions have been predicted using bioinformatic tools (Riley et al., 2008) and proven through experimental evidence, as in the cases of PPE41 and PE25 (Tundup et al., 2006), PE35 and PPE68 (Tiwari et al., 2014), as well as PE19 and PPE51 (Wang et al., 2020). Korycka-Machała et al. found that PPE51 deletion rendered Mtb cells unable to replicate in propionamide, glucose, or glycerol. Further, some PE/PPE proteins, such as PE20/PPE31 and PE32/PPE65, are required by Mtb during Mg2+ and PO32− restriction (Wang et al., 2020). PPE36/PPE62 (Mitra et al., 2019) and PPE37 (Tullius et al., 2018) are essential for heme-iron acquisition and Mtb growth. Additionally, mutant PPE51 and PE19 strains developed resistance to 3bMP1, a compound with anti-tuberculosis activity (Wang et al., 2020). These data suggest that at least some PE/PPE proteins appear to act as solute-selective pores, allowing the access of exogenous agents or nutrients required for proliferation. Thus, focusing on genetic mutations of pe/ppe family members, which are often eliminated when analyzing next-generation sequencing data of clinically drug-resistant strains, may help discover anti-tuberculosis drug resistance mechanisms. In summary, we believe that the PE/PPE family will remain a highly active area of research with various exciting features yet to be discovered.
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Macrophages are the first encounters of invading bacteria and are responsible for engulfing and digesting pathogens through phagocytosis leading to initiation of the innate inflammatory response. Intracellular digestion occurs through a close relationship between phagocytic/endocytic and lysosomal pathways, in which proteolytic enzymes, such as cathepsins, are involved. The presence of cathepsins in the endo-lysosomal compartment permits direct interaction with and killing of bacteria, and may contribute to processing of bacterial antigens for presentation, an event necessary for the induction of antibacterial adaptive immune response. Therefore, it is not surprising that bacteria can control the expression and proteolytic activity of cathepsins, including their inhibitors – cystatins, to favor their own intracellular survival in macrophages. In this review, we summarize recent developments in defining the role of cathepsins in bacteria-macrophage interaction and describe important strategies engaged by bacteria to manipulate cathepsin expression and activity in macrophages. Particularly, we focus on specific bacterial species due to their clinical relevance to humans and animal health, i.e., Mycobacterium, Mycoplasma, Staphylococcus, Streptococcus, Salmonella, Shigella, Francisella, Chlamydia, Listeria, Brucella, Helicobacter, Neisseria, and other genera.
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Introduction

Macrophages and neutrophils are major types of phagocytic cells of the innate immune system. They are specialized to detect, engulf and destroy some bacteria and viruses or other foreign particles that can be dangerous to the health and proper functioning of the organism. In the detection and recognition process, a large repertoire of pattern recognition receptors (PRRs) and other molecules expressed on/in macrophages are engaged, ensuring the distinction between “self” and “non-self”, which is fundamental to maintenance of tolerance with simultaneous potential for response to threat by the “non-self” (Mukhopadhyay et al., 2009). Regarding the recognition of bacteria, the target cell is engulfed through extension of pseudopodia around the target and formation of a phagosome, which subsequently fuses with the lysosome to form a phagolysosome. In this compartment, the bacterial cell is exposed to a toxic environment characterized by acidification, presence of active proteolytic and lipolytic enzymes and products of the respiratory burst, including reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Russell et al., 2009; Slauch, 2011; Hirayama et al., 2018). These events eventually lead to destruction of bacteria and allow processing of peptide antigens that are subsequently presented on the major histocompatibility class II (MHC II) molecules leading to activation of helper T (Th) cells, thus stimulating acquired immune response. Therefore, macrophages, as antigen presenting cells (APCs), constitute a bridge between non-specific (innate) and specific (adaptive) immunity (Hirayama et al., 2018).

The function of macrophages as effective sentinels, phagocytes and APCs is possible due to the presence of cathepsins (Cts) – serine, aspartic and cysteine peptidases that are involved in regulation of innate (PRRs signaling, pathogen killing, apoptosis) and adaptive (antigen processing and presentation) immune responses (Conus and Simon, 2010). Cathepsins are structurally a heterogeneous group of proteases that were first described as intracellular enzymes of protein degrading activity in a slightly acidic environment (Willstätter and Bamann, 1929). Currently, the name “cathepsin” refers to the two serine proteases (Cts A and G), two aspartic proteases (Cts D and E) and eleven lysosomal cysteine proteases (Cts B, C, F, H, K, L, O, S, V, X, and W) (Turk et al., 2001; Rossi et al., 2004). Cysteine proteases have a similar structure to that of the plant enzyme papain and, therefore, are included in the C1 family of clan CA (cathepsins) (Barrett et al., 2004). All cysteine cathepsins are monomeric single domain enzymes, composed of L (left)- and the R (right)-subdomains, except for Cts C, which is present in the form of a homotetramer (Figure 1) (Grzonka et al., 2001; Turk et al., 2012; Löser and Pietzsch, 2015). Following synthesis as inactive preproenzymes (immature), cathepsins become mature after cleavage of the N-terminal signal peptide that occurs in parallel with the N-linked glycosylation within the endoplasmic reticulum (ER). Then, cathepsins are transported to the endosomal/lysosomal compartment using cellular mannose-6-phosphate receptor pathway, where they are activated after removal of the N-terminal propeptide (Chwieralski et al., 2006; Turk et al., 2012). Despite mostly intralysosomal localization, under certain conditions cathepsins can be released from the lysosomes into the cytoplasm, where they perform proapoptotic functions by activating caspases and promoting the release of mitochondrial proapoptotic factors (Chwieralski et al., 2006). Cathepsins cleave a variety of proteins and polypeptides in a relatively unspecific manner. Cts D, E, F, G, K, L, S, and V function as endopeptidases, Cts A, C, and X are exopeptidases, whereas Cts B and H exhibit both exopeptidase and endopeptidase activities (Table 1) (Conus and Simon, 2010). The activity of mature cysteine cathepsins is regulated by their endogenous protein inhibitors, such as cystatins, serpins, thyropins and others (Turk et al., 2002).




Figure 1 | Schematic illustration of lysosomal cathepsin maturation. Cathepsins are synthesized as preproenzymes with the N-terminal signal peptide that targets the protein to the lumen of the rough endoplasmic reticulum (RER). After the removal of the signal peptide (pre) in the ER lumen, the protopeptides use a mannose-6-phosphate (Man-6-P) receptor pathway for delivery via the trans-Golgi network (TGN) to early/late endosomes. Within late endosomes the pH drops and procathepsins dissociate from Man-6-P receptor releasing proteolytically active single-chain intermediate cathepsins. Within the lysosome, the single chain protein is further processed via autocatalysis into mature two-chain form composed of an N-terminal light chain and a C-terminal heavy chain.




Table 1 | Cathepsin family members present in macrophages and macrophage-related cells.



Cathepsins are generally widely distributed in cells and tissues in humans and animals, and their level of expression, activity and ratio varies and depends mainly on the location within the cell. While most cathepsins are common in certain cell types, some of them play a specific role only in particular cell types (Zavasnik-Bergant and Turk, 2007). Because macrophages are one of the first cells of the immune system to encounter bacteria, the presence of a specific repertoire of cathepsins enables them to perform efficient innate and adaptive antibacterial functions. Cathepsins can directly interact and participate in killing of invading bacteria, as well as contribute to stimulation of protective microbial-specific immune response through regulation of bacterial antigen processing and presentation. On the other hand, bacteria can influence cathepsin expression and proteolytic activity to favor their own intracellular survival in macrophages and to inhibit the development of a specific immune response. Further, we discuss recent understanding on how bacteria interact with cathepsin functions in macrophages and how dysregulation of expression, ratio and activity of these enzymes participate in the pathogenesis of bacterial infections.



Cathepsins and Their Presence in Macrophages

Macrophages express a wide range of cathepsin genes and proteins, but often the level of enzyme expression and activity depends on the subtype and activation status of a macrophage (Abd-Elrahman et al., 2016). In general, macrophages have the highest cathepsin expression and all serine, aspartic and cysteine peptidases have been identified in different subtypes of macrophages (Table 1). The serine protease, Cts A, is expressed primarily in platelets (Jackman et al., 1990; Ostrowska, 1997), fibroblasts (Satake et al., 1994), cells of the testis and epididymis (Luedtke et al., 2000), human B cells, both subsets of myeloid DCs (mDC1 and mDC2), plasmacytoid DCs (Reich et al., 2010), as well as in human alveolar macrophages (Jackman et al., 1995) and established murine RAW 264.7 macrophage cell line (Chen et al., 2018). Another serine protease, Cts G, is predominantly expressed in azurophilic granules of neutrophils and, to a lesser extent, in B cells, myeloid DCs, plasmacytoid DCs, and cells of the monocyte/macrophage lineage, including primary human monocytes and murine microglia, the latter of which are macrophage-related cells of the central nerve system (Reeves et al., 2002; Burster et al., 2010). The expression and activity of Cts G was reported to be down-regulated in a THP-1 monocytic cell line after differentiation into adherent macrophages by exposure to lipopolysaccharide (LPS) endotoxin. Additionally, Cts G mRNA was absent in macrophages isolated from bronchoalveolar lavages (BAL) and normal blood (Rivera-Marrero et al., 2004). Meanwhile, strong up-regulation of Cts G mRNA level was observed in alveolar macrophages infected with Mycobacterium bovis bacillus Calmette-Guérin (BCG) in in vivo conditions (Srivastava et al., 2006). The aspartic proteases, Cts D and E, are predominantly distributed in endosomal and/or lysosomal compartments in APCs, such as macrophages (Sakai et al., 1989; Rossman et al., 1990; Kakehashi et al., 2007), DCs (Chain et al., 2005; Kakehashi et al., 2007; Nakken et al., 2011), B cells (Bever et al., 1989; Bennett et al., 1992; Sealy et al., 1996) and microglia (Sastradipura et al., 1998; Nishioku et al., 2002; Kim et al., 2007). In macrophages, Cts D expression is highly differentiation-dependent and was shown to be increased upon maturation of monocytes into macrophages (Sintiprungrat et al., 2010). Macrophages also show the expression of cysteine cathepsins that appear ubiquitously in human cells, including Cts B (Rodriguez-Franco et al., 2012), C (also known as Cts J, dipeptidyl peptidase I or DPPI) (Alam et al., 2019), F (Shi et al., 2000), H (Woischnik et al., 2008) and L (Beers et al., 2003). However, their abundance, with the exception of Cts F, often increases in activated cells (Reddy et al., 1995; Pires et al., 2016). Despite the presence of Ctso mRNA in 15-day-old cultures of monocyte-derived macrophages, this transcript was absent in human alveolar macrophages (Shi et al., 1995). Cysteine Cts K (also termed O2) is present in specifically differentiated phenotypes of macrophages located in different anatomical sites, including bone‐resorbing macrophages, and epithelioid cells and multinucleated giant cells (MGCs) of soft tissues. MGCs are probably generated locally during inflammation by fusion of macrophages and epithelioid cells, which are highly stimulated macrophages (Bühling et al., 2001). Ctsk mRNA expression was also found in monocyte-derived macrophages (MDMs) after 6 or 12 days of differentiation and Cts K protein was detected in culture supernatants of macrophages (Yasuda et al., 2004). Cysteine Cts S is preferentially expressed in macrophages and microglia, however upon phagocyte activation there is a decrease in cellular Cts S activity and protein content accompanied by an increase in secreted Cts S activity (Liuzzo et al., 1999). Cts S is also present in other APCs, including DCs and B lymphocytes (Riese et al., 1996). Meanwhile, Cts V (also known as L2), which is closely related to Cts L, is mostly confined to the thymus and testis but was also found to be expressed in activated MDMs (Yasuda et al., 2004). Lysosomal cysteine Cts X (also termed P, Y, or Z) is found predominantly in immune cells of the myeloid lineage, including monocytes, macrophages and DCs (Obermajer et al., 2008). In turn, Cts W (lymphopain) is found almost exclusively in cytotoxic cells, i.e., natural killer (NK) cells and CD8+ T lymphocytes (Wex et al., 2001), however, single-cell RNA-sequencing analysis revealed the presence of Ctsw gene in one of four newly identified human monocyte subpopulations, termed Mono4 that resembles natural killer dendritic cells (NKDCs) based on the signature profile of cytotoxic genes (Villani et al., 2017). Additionally, Ctsw mRNA was found to be elevated in activated macrophages (Pires et al., 2016).

Cathepsin proteases can be distinctively expressed during differentiation of macrophages into two main functional phenotypes, named M1 for classical activation phenotype and M2 for alternative activation phenotype. M1/M2 macrophage division is based on the character of the immune response they induce. M1 macrophages, induced by interferon (IFN)-γ and/or LPS, produce high amounts of nitric oxide (NO), ROS and pro-inflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and IL-12, therefore are competent to mount a strong response against intracellular bacteria. Conversely, M2 macrophages can be generated through IL-4 or IL-13 stimulation and secrete high amounts of anti-inflammatory cytokines, such as IL-10 and transforming growth factor (TGF)-β, therefore are not effective in bacteria elimination (Benoit et al., 2008). Stimulation of resting M0 macrophages with IFN-γ results in generation of activated M1 macrophages that exhibit a global up-regulation of cathepsin mRNAs, such as Cts B, C, E, G, H O, S, V, W, and Z, with the exception of mRNA for Cts F, L, and K, where Cts F mRNA is the most strongly down-regulated after IFN-γ treatment (Pires et al., 2016). Additionally, mRNA expression and activity of key cathepsins, i.e., Cts B, L, and S, regulating functions of macrophages, increase significantly in M2 macrophages (Salpeter et al., 2015). One study identified cathepsin genes, which when inhibited or knocked-down cause a shift in phenotype from M1 to M2 macrophages. For example, Ctsc is up- and down-regulated in M1 and M2 macrophages, respectively, whereas its deficiency leads to combined M2 (in vitro) and Th2 (in vivo) polarization (Herías et al., 2015). Treatment of macrophages with an active monomer of Cts C facilitates their polarization toward M1 phenotype through focal adhesion kinase (FAK)-induced p38 mitogen-activated protein kinase (MAPK)/nuclear factor (NF)-κB signaling pathway activation (Alam et al., 2019). Apparently, gut macrophages can be polarized toward M2 phenotype by Cts K secreted through the toll-like receptor (TLR)4 signaling initiated by gut-microbiota (Li et al., 2019). This diverse representation of cathepsins underscores their various roles as regulators of macrophage differentiation and function and possibly influences the outcome of infectious and other diseases.



Role of Cathepsins in the Function of Macrophages During Homeostasis and Bacterial Infections

Involvement of individual cysteine cathepsins in many bacterial infections is now an established fact, and it points to their potential regulatory role in both innate and acquired antibacterial immune responses. In particular, cathepsin activity is fundamental to the effectiveness of macrophages in recognizing, engulfing, killing, and processing antigens of infecting bacteria, thus facilitating rapid elimination of the intruder and induction of long-term immunity. Accordingly, better understanding of how cathepsins function, their localization, and properties primarily in specialized phagocytic immune cells is imperative for establishing new mechanisms for rational design of therapeutic interventions.



Cathepsins and innate immune functions of macrophages


TLR Signaling and Cytokine Production

Macrophages are equipped with different types of PRRs localized either on the cell surface, in the cytoplasm or within the membrane of intracellular vesicles, including endosomes, phagosomes and lysosomes. Such positioning of receptors facilitates macrophage recognition of bacteria localized in extra- or intracellular compartments. After recognition by PRRs, a wide range of signaling events occur, ultimately leading to induction of a potent inflammatory response. Cathepsins are engaged in processing membrane PRRs located in the lumen of intracellular endosomes/lysosomes, including TLR3, TLR7/8 and TLR9, which recognize bacterial nucleic acids, i.e., double-stranded RNA (dsRNA), single-stranded RNA (ssRNA) and nonmethylated CpG motifs in DNA, respectively (Figure 2) (Roberts et al., 2005; Dalpke and Helm, 2012; Kawashima et al., 2013). For instance, upon synthesis, endogenous TLR3 is transported through the Golgi complex to endosomes, where TLR3 ectodomain is rapidly cleaved by proteases, including Cts B, L, and/or S. In murine RAW 264.7 macrophages, cathepsin cleavage of TLR3 is necessary for signaling in response to some microbial dsRNA, but not to polyinosinic-polycytidylic acid [poly(I:C)], a synthetic dsRNA analog (Qi et al., 2012). On the other hand, treatment of human U937 macrophages with z-FA-FMK, which inhibits Cts B, L, and S, resulted in impaired TLR3 signaling in response to poly(I:C) (Toscano et al., 2013). Interestingly, TLR3 is expressed at low levels on the surface of macrophages, where it can participate in modulation of TLR3 responses to dsRNA (Murakami et al., 2014), adding a complexity that cathepsins may affect only the intracellular forms of TLR3 or other PRRs. Similarly, TLR7 exists as a cell surface molecule in uncleaved (trafficking from the ER) and cleaved (trafficking from the endolysosomes) forms (Kanno et al., 2015). In this particular case Ewald et al. (2011) demonstrated the inhibitory effect of z-FA-FMK on cathepsin protease cleavage of TLR7, and subsequently inhibiting production of TNF-α in RAW-264.7 cells stimulated with a TLR7 agonist R848. According to Ewald et al. (2011), the proteolysis of TLR3, TLR7, and TLR9 proceeds in a similar manner and is a multistep process. Initial cleavage removes the majority of the ectodomain and is mediated by multiple members of cathepsin family or asparagine endopeptidase (AEP, also known as legumain), whereas the second step requires exclusively cathepsins and is needed for N-terminal TLR trimming and generation of the mature form of the cleaved receptors. In the absence of AEP activity, both initial processing and trimming of the processed TLR9 are entirely cathepsin-dependent in macrophages. In contrast, the fully mature form of TLR9 cannot be formed, when cathepsin activity is block due to impairment of cleaved receptor trimming (Ewald et al., 2011).




Figure 2 | The role of cathepsins in macrophage functions during bacterial infection. (A) During phagocytosis of bacteria, the early phagosome quickly develops due to fusion with early endosomes. The early phagosome contains the following markers: early endosome antigen 1 (EEA1), small GTPase Rab5, vacuolar protein-sorting 34 (VPS34) and V-ATPase, the latter which ensures a slightly acidic pH. (B) The late phagosome is more acidic and contains Rab7, lysosomal-associated membrane proteins (LAMPs) as well as cathepsins. Some cathepsins are already active, whereas others [e.g., cathepsin D (Cts D)] are present as procathepsins. (C) Following fusion of late endosome with lysosome, the phagolysosome with acidic pH is formed. The phagolysosome contains NADPH oxidase responsible for generation of reactive oxygen species (ROS), and many active cathepsins, including Cts B, D, L, and S and other enzymes with proteolytic or lipolytic activities. In this compartment, cathepsins participate in direct killing of bacteria, which are degraded into peptides. (D) Major histocompatibility complex (MHC) class II molecules are transported from the ER via Golgi complex to a specialized acidic compartment called MHC class II compartment (MIIC). During MHC II trafficking, the invariant chain (Ii) is cleaved by cathepsins (e.g., S, L, and F) leaving CLIP fragment in the MHC peptide binding cleft. In the MIIC, the MHC class II-associated invariant chain peptide (CLIP) is released and MHC II molecules can finally bind bacterial peptide, travel to the cell surface and present it to T cells. (E) Cts B, D and L may participate in skewing the T helper (Th)1/Th2 immune response. (F) Cathepsins, including Cts K, L and S participate in processing of endolysosomal Toll-like receptors (TLRs) and formation of their functional variants, capable of binding ligands. After activation of TIR domain-containing adaptor protein-inducing interferon (IFN) β (TRIF) and myeloid differentiation factor 88(MyD88), the activation signal is transmitted leading to gene transcription and the synthesis of type I IFNs or proinflammatory cytokines occurs. (G) Cts X cleaves β2 subunit of the Mac-1 integrin receptor, enhancing phagocytosis and fibrinogen binding. (H) During autophagy, cathepsins participate in degradation of autophagic material within the autolysosome (formed after fusion of autophagosome with lysosome), therefore providing bacterial peptides for MHC II antigen presentation pathway. (I) Due to lysosomal membrane permeabilization (LMP), lysosomal enzymes, including cathepsins, may leak into the cytosol. (J) Within the cytosol cathepsins (e.g., Cts B) may participate in NLR family pyrin domain containing 3 (NLRP3) inflammasome generation leading to activation of caspase 1, which eventually converts inactive pro-interleukin (IL)-1β into active IL-1β. (K) Cytosolic Cts D enhances apoptosis by promoting degradation of myeloid cell leukemia factor 1 (Mcl-1) via increased Mule-mediated ubiquitination. (L) Cts B and S may promote pyroptosis by cleavage of Rip1 kinase. RNA-IC, RNA immune complex; CpG ODN, CpG oligodeoxynucleotide; TCR, T cell receptor; FcR, Fc receptor; LC3, microtubule‐associated protein 1 light chain 3.



The link between cathepsins and TLR signaling in macrophages is bilateral, because, on the one hand, some TLRs require cleavage by cathepsins for proper signal transduction, but on the other, stimulation of TLR signaling affects the activity of some cathepsins. Treatment of multiple murine macrophage cell lines with LPS, a TLR4 agonist, increases the activity of Cts B, L, and S, whereas stimulation with peptidoglycan (PGN), a TLR2 agonist, and Poly(I:C), a TLR3 agonist, enhances proteolytic activity especially of Cts L and Cts S. Therefore, increased Cts L and S activities involve engagement of either MyD88-dependent or -independent signaling pathways, whereas enhanced Cts B activity involves only MyD88-dependent pathway. However, such regulation of cathepsin activity does not result from the direct TLR signaling, but from the pro-inflammatory cytokines produced during the response of macrophages to TLR agonist treatment. TNF-α and IL-1β were the primary regulators of Cts L and S activities in macrophages (Creasy and McCoy, 2011). IFN-β and IFN-γ were also shown to upregulate cathepsin activity in macrophages (Lah et al., 1995; Creasy and McCoy, 2011).

Cts E also regulates pro-inflammatory response of macrophages since peritoneal macrophages derived from Ctse–/– mice exhibited reduced production of IL-6 and TNF-α in response to bacterial ligand stimulation, including PGN (TLR2 ligand), LPS (TLR4 ligand), and macrophage-activating lipopeptide 2 (MALP2; TLR6 ligand) compared to wild-type (WT) cells (Tsukuba et al., 2006). Moreover, Ctse–/– macrophages had decreased surface expression levels of TLR2 and TLR4, despite comparable total cellular levels of these TLRs in WT cells, suggesting that during Cts E deficiency there are defects in transport of these receptors to the cell surface, most probably due to elevated lysosomal pH. For that reason, Cts E-deficient macrophages showed decreased bactericidal activity toward Staphylococcus aureus, and Ctse–/– mice were highly susceptible to infection with Gram-positive S. aureus as well as Gram-negative Porphyromonas gingivalis compared to WT mice (Tsukuba et al., 2006).

Besides Cts E, Cts K is also involved in IL-6 production by macrophages in response to S. aureus (Müller et al., 2014). Moreover, Ha et al. (2008) demonstrated that in response to the bacterial LPS there is a posttranslational process of TNF-α in macrophages, in which extralysosomal Cts B functions as an endopeptidase at neutral pH and regulates the trafficking of vesicles containing TNF-α to the plasma membrane through transcriptional or posttranslational regulation of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins, which are the major elements of the intracellular machinery engaged in targeted membrane delivery.



Phagocytosis

Phagocytosis is the first step of the bactericidal activity of macrophages and is regulated by endolysosomal cysteine cathepsins due to the close relationship between the phagocytic and the lysosomal pathways (Müller et al., 2014). Cathepsins act optimally in reducing and slightly acidic environment, and such a condition is created within the phagolysosome (Sanman et al., 2016). Bacteria are degraded in the phagolysosome not only through oxidative attack, but by nonoxidative killing too, in which cathepsins are involved directly (Figure 2). Efficient phagocytosis and killing of S. aureus in macrophages is driven by cysteine Cts L, the major endoprotease contributing to the nonoxidative killing pathway. (Müller et al., 2014). In alveolar macrophages of mice infected with Mycobacterium bovis BCG, Cts G is strongly upregulated and, together with neutrophil elastase (NE), participates in effective elimination of the engulfed pathogens. It is highly likely that Cts G and NE offer the best proteolytic activity under in vivo conditions, because engulfed mycobacteria induce the arrest of phagosome maturation and acidification in macrophages, but Cts G and NE are neutral serine proteases and so can optimally digested the engulfed bacteria at neutral pH (Steinwede et al., 2012).

Cathepsins also regulate the activation of β2 integrin receptors that initiate a variety of macrophage responses associated with phagocytosis, including cell adhesion, migration, respiratory burst and degranulation. Cts X cleaves four C-terminal amino acids within the β2 subunit of the β2 integrin receptor Mac-1 (CD11b/CD18), resulting in the activation of the receptor and achieving two goals, increase in phagocytosis and enhancement of macrophage adhesion to fibrinogen (Figure 2) (Obermajer et al., 2006; Kos et al., 2009). Extracellular Cts S influences macrophage and monocyte transmigration through the basal membrane of endothelium (Sukhova et al., 2003).



Apoptosis/Autophagy

Macrophages apparently can die through lysosome-mediated apoptosis. In this pathway of cell programmed death, certain cathepsins can be released from the lysosomes into the cytosol, where they initiate the apoptotic cascade upstream of mitochondria (Guicciardi et al., 2004). Subsequent clearance of apoptotic cells occurs through their phagocytosis and delivery to endolysosomes for destruction in phagocytic cells. For instance, macrophages infected with Streptococcus pneumoniae undergo apoptosis followed by efficient phagocytosis and successful bacterial killing (Dockrell et al., 2001). Upon enclosure of S. pneumoniae into phagolysosomes activity of Cts D increases accompanied by its translocation to the cytosol resulting from lysosomal membrane permeabilization (LMP) just before activation of the mitochondrial pathway of apoptosis (Bewley et al., 2011a; Bewley et al., 2011b). Within the cytosol, active Cts D enhances binding of the anti-apoptotic protein Mcl-1 to its ubiquitin ligase, Mule, which mediates degradation of Mcl-1 (Figure 2) (Bewley et al., 2011a). Proteomic studies revealed that Cts D regulates multiple proteins engaged in the mitochondrial pathway of macrophage apoptosis, facilitating intracellular killing of S. pneumoniae (Bewley et al., 2011b). It is worth mentioning that in addition to aspartic Cts D, cysteine Cts B, C, F, H, K, L, O, S, V, W, and X also function as effectors of lysosomal cell death downstream of LMP in different immune and non-immune cells (Mrschtik and Ryan, 2015; Yadati et al., 2020).

As an integral component of autophagy cathepsins have a prominent role in degradation of autophagic material (Figure 2) (Uchiyama, 2001). In macrophages, several studies revealed a link between bacterial infection and activation of autophagy, which can act as a defense mechanism participating in degradation of invading pathogens in a lysosome-dependent manner (Vural and Kehrl, 2014). Tsukuba et al. (2013) have demonstrated that macrophages with Cts E deficiency exhibit abnormalities in autophagy process, manifested by altered autophagy-related signaling pathways and inhibition of autophagosome-lysosome fusion. Such impaired autophagic flux is accompanied by accumulation of aberrant mitochondria and increased oxidative stress in Ctse–/– macrophages (Tsukuba et al., 2013). This mechanism may partially explain increased susceptibility of Ctse−/− mice to bacterial infection with S. aureus or P. gingivalis (Tsukuba et al., 2006). Meanwhile, the level of Cts L in human monocyte-derived macrophages (HMDM) is up-regulated by peroxisome proliferator-activated receptor (PPAR) γ, which is a transcription factor engaged in bacterial-induced inflammation, and such activation of Cts L inhibits autophagy and favors apoptosis of these cells. It is suggested that the promotion of macrophage apoptosis via PPARγ-induced Cts L may inhibit atherosclerosis progression, because phagocytic clearance of apoptotic macrophages is very effective especially in early atherosclerotic lesions (Mahmood et al., 2011). Currently, it is strongly suggested that some bacterial agents may contribute to the development of atherosclerosis (Ma and Li, 2018).

Besides apoptosis and autophagy, cathepsins in macrophages play a role in necroptosis, a specific form of programmed necrosis. Cts B and S can directly cleave receptor interacting protein kinase-1 (Rip1), which is a key necroptotic kinase (Figure 2). Cathepsin-mediated cleavage of Rip1 kinase promotes macrophage survival and perpetuates their function within inflammatory sites (McComb et al., 2014).




Cathepsins and Macrophage Contribution to Adaptive Immune Response


Antigen Processing and Presentation

The key role of cathepsins in antigen processing and presentation is fundamental to the development of effective adaptive immunity. Through phagocytosis cathepsins participate in degradation of exogenous antigens into smaller peptides that are then loaded into appropriate MHC II molecules allowing formation of MHC-peptide complexes, which are subsequently presented to CD4+ T cells (Conus and Simon, 2010). Aspartate Cts D and E and cysteine Cts B, L and S are involved in this process (Zhang et al., 2000). Additionally, Cts L, S and F are implicated in peptide loading in macrophages by processing out the invariant chain (Ii) linked to MHC class molecules (Figure 2) (Shi et al., 2000; Hsieh et al., 2002). Cts L and S predominate protease processing of Ii, however, in the absence of those cathepsins in macrophages, Cts F effectively degrades Ii (Shi et al., 2000). Moreover, during differentiation of monocytes into macrophages, Cts A forms a complex with and activates lysosomal sialidase (neuraminidase) Neu1 and relocates together with Neu1 from the lysosomes to the cell surface, where it participates in antigen presentation (Liang et al., 2006). Another aspartic proteinase, Cts E, is also essential for class II antigen presentation in macrophages, since Ctse−/− macrophages show markedly decreased ability to present intact OVA and OVA-derived antigenic peptide (266–281) to cognate T cells (Kakehashi et al., 2007). Furthermore, Cts S is important in antigen presentation by CD1+ macrophages, because Ctss−/− mice exhibit dysfunctional CD1-restricted antigen presentation (Riese et al., 1996; Sukhova et al., 2003).



Activation of the Th Immune Response

The development of functional subsets of CD4+ T cells appear to benefit from the influence of cathepsin proteases. Immunization of BALB/c mice with OVA adsorbed to alum generated weaker Th1 and Th2 responses after treatment with Cts D inhibitor (pepstatin A), whereas mice treated with Cts B inhibitor (CA074) switched from the Th2-type into the Th1-type response induced by OVA (Zhang et al., 2000). Therefore, some cathepsins may create antigenic peptide/motifs that favor development of polarized Th immune responses (Figure 2). A good example of this phenomenon is the experimental model of leishmaniasis where susceptible BALB/c mice treated with Cts B inhibitor (CA074) acquired resistance to infection with Lieshmania major characterized by the shift from Th2 to Th1 immune response, suggesting that Cts B preferentially activates a Th2 response (Maekawa et al., 1998). Conversely, treatment of L. major-infected BALB/c mice with Cts L inhibitor (CLIK148) suppressed the Th1 response and enhanced a Th2 response, suggesting that Cts L is crucial in stimulation of a Th1 response following infection with the Lieshmania parasite (Tianqian et al., 2001; Onishi et al., 2004). Since DCs are professional APCs with the most potent activity in priming and polarizing naïve T cells toward different Th subsets, it is possible that cathepsin deficiency-mediated shift between Th1 and Th2 responses is largely dependent on the functioning of DCs in such conditions. However, the missing knowledge gap toward understanding of the mechanisms involved is that there are no data indicating the direct participation of cathepsins in macrophage-driven polarization of the Th immune response.




Cathepsins as Antibacterial Agents and Targets of Bacterial Modulation in Macrophages

As discussed earlier, cathepsins regulate many innate antibacterial functions of macrophages including those that support induction of adaptive antibacterial responses. Consequently, many bacterial pathogens have evolved multiple strategies to modulate cathepsin availability and functionality in macrophages. These strategies include, but are not limited to, prevention of phagosome-lysosome fusion, alteration in endosomal/phagolysosomal pH, exclusion of cathepsins from the bacteria-containing endosomes, inhibition of recruitment of cathepsins into the phagolysosome, modulation of cathepsin gene and protein expression, alteration of processing and maturation of cathepsins, and down-regulation of cathepsin activity. However, in many cases, cathepsin-modulation strategies depend on the lifestyle of bacteria, whether they are primarily extracellular or intracellular pathogens or whether they lead a dual lifestyle as extracellular/intracellular pathogens. Farther, we discuss cathepsin antibacterial significance as well as bacterial mechanisms for controlling cathepsin activity and functions in macrophages as they relate to individual extracellular, facultative intracellular and obligate intracellular bacterial species, which are clinically important especially for human health.



Extracellular Bacteria


Streptococcus pneumoniae

Gram-positive S. pneumoniae is a causative agent of bacterial pneumonia, meningitis, acute otitis media, acute sinusitis and bacteremia. Aspartic Cts D plays an important role in response of macrophages against S. pneumoniae infection (Bewley et al., 2011a). Once Cts D is activated and released into the cytosol, it induces apoptosis through reduction of the Mcl-1 level. The Cts D-dependent induction of apoptosis in macrophages provides a late phase of killing of pneumococci in in vitro conditions. Apparently, Cts D activation regulates multiple signaling pathways engaged in mitochondria-dependent apoptosis in macrophages, leading to intracellular killing of S. pneumoniae (Bewley et al., 2011b). Under in vivo conditions, the protective role of Cts D against pneumococcal infection was demonstrated using Ctsd−/− mice in which reduced apoptosis of alveolar macrophages was evident accompanied by decreased clearance of pneumococci in the mouse lung (Bewley et al., 2011a). Cat D cleaves streptococcal virulence factor, pneumolysin (PLY) at two sites: between Trp-435 and Trp-436 residues and in residues 361–366 in the D4 domain, rendering the protein void of its biological function (Carrasco-Marín et al., 2009).

Serine protease, Cts G is implicated in lung-protective immunity against focal pneumonia induced by low virulence serotype 19 S. pneumoniae in mice. Deficiency of Cts G in mice increases bacterial loads in the lung, causes severe respiratory distress and progressive mortality following infection with S. pneumoniae. According to Hahn et al. (2011), increased susceptibility and lung tissue injury was even more progressive in infected double knockout mice, lacking Cts G and serine protease NE. However, the primary cellular source of Cts G and NE are not macrophages, but neutrophils, because specific depletion of neutrophils resulted in complete loss of alveolar Cts G and NE bioavailability in mice infected with S. pneumoniae, which was accompanied by uncontrolled outgrowth of bacteria in distal air spaces (Hahn et al., 2011). The bactericidal activity of purified human Cts G and NE against S. pneumoniae was also demonstrated in in vitro conditions (Standish and Weiser, 2009).

Many pathogens have evolved their own means of defense, and so have bacteria against cathepsins. The rat model of acute otitis media, an inflammatory disease of the middle ear, often caused by infection with pneumococci exemplifies such occurrence. S. pneumoniae infection resulted in down-regulation of Ctsk and Ctsl and dramatic up-regulation of Ctsb mRNAs in the middle ear mucosa at 12 and 48 hours post infection (hpi). These results suggest disruption of Cts K and Cts L protein synthesis and possibly functions, whereas Cts B may play a role in acute otitis media pathogenesis during S pneumoniae infection (Li‐Korotky et al., 2004). Although macrophages are a major cellular component of human middle ear effusions, S. pneumoniae types 14 and 19F happen to be quite resistant to phagocytosis by macrophages, and it is likely the reason they are associated with the highest relapse frequency in cases of acute otitis media, (Bakaletz et al., 1987). Probably the imbalance in cathepsin expression influences macrophage functions and innate immune properties, what, in turn, may contribute to middle ear effusion by a sustained release of proinflammatory cytokines or immune injury (Hannaford et al., 2012). Therefore, further studies are needed to elucidate the role of cathepsins in the functioning of macrophages during acute otitis media. The protective role of cathepsins, especially Cts B, during S. pneumoniae infection was documented using the z-FA-FMK inhibitor in a mouse model of intranasal pneumococcal infection. In vivo administration of z-FA-FMK to infected animals resulted in increased bacterial growth in lungs and blood, compared with controls, suggesting it partially engagement in the control of pneumococcal infection (Lawrence et al., 2006).



Helicobacter pylori

Gram-negative H. pylori is a major human pathogen responsible for chronic gastritis, and infection with this bacterium significantly increases the risk of developing gastric ulcer, duodenal ulcer, gastric cancer (adenocarcinoma), and mucosa-associated lymphoid tissue (MALT) lymphoma. During H. pylori infection, there is a persistent infiltration of macrophages and neutrophils in the gastric mucosa, where these phagocytes contribute to development of gastric inflammation and possibly gastric carcinogenesis (Xia et al., 2004; Fu et al., 2016). Patients suffering from H. pylori-induced gastritis express significantly more Cts X at both mRNA and protein level than H. pylori-negative patients. Additionally, up-regulated expression of Cts X was observed in gastric cancer compared to non-neoplastic mucosa. Macrophages were found to be a major source of Cts X in the mucosal stroma and in glands of the antral mucosa, as well as in the gastric cancer (Krueger et al., 2005). Up-regulation of Cts X in macrophages during infection with H. pylori is dependent on the presence of a pathogenicity island (PAI) encoding the type IV secretion system (T4SS) and virulence factor CagA (cytotoxin-associated gene A), and proinflammatory cytokine production. The PAI-or CagA-positive H. pylori strains induced up-regulation of Cts X mRNA expression in THP-1 or U937 macrophage-like cells, respectively, through elevation of TNF-α secretion, leading to increased expression of Cts X in macrophages (Krueger et al., 2005; Krueger et al., 2009). Overexpression of Cts X in macrophages stimulated by H. pylori-induced cytokines via activation of extracellular signal-regulated kinase (ERK)1/2 signaling pathway (Krueger et al., 2009).

Cts X co-localizes with and probably activates Mac-1 integrin receptor within the membrane of THP-1 macrophage-like cells after exposure to antigens of H. pylori therapy-resistant strains (Obermajer et al., 2009). Interestingly, such translocation of Cts X was associated with elevated capacity of THP-1 cells to stimulate proliferation of peripheral blood mononuclear cells (PBMC); however, inhibition of Cts X with neutralizing 2F12 monoclonal antibody (mAb) further enhanced macrophage ability to stimulate PBMC proliferation and to form multicellular clusters with PBMC (Obermajer et al., 2009). These results indicate that membrane expression of Cts X may be responsible for inadequate immune response against H. pylori, what correlates with the inability to eradicate the infection using standard antibiotic therapy. It is possible that these events are responsible for persistence of chronic infection in vivo (Obermajer et al., 2009). Thus, inhibition of Cts X seems to be beneficial to the enhancement of the immune response necessary for eradication of H. pylori infection. Furthermore, it has been documented that inhibition of Cts X in THP-1 cells treated with H. pylori strains resistant to clarithromycin increases surface expression of TLR4 and prevents its cellular internalization, ultimately decreasing production of cytokines IL-1β, IL-8, IL-10, and IL-6. These data confirm that Cts X localization and activity may impact the efficacy of the immune response during H. pylori infection and may partially explain the link between lower immunogenicity and eradication failure of clarithromycin-resistant strains of H. pylori (Skvarc et al., 2013).

It has been additionally suggested that during chronic H. pylori gastritis Cts X may increase invasiveness of tumor cells by proteolytic cleavage of cellular proteins responsible for cell proliferation and migration (Krueger et al., 2005). On the contrary, further study supports the hypothesis for a protective role of Cts X in metaplastic differentiation, since Ctsx–/– mice showed higher level of infiltrating macrophages, enhanced epithelial proliferation and more severe spasmolytic polypeptide expressing metaplasia (SPEM), which is associated with progression of gastric cancer, than WT animals (Krueger et al., 2013). Therefore, it will be intriguing to elucidate whether Cts X plays a protective versus pathogenic role in cancer development during chronic H. pylori infection.

Another cathepsin-dependent mechanism by which H. pylori ensures persistent infection in gastric mucosa has been described, in which abolition of Cts C expression weakens the activation of neutrophils (Liu et al., 2018). Indeed, in gastric mucosa of human patients and mice infected with H. pylori there is a decreased expression of Cts C at both the mRNA and protein levels because of altered expression and secretion of this protease by infected gastric epithelial cells. The pathogen-induced down-regulation of Cts C expression in gastric epithelial cells is achieved through Src-phosphorylated CagA-ERK and CagA-Janus kinase(JAK)/signal transducer and activator of transcription 3 (STAT3) non-phosphorylated pathways, again emphasizing the importance of H. pylori virulence factor CagA (cytotoxin-associated gene A). Expression of Cts C in the human gastric mucosa was negatively correlated with pathogen colonization. Moreover, administration of active enzyme decreased gastric bacterial burden in mice. In vitro and in vivo studies revealed that human neutrophils exhibit increased bactericidal activity in the presence of active Cts C (Liu et al., 2018). Therefore, H. pylori manipulation of Cts C represents an immune evasion strategy of the bacterium from neutrophil clearance leading to infection persistence in gastric mucosa.



Pseudomonas aeruginosa

The opportunistic Gram-negative P. aeruginosa is the causative agent of a broad spectrum of diseases, including, but not limited to, pneumonia, urinary tract infections, bacteremia, septicemia, and wound infections. These infections are mostly nosocomial and especially in immunocompromised patients, burn patients and cystic fibrosis (CF) patients, the latter of which are extremely susceptible to chronic P. aeruginosa infections with a fatal outcome (Bhagirath et al., 2016). During CF lung disease, there is a chronic and unresolved immune response with the predominant presence of neutrophils and macrophages, which are unable to clear the airway compartments from various colonizing and biofilm-forming bacteria, especially P. aeruginosa. The intense inflammatory response eventually leads to airway obstruction and bronchiectasis in CF patients (Sedor et al., 2007).

Macrophages in CF demonstrate high plasticity of their phenotype (M1 vs M2), hyperinflammatory potential, altered lysosomal function and decreased phagocytic activity, resulting in impaired capacity for directing the resolution of either infection or inflammation (Bruscia and Bonfield, 2016). P. aeruginosa has been shown to evade intracellular killing in macrophages by stimulating the NLRP3 inflammasome and subsequently activating autophagy (Deng et al., 2016). Additionally, proteomics analysis revealed that LasB, an important component of the type II secretions system (T2SS) of P. aeruginosa, down-regulates the production of many secreted innate immune components, including C3 and factor B complement molecules as well as Cts B and Cts H in murine alveolar macrophages. This probably contributes to reduced bacterial clearance and increased pathogen virulence (Bastaert et al., 2018). The aspartic protease Cts D may foster a protective role, at least as has been reported during infection of RAW 264.7 macrophages with P. aeruginosa. Infected cells upregulated Cts D at both the mRNA and the protein levels, but deficiency of the cathepsin allowed survival of bacteria in macrophages. Therefore, Cts D may directly target bacteria or induce production of proteins with bactericidal activity (Fu et al., 2020). In a murine model of endobronchial inflammation the neutrophil-derived serine protease, Cts G, inhibited clearance of P. aeruginosa from the murine lung and subsequently stimulated a greater inflammatory response in the airway (Sedor et al., 2007). Clearly, cathepsins may interfere with airway defense mechanisms, for instance, sputum samples from CF patients whose lungs are colonized by P. aeruginosa have higher cathepsin activity but reduced ability to inhibit biofilm formation compared with sputum samples from P. aeruginosa-negative CF patients (Rogan et al., 2004). Enzymatically active forms of cysteine cathepsins such as Cts B, H, K, L, and S are not correlated with bacterial colonization, because comparable activities of these enzymes were found in sputum of P. aeruginosa-positive and P. aeruginosa-negative CF patients, and therefore, they are not suitable markers for this type of infection (Naudin et al., 2011).




Facultative Intracellular Bacteria


Mycobacterium tuberculosis

M. tuberculosis, a poorly Gram-positive bacillus, is the etiological agent of tuberculosis (TB), which is the single leading cause of deaths worldwide, especially among HIV-infected people (Guinn and Rubin, 2017). The most common form of infection affects the lungs (pulmonary TB), but it can also affect lymph nodes, bones, brain, spine or other parts of the body (extrapulmonary TB). The tubercle bacillus is a highly effective pathogen that has developed a series of strategies for modulating the immune response of lung macrophages. Within the macrophages, M. tuberculosis can survive and even proliferate, since it inhibits phagosome-lysosome fusion, generation of ROS and RNS, induction of autophagy and apoptosis, production of cytokines, and presentation of antigens in the context of MHC molecules (Bhat and Mukhopadhyay, 2015; Ren et al., 2017). The NF-κB–dependent impairment of delivery of lysosomal enzymes to phagosomes is a well-characterized survival mechanism of mycobacteria, which allows them to avoid contact with active cathepsins (Gutierrez et al., 2008). Mycobacteria can also prevent direct digestion by cathepsins in macrophages by escaping from the phagosome into the cytosol, resulting in activation of the inflammasome and subsequent stimulation of Cts B–dependent pyroptosis or pyronecrosis (Welin et al., 2011; Pires et al., 2016; Amaral et al., 2018). Recently, M. tuberculosis Rv0297 has been shown to down-regulate Cts D and Rab7 expression in macrophages, suggesting its role in modulation of phagosomal maturation (Sharma et al., 2020). Avoidance of cathepsin-dependent killing by mycobacteria allows them to effectively replicate and spread to neighboring cells.

In addition to avoiding direct contact with cathepsins, M. tuberculosis can also modulate the expression of the mRNA or activity of these enzymes. A comparative study using a pathogenic strain M. tuberculosis and a non-pathogenic strain M. smegmatis revealed that following infection with M. tuberculosis mRNAs for the majority of cathepsins and cystatins were down-regulated in M0 (Cts B, C, D, E, G, K, O, S, V, and W and cystatins B, C, D, SA, SN, and E/M) and M1 (Cts B, C, F, K, S, W, and Z and cystatin C) human primary macrophages, in contrast to M. smegmatis that induced up-regulation of most cathepsins in both type of cells. The only exception in M. tuberculosis infection of M0 and M1 macrophages was Cts L which was up-regulated. Quantitative analysis of cathepsin biosynthesis and enzymatic activity showed that M. tuberculosis infection decreases both quantity and activity of Cts B and S, but not L. Such global downregulation of cathepsin expression and activity profoundly decreased pathogen killing and improved its intracellular survival. Pharmacological treatment with a general inhibitor of cysteine cathepsins E-64d, natural cystatin C-based inhibition of Cts B, Cts S, and Cts L or siRNA–mediated gene silencing for Cts B, S, and L, all resulted in significant increase of M. tuberculosis survival in primary human macrophages. Additionally, knockdown of Cts B, D, G, L, V, S, W, and Z using a lentivirus-based siRNA approach resulted in increased survival of bacteria within THP1 macrophages, whereas knockdown of Cts F caused increased pathogen killing in these cells (Pires et al., 2016). Overall, cathepsins in macrophages are relevant for the control of M. tuberculosis infection, but the pathogen intricately manipulates their expression and activity to further its survival.

A somewhat different result was obtained in murine bone marrow-derived macrophages (BMDMs) infected with pathogenic M. tuberculosis or M. avium, the latter which causes opportunistic infections in humans and animals (Nepal et al., 2006). In BMDMs both mycobacteria species did not alter activity of Cts B and Cts S, but altered activity of Cts L. The mycobacteria impaired processing of pro-Cts L into the 24kDa two-chain form of active Cts L, suggesting that Cts L does not mature properly in BMDMs infected with mycobacteria (Nepal et al., 2006). Considering that Cts L plays a significant role in processing subsets of antigens that shape the repertoire of MHC class II-associated peptides, this unique evasive mechanism by mycobacteria presumably prevents the generation of protective T cell epitopes in antigen-presenting cells, and/or decreases the rate of class II MHC peptide loading (Hsieh et al., 2002). In support of this observation experimental data derived by Singh et al. (2006) also implicated inhibition of Cts D activation in the impaired processing and presentation of antigens by MHC class II molecules in macrophages infected with virulent strains of mycobacteria. In those studies, bacteria were able to exclude vacuolar proton ATPase (v-ATPase) from phagosomes, preventing acidification (maturation) and breakdown of immature Cts D into the active form. Arrest of phagosome maturation and inhibition of Cts D conversion to active forms in infected macrophages reduced the generation and presentation of immunodominant antigen epitopes to T cells resulting in low IL-2 production (Singh et al., 2006).

Pathogenic species of Mycobacterium, including M. tuberculosis and M. bovis, can also attenuate intracellular trafficking and surface expression of MHC class II molecules on macrophages through post-transcriptional regulation of Cts S expression (Brown et al., 2020), thus promoting their intracellular survival. This regulation may be accomplished by a few factors, including miRNAs. During M. tuberculosis infection, miR-106b-5p, which can bind to Cts S mRNA, is strongly up-regulated in macrophages. In contrast, challenge with non-virulent M. smegmatis has no effect on Cts S gene expression (Pires et al., 2017). The up-regulation of miR-106b-5p resulted in decreased Cts S activity accompanied by increased intracellular survival of M. tuberculosis and reduced expression of human leukocyte antigen (HLA)-DR class II on macrophages, similar to what occurs during silencing of Cts S by siRNA (Pires et al., 2017). Additionally, Mycobacterium bovis BCG has been shown to interfere with miR-3619-5p control of Cts S activity in the process of autophagy in THP-1 macrophages (Pawar et al., 2016). Down-regulation of cathepsin S activity and gene expression in human macrophages infected with mycobacteria also depends on IL-10 production (Sendide et al., 2005). Macrophages infected with M. bovis BCG produce large amounts of IL-10 concomitant with decreased Cts S activity and reduced translocation of peptide loaded MHC class II complexes to the cell surface. However, these negative effects could be reversed by antibody neutralization of IL-10 or transfection of BCG-infected macrophages with active recombinant Cts S (Sendide et al., 2005). Restoration of surface levels of MHC class II molecules in macrophages could be achieved also by infection of cells with a recombinant BCG strain engineered to express and secrete biologically active human Cts S (Soualhine et al., 2007). Another reason for the impaired trafficking and intracellular retention of MHC class II molecules in BCG-infected macrophages was the intraphagosomal production of urease and subsequent alkalization of endosomes, responsible for MHC class II processing and loading (Sendide et al., 2004). Endosome alkalization therefore may not only affect the Cts S but also the activity of key proteases participating in MHC class II presentation pathway (Baena and Porcelli, 2009).

Conversely, there is an increase in expression of Cts B and/or its activity in THP-1 macrophages and BMDMs infected with mycobacteria (Rivera-Marrero et al., 2004; Amaral et al., 2018). These alterations in Cts B by M. tuberculosis are common in lungs of infected mice, infected rabbits or plasma of human patients with active TB, suggesting that there is an association between increased Cts B levels and active TB (Amaral et al., 2018). Interestingly, during M. tuberculosis infection of macrophages, mature Cts B is released from the lysosomes into the cytosol, as a consequence of lysosomal destabilization caused by antigens encoded by the mycobacterial genome known as region of difference 1 (RD-1), and secretory mycobacterial antigen ESAT-6, which forms pores in the phagosome membrane. Within the cytosol, Cts B drives NLRP3-inflammasome activation with subsequent production of IL-1β (Amaral et al., 2018). The understanding here is that the major goal of Cts B activation in mycobacteria infection is to induce the maturation of IL-1β, the cytokine that plays a major role in the host protection against M. tuberculosis infection (Mayer-Barber et al., 2014).

Pathogenic mycobacteria may also influence the level of Cts G in macrophages. In THP-1 cells the expression and activity of Cts G is down-regulated upon exposure to a virulent strain of M. tuberculosis or bacterial LPS. Down-regulation of Cts G expression positively correlates with increased bacterial survival, thus creating an immune evasion mechanism for M. tuberculosis (Rivera-Marrero et al., 2004). Similarly, in vivo infection of alveolar macrophages with non-virulent M. bovis BCG strain initially resulted in down-regulation of Ctsg mRNA at 12 h post infection; however, at 3 and 7 day of infection, Cts G was strongly up-regulated, suggesting importance of this protease in the early host defense against mycobacterial infections (Srivastava et al., 2006). However, Cts G-deficient mice could not eliminate M. bovis BCG, resulting in increased bacterial loads in the lungs (Steinwede et al., 2012). Neutrophils are the main population of professional phagocytes responsible for delivery of Cts G into the bronchoalveolar space of M. bovis BCG-infected mice. It is suggested that Cts G and other proteolytic enzymes may be shuttled into mycobacteria-infected alveolar macrophages together with phagocytosed apoptotic neutrophils (Steinwede et al., 2012). Within macrophages, phagocytosed neutrophil with their granule contents are then transported to the early endosomes and colocalize with mycobacteria, promoting the antimycobacterial activity of macrophages and facilitating the killing of M. tuberculosis (Tan et al., 2006; Steinwede et al., 2012). The bacterial protein Rv3364c, secreted by infected macrophages, binds to and inhibits activity of membrane Cts G leading to suppression of activation of caspase-1-dependent apoptosis (Danelishvili et al., 2012). A recent report shows that Cts X, in the presence of the nitric oxide (NO), is involved in rapid killing of pathogenic Mycobacterium avium subsp. hominissuis in host macrophages, and the virulence factor MAV_4644 serves to protect the pathogen from the killing process (Lewis et al., 2019).



Neisseria gonorrhoeae

N. gonorrhoeae is a Gram-negative pathogen responsible for the sexually transmitted disease, gonorrhea with substantial morbidity in humans. This pathogen primarily infects the urogenital tract; however, it may spread from the local site of infection contributing to development of pelvic inflammatory disease, endocarditis, arthritis and dermatitis. Gonococcal infection is characterized by a local inflammatory response driven by a large number of neutrophils and macrophages, especially during acute gonorrhea. N. gonorrhoeae is able to survive within macrophages, which are quite important cells involved in the pathogenesis of gonorrhea (Château and Seifert, 2016). This pathogen induces activation of the NLRP3-dependent signaling pathway in THP-1 cells and primary human monocytes, which is required for secretion of mature IL-1β and induction of the cell death via pyronecrosis (Figure 2). All these processes are dependent on activation of Cts B by the gonococcus, since selective inhibition of this protease with Ca-074-me resulted in reduced NLRP3-mediated IL-1β secretion and pyronecrosis (Duncan et al., 2009). Therefore, modulation of Cts B activity may represent an important bacterial mechanism involved in regulation of inflammatory response and pathogenesis of infections caused by N. gonorrhoeae. Cts B targets bacterial penicillin-binding protein 2 (PBP2), which is an essential peptidoglycan transpeptidase engaged in cell division (Shafer et al., 1990; Tomberg et al., 2017). Moreover, the structure of PBP2 and/or intracellular availability may determine the level of gonococcal susceptibility to this cathepsin (Shafer et al., 1990).

On the other hand, lysosomal serine Cts G can directly kill N. gonorrhoeae (Shafer et al., 1986; Shafer and Morse, 1987). It does so by degrading porin and colony opacity-associated proteins (Opa) in the N. gonorrhoeae outer membrane (Shafer and Morse, 1987). Opa-expressing N. gonorrhoeae strains are more sensitive to killing inside primary human neutrophils than Opa-deficient strains. However, bacterial exposure to Cts G resulted in a comparable dose-dependent killing of both Opa-expressing and Opa-deficient strains. The increased susceptibility of Opa-expressing gonococci to neutrophil killing is mediated by CEACAM-dependent triggering of Src family kinase signaling, which promote bacteria trafficking into mature, degradative phagolysosomes where the bacteria are exposed to components with antigonococcal activity, including bactericidal-permeability-increasing protein (BPI) (Johnson et al., 2014).



Listeria monocytogenes

L. monocytogenes is a Gram-positive intracellular food-borne pathogen that infects humans and many animal species. It is responsible for listeriosis, affecting mainly pregnant women, their fetuses, and immunocompromised individuals, causing meningoencephalitis, meningitis, septicemia, and brain abscess (Farber and Peterkin, 1991). Early resistance to listeria infection is mediated by IFN-γ production by NK cells and pro-inflammatory response of macrophages, which in turn enhance IFN-γ producing capacity of NK cells (Tripp et al., 1993; Unanue, 1997). Macrophages are generally thought to be the major population of phagocytes responsible for intracellular elimination of L. monocytogenes, however the bacterium has evolved many strategies to evade immune defense mechanisms mediated by macrophages (Wang et al., 2017).

Cts D expression increases in macrophages infected with L. monocytogenes and plays an important listeriobicidal role in these cells (del Cerro-Vadillo et al., 2006; Fu et al., 2020). RAW 264.7 macrophages up-regulate Cts D expression at both mRNA and protein level during Listeria infection. Cts D-deficiency achieved either by treatment with pepstatin A (a specific inhibitor of cathepsin D) or generation of Ctsd–/– cells, results in increase in the number of viable bacteria (Fu et al., 2020). Furthermore, BMDMs of Cts D-deficient mice showed 4- to 5-fold higher replication index of Listera than BMDMs of Ctsd+/+ mice. Additionally, Ctsd–/– cells contained higher number of freely localized bacteria within the cytosol compared with WT cells. In vivo studies underline the importance of Cts D in early resistance to listeriosis, since infection of Ctsd–/– mice resulted in 10-fold increase in bacterial burden in spleen and livers compared to Ctsd+/+ littermates (del Cerro-Vadillo et al., 2006). The molecular mechanism by which Cts D influences L. monocytogenes virulence was described by Carrasco‐Marín et al. (2009) and involves specific cleavage of listeriolysin O (LLO). LLO, a pore-forming thiol-activated cytolysin, and phosphatidylinositol phospholipase C (PI-PLC), are two major virulence factors of L. monocytogenes, allowing the bacterium to escape from the phagosomes to the cytoplasm within host cells, including macrophages (Lauer et al., 2002). Specifically, Cts D-mediated cleavage of LLO occurs between Trp‐491 and Trp‐492 residues in the domain 4(D4) of LLO. Neither Cts D nor Cts L showed any effect on PI‐PLC. Therefore, lysosomal and soluble active Cts D forms that are present abundantly in bacteria phagosomes can cleave LLO monomers and participate in intraphagosomal killing of L. monocytogenes (Carrasco‐Marín et al., 2009). In addition to Cts D, also Cts G, derived from human neutrophils, can destroy Listeria in in vitro conditions (Alford et al., 1990).



Staphylococcus aureus

S. aureus is a Gram-positive bacterium causing both community- and hospital-acquired infections with significant morbidity and mortality (Magill et al., 2014a; Magill et al., 2014b). Methicillin-resistant S. aureus (MRSA) is responsible for invasive, drug-resistant skin and soft tissue infections contributing to the development of diseases, such as endocarditis, osteomyelitis, or bacteremia (Klevens et al., 2007; Brann et al., 2019). Macrophages are the major cells responsible for clearance of bacteria from infected tissues, however S. aureus survives and even replicates inside these cells (Lacoma et al., 2017). After phagocytosis, the S. aureus containing phagosomes (SaCPs) are formed, which quickly acquire early (Rab5) and then late (LAMP‐1 and Rab7) endosomal markers (Moldovan and Fraunholz, 2018). Nevertheless, SaCPs lack the key lysosomal hydrolases, including beta‐glucuronidase and cathepsin D, suggesting the absence of fully matured phagolysosomes in infected macrophages (Jubrail et al., 2016; Tranchemontagne et al., 2016). More than 60% of phagosomes containing live or heat-killed (HK) highly virulent community-acquired USA300 clone of S. aureus co-localized with cathepsin D at 1 hpi, whereas significant reduction of co-localization between live bacteria and cathepsin D was noted at 4 and 8 hpi compared to that observed in HK bacteria-treated macrophages. Additionally, USA300 strain persisted and replicated within the phagosome, and the acidification of this compartment was necessary for bacteria survival. This indicates that live S. aureus clone USA300 can actively disturb phagosomal accumulation of lysosomal hydrolyses, limiting pathogen exposure to degradative enzymes (Tranchemontagne et al., 2016). In in vitro experimental models such as RAW 264.7 cells, Cts D expression increases during S. aureus infection and plays an important role in controlling the growth and viability of this bacterium within macrophages (Fu et al., 2020). The pathogen is degraded in Cts D-positive active lysosomes in primary human macrophages, but still the majority of bacteria survive in late phagosomes (Brann et al., 2019).

During S. aureus invasion, the phagolysosomal biogenesis in macrophages is tightly controlled by the proteins belonging to the COMMD (copper metabolism gene MURR1 domain) family, which regulate intracellular trafficking. COMMD10-deficient BMDMs have decreased expression of numerous genes important for the functioning of lysosomes, including Cts B and D, but not K, at 2 and 4 hpi with S. aureus. In addition, COMMD10-deficient macrophages infected with S. aureus, there is altered exchange of RAB5 to RAB7, peripheral mislocation of LAMP-1 and reduced acidification of phagosomes, all which contribute attenuated bacteria-induced phagolysosomal maturation. This impaired phagolysosomal biogenesis in COMMD10-deficient cells favors the survival of bacteria within macrophages (Shlomo et al., 2019).

Besides Cts D, Cts L is also responsible for nonoxidative killing of S. aureus within macrophages, because in the absence of Cts L in primary BMDMs, S. aureus can survive intracellularly for at least 3 hpi compared to WT cells, whereas single knockout cells for Cts B, Cts H, Cts K, or Cts Z comparably killed the bacteria as WT macrophages. Although the cysteine cathepsin Cts K is not involved in direct killing, it is critical for efficient production of IL-6 by infected macrophages through the MyD88-dependent TLR signalling (Müller et al., 2014).

In cell types other than macrophages, e.g., neutrophils, lysosomal cysteine cathepsins may indirectly regulate bactericidal and inflammatory activities against S. aureus. For instance, Cts C contributes to indirect killing of S. aureus in neutrophils through generation of bactericidal proteins or activation of antimicrobial enzymes within the phagolysosomes (Liu et al., 2012). Neutrophil-derived Cts G has limited and delayed bactericidal effect, because S. aureus EapH1 inhibits the activity of the enzyme via formation of highly complementary, non-covalent complex with this protease that blocks substrate access to the enzyme active site (Herdendorf et al., 2020).



Francisella tularensis

F. tularensis is a gram-negative facultative intracellular bacterium that causes tularemia—a potentially fatal infection in humans. This pathogen replicates predominantly in macrophages, but can proliferate in other cell types too (Pechous et al., 2009; Santic et al., 2010). Four subspecies of F. tularensis are currently known: tularensis, holarctica, mediasiatica, and novicida, wherein subspecies tularensis and holarctica are mainly responsible for disease in humans (Keim et al., 2007; Santic et al., 2009). Following uptake by macrophages, F. tularensis enters a phagosome that acquires minimal amounts of the late endosomal-lysosomal markers, including CD63, LAMP1, and LAMP2, but excludes cathepsin D (Clemens et al., 2004; Asare and Kwaik, 2011). Late endosomal Francisella-containing vacuole (FCV) disintegrates within a few hours allowing the pathogen to escape into the cytoplasm, where it replicates. Interestingly, T cells from vaccinated mice can provide a functional assistance in arresting Francisella attenuated live vaccine strain (LVS) replication and inhibiting the spread of LVS infection between macrophages in in vitro conditions. Co-culture experiments of LVS-infected macrophages with naïve or LVS-immune lymphocytes revealed that LVS-immune T cell control of replication and spread of LVS in macrophages is mediated by a direct effect on the viability of bacteria in the cytoplasm, rather than intracellular trafficking of bacteria into lysosomes for degradation in infected macrophages (Bradford and Elkins, 2020).

Pathomechanisms of tularemia infection have best been studied in mice and rabbits. Removal of Cts B in mice rendered them resistant to infection with F. novicida since they had significantly lower bacterial loads in the liver and spleen compared to individuals with normal expression of this protein. Measured at 3 day after infection, Cts B-knockout animals produced less pro-inflammatory cytokines and chemokines in the liver (Qi et al., 2016). Macrophages are the frontline in controlling intracellular growth and dissemination of Francisella (Hall et al., 2008) and the lack of Cat B in these cells enhanced their bactericidal activity against the pathogen (Qi et al., 2016). Interestingly, cell structure analysis by transmission electron microscopy revealed that uninfected macrophages lacking cathepsin B contained larger lysosomes and autophagosomes, and accumulated partially digested vesicles in autophagosomes, compared to WT cells. Mechanistically, the increased bactericidal activity against F. novicida in macrophages with genetic deletion or pharmacological inhibition of Cat B is a result of upregulated lysosomal biogenesis and autophagy due to downregulation of mechanistic target of rapamycin (mTOR), lysosomal calcium channel TRPML1 and others such as transcription factor EB (TFEB) and phosphorylation of autophagy initiation kinase ULK1 (unc-51-like kinase 1) (Man and Kanneganti, 2016; Qi et al., 2016).



Brucella abortus

B. abortus is an intracellular Gram‐negative cocobacillus that survives and replicates within host monocytes and macrophages. This pathogen is the causative agent of brucellosis in humans and livestock. In humans, B. abortus evokes fever, endocarditis, arthritis and osteomyelitis; in livestock, it is responsible for abortion and infertility (Pappas et al., 2005; Oliveira et al., 2011). Upon internalization, Brucella arrests phagosome maturation between the steps of acidification and phagosome-lysosome fusion and cannot be destroyed within the Brucella-containing vacuole (BCV) (Rittig et al., 2001; Celli et al., 2003). In human macrophage-like cell line THP-1, delivery of Cts D to phagosomes occurred simultaneously with the arrival of LAMP-1 and acidification of the lumen of the phagosomes at the early stages of infection (60 min pi) with virulent or HK B. abortus 2308. Together with the time progression, the number of Cts D-positive phagosomes containing live B. abortus 2308 was significantly reduced when compared to phagosomes with HK bacteria, and after 24 h such vesicles contained multiple brucellae, indicating efficient replication of the pathogen within such compartments (Bellaire et al., 2005). During later stages of infection, BCVs were shown to fuse with lysosomes, what is needed for further maturation of BCVs into an endoplasmic reticulum (ER)-derived organelle, in which bacteria is able to replicate (Bellaire et al., 2005; Starr et al., 2008). Several virulence factors determine Brucella survival in macrophages, including zinc-dependent metalloproteinase (ZnMP). Its deletion causes an increase in the co-localization of bacteria with phagosomal Cts D, reducing intracellular replication of the pathogen within RAW 264.7 cells (Gómez et al., 2020). Importantly, B. abortus persistence in macrophages is associated with the presence of anti-inflammatory cytokine, IL-10 (Xavier et al., 2013). This cytokine suppresses lysosome-mediated killing of bacteria in macrophages via two distinct regulatory mechanisms. Firstly, IL-10 inhibits recruitment of membrane trafficking regulators, including RAB family proteins, LAMP-1, LAMP-2 and cathepsins (Cts A and Cts D), to B. abortus phagosomes through a STAT3-independent pathway. Secondly, IL-10 down-regulates the expression of proinflammatory cytokines through activation of the STAT3/SOCS3 (suppressor of cytokine signaling 3) pathway in RAW 264.7 macrophages (Hop et al., 2018).

Although, there are no available data concerning the influence of Brucella on cathepsin activity in macrophages and the role of these enzymes during Brucella infection, Coria et al. (2016) have demonstrated that unlipidated outer membrane protein 19 (U-Omp19) of Brucella partially limits the activity of purified lysosomal proteases, including Cts L, Cts C, Cts B, and papain in vitro and also inhibits the digestive capacity of microsomal content derived from murine BMDMs and BMDCs. Additionally, U-Omp19 reduces the ability of macrophages and DCs to degrade extracellular Ag but increases the amount of Ag inside DCs due to inhibition of its intracellular proteolysis within lysosomal compartments. Thus, intracellular half-life of Ag is extended allowing prolongation of intact peptide export to the cytosol, eventually providing long-term Ag cross-presentation and stimulation of Ag-specific CD8+ T cell responses in vivo.



Shigella flexneri

S. flexneri, a Gram-negative enteroinvasive bacteria, is the causative agent of shigellosis – a gastrointestinal disease associated with watery or bloody diarrhea, cramping, and dehydration. Shigella infection occurs particularly in young children (under 5 years old) and immunocompromised adults in developing countries and causes significant morbidity and mortality (Kotloff et al., 2013; Kotloff et al., 2018). Shigella crosses the intestinal epithelium by transcytosis through microfold cells (M cells), reaching resident macrophages and DCs in the M cell pocket. Bacteria can survive and replicate in macrophages, escape the phagocytic vacuole, and kill the host cell by inducing caspase-1-dependent pyroptotic cell death, allowing subsequent invasion of epithelial cell layer (Schroeder and Hilbi, 2007; Ashida et al., 2014).

Currently, the role of cathepsins during S. flexneri replication in macrophages is not known, although the importance of these enzymes in the regulation of the pathogenesis of Shigella infections was hghlighted more than 35 years ago. The activity of Cts D in splenocytes of CBA mice infected with Shigella strains was variable in the cytoplasmic and lysosomal cell compartments and depended on the virulence of Shigella strains. Strong and prolonged activation of Cts D was observed in both compartments after infection with virulent Shigella strains, whereas avirulent strains induced only temporary Cts D activity in the lysosomes (Belaia et al., 1984). According to authors, determination of the Cts D activity in splenocytes of animals infected with Shigella allows differentiation of virulent and from avirulent strains of the pathogen. Future studies should elucidate the major implications of cathepsins in host defense and pathogenesis of Shigella infections.



Salmonella enterica serovar Typhimurium

S. Typhimurium is a pathogenic Gram-negative rod bacterium that causes foodborne salmonellosis in humans and a wide range of animal species (McSorley, 2014). Infection of laboratory mice with S. Typhimurium results in disseminated infection with some similarities to human disease caused by the human-host restricted S. enterica serovars Typhi and, to a lesser extent, Paratyphi (Mathur et al., 2012). Therefore, S. Typhimurium infection of mice is widely accepted as an experimental model for human disease (Hilgenberg et al., 2014).

Salmonella penetrates the epithelium of the small intestine following oral ingestion, and preferentially infects phagocytes, including macrophages, within lamina propria. S. Typhimurium can reside and replicate in macrophages (Salcedo et al., 2001); therefore, these cells are a niche for intracellular survival and from where bacteria can disseminate to distal organs, such as liver and spleen (Vazquez-Torres et al., 1999). To survive in macrophages, the bacteria avoid intracellular killing by preventing lysosome fusion with the modified endosome, known as Salmonella-containing vacuole (SCV) (Alpuche-Aranda et al., 1994; Salcedo et al., 2001; Steele-Mortimer, 2008; Gogoi et al., 2019). It is likely that S. Typhimurium blocks maturation of its phagosome, because phagosomes isolated from S. Typhimurium-infected macrophages contained only pro-Cts L and not mature Cts L (Mills and Finlay, 1998), whereas Cts B activity is decreased in macrophages (Sarkar et al., 2017).

Acidification of SCV is necessary for bacteria virulence (Arpaia et al., 2011), so there is a possibility that the Salmonella can be digested by endosomal proteases such as cathepsins, which are mostly active at acidic pH values. Therefore, S. Typhimurium excludes active cathepsins from the SCV in primary murine macrophages (Hang et al., 2006; Sanman et al., 2016). But other studies have reported that upon initial infection of BMDMs (2 h), the cysteine cathepsins gained access to S. Typhimurium in compartments of varied pH (Sanman et al., 2016). Bacteria also induced the increase in lysosomal pH resulting in an overall decline in cysteine cathepsin activity not only in infected but also in a fraction of bystander cells, indicating a mechanism by which Salmonella can alter the functionality of nearby uninfected cells (Sanman et al., 2016).

In S. Typhimurium infection, cathepsins may not directly target the bacteria but may be involved in triggering pyroptotic cell death of infected macrophages. As reported by Selkrig et al. (2020) in their spatiotemporal proteomic study, infected macrophages secreted large amounts of lysosomal hydrolases, including Cts C, Cts L, Cts D, Cts Z, and Cts A to the extracellular space, part of which were trafficked to the nucleus. Nuclear cathepsins were active and had a higher molecular weight compared to their lysosomal counterparts. Nuclear cathepsin activity was responsible for pyroptosis through the non-canonical inflammasome activation (Selkrig et al., 2020).



Mycoplasma sp.

Mycoplasmas are the smallest self-replicating bacteria that completely lack a cell wall. They colonize mucosal surfaces of respiratory and urogenital tracts in humans and many different animal species. Mycoplasmas are mainly facultative intracellular organisms, however some of them are considered obligatory intracellular microorganisms (Nascimento et al., 2005). Among pathogenic mycoplasma species, those of greatest clinical importance for humans are: M. pneumoniae, associated mainly with atypical and community-acquired pneumonia (CAP); M. genitalium, responsible for acute and chronic urethritis in men; and M. hominis that causes inflammation of the urethra, cervix and vagina in women. M. pneumoniae and M. genitalium are also involved in pelvic inflammatory disease (Metwally et al., 2014).

In vitro and in vivo studies point to macrophages are as the major cells engaged in elimination of mycoplasma (Erb and Bredt, 1979; Schimmelpfeng et al., 1980; Hickman-Davis et al., 1997; Hickman-Davis et al., 1999; Lai et al., 2010). The macrophage-mediated killing of bacteria uses the MyD88-NF-κB pathway, as shown in a mouse model of M. pneumoniae infection (Lai et al., 2010) where bone marrow-derived macrophages (BMDMs) were able to phagocytose bacteria followed by formation of phagosomal compartment that eventually fused with lysosomes to form an acidified phagolysosome (Lai et al., 2010). It is therefore possible that cathepsin proteases may participate in elimination and control of mycoplasma infections. Cts L-deficient mice present significantly lower percentage of macrophages and higher mycoplasma burden in lungs and exhibit more severe pneumonia, compared to WT animals, following infection with M. pulmonis. Cts L probably has no direct toxic effect on mycoplasma, since it alters neither bacterial viability nor growth of M. pulmonis incubated with this protease in vitro. Instead, Cts L indirectly controls mycoplasma infection by promoting lymphangiogenesis and antibacterial cellular immune responses (Xu et al., 2013). Cts L can also promote mucosal immune response, which provides protection against mycoplasma pneumonia in piglets infected with M. hyopneumoniae. Enhancement of mucosal response by Cts L is mediated by stimulation of sIgA secretion through efficient Ii processing and antigen presentation. Treatment of animals with rCts L before challenge with M. hyopneumoniae resulted in milder clinical symptoms, little histopathological damage of lungs and lower mycoplasma burden accompanied by higher secretion of sIgA, higher percentages of CD4+ T cells and increased expression of MHC II molecules compared to the control group without rCts L exposure. Interestingly, Cts L levels were higher in DC than macrophages in most tissues of piglets infected with M. hyopneumoniae (Zhang et al., 2019).




Obligate Intracellular Bacteria


Coxiella burnetii

C. burnetii, a small Gram-negative bacterium, is the etiological agent of Q fever that infects a wide range of animals, from arthropods to humans. Q fever can cause acute or chronic infection, and the most frequent clinical sign of chronic Q fever is endocarditis (Eldin et al., 2017). This pathogen exhibits strong tropism to mononuclear phagocytes, such as monocytes and macrophages. It possesses a unique ability to replicate in a lysosome-like intracellular niche termed the Coxiella-containing vacuole (CCV) through activation of a Dot/Icm-type IVB secretion system. This secretion system allows the pathogen to translocate a large repertoire of effectors to the host cytosol, allowing the remodeling of host cell processes and the creation of a replicative niche while still maintaining the host cell homeostasis (Newton et al., 2020). C. burnetii undergoes phase variation with antigenic transition from a virulent phase I (characterized by the presence of full LPS) to an avirulent phase II (containing severely truncated LPS that lacks the O antigen and some core sugars) upon serial passages in cell cultures or embryonated eggs (Hotta et al., 2002; Howe et al., 2010).

Virulent and avirulent C. burnetii variants are phagocytosed by macrophages and are localized within early CCV containing endosome antigen 1 (EEA-1) and the small GTPase Rab5. The early CCV is then converted into a late CCV containing lysosome-associated membrane protein 1 (LAMP-1), LAMP-2, LAMP-3 (CD63), the mannose-6-phosphate receptor (M6PR), flotillin 1 and 2, autophagosome markers LC3 and the vacuolar type H+ ATPase responsible for the moderately acidic pH (pH ∼5) of the compartment (Ghigo et al., 2002; Voth and Heinzen, 2007; Howe et al., 2010). Virulent C. burnetii blocks maturation of CCV at late endosomal stage through inhibition of Cts D and small GTPase Rab7 recruitment, thus avoiding degradation in the phagolysosome and increasing pathogen survival. Conversely, CCV hiding avirulent C. burnetii recruits Rab7 and matures into bactericidal phagolysosomal compartment that contains active lysosomal enzymes, including Cts D. This trafficking behavior correlates with avirulent C. burnetii elimination by THP-1 macrophage-like cells (Ghigo et al., 2002). However, these prior findings are contradicted by Howe et al. (2010) who reported that CCV harboring virulent or avirulent variants of C. burnetii mature similarly through the endolysosomal route and reach the phagolysosome stage containing proteolytically active cathepsins. Another study supports the notion that lysosomal hydrolases, including Cts D, are not required for C. burnetii growth or viability in CCV (Miller et al., 2019). Specific antibodies found in chronic Q fever patients likely favor C. burnetii replication in human MDM, because opsonization of bacteria with these antibodies prevented the phagosome conversion. The large CCV containing C. burnetii found in such cases were devoid of a specific phagolysosome marker Cts D (Desnues et al., 2009).

C. burnetii down-regulates Cts B activity, but does not significantly affect LAMP-1 in murine alveolar macrophages (MH-S) or HeLa cells, suggesting that cells may contain less proteolytically-active lysosomes. Reduction of lysosomal content in C. burnetii-infected cells was independent of autophagy process. Additionally, HeLa cells overexpressing the transcription factor EB (TFEB), which coordinates expression of lysosomal genes for lysosomal proteases and hydrolases, led to increased Cts B activity, indicating an increase in the number of proteolytically-active lysosomes. TFEB-induced lysosome biogenesis significantly reduced C. burnetii CCV formation and intracellular growth due to acidification and increased protease activity (Samanta et al., 2019). These data underscore the importance of Cts B in the control of C. burnetii intracellularly and present a mechanism where a bacterial intracellular niche is created by regulating the acidity of the vacuoles-containing bacteria and blocking endosomal maturation.



Chlamydia spp.

Gram-negative C. trachomatis is a leading cause of sexually transmitted infections in humans worldwide. In women, it can cause cervicitis, and in both men and women the infection can lead to urethritis and proctitis. Mice inoculated with the murine pathogen C. muridarum serve as a model of C. trachomatis infections in women (Conrad et al., 2016). Chlamydia exists in two morphologically distinct forms: elementary body (EB), which is infectious and extracellular, and reticulate body (RB), which is intracellular and divides within a specialized intracellular vacuole forming a microcolony, termed an ‘inclusion’ (Kosma, 1999). During experimental genital infection with Chlamydia, there is recruitment of monocytes and macrophages to the genital tract which phagocytose and eliminate the pathogen intracellularly, limiting the development of disease. However, when intracellular killing is not effective, especially in M2 macrophages, bacteria can be easily disseminated to the lymphatic system and further replicate in the draining lymph nodes (Lausen et al., 2018; Tietzel et al., 2019).

C. trachomatis may survive within macrophages by inhibiting fusion between Chlamydia vacuoles and lysosomes (Coutinho-Silva et al., 2003), thus limiting access to lysosomal enzymes, including cathepsins. Cts B activity was increased in murine RAW 264.7 macrophages infected with a moderate dose of C. muridarum, and treatment of infected cells with Ca-074Me, a selective Cts B inhibitor, resulted in increased production of chlamydial inclusion forming units (IFU). Cts B activity depended on ROS production, because incubation of infected macrophages with N,N′-dimethylthiourea (DMTU), a potent scavenger of hydroxyl radicals, significantly reduced activity of this protease. In macrophages infected with C. muridarum, Cts B and ROS were involved in activation of inducible nitric oxide synthase (iNOS) that correlated with and was responsible for chlamydial clearance (Rajaram and Nelson, 2015). Furthermore, the accumulation of active lysosomal protease Cts D within bacteria inclusions has been demonstrated in different types of C. muridanum-infected cells, including THP-1 macrophages, after treatment with penicillin G (pG). Accumulation of Cts D clearly preceded the decrease in transcription of pre-16S rRNA, suggesting the involvement of this protease in bacterial death. Activation of Cts D in pG treatment was independent of the activation of lysosomal H+v-ATPase; therefore, the mechanism of lysosomes fusion with the bacterial vacuoles in pG-treated infected cells remains to be elucidated (Dumoux et al., 2013). Cts D and Cts S are engaged in MHC I–mediated cross-presentation pathway of chlamydial antigens in DCs required for efficient stimulation of bacteria-specific CD8+ T cells (Fiegl et al., 2013).



Rickettsia spp.

Gram-negative rickettsiae are important causative agents of various ailments within the group of arthropod-borne diseases. Rickettsia are classified into four distinct groups based on their genome sequences, including the typhus group (TG with Rickettsia typhi and Rickettsia prowazekii), the spotted fever group (SFG), the ancestral group (AG), and the transitional group (TRG) (Snowden and Bhimji, 2018). Macrophages may play an important role in the pathogenesis of rickettsial diseases, because various bacteria species show some ability to proliferate within these cells depending on their virulence (Curto et al., 2016; Curto et al., 2019a). The dichotomy regarding Rickettsia ability to survive within macrophages has been extensively documented in SPG members that cause human tick-borne diseases with varying severity (Curto et al., 2016; Curto et al., 2019a; Curto et al., 2019b). A pathogenic R. conorii is responsible for Mediterranean spotted fever (MSF) associated with high morbidity and mortality, whereas non-pathogenic R. montanensis causes infections with mild or no systemic symptoms in humans (Rovery et al., 2008; McQuiston et al., 2012). In THP-1 macrophages, R. conorii cells display normal morphology and do not co-localize with lysosomal markers, Cts D and LAMP-2, suggesting that the bacteria do not enter the phagolysosomal compartment and/or can escape from the phagosome to the cytosol. Therefore, they can efficiently proliferate within THP-1 cells. In contrast, R. montanensis co-localizes with Cts D and LAMP-2 and is rapidly destroyed, thus disrupting its ability to survive and proliferate in THP-1 macrophages (Curto et al., 2016). Transcriptomic analysis using RNA-seq revealed down-regulation of Ctsd and Ctsz mRNA expression in THP-1 macrophages infected either with R. conorii or R. montanensis (Curto et al., 2019a), whereas quantitative proteomic studies using a SWATH-MS strategy indicated decreased Cts G level only in macrophages infected with R. conorii (Curto et al., 2019b). Overall, pathogenic and non-pathogenic SFG Rickettsia trigger differential transcriptomic and proteomic signatures in THP-1 cells, what may partially explain different intracellular fates of these pathogens within macrophages (Curto et al., 2019a; Curto et al., 2019b). It should be also added that pathogenic SFG rickettsiae may possibly increase their intracellular survival within macrophages by avoidance of digestion by lysosomal enzymes, including cathepsins. Therefore, the role of these proteases in the host response to Rickettsia infection should be elucidated in future studies.




Conclusion

Cathepsins are undoubtedly important proteases that participate in killing various bacterial pathogens both directly or indirectly. Experimental evidence indicates that survival of many bacterial species within macrophages is achieved by pathogen interference with intracellular trafficking events, leading to disruptions of fusion events between the phagosome and lysosomes, modification of the intraphagosomal environment or escape from the phagosome/phagolysosome into the host cytosol. In doing so, pathogens escape toxic bactericidal lysosomal compounds, including cathepsins, therefore, they can survive and even replicate within specialized engulfing cells, such as macrophages. Further, certain intracellular pathogens are able to modify and exclude cathepsins from bacteria-containing vacuoles, allowing them to adapt to this hostile endolysosomal system as a niche for efficient growth. Cathepsins regulate many innate functions of macrophages including those that support adaptive immune responses that ultimately control of bacterial infections. Consequently, bacterial pathogens manipulate expression, activity and bioavailibility of cathepsins, thus compromising their ability to kill bacteria, and ultimately leading to disease exacerbation. However, the exact mechanisms engaged by bacteria remain unclear in many cases and further investigation are warranted to better define their role in human diseases and to identify new therapeutic targets or vaccines. Because cathepsins are enzymes they can directly digest pathogens and thus contribute to derivation of antigenic epitopes required for the generation of adaptive immunity. However, many studies summarized in this review were performed using in vitro-generated murine macrophages or leukemia-derived monocytic cell lines, which do not accurately reflect physiological conditions. Therefore, the role of cathepsins in regulation of mechanisms of the antimicrobial immune response and pathogenesis of bacterial diseases requires further in vivo studies in animal models and humans.
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PGLYRP1/Tag-7/PGRP-S is one of mammalian peptidoglycan recognition proteins (PGRPs). Here, we demonstrate that human recombinant PGLYRP1/Tag-7/PGRP-S potentiates the response of murine macrophage-like ANA-1 cells and human macrophages to facultative intracellular pathogen Listeria monocytogenes. PGLYRP1/Tag-7/PGRP-S binds to the surface of L. monocytogenes and other bacterial cells but has no effect on their growth in culture. While PGLYRP1/Tag-7/PGRP-S treatment modestly enhanced phagocytosis of bacteria by ANA-1 cells, the intracellular survival of PGLYRP1/Tag-7/PGRP-S treated L. monocytogenes was strongly inhibited 2 h after internalization. PGLYRP1/Tag-7/PGRP-S treatment of bacteria boosted oxidative burst induction and increased the level of proinflammatory cytokine IL-6 produced by ANA-1, however, these effects happened too late to be responsible for decreased intracellular survival of bacteria. Our results thus suggest that PGLYRP1/Tag-7/PGRP-S acts as a molecular sensor for detection of L. monocytogenes infection of mammalian cells that leads to increased killing through a mechanism(s) that remains to be defined.
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Introduction

Mammalian immunity can be subdivided into innate immunity and adaptive, or specific, immunity (Rodríguez et al., 2012). Evolutionarily, the innate immune system is a more ancient part of the host defense against infection. Innate immunity uses various response mechanisms, such as recognition of pathogens and killing by dedicated cells (e.g., macrophages engulf bacteria and produce several substances for their killing, including reactive oxygen species), and presentation of specific parts of the pathogen to adaptive immunity (Medzhitov et al., 1997).

Innate immunity recognizes characteristic conserved structures of microorganisms which are absent from the host and are called pathogen-associated molecular patterns (PAMPs) (Janeway, 1989). PAMPs include lipopolysaccharides of Gram-negative bacteria, lipoteichoic acids of Gram-positive bacteria, bacterial DNA and others. Peptidoglycan, which is an essential and specific component of almost all bacteria (Rogers et al., 1980), also serves as a target recognized by innate immunity.

Eukaryotes possess several types of receptors, which recognize peptidoglycan. One of them is a family of peptidoglycan recognition proteins (PGRPs) (Dziarski, 2003). In insects there are many peptidoglycan recognition proteins (for example, Drosophila melanogaster has 19, whereas Anopheles gambiae has nine (Dziarski et al., 2006)), but mammals have only four PGRPs: PGRP-S/Tag-7/PGLYRP1 (further referred to as PGLYRP1) (Kustikova et al., 1996; Kang et al., 1998), PGRP-L/Tag-L/PGLYRP2 (Liu et al., 2001; Kibardin et al., 2003), PGRP-Iα/PGLYRP3 (Liu et al., 2001), and PGRP-Iβ/PGLYRP4 (Liu et al., 2001), named so for the length of their transcripts (“S” - short, “L” - long, and “I” - intermediate. PGLYRP1(current designation) was independently identified as Tag-7, a protein capable of inducing potent mouse immune response (Kustikova et al., 1996) and as 19-kDa protein PGRP-S, which activated the prophenoloxidase cascade, an antimicrobial mechanism of host defense in insects (Yoshida et al., 1996). Steiner’s group showed that PGRPs were members of a highly conserved family (Kang et al., 1998). PGLYRP1 can be secreted outside the cells and may interact with other components of innate immunity system by paracrine signaling.

Listeriosis is a severe foodborne infection caused by the Gram-positive bacterium Listeria monocytogenes (Vázquez-boland et al., 2001; Wing and Gregory, 2002). In humans, the major clinical signs of listeriosis are sepsis, meningitis, and meningoencephalitis (Allerberger and Wagner, 2010). L. monocytogenes is a facultative intracellular pathogen, which has developed a number of special mechanisms to escape the innate immune response (Calame et al., 2016). The intracellular life cycle of L. monocytogenes includes entrance into the host cell via phagocytosis, lysis of the phagosomal membrane, and escape into the cytosol, where it replicates freely. Intra- and inter-cellular spreading of the pathogen is accomplished via protrusions of infected cell membrane that form when the pathogen harnesses host cell actin cytoskeleton (Calame et al., 2016). Previously we have shown that PGLYRP2/Tag-L/PGRP-L, when overexpressed in human colon adenocarcinoma HT29 cells, impaired bacterial invasion and early intracellular growth by decreasing the viability of intraphagosomal bacteria (Kibardin et al., 2006). Here, we examined the effects of secreted PGLYRP1 on L. monocytogenes interactions with eukaryotic cells. We demonstrate that PGLYRP1 protects mouse macrophages from L. monocytogenes infection by strongly enhancing intracellular bacterial killing. PGLYRP1 also potentiates proinflammatory response in mouse macrophages after bacterial exposure, however this effect is likely unrelated to increased killing of internalized bacteria.



Materials and Methods


Cell Lines and Growth Conditions

ANA-1 (murine macrophage cell line) cells, originally purchased from ATCC, were cultured in clear plastic TC-treated dishes or multiple-well plates (Corning Inc.) in a HeraCell 150 incubator (Thermo Electron Corp.) at 37°C, 95% humidity and 5% CO2. Dulbecco’s modified Eagle’s medium (DMEM, HyClone) was supplemented with 10% fetal bovine serum, 2 mM L-glutamine (all from HyClone), 100 un/ml penicillin (Gibco), and 100 µg/ml streptomycin (OJSC Biokhimik, Russia).

CHO-S cells were cultivated in CD OptiCHO medium (Gibco) supplemented with 4 mM L-glutamine (HyClone) and 0.18% Pluronic F-68 (Gibco) at 37°C, 5% CO2. Cells were transfected by electroporation with the PGLYRP1 expression construct. Stable clones were generated by positive selection with 500 µg/ml G418 (Calbiochem). The clone with the highest PGLYRP1 production level was used for preparation of conditioned medium.

Human macrophages were differentiated from peripheral blood monocytes. Monocytes were isolated from three healthy donors using Ficoll-Paque Premium (GE Healthcare) and adherence method (Fuss et al., 2009). Monocytes were incubated in RPMI-1640 medium supplemented with 2% heat-inactivated human AB serum, 2 mM L-glutamine, 10 mM HEPES, 50 µM β-mercaptoethanol, 2 mM sodium pyruvate, and 2 mM MEM Vitamin (HyClone) at 37°C, 5% CO2 for 6 days. On the 4th day, the media was fully refreshed. On the first and the fourth days 50 ng/ml GM-CSF (Sci-Store) was added to the media. Cells were stained with fluorophore-conjugated primary antibodies against CD11b (APC-Cy7), CD80 (PE-Cy5), CD86 (BV421), HLA-DR (PE-Cy7) and analyzed by flow cytometer (Navios, Beckman Coulter, Inc.).



Bacterial Strains

Staphylococcus aureus, Streptococcus pneumoniae, and Escherichia coli strains used in this work were clinical isolates from the Russian Ministry of Health Dmitry Rogachev National Medical Research Center Of Pediatric Hematology, Oncology and Immunology collection. Listeria monocytogenes type strain EGDe (serovar 1/2a) was cultivated in the Brain Heart Infusion medium (BHI, BD, USA) at 37°C.

For fixation, bacteria from overnight cultures were precipitated by centrifugation for 5 min at 5000 rpm; the pellet was resuspended in PBS, bacteria were precipitated again, resuspended in 2.5% glutaraldehyde in PBS and incubated for 2 h at 4°C. The final concentration of bacteria was 109 cells/ml. Fixed or live L. monocytogenes cells were labelled with Cy3 (Mono-Reactive Dye Pack, GE Healthcare, Sweden) in accordance with the recommendations of the manufacturer.



PGLYRP1 Purification

CHO-S cells stably transfected to express PGLYRP1 tagged with the DED epitope (patent RU2380373) were cultivated in CD OptiCHO medium (Gibco) with shaking at a density of ~15 × 106 cells per ml for 4 days. Cells were removed by centrifugation and the culture supernatant was filtered through a 0.22 PES filter (Corning). Cleared supernatant was loaded by gravity flow onto a column of CL6B Sepharose (GE Healthcare, Sweden) conjugated with antiDED-specific mAb (Proteinsynthesis, Moscow, Russia). All chromatographic steps were performed at 4°C. The column was washed with 5 volumes of 20 mM sodium phosphate (pH 7.5) buffer with 150 mM NaCl and then with 5 volumes of same buffer with 1 M NaCl. PGLYRP1 was eluted with 20 mM sodium citrate (pH 2.5) buffer. Next, pH was adjusted to 7.5 by dropwise addition of 0.1 M NaOH. Fractions with PGLYRP1 were subjected to dialysis against 10 mM sodium phosphate (pH 7.5) buffer with 150 mM NaCl. Purity of PGLYRP1 was assessed to be ~98% by Coomassie staining of SDS gels and volumetric analysis (Quantity One software for ChemiDoc XRS system). The concentration of pure protein was determined by the bicinchoninic acid assay (Sigma).



Binding Assay

The equal amount of dead Staphylococcus aureus, Streptococcus pneumoniae and Escherichia coli from clinical isolates and various amount of dead L. monocytogenes (108, 107, 106, 105, 104) were resuspended in 30 µl of PBS with PGLYRP1 (40 µg/ml). After 1 h incubation at room temperature (RT), the bacterial suspensions were centrifuged, supernatants from L. monocytogenes were saved, all cells were washed and resuspended in PBS. Bacteria incubated in the absence of PGLYRP1 were used as control. The pellets (for all cultures) and supernatants (only for L. monocytogenes) were subjected to SDS-PAGE and immunoblotting analysis with polyclonal antibodies against recombinant human PGLYRP1 (1:1000) and horseradish peroxidase-conjugated mouse antibodies against mouse Ig (1:5000). The antibodies were diluted with the blocking buffer TBS-T (0.05% Tween 20 (Sigma) in TBS (Sigma)), 3% fat-free milk. The samples were resolved by SDS-PAGE and blotted onto a PVDF membrane HYBOND-P (GE Healthcare, UK). The blots were developed using a detection system Immobilon Western (Millipore, USA), in accordance with the recommendations of the manufacturer.



Bacterial Phagocytosis

Cy3-labelled L. monocytogenes were pre-incubated with PGLYRP1 or in the growth medium alone for 1 h at RT. ANA-1 cells were incubated with bacteria (~5 bacteria/cell) and 5 µg/ml of PGLYRP1. After 1 h at 37°C, ANA-1 cells were washed with PBS and detached with trypsin (HyClone). After trypsin neutralization by growth medium, cells were harvested by centrifugation (5 min at 1000 rpm), and the pellet was washed 3 times and resuspended in PBS. The suspensions were analyzed by a flow cytometer (Cytomics FC 500 MPL, Beckman Coulter, Inc.) to determine uptake of the Cy3 bacteria. All assays were done in DMEM supplemented with FBS, glutamine and penicillin/streptomycin.



In Vitro L. monocytogenes Invasion and Proliferation Assay

The invasion assay was performed as described (Kibardin et al., 2006). ANA-1 cells were grown on 24-well plate to density 200 000 cells per well. Bacteria from exponential cultures (OD600nm≈1.5) were kept frozen in 10% glycerin and thawed on the day of the experiment. 0.5 ml bacterial suspension was diluted in pre-warmed DMEM so that the multiplicity of infection (MOI) was 100 CFU per cell and added to ANA-1. After 1 h incubation at 37°C, the cells were extensively washed, and the medium was changed to fresh DMEM supplemented with 100 µg/ml gentamicin (Sigma) to kill extracellular bacteria. The number of successfully entered bacteria was assessed after 1 h incubation with gentamicin by plating serial dilutions of cell lysates obtained after 5 min incubation with 1% Triton X 100 (Sigma). The effectiveness of intracellular proliferation was evaluated by a number of CFU of the entered bacteria.



Analysis of Intracellular Localization of L. monocytogenes by Confocal Microscopy

ANA-1 cells were incubated on sterile glass slides inside 6-well plates (total 100 000 cells per glass slide) for 4 h at 37°C, 95% humidity and 5% CO2 for adhesion. Cells were DAPI (Sigma) stained. Internalization assays were performed as described above using Cy3-labelled live L. monocytogenes. Images were acquired using an Axio Observer Z1microscope (Carl Zeiss, Jena, Germany) equipped with a Yokogawa spinning disc confocal device (CSU-X1; Yokogawa Corporation of America, Sugar Land, TX) and a 1.3 numerical aperture ×100 objective.



Oxidative Burst Assay

ANA-1 cells were incubated in a 96-well white plate (Greiner) (200 000 cells per well) at 37°C, 5% CO2. The cells were incubated for 1 h in the presence of PGLYRP1 or albumin in 45 µl of the DMEM (phenol red-free, Gibco) along. For oxidative burst detection luminol was used. 25 mM PMA (phorbol-12-myristate-13-acetate) or fixed L. monocytogenes (~100 bacteria per cell) were used as stimulus. The chemiluminescence was detected by CLARIOstar (BMG LABTECH). For standard curve calculations, the MARS Data analysis software was used.



Cytokine Secretion Assay

ANA-1 cells were incubated with the proteins (5 µg/ml of PGLYRP1, albumin) or PBS as control in the presence or absence of dead L. monocytogenes (~100 bacteria per cell) or alive L. monocytogenes (~5 bacteria per cell). After 48 h incubation, the culture supernatant was analyzed by ELISA (DuoSet Mouse IL-6 R&D Systems, Oxon, GB), in accordance with the recommendations of the manufacturer.



Statistical Analysis

Each experiment was done in three replicates. The statistical significance of the results was analyzed using the Mann-Whitney U-test (*p ≤ 0.05).




Results


Recombinant Human PGLYRP1 Produced in Eukaryotic Expression System Forms Homodimers

To produce human recombinant PGLYRP1, cDNA of human PGLYRP1 was fused with DNA coding for a C-terminal triple DED epitope (Figure 1A). The CHO-S cell line was stably transfected with the resulting construct and clones expressing recombinant PGLYRP1 were isolated. The recombinant protein was purified from cultured medium by immunoaffinity chromatography with antibodies against the DED epitope. Analysis of purified protein by SDS gel electrophoresis demonstrated that in the presence of reducing agent (5 mM β-mercaptoethanol) in the loading buffer, the protein migrated as a single band with molecular mass of approximately 30 kDa (Figure 1B, lane 2). In the absence of the reducing agent, two bands of similar intensity with apparent molecular weights of ~25 and ~60 kDa were observed (Figure 1B, lane 3). Both bands contained PGLYRP1 based on MALDI-MS analysis. Previously, dimerization of native PGLYRP1 through formation of disulfide bonds was reported (Kiselev et al., 1998; Lu et al., 2006). Apparently, recombinant PGLYRP1 also forms homodimers. The difference in electrophoretic mobility of bands corresponding to monomeric PGLYRP1 in the presence and in the absence of reducing agent suggests that additional disulfide bonds may form within the monomer.




Figure 1 | Purification of recombinant tagged PGLYRP1. (A) A scheme of the fusion of full-sized PGLYRP1 to the triple DED epitope. The last 6 amino acids of PGLYRP1 and the 4 first amino acids of the DED epitope are shown. (B) Recombinant PGLYRP1 (3 µg) purified as described in the Materials and Methods section was subjected to SDS gel electrophoresis. In lane 2, the loading Laemmli buffer contained a reducing agent (5 mM β-mercaptoethanol). In lane 3, the loading buffer without β-mercaptoethanol was used. Lane 1 is a marker lane. A Coomassie stained gel is presented. At reducing conditions, the recombinant PGLYRP1 migrates as a single 30 kDa band (black arrow). At non-reducing conditions, PGLYRP1 migrates as two bands likely corresponding to a homodimer (~60 kDa, open arrow) and a monomer (25 kDa, black arrow).





Recombinant Human PGLYRP1 Binds to Gram-Positive and Gram-Negative Bacteria Cell Walls

To verify whether recombinant PGLYRP1 interacts with bacterial cell walls, a binding assay was performed. PGLYRP1 was incubated with suspensions of live E. coli or cells fixed with glutaraldehyde (the effect of glutaraldehyde fixation was tested since some experiments with L. monocytogenes described below required fixation). After low speed centrifugation, bacterial pellets were extensively washed and the presence of PGLYRP1 in the pellets was analyzed by Western blot. As can be seen from Figure 2A, PGLYRP1 was bound by both live and fixed E. coli. Judging by the intensity of the PGLYRP1 bands in the input (lane 2) and bound by bacteria fractions (lane 4), all PGLYRP1 was bound. Since at a ratio of 4∙106 PGLYRP1 monomers per cell was used in the experiment, it follows that a single cell can bind very large amounts of PGLYRP1.




Figure 2 | Recombinant PGLYRP1 binds to both Gram-positive and Gram-negative bacteria cells. The recombinant PGLYRP1 was incubated for 1 h at 25°C with 1.8∙107 of live or fixed bacteria. Bacteria were pelleted by centrifugation and the presence of PGLYRP1 in the pellets was determined by SDS PAGE followed by a Western blot with anti-PGLYRP1 antibodies. In all panels, the amount of protein initially added to bacterial cells is shown in lane M for comparison with bound protein amounts. (A) Binding of PGLYRP1 to living (lane 1) or fixed (lane 3) E. coli cells. Lanes 2 and 4 are controls (no PGLYRP1 added to bacteria). (B) Binding of PGLYRP1 to fixed Listeria monocytogenes (lane 2), Staphylococcus aureus (lane 4), and Streptococcus pneumoniae (lane 6). (C) Binding of PGLYRP1 to decreasing amounts of fixed Listeria monocytogenes cells. PGLYRP1 was combined with 108 (lane 1), 107 (lane 2), 106 (lane 3), 105 (lane 4), or 104 (lane 5) of fixed Listeria monocytogenes cells. Cells were collected by centrifugation and partition of PGLYRP1 between the pellets and supernatants was determined. The amount of protein initially added to bacterial cells is shown in lane M.



PGLYRP1 also bound to fixed L. monocytogenes, Staphylococcus aureus, and Streptococcus pneumoniae cells (Figure 2B). To access the stoichiometry of binding, PGLYRP1 was incubated with various amounts of fixed L. monocytogenes cells and its presence in bacterial pellets or the supernatants was determined. The results, shown in Figure 2C, showed that almost all PGLYRP1 was cell-bound even at a 1010:1 protein molecules per number of cells ratio. We conclude that recombinant PGLYRP1 can bind to various bacteria and there are multiple PGLYRP1 binding sites present at the cell surface.



PGLYRP1 Has no Bacteriostatic or Bactericidal Activity Towards L. monocytogenes

To check if recombinant human PGLYRP1 exhibited bacteriostatic or bactericidal activity, its effect on colony formation by L. monocytogenes was tested. Bacteria (~8.6×106 CFU) were incubated for an hour in the presence of 20 µg/ml or 5 µg/ml of PGLYRP1, corresponding to 6∙106:1 and 1.5∙106:1 protein-cell ratio, respectively. As controls, cells were incubated with recombinant human serum albumin at same concentrations, or without any added protein. The number of colony forming units was next assessed. Comparison of CFU numbers did not reveal any significant effect of PGLYRP1 (Figure 3A). The effect of PGLYRP1 on the growth of logarithmic L. monocytogenes culture was also monitored. Growth curves in the presence or in the absence of PGLYRP1 (20 µg/ml) were identical (Figure 3B), while gentamicin (100 µg/ml) readily inhibited growth, as expected. We conclude that at the conditions of the experiment, PGLYRP1 does not affect L. monocytogenes growth.




Figure 3 | Incubation with recombinant PGLYRP1 has no effect on L. monocytogenes viability or growth rate. (A) The recombinant PGLYRP1 was incubated for 1 h with live L. monocytogenes cells at two concentrations, [5 µg/ml (2) and 2 µg/ml (3)]. Next, bacteria were plated and colony forming units were calculated after overnight growth. Incubation with same concentrations of albumin served as a control. Mean values and standard deviations from three independent experiments are shown. (B) Growth of L. monocytogenes cultures in the absence or in the presence of 20 µg/ml of recombinant PGLYRP1. Gentamicin (100 µg/ml) added at the 2-h time point served as a positive control. Mean values and standard deviations from three independent experiments are shown.





PGLYRP1 Has a Small Stimulatory Effect on Phagocytosis of Fixed Bacteria

Data presented so far show that PGLYRP1 is a secreted protein that effectively interacts with bacterial cell wall but has no antibacterial effect. We hypothesized that PGLYRP1 could function as an opsonin, enabling the immune system to recognize bacterial pathogens more effectively. Therefore, we tested whether interaction of bacteria with PGLYRP1 affected the ability of macrophages to phagocytize them. For this purpose, fixed L. monocytogenes labeled with the Cy3 dye (see Materials and Methods) were used. ANA-1 macrophage-like mouse cells were cultivated with fixed bacteria (at a ratio of five bacteria per ANA-1 cell). Prior to the addition to ANA-1 cultures, bacteria were either incubated with PGLYRP1 (at a ratio of 4∙106:1 PGLYRP1 monomers per bacterial cell) or with PBS. The effect of incubation with PGLYRP1 on phagocytosis of fixed L. monocytogenes-Cy3 was next assayed by flow cytometry. As can be seen from Figure 4, PGLYRP1 treatment led to modest, though statistically significant increase of bacteria inside the ANA-1 cells (Figure 4).




Figure 4 | PGLYRP1 marginally affects the phagocytic activity of ANA-1 cells. ANA-1 cells were incubated for 1 h with fixed Cy3-labelled L. monocytogenes cells in the presence or in the absence of PGLYRP1 and analysed by flow cytometry. Bars represent percent of ANA-1 cells with engulfed bacteria. Mean values and standard deviations from three independent experiments are shown. *p ≤ 0.05.





Recombinant Human PGLYRP1 Strongly Inhibits Intracellular Survival of L. monocytogenes

L. monocytogenes is a pathogen that relies on intracellular survival and proliferation inside eukaryotic cells to escape the immune response. We studied the effect of PGLYRP1 on bacterial survival in an in vitro infection model. The adhesion culture of ANA-1 cells was infected with L. monocytogenes at a multiplicity of 100. Parallel infections were carried in the absence or in the presence of PGLYRP1 at a ~109/108:1 ratio of protein to bacterial cells. The number of viable bacteria that remained inside was determined by counting the number of colonies formed. As can be seen from Figure 5A, binding of PGLYRP1 resulted in a nearly 10-fold decrease in the amounts of viable bacteria 2 h after internalization. Combined with the results showing the lack of bacteriostatic or bactericidal activity towards L. monocytogenes (Figure 3), our data strongly support a suggestion that PGLYRP1 restricts L. monocytogenes cells by affecting their viability inside the immune cells. Live fluorescent microscopy failed to reveal differences in morphology or intracellular localization of L. monocytogenes cells with or without PGLYRP1 treatment 2 h after internalization (Figure 5B). While tentative, the result seems to suggest that PGLYRP1 does not affect the intracellular fate of L. monocytogenes by, for example, promoting the fusion of phagosomes with lysosomes.




Figure 5 | Recombinant PGLYRP1 inhibits intracellular survival of L. monocytogenes in ANA-1 cells. (A) ANA-1 cells were incubated for 1 h with live L. monocytogenes (~100 bacteria per ANA-1 cell) in the presence of PGLYRP1, albumin control, or without any additions. External bacteria were killed by gentamicin, ANA-1 cells were lysed and internalized bacteria were plated for colony forming unit calculation. CFUs obtained after incubation in the absence of added proteins (1), in the presence of albumin (2), and 20 (3) or 10 (4) µg/ml PGLYRP1 are shown. Mean values and standard deviations from three independent experiments are presented. (B) Confocal microscopy images of ANA-1 cells and internalized L. monocytogenes in the presence or in the absence of PGLYRP1. The nucleus of ANA-1 cell is labeled with DAPI (blue) and bacteria are labelled with Cy3 (green). The scale bars correspond to 10 µm. *p ≤ 0.05.



To determine whether PGLYRP1 also impacts L. monocytogenes survival inside human cells, human monocyte-derived macrophages were used. Based on flow cytometric analysis, monocyte-derived cells had CD11b, CD80, CD86, and HLA-DR - markers expressed on the M1 macrophages - on their surface (Figure 6A). Cells were infected with L. monocytogenes at a multiplicity of 100. Parallel infections were carried out in the absence or in the presence of PGLYRP1 at a ~109/108:1 ratio of protein to bacterial cells. As can be seen from Figure 6B, the PGLYRP1 treatment of L. monocytogenes affected bacterial survival inside human cells as in the case of mouse ANA-1 cells: a 10-fold decrease of colony forming units was obtained when bacteria were recovered from human macrophages after prior PGLYRP1 treatment.




Figure 6 | Recombinant PGLYRP1 inhibits intracellular survival of L. monocytogenes in human macrophages. (A) Flow cytometry analysis of CD11b, CD80, CD86, and HLA-DR markers expression on the surface of monocyte-derived cells. Histograms show the presence of labeled surface markers, grey lines depict isotype controls. (B) Monocyte-derived human macrophages were incubated for 1 h with live L. monocytogenes (~100 bacteria per macrophage) in the presence of PGLYRP1, albumin control, or without any additions. External bacteria were killed by gentamicin, macrophages were lysed and internalized bacteria were plated for colony forming unit calculation. CFUs obtained after incubation in the absence of added proteins (1), in the presence of albumin (2), and 20 (3) or 10 (4) µg/ml PGLYRP1 are shown. Mean values and standard deviations from three independent experiments are presented. *p ≤ 0.05.





PGLYRP1 Potentiates Cellular Response to an Activating Stimulus

One of the mechanisms of killing intracellular bacteria by macrophages is the generation of reactive oxygen species (ROS). In order to test if PGLYRP1 could stimulate ROS production in macrophages, ANA-1 cells were incubated with fixed L. monocytogenes or phorbol-12-myristate-13-acetate (PMA), an activator of oxidative burst, either in the presence of PGLYRP1 or in the presence of albumin, which was not expected to affect oxidative burst. As can be seen from Figure 7 PGLYRP1 by itself had no effect on ROS production compared to albumin or PBS. PMA increased the ROS production level (in the presence of albumin or PBS) ~3 fold compared to basal level, as expected. Interestingly, the presence of both PGLYRP1 and PMA increased ROS production further, ~5 times compared to the basal level. However, in the presence of L. monocytogenes PGLYRP1 (at a ratio of 2∙106:1 PGLYRP1 monomers per bacterial cell) triggered only a marginal (though reproducible) increase of intracellular ROS response compared to albumin. We conclude that, PGLYRP1 alone is not sufficient for increased ROS production, though it potentiates the stimulatory effect of PMA through an unknown mechanism and may slightly increase ROS production by internalized bacteria.




Figure 7 | Recombinant PGLYRP1 potentiates oxidative burst response of ANA-1 cells to the PMA stimulus. ANA-1 cells were incubated for 1 h in the presence of different concentrations of PGLYRP1 [0.01 µg/ml (1, 5, 9); 0.1 µg/ml (2, 6, 10); 1 µg/ml (3, 7, 11), or 5 µg/ml (4, 8, 12)], or with same concentrations of albumin, or without any added protein. Where indicated, fixed L. monocytogenes or 25 mM PMA was added for oxidative burst response induction. The results were normalized to the ROS signal from untreated ANA-1. Mean values and standard deviations from three independent experiments are shown.





PGLYRP1 Potentiates IL-6 Cytokine Secretion

After infection, activated macrophages with the proinflammatory phenotype produce a number of cytokines including IL-6, which drive inflammatory and anti-microbial responses (Wynn et al., 2013) affecting the spread of bacterial infections in the organism. To determine the effect of PGLYRP1 or PGLYRP1 treatment of bacteria on cytokine secretion, ANA-1 cells were incubated with L. monocytogenes (~100 fixed or ~5 live bacteria per ANA-1 cell) in the presence of PGLYRP1 or albumin at a ~106/107:1 protein molecules per bacteria cell ratio. As controls, ANA-1 cells were incubated with PGLYRP1, albumin or PBS only. After 2, 24, and 48-h incubation, the culture supernatants were analyzed by ELISA for the presence of IL-6. As can be seen from Figure 8, after 2 h there was no IL-6 in the supernatants. After 24-h incubation, the treatment with PGLYRP1 enhanced secretion of IL-6 in response to L. monocytogenes while PGLYRP1 alone had no such effect. An event stronger effect was observed 48 h after the addition of L. monocytogenes. The stimulatory effect was more pronounced with live that with fixed bacterial cells.




Figure 8 | Recombinant PGLYRP1 increases IL-6 production by ANA-1 cells after incubation with L. monocytogenes. ANA-1 cells were incubated with fixed (MOI=100) or live (MOI=5) bacteria in the absence or in the presence of 5 µg/ml PGLYRP1 or albumin. Culture supernatants were analysed by ELISA for the presence of IL-6 after 2-, 24-, and 48-h incubation. The results are normalized on 100,000 ANA-1 cells. Mean values and standard deviations from three independent experiments are shown. *p ≤ 0.05.






Discussion

Peptidoglycan recognition proteins comprise an evolutionarily conserved protein family characterized by the presence of a protein domain highly homologous to the phage lysozyme. Although phages use their lysozyme for direct destruction of the bacterial cell wall by the amidase activity, the peptidoglycan binding domains of PGRPs do not always possess this activity. In this study, we examined the smallest of human PGRPs, PGLYRP1. This protein essentially consists of just the domain homologous to lysozyme and does not exhibit the amidase activity (Wang et al., 2003). In the fruit fly, PGLYRP1 ortholog PGRP-SA plays a significant role in the recognition of Gram-positive bacteria by the innate immune system. High evolutionary conservation implies that mammalian PGLYRP1 also plays an important role in antibacterial immune defense mechanisms. Some authors suggested that PGLYRP1 exhibits direct bacteriostatic or bactericidal effects and can synergize with other effector molecules (Ju et al., 2005). Others revealed that PGLYRP1 has a low direct antibacterial effect but can act through activation of the macrophage response to peptidoglycan/PGLYRP1 complexes (De Marzi et al., 2015). Here, we demonstrated that recombinant human PGLYRP1 protects macrophages and the macrophage-derived cell line ANA-1 from L. monocytogenes infection via enhancement of intracellular mechanisms of bacterial killing, rather than by direct bactericidal action. Eukaryotic expression system based on the CHO-S cell line was used for production of full-size recombinant PGLYRP1, which was purified from the culture medium by affinity chromatography. The advantage of this approach is the avoidance of contamination of the purified recombinant protein with bacterial cell wall components, which can interfere with its functional effects. Analysis of the purified recombinant PGLYRP1 confirmed the formation of a PGLYRP1 homodimer, as was reported previously (Kiselev et al., 1998; Lu et al., 2006). This observation evidenced the correct folding of the recombinant PGLYRP1, which was further confirmed by its ability to bind to bacterial cell walls. Using a direct binding assay, we demonstrated that recombinant PGLYRP1 efficiently interacted with Gram-positive and Gram-negative bacteria, both live and fixed. Since the cell walls of Gram-positive and Gram-negative bacteria are very different, PGLYRP1 likely interacts with them through different binding sites, as was also suggested for bovine PGRP-S (Tydell et al., 2006). Since direct bactericidal effect of PGLYRP1 is a subject of some controversy, the effect of the recombinant protein on colony formation and growth of L. monocytogenes was studied. Our results showed that the binding of PGLYRP1 to bacterial cells does not cause profound bactericidal or bacteriostatic effects, at least at the examined concentrations.

If PGLYRP1 is an evolutionarily conserved protein, which recognizes the bacterial cell wall effectively, but does not mediate direct bacterial killing, what can be its role in immunity? One of the possible explanations is that soluble PGLYRP1 can serve as an opsonin, which makes bacteria more visible to innate immunity mechanisms. Indeed, the treatment of dead L. monocytogenes with PGLYRP1 resulted in slightly increased amount of bacteria engulfed by the macrophages. Our observation that PGLYRP1 enhanced phagocytosis of bacteria was similar to that described for the THP-1 cell line (De Marzi et al., 2015). However, since L. monocytogenes can use phagocytosis to penetrate macrophages and subsequently invade them to escape the immune response, increased internalization in the presence of PGLYRP1 could actually be detrimental to the host. For this reason, it was important to test the intracellular survival of L. monocytogenes after the engulfment. To address this question, the number of intracellular living bacteria after the PGLYRP1 treatment was studied using in vitro infection of the ANA-1 cell line. We found that the PGLYRP1 treatment decreased, almost 10-fold, the amount of living bacteria inside the ANA-1 cells after infection, suggesting that PGLYRP1 activates more effective intracellular killing of L. monocytogenes. A similar effect was observed for PGRP-L/Tag-L, another member of the PGRP family (Kibardin et al., 2006). Though PGLYRP1 was implicated in intracellular bacterial elimination earlier (Dziarski et al., 2003; Osanai et al., 2011) in the present study we demonstrate that the treatment with PGLYRP1 protects the ANA-1 cells and human macrophages against L. monocytogenes infection by increased bacterial killing specifically after phagocytosis. Interestingly, in the case of PGLYRP1, the protection against L. monocytogenes was due to killing of bacteria in eukaryotic cell, whereas for PGRP-L/Tag-L, direct killing of bacteria through the amidase activity of its PGRP domain was suggested as the mechanism of action.

One of the mechanisms of intracellular bacterial killing by macrophages is the induction of oxidative burst. PGLYRP1 treatment of ANA-1 cells did not stimulate oxidative burst, whereas pretreatment with PGLYRP1 potentiated subsequent activation of oxidative burst by PMA. However, compared to control, there were no significant differences in oxidative burst of cells after treatment with fixed L. monocytogenes. The PGLYRP1-treated ANA-1 cells demonstrated a significantly higher response to the PMA stimulus than cells treated with control protein but, overall, this mechanism is unlikely to explain the considerable difference in intracellular survival of PGLYRP1-treated L. monocytogenes.

After exposure to a bacterial stimulus, macrophages secrete different proinflammatory cytokines, such as TNF-α, IL-1, IL-6, IL-8, and IL-12 (Duque and Descoteaux, 2014). In our study we show that the macrophage-derived cell line ANA-1 started to produce proinflammatory cytokine IL-6 after incubation with bacteria, and that co-stimulation with PGLYRP1 potentiated the IL-6 production level. A similar effect was described for THP-1 cells (macrophage cell line), where secretion of proinflammatory cytokines TNF-α, IL-8, and IL-12 was induced by PGLYRP1/peptidoglycan complexes (De Marzi et al., 2015). These observations demonstrate that co-stimulation with PGLYRP1 may potentiate the proinflammatory macrophage response induced by bacteria and/or their components. However, since increased IL-6 production was detected only 24 h after the addition of bacteria, while the death of internalized bacterial cells occurred after just 2 h, increased proinflammatory cytokine production is unlikely to be the cause of PGLIRP1 mediated intracellular bacterial death.

Our data indicate that human PGLYRP1 potentiates proinflammatory response in mouse macrophages after bacterial exposure. Human PGLYRP1 also protected mouse macrophages from L. monocytogenes infection by enhancing intracellular bacterial killing and subsequent signal transmission about the inflammation. These two effects are very different but both of them are aimed at prevention of spreading of disease. Intracellular bacteria killing and attraction of components of adaptive immunity by proinflammatory cytokines production may be used as a good start for therapy development against intracellular pathogens.
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The mitochondrial network plays a critical role in the regulation of innate immune signaling and subsequent production of proinflammatory cytokines such as IFN-β and IL-1β. Dynamin-related protein 1 (DRP1) promotes mitochondrial fission and quality control to maintain cellular homeostasis during infection. However, mechanisms by which DRP1 and mitochondrial dynamics control innate immune signaling and the proinflammatory response are incompletely understood. Here we show that macrophage DRP1 is a positive regulator of TNF-α production during sterile inflammation or bacterial infection. Silencing macrophage DRP1 decreased mitochondrial fragmentation and TNF-α production upon stimulation with lipopolysaccharide (LPS) or methicillin-resistant Staphylococcus aureus (MRSA) infection. The defect in TNF-α induction could not be attributed to changes in gene expression. Instead, DRP1 was required for post-transcriptional control of TNF-α. In contrast, silencing DRP1 enhanced IL-6 and IL-1β production, indicating a distinct mechanism for DRP1-dependent TNF-α regulation. Our results highlight DRP1 as a key player in the macrophage pro-inflammatory response and point to its involvement in post-transcriptional control of TNF-α production.
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Introduction

Tumor necrosis factor-α (TNF-α) is a potent pro-inflammatory mediator produced by macrophages upon infection to enhance host defense. TNF-α production is tightly regulated at multiple levels to minimize pathological inflammation and consequent tissue damage (Anderson, 2000). Dysregulated TNF-α levels are commonly linked to inflammatory diseases including systemic lupus erythematosus, septic shock, asthma, type II diabetes, and rheumatoid arthritis (Aggarwal et al., 2006). TNF-α engagement of its receptors, TNF-R1 and TNF-R2, mediates cell recruitment to sites of infection, immune cell activation, and production of antimicrobial molecules, cytokines, and can result in programmed cell death (Klebanoff et al., 1986; Bekker et al., 2001; Wajant et al., 2003). TNF-α-deficient mice are highly susceptible to infectious agents (Marino et al., 1997; Bean et al., 1999) and TNF-α neutralization therapy increases the risk of opportunistic infections and reactivation of latent tuberculosis (Weisman, 2002), underscoring the prominent role of TNF-α in immunity against microbial infection.

Recognition of microbial molecules or pathogen-associated molecular patterns (PAMPs) by Toll-like receptors (TLRs) triggers the canonical NFκB pathway, a primary driver of pro-inflammatory gene expression, including the genes encoding TNF-α, IL-6, and pro-IL-1β (Falvo et al., 2010; Liu et al., 2017). TNF-α transcription can be negatively regulated by multiple effectors including IRAK-M and BCL-3, which inhibit distinct steps of the TLR cascade to shutdown TNF-α expression (Kobayashi et al., 2002; Wessells et al., 2004). Post-transcriptionally, mRNA stability and translational silencing also modulate production of TNF-α. The 3′ untranslated region of Tnfα mRNA contains cis adenine and uridine-rich elements (ARE) where trans-acting factors such as the zinc-finger protein tristetraprolin (TTP) and TIA-1 bind to promote its degradation and translational arrest respectively (Anderson, 2000). Loss of these cis- or trans-acting elements in animal models of disease leads to TNF-α overproduction and chronic inflammation (Taylor et al., 1996; Kontoyiannis et al., 1999), demonstrating the importance of these regulatory mechanisms.

Mitochondria-associated proteins and molecules, like reactive oxygen species (MitoROS), regulate many aspects of innate immune signaling, but the extent to which the mitochondrial network plays a role in TNF-α expression or secretion is not well established. Stimulation of macrophages with LPS profoundly alters mitochondrial metabolism, shifting towards glycolysis for energy production and enabling the accumulation of metabolites like succinate, which promotes pro-IL-1β expression in a HIF1-α dependent manner (Tannahill et al., 2013). Generation of mitoROS and the subsequent release of mitoDNA promotes NLRP3 inflammasome activation and increased IL-1β and IL-18 production (Nakahira et al., 2011; Shimada et al., 2012; Zhong et al., 2018). This inflammatory process is exacerbated by depletion of autophagy proteins LC3B and Beclin-1, implicating mitophagy as a critical tuning mechanism to control mitochondria-dependent innate immune signaling (Nakahira et al., 2011). Moreover, evidence suggests that NLRP3 can be physically recruited to the mitochondrial outer membrane through association with the mitochondrial lipid cardiolipin, enabling inflammasome activation (Iyer et al., 2013; Bronner et al., 2015; Cassel et al., 2016). During viral infection, mitochondrial antiviral signaling protein (MAVS) nucleates the formation of a signaling complex upon RIG-like Receptor (RLR) stimulation that is required for induction of Type I interferon (Castanier et al., 2010; Hou et al., 2011; Stoolman and Chandel, 2019). Thus, mitochondrially associated proteins, lipids and metabolites facilitate innate immune signaling and cytokine production at both transcriptional and post-transcriptional levels, but to date, there is little evidence for a requirement for mitochondrial regulation in TNF-α production in response to infection.

Dynamic regulation of the mitochondrial network through fission and fusion is integral to network function during homeostasis, stress and inflammation (Friedman and Nunnari, 2014; Meyer et al., 2018). DRP1, a GTPase recruited to mitochondria at points of ER contact, oligomerizes on the outer mitochondrial membrane in a ring-like structure that constricts to divide mitochondrial network filaments (Friedman et al., 2011). DRP1 is a prerequisite for some aspects of mitochondrial quality control, as stress-induced fission generates smaller mitochondrial network fragments that can be substrates for the initiation of mitophagy (Breitzig et al., 2018; Yao et al., 2020). Indeed, DRP1 controlled the magnitude of NLRP3 inflammasome activation in response to stimulation by LPS+ATP (Park et al., 2015). Here we investigate the contribution of DRP1 to the pro-inflammatory cytokine response to lipopolysaccharide (LPS) or infection by the human pathogen, methicillin-resistant Staphylococcus aureus (MRSA), and find that DRP1 plays an unanticipated role in post-transcriptional regulation of TNF-α.



Materials and Methods


Cell Immortalization and Culture Conditions

Murine bone marrow-derived macrophages (BMDMs) were immortalized as previously described (Hornung et al., 2008; De Nardo et al., 2018). Briefly, recombinant Cre-J2 virus harboring the v-raf and v-myc oncogenes were produced in 3T3 fibroblasts grown in Complete Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 50 U/ml of Penicillin and 50 µg/ml of Streptomycin. Culture supernatants containing Cre-J2 virus were filtered and stored at −70°C. Mouse femurs and tibias were flushed and cells were transduced with Cre-J2 virus in macrophage differentiation media (50% DMEM, 2 mM L-Glutamine, 1 mM Sodium Pyruvate, 30% L929-conditioned medium, 20% FBS, 50 U/ml of Penicillin and 50 µg/ml of Streptomycin). Immortalized macrophages were grown for at least 1 month before use in experiments to ensure immortalization was successful. L-929 cells were cultured in Minimum Essential Eagle Medium (MEM) supplemented with 2 mM l-glutamine, 1 mM sodium pyruvate, 1 mM non-essential amino acid (NEAA), 10 mM HEPES, and 10% FBS. All experiments were performed in DMEM supplemented with 2 mM l-glutamine, 1 mM Sodium Pyruvate and 10% FBS. When indicated, macrophages were treated with the following inhibitors; 10 µM Z-VAD-FMK (R&D Systems) and 10, 20, or 50 µM CsA (Millipore Sigma). All cells were incubated at 37°C in 5% CO2. All animals used to derive bone marrow for macrophage culture were housed in specific pathogen free facilities at the University of Michigan Medical School Unit for Laboratory Animal Medicine (ULAM) and treated humanely in accordance with an IACUC-approved protocol.



Generation of DRP1 Knockdown Cells

Lentivirus was generated in HEK293T packaging cells grown in DMEM with 10% FBS. Viral particles were produced by transfecting the cells with pLKO.1 plasmid encoding Drp1-specific shRNA and a non-target control (NT-Control) along with the packaging plasmids (pHCMV-G, and pHCMV-HIV-1) (Kulpa et al., 2013) using FUGENE-HD transfection reagent (Promega). The mouse Drp1-specific shRNA plasmid with the sense sequence of (GGCAATTGAGCTAGCTATA) and the non-target control shRNA plasmid were purchased from Sigma-Aldrich. Cell-free viral supernatants were collected, filtered and used to transduce immortalized macrophages. Transduced cells were selected with puromycin (3 µg/ml) and resistant cells were grown and used for the experiments.



Bacterial Culture and Macrophage Infection

USA300 strain LAC, a community associated methicillin-resistant Staphylococcus aureus (MRSA), was stored at −70°C in LB medium containing 20% glycerol. MRSA were streaked out and cultured in tryptic soy agar (Becton Dickinson). Selected colonies were grown for 18 h in liquid tryptic soy broth at 37°C with shaking (240 rpm). MRSA were centrifuged, washed, and re-suspended in phosphate buffered saline (PBS). Bacteria count was estimated based on OD600 and confirmed by enumerating colony forming units (CFU). Macrophages were infected with MRSA at a multiplicity of infection of 20 (MOI 20) for 1 h. Infected macrophages were washed 3× with PBS and cultured in media containing gentamicin (50 µg/ml) or Lysostaphin (10 U/ml) to kill extracellular bacteria.



Immunoblotting Analysis

Macrophages were seeded in 6-well tissue culture treated plates at a density of 1×106/well. On the next day, cells were washed 3× with PBS and lysed on ice for 15 min with 0.1% NP40 lysis buffer containing protease inhibitor cocktail (Roche). For protein phosphorylation immunoblot experiments, lysis buffer was supplemented with PhosSTOP™ phosphatase inhibitor (Roche). Cell lysates were collected, centrifuged and lysate supernatants were heated at 95°C for 15 min in Laemmli sample buffer (Laemmli, 1970). Proteins were separated by SDS-PAGE on gradient gels (4–20%, Bio-Rad), transferred onto nitrocellulose membranes and blocked with PBS containing 0.05% Tween-20 and 1.0% dry milk or 5.0% BSA (blocking buffer). Membranes were incubated with primary antibodies in a blocking buffer overnight at 4°C. After washing with PBS, membranes were incubated with secondary LI-COR antibody for 1 h at room temperature and visualized using the Odyssey Infrared Imaging System (Li-Cor Biosciences). The following antibodies were used: rabbit anti-DRP1 antibody clone D8H5 (1:1000 dilution, Cell Signaling, Cat# 5391S), mouse anti-GAPDH antibody clone 6C5 (1:2000 dilution, Santa Cruz, Cat# SC-32233), rabbit anti-phospho-DRP1 Ser635 antibody clone D9A1 (1:1000 dilution, Cell Signaling, Cat# 4494S), rabbit anti-phospho-DRP1 Ser656 antibody clone D3A4 (1:1000 dilution, Cell Signaling, Cat# 6319S), rabbit anti-MFF antibody clone E5W4M (1:1000 dilution, Cell Signaling, Cat# 84580), rabbit anti-MFN2 antibody clone D1E9 (1:1000 dilution, Cell Signaling, Cat# 11952S), mouse anti-OPA1 (1:1000 dilution, BD Biosciences, Cat# 612606), rabbit anti-TOM20 antibody (1:1000 dilution, Proteintech, Cat# 11802-1-AP), IRDye 800CW Goat anti-Mouse IgG antibody (1:10,000 dilution, LI-COR, Cat# P/N 925-32210), and IRDye 680RD Goat anti-Rabbit IgG antibody (1:10,000 dilution, LI-COR, Cat# 925-68071).



Immunofluorescence Staining and Confocal Microscopy

Macrophages were seeded onto #1.5 glass coverslips in 6-well plates at a density of 106/well. On the next day, cells were left untreated or stimulated for 4 h with 200 ng/ml LPS derived from Salmonella minnesota R595 (InvivoGen). Macrophages were fixed with 3.7% paraformaldehyde at room temperature for 20 min and permeabilized for 30 min with the wash buffer (PBS containing 0.1% Triton X-100) and blocked with 10% Normal Goat Serum control (Invitrogen) in the wash buffer. Coverslips were incubated with primary and then secondary antibody for 45 min at room temperature in a staining buffer (PBS, 0.1% Triton X-100 and 10% Normal Goat Serum). Antibody used are as follows: Rabbit anti-TOM20 antibody (1:100 dilution, Proteintech, Cat# 11802-1-AP); Mouse anti-MT-ND1 (Complex I) antibody clone 18G12BC2 (1:100 dilution, Thermo Fisher, Cat# 43-8800); Alexa Fluor-488 Goat anti-Mouse antibody (1:200 dilution, Thermo Fisher, Cat# A-11001); Alexa Fluor-594 Goat anti-Rabbit antibody (1:200, Thermo Fisher, Cat# A-11012). Cells were counterstained with CellTracker Red CMTPX (Thermo Fisher, C34552) and DAPI (Thermo Fisher, D1306) according to manufacturing protocol. Coverglasses were washed and mounted onto microscope slides using Prolong Diamond Antifade Mountant (Thermo Fisher, P36970). Cells were imaged at 100× magnification using a Yokogawa CSU-X1 Spinning Disk confocal microscope (Nikon). Images were analyzed using the open source softwares CellProfiler (see below) and Fiji image processing package. Background was subtracted from representative images using Fiji ImageJ (30 pixel rolling ball radius).



Mitochondrial Morphology Analysis

We developed an image analysis pipeline to quantify mitochondrial morphology using the open source software CellProfiler (Carpenter et al., 2006). This analysis pipeline and technical annotations are available upon request. Briefly, nuclei were identified based on two-class Otsu segmentation in the DAPI image. Similarly, cell area was determined based on Cell Tracker Red staining. Single cells were identified based on expansion of nuclear objects to the cell perimeter, where each cell contains a single nucleus. Mitochondrial objects were identified using the Complex I image and categorized as fragmented or non-fragmented based on object size (<1 µm2) and form factor (circularity >0.6) thresholds. Additionally, contiguous mitochondrial objects were skeletonized using the skeletonize module to assess the average length of mitochondria. The number and area of mitochondrial objects and the length of the skeletonized mitochondrial network were quantified and related to cells using the “relate objects” module to generate single-cell measurements. This process was repeated across four independent experiments (25–60 cells per condition, each experiment) and average values per experiment are reported.



Plasma Membrane Integrity and Cell Death

A cell impermeable nucleic acid binding SYTOX fluorescent dye (Thermo Fisher) was used for measuring loss of plasma membrane integrity, which is indicative of cell death. Macrophages were seeded onto black, clear-bottom 96-well tissue culture plates at a density of 5×104/well. On the next day, the media were exchanged with 100 µl of media without phenol red containing 500 nM SYTOX Green. Equal volumes of media with specific treatment DMSO, LPS (200 ng/ml), MRSA (MOI 20), CCCP (5 µM) or NP-40 (2%) were used. The green fluorescence intensity was measured at 8 h using a BioTek microplate reader.



Cellular Reduction State and Viability

Cell-permeable redox indicators Resazurin (Biotium, Cat# 30025-1) and WST-1 (Roche, Cat# 5015944001 were used according to manufacturer protocols to monitor cellular metabolic activity, which is indicative of cell viability. NT-Control and DRP1 KD macrophages were seeded onto 96-well plates for the Resazurin assay or 24-well plates for the WST-1 assay at a density of 5×104 or 2.5×105/well, respectively. On the next day, cells were left untreated (Mock) or stimulated with LPS (200 ng/ml) and cellular metabolic redox was monitored. Absorbance was measured at 570 nm and 600 nm for the reduced Resazurin (Resorufin) and at 440 and 600 nm for the reduced WST-1 (Formazan) using a BioTek microplate reader.



ATP Rate Assays

The rate of ATP production from mitochondrial respiration and glycolysis was measured by Seahorse XF Real-Time ATP Rate Assay (Agilent, Cat# 103677-100) as previously described (Passalacqua et al., 2019). NT-Control and DRP1 KD macrophages were seeded onto Seahorse XF96 cell culture microplates at a density of 4 X 104 per well. On the following day, media was replaced and the following experimental conditions were tested after 4 h treatment: untreated (Mock), LPS (500 ng/ml) or MRSA (MOI 20). Cells were washed with the assay culture media and placed in a non-CO2 incubator at 37°C for 45 min, and media were exchanged with fresh, warmed assay media and the rate of ATP production was monitored using the Seahorse XFe96 Analyzer. Data were analyzed by using the XF Real-Time ATP Rate Assay Report Generator.



Cytokine Analysis

Macrophages were seeded onto 24-well plates at a density of 2.5 X 105 per well. Cells were left untreated (Mock), stimulated with LPS (200 ng/ml), LPS+ATP or infected with MRSA (MOI 20). Culture supernatants were collected at 4, 8, or 24 h and the level of cytokines (TNF-α, IL-1β, and IL-6) were quantified by ELISA by the University of MIchigan Cancer Center Immunology Core.



RNA Extraction and RT-qPCR

Macrophages were seeded onto 6-well tissue culture plates at a density of 1 X 106 cells per well. Cells were left untreated (Mock), stimulated with LPS (200 ng/ml) or infected with MRSA (MOI 20) for 4 h. Cells were washed 3× with PBS containing calcium chloride and magnesium chloride (PBS+/+) and RNA was extracted using Zymo Research Corporation Direct-zol RNA MiniPrep Plus kit. RNA was quantified by nanodrop and normalized across all conditions. cDNA synthesis was performed using random hexamers (Thermo Fisher, Cat# N8080127) and murine leukemia virus reverse transcriptase (RT, Thermo Fisher, Cat# 28025021). Quantitative PCR was performed using PowerUp SYBR Green Master Mix (Thermo Fisher, Cat# A25741) with the following primers: Tnfα forward primer sequence 5′CTTCTGTCTACTGAACTTCGG3′, Tnfα reverse primer sequence 5′-CAGGCTTGTCACTCGAATTTTG-3′, Il1β forward primer sequence 5′-GCCCATCCTCTGTGACTCAT-3′, Il1β reverse primer sequence 5′-AGGCCACAGGTATTTTGTCG-3′, Actb forward primer sequence 5′-ATGGTGGGAATGGGTCAGAAGGAC-3′, and Actb reverse primer sequence 5′-CTCTTTGATGTCACGCAGGATTTC-3′. qPCR conditions were 95°C for 10 min, and 40 amplification cycles of 95°C for 10 s, 53°C for 45 s, and 72°C for 1 min.



Intracellular TNF-α Staining and Flow Cytometry

Macrophages were seeded onto 6-well tissue culture plates at a density of 1 X 106 cells per well. Macrophages were left untreated (Mock), stimulated with LPS (200 ng/ml) or infected with MRSA (MOI 20) in the presence of 2 µM monensin (Biolegend, Cat# 420701) to block protein transport. Cells were washed, collected in ice cold PBS and fixed with 3.7% paraformaldehyde at room temperature for 15 min. Cells were blocked and permeabilized with 1× intracellular staining perm wash buffer for 30 min (Biolegend, Cat# 421002). Cells were stained with APC anti-Mouse TNF-α Antibody (1:100 dilution, Biolegend, Cat# 506308) in an intracellular staining perm wash buffer for 30 min in the dark at room temperature. Cells were washed 2× with 2 ml of intracellular staining perm/wash buffer and measured by flow cytometry (FACSCanto, BD Biosciences). Data was analyzed by FlowJo software. The mean fluorescence intensity for each condition was determined as the geometric mean.



Statistical Analysis

Data were analyzed using Graphpad Prism 8.0. Unless otherwise stated, graphs are presented as a mean of n ≥ 3 independent experiments with standard deviation (SD) error bars. Differences between paired groups were tested using Two-way ANOVA and followed up by Sidak’s multiple comparisons test. P values < 0.05 were considered significant and designated by: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All statistically significant comparisons are marked.




Results


Toll-Like Receptor Signaling Augments DRP1-Dependent Mitochondrial Fragmentation

To evaluate the role of mitochondrial fission regulator DRP1 in the macrophage response to inflammatory stimuli, we generated stable DRP1 knockdown (DRP1 KD) and non-target control (NT-Control) cell lines by expressing shRNA specific for Drp1 or a non-target sequence in immortalized mouse bone marrow-derived macrophages (iBMDM). DRP1 protein levels were evaluated by immunoblot and were depleted in DRP1 KD macrophages compared to NT-Control macrophages (Figure 1A). Of note, DRP1 was lowered at the protein level in primary differentiation macrophages compared to immortalized macrophages (Figure S1A), which is also observed in other senescent cells relative to dividing cells (Mai et al., 2010). To test whether immune signaling induces changes in mitochondrial dynamics, we stimulated NT-Control and DRP1 KD macrophages with the Toll-like Receptor (TLR) 4 agonist lipopolysaccharide (LPS) and analyzed mitochondrial morphology by immunofluorescence confocal microscopy. The mitochondrial network was visualized by staining with antibodies specific for the mitochondrial outer membrane (OM) protein TOM20 and mitochondrial inner membrane (IM) Respiratory Complex I (Complex I) (Figure 1B). Silencing macrophage DRP1 resulted in elongated, tubular mitochondrial network morphology, as previously observed (Park et al., 2015). In contrast, mitochondrial morphology of NT-Control macrophages presented along a spectrum of fragmented (spherical and separated mitochondria) to networked (elongated and fused mitochondria). In agreement with prior reports, mitochondrial morphology appeared to be more fragmented upon LPS stimulation in NT-Control macrophages compared to unstimulated conditions (Gao et al., 2017). However, the level of mitochondrial fragmentation remained unchanged in LPS-stimulated DRP1 KD macrophages. To quantify the effect of DRP1 depletion on LPS-induced mitochondrial fragmentation, we established an automated image analysis pipeline for measuring fragmented mitochondria using CellProfiler image analysis software (Figure S2). Fragmented mitochondria were defined based on the size and shape of mitochondrial Complex I objects, where objects smaller than 1 µm2 with circularity greater than 0.6 were considered fragmented mitochondria and larger, less circular objects were considered non-fragmented. Mitochondrial fragmentation was quantitatively increased in LPS-stimulated NT-Control macrophages, whereas LPS-stimulated DRP1 KD macrophages failed to significantly induce mitochondrial fragmentation (Figures 1C, S2C, D). The increase in mitochondrial fragmentation was not due to increased mitochondrial mass since TOM20 levels were unchanged in NT-Control macrophages during the 4 h of LPS stimulation (Figure S1D). We also performed skeletonization analysis of the mitochondrial network and measured the mean length of skeletonized mitochondria per cell to assess mitochondrial elongation and network complexity. We observed that LPS stimulation shortened the average mitochondrial length per cell, consistent with an increase in mitochondrial fission (Figure 1C). Further, DRP1 KD led to a global increase in mitochondrial length and disrupted LPS-induced shortening of mitochondria. In addition, DRP1 KD cells were reported to contain bulb-like mitochondrial structures (Mito-bulbs) where mitoDNA and IM Cytochrome C are concentrated, which we also observed for Complex I (Figure 1B) (Möpert et al., 2009; Ban-Ishihara et al., 2013). These bulb-like mitochondrial structures were more readily apparent when DRP1 KD macrophages were stimulated with LPS compared with untreated cells (Mock), suggesting that formation of mito-bulbs might be a consequence of failure to undergo DRP1-dependent fission in response to LPS-induced stress.




Figure 1 | DPR1 is required for LPS-induced mitochondrial fragmentation. (A) Representative immunoblot analysis and quantification of total DRP1 protein in NT-Control and DRP1 KD immortalized Bone marrow- derived macrophage cell lines which were left untreated (Mock) or stimulated for 4h with 200 ng/ml LPS. (B) Representative confocal immunofluorescence images of NT-control and DRP1 KD macrophages stained for TOM20 (red), Complex I (green) and DAPI (blue) after 4h LPS stimulation. (C) Quantification of mitochondrial length and fragmentation was performed based on Complex I images of Mock and LPS-stimulated macrophages using CellProfiler image analysis software. Graphs are presented as mean of n=4 independent experiments with standard deviation (SD) error bars. P value was calculated using two-way ANOVA with Sidak’s post-test for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001.



To investigate whether LPS-induced changes in mitochondrial morphology were due to DRP1 post-translational modification, we tested the effect of LPS stimulation on DRP1 phosphorylation at its activating site (Ser635) and inhibitory site (Ser656) during LPS stimulation. Similar to a recent report, we observed a trend in increased DRP1 Ser635 phosphorylation, yet no change in DRP1 Ser656 phosphorylation during 4 h LPS stimulation (Figures S1B, C) (Kapetanovic et al., 2020). Furthermore, we examined the effect of LPS stimulation on expression of the key DRP1 adaptor protein Mitochondrial Fission Factor (MFF) as well as the well-characterized fusion regulators Mitofusin-2 (MFN2) and OPA1 (Figures S1B, C). We did not detect any differences in abundance of these regulators of mitochondrial fission and fusion during LPS stimulation. However, we did observe a global increase in MFN2 expression in DRP1 KD macrophages, which may promote mitochondrial elongation and further limit LPS-induced mitochondrial fragmentation in DRP1 KD macrophages. Collectively, our data support a role for DRP1 in promoting mitochondrial fragmentation in LPS-stimulated macrophages.



DRP1 Is Dispensable for Metabolic Switching and Cell Death During Toll-Like Receptor Signaling and Methicillin-Resistant Staphylococcus aureus Infection

TLR signaling initiates a metabolic shift toward glycolysis and away from oxidative phosphorylation in macrophages, which enhances immunological responses, including production of proinflammatory cytokines (Kelly and O’Neill, 2015). Although mitochondrial morphology impacts metabolism (Yu et al., 2015), the role of DRP1 in metabolic reprogramming during immune stimulation in macrophages is poorly understood. To investigate whether depletion of DRP1 has consequences on LPS-stimulated metabolic reprogramming in macrophages, we first analyzed levels of mitochondrial oxidative phosphorylation (OXPHOS) complex subunits between DRP1 KD and NT-Control macrophages by immunoblot. We observed that depletion of DRP1 altered the stoichiometry of electron transport chain and ATP synthase complexes (Figures 2A, B). Alterations in the relative abundance of these respiratory complexes may influence their assembly into higher order supercomplexes to enhance respiration and ATP production by mitochondrial oxidative phosphorylation (Acín-Pérez et al., 2008). We therefore monitored the rate of mitochondrial and glycolytic adenosine triphosphate (ATP) production based on oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) respectively in unstimulated, LPS-stimulated, or MRSA-infected macrophages using a Seahorse real time ATP rate assay (Romero et al., 2017). MRSA infection was included to represent a more physiological and dynamic interaction between host and pathogen. In unstimulated conditions and under steady state, DRP1 KD macrophages had a slightly lower ECAR and higher OCR when compared to NT-Control that resulted in a significantly higher calculated ratio of ATP produced by mitochondria to ATP produced by glycolysis (Figures 2C, D). Remarkably, when cells were treated with Oligomycin (Complex V inhibitor) and Rotenone (Complex I inhibitor) + Antimycin A (Complex III inhibitor) to inhibit mitochondrial ATP production, DRP1 KD cells produced substantially lower ECAR compared to NT-Control cells (Figure 2C), indicating that DRP1 is required for metabolic reprogramming in response to mitochondrial perturbations.




Figure 2 | Silencing macrophage DRP1 does not influence metabolic reprogramming and cell death during immune stimulation. (A) Representative immunoblot of OXPHOX mitochondrial complexes protein expression from NT-Control and DRP1 KD macrophages. (B) Quantification of immunoblots from (A). Graph symbols represent the ratio of OXPHOX Complex I-V expression levels relative to β-ACTIN of four independent experiments with mean ± SD. (C) Overlaid measurements of extracellular acidification and oxygen consumption rates (ECAR and OCR, respectively) using Agilent Seahorse ATP real-time rate assay in NT-Control and DRP1 KD macrophages. (D) Quantification of ATP rate index (a metabolic shift from mitochondrial respiration to glycolysis) in NT-Control and DRP1 KD macrophages when cells were left untreated (Mock), stimulated with LPS for 4h (LPS) or infected with MRSA at MOI of 20 for 4h (MRSA). ATP rate index is the ratio of the rate of mitochondrial ATP (MitoATP) production over glycolytic ATP (GlycoATP) production rate, which was quantified using the Agilent Seahorse ATP real-time rate assay. (E) SYTOX green fluorescence intensities of NT-Control and DRP1 KD macrophages were measured by plate reader after cells were exposed to DMSO, LPS (200 ng/ml), MRSA (MOI 20), CCCP (5 μM) or NP-40 (2%) for 8h. (F) Mitochondrial membrane potential was assessed by flow cytometry using TMRE dye. Mean fluorescence intensity (MFI) of NT-Control and DRP1 KD macrophages after 15min labeling with TMRE when cells were exposed for 4h to DMSO or CCCP (5 μM). MFI quantification was determined using FlowJo software, representing the geometric mean. Unless otherwise stated, graphs indicate mean ± SD of n ≥ 3 independent experiments. Two-way ANOVA followed by Sidak’s multiple comparisons test was performed to determine statistical significance. *P < 0.05; **P < 0.01; ****P < 0.001.



However, upon LPS stimulation, the ratio of ATP produced by mitochondria relative to glycolysis was decreased in both DRP1 KD and NT-Control macrophages, suggesting that DRP1 is not required for the LPS-induced metabolic shift toward glycolysis (Figure 2D). Similar results were observed in MRSA-infected macrophages, which shifted metabolic flux toward glycolysis independently of DRP1.

DRP1-mediated mitochondrial fission is a critical step in initiating cell death in response to stress stimuli such as staurosporine and ROS (Frank et al., 2001; Suen et al., 2008). Because macrophages stimulated with LPS or infected with MRSA induce mitoROS generation (West et al., 2011; Abuaita et al., 2018), we monitored susceptibility of DRP1 KD and NT-Control macrophages to cell death in response to immune stimulation or treatment with the mitochondrial oxidative phosphorylation uncoupler, carbonyl cyanide m-chlorophenyl hydrazine (CCCP). Cell death was assessed through uptake of the cell-impermeant nucleic acid fluorescent probe, SYTOX Green, which indicates loss of plasma membrane integrity (Figure 2E). SYTOX fluorescence intensity remained low upon LPS treatment or MRSA infection, comparable to untreated cells, indicating minimal cell death in DRP1 KD or NT-Control macrophages. In addition, we monitored cellular redox state using resazurin and WST-1 assays (O’brien et al., 2000; Berridge et al., 2005). DRP1 KD cells exhibited slightly lower levels of reduced resazurin and WST-1 compared to NT-Control cells, but stimulation with LPS did not lead to changes in cellular reduction status relative to unstimulated mock cells (Figure S3). However, we found that DRP1 blocked CCCP-induced cell death. Treatment with CCCP increased SYTOX fluorescence intensity in DRP1 KD relative to NT-Control macrophages even though CCCP treatment disrupted mitochondrial membrane potential similarly in both cell lines (Figure 2F). These results support a pro-survival role for DRP1 when mitochondrial membrane potential is compromised, likely through clearance of damaged mitochondria by mitophagy (Twig et al., 2008).



DRP1 Restrains Macrophage IL-1β Production but Is Required for TNF-α Production

Recent evidence supports that DRP1 contributes to NLRP3 inflammasome activation in macrophages, since DRP1 KD in macrophages results in increased inflammasome activation and secretion of IL-1β (Park et al., 2015). The role of DRP1 in the regulation of other macrophage pro-inflammatory cytokines is poorly defined. To investigate the contribution of DRP1 to pro-inflammatory cytokine responses, we stimulated DRP1 KD and NT-Control macrophages with the classical inflammasome activation signals of LPS+ATP or MRSA infection. Following 24-h stimulation, we analyzed culture supernatants by ELISA to determine secretion of the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α (Figure 3). We observed an increase in IL-1β secretion in DRP1 KD macrophages compared to NT-Control macrophages during inflammasome activation, comparable to previous reports (Park et al., 2015) (Figure 3A). To further investigate whether DRP1 impedes IL-1β production by decreasing expression Il1β transcriptionally, we monitored the levels of Il1β transcript in DRP1 KD and NT-Control macrophages in response to LPS stimulation by RT-qPCR (Figure S4). Similar levels of Il1β transcript were induced by both DRP1 KD and NT-Control macrophages in response to LPS stimulation or MRSA infection, suggesting that DRP1 inhibits IL-1β production independent of Il1β transcription. We also observed a slight increase in IL-6 secretion during inflammasome activation, but not MRSA infection by DRP1 KD macrophages, suggesting DRP1 may modulate IL-6 responses under some conditions (Figure 3B). Surprisingly, we observed a marked reduction in TNF-α production in DRP1 KD macrophages compared to NT-Control macrophages during both classical inflammasome activation and MRSA infection (Figure 3C). These findings suggest that DRP1 may regulate macrophage pro-inflammatory cytokine responses through multiple mechanisms, enhancing TNF-α and restraining IL-1β production.




Figure 3 | DRP1 blocks IL-1β and promotes TNF-α production during MRSA infection and sterile inflammation. Levels of IL-1β (A), IL-6 (B) and TNF-α (C) in culture media of NT-Control and DRP1 KD macrophages were quantified by ELISA at 24h post stimulation. Macrophages was left untreated (Mock), stimulated with 200 ng/ml of LPS for 23h followed by 1 mM of ATP for 1h (L+A), or infected with MRSA (MOI 20). Graphs indicate the mean of n ≥ 4 independent experiments ± SD. Statistical analysis was performed by two-way ANOVA followed by Sidak’s multiple comparisons test. ***P < 001; ****P < 0.0001.





Silencing DRP1 Diminishes TNF-α Protein Levels

Transcriptional and post-transcriptional events are known to regulate TNF-α production (Sariban et al., 1988; Anderson, 2000). We therefore evaluated whether DRP1 exerted an effect on TNF-α transcription, translation, and/or secretion. The cellular levels of Tnfα mRNA and production of mature TNF-α in culture supernatants were monitored simultaneously at 4 h post LPS-stimulation or MRSA infection (Figures 4A, B). The levels of Tnfα transcript were not changed by silencing DRP1, but TNF-α secretion in culture supernatants was decreased, suggesting that DRP1 regulates TNF-α production at the post-transcriptional level. Next, we assessed whether silencing DRP1 affected TNF-α protein levels by performing intracellular staining on macrophages treated with monensin to block protein secretion (Figure 4C). LPS treatment or MRSA infection of NT-Control macrophages induced accumulation of intracellular TNF-α protein in monensin-treated cells. In contrast, DRP1 KD cells failed to accumulate intracellular TNF-α protein, suggesting that DRP1 is required for TNF-α translation or stability.




Figure 4 | DRP1 regulates TNF-α production at post-transcriptional level. (A) Quantitative real-time PCR of Tnfa transcript levels of NT-Control and DRP1 KD macrophages after 4h stimulation with LPS or MRSA infection (MOI 20). Data are relative to NT-Control macrophage untreated (Mock) condition. (B) TNF-α levels in culture media of conditions from (A) were quantified by ELISA at 24h post-stimulation. (C) Total TNF-α levels were monitored by intracellular staining using flow cytometry after blocking protein transport with monensin. Macrophages were stimulated with LPS (200 ng/ml), infected with MRSA (MOI 20) or left untreated (Mock) in the presence of monensin 4h and stained intracellularly for TNF-α. Mean fluorescence intensity (MFI) of TNF-α was determined using FlowJo software, representing the geometric mean. Graphs show the mean ± SD from at least three independent experiments. P value was calculated using two-way ANOVA with Sidak’s post-test for multiple comparisons. ***P < 0.001; ****P < 0.0001.





DRP1 Regulates TNF-α Levels Independently of Mitochondrial Outer Membrane Permeability

DRP1 can induce release of Cytochrome C (CytC) into the cytosol to trigger caspase-mediated apoptosis in response to stress stimuli (Frank et al., 2001). Cyclosporine A (CsA), an inhibitor that prevents opening of the mitochondrial permeability transition pore (MPTP), blocks release of mitochondrial damage-associated molecular patterns (DAMPs) such as mitoDNA and cytC, which impact immune signaling and cytokine production (Broekemeier et al., 1989; Remick et al., 1989; Dawson et al., 1996; Kanno et al., 2002; Nakahira et al., 2015). Thus, we analyzed the effect of the MPTP blocker, CsA, or a broad-spectrum caspase inhibitor, Z-VAD-FMK, on cytokine production by DRP1 KD or NT-Control macrophages in response to LPS and ATP stimulation (Figure 5A). Treatment with Z-VAD-FMK or CsA caused reduction in the elevated level of IL-1β that was produced by DRP1 KD macrophages. Although the IL-1β baseline level produced by NT-Control was much lower than DRP1 KD macrophages, Z-VAD-FMK or CsA exposure also decreased IL-1β production by NT-Control macrophages to the level of unstimulated cells. In contrast, TNF-α produced by NT-Control macrophages was only reduced when macrophages were treated with higher concentrations of CsA, and Z-VAD-FMK treatment did not affect TNF-α levels at all (Figure 5B). To further investigate whether CsA blocks TNF-α translation similarly to DRP1 KD, we monitored the levels of cell-associated TNF-α by intracellular staining with protein transport inhibited by monensin (Figure 5C). CsA treatment did not decrease intracellular TNF-α in LPS-stimulated DRP1 KD or NT-control macrophages, revealing that CsA treatment might block TNF-α production by acting on a different stage of TNF-α regulation. Collectively, our data suggest that MPTP blockade restrains DRP1-dependent IL-1β responses but does not affect DRP1-dependent regulation of mature TNF-α.




Figure 5 | CsA blocks IL-1β production in DRP1 KD macrophages but inhibits TNF-α production by DRP1 independent mechanism. (A) Quantification of IL-1β (A) and TNF-α (B) levels in culture media of NT-Control and DRP1 KD macrophages after stimulation with LPS+ATP for 8h in the presence and absence of Z-VAD-FMK or various concentrations of CsA. (C) MFI of TNF-α intracellular staining of NT-Control and DRP1 KD macrophages was assessed by flow cytometry. Macrophages were treated with the indicated inhibitors and stimulated with LPS (200 ng/ml), infected with MRSA (MOI 20) or left untreated (Mock) for 4h. Data were analyzed with FlowJo software where MFI represents geometric mean. Graphs are presented as the mean of n ≥ 3 independent experiments ± SD. Two-way ANOVA with Sidak’s multiple comparisons post-test was used to determine statistical significance. *P <0.05; ***P <0.001; ****P <0.0001. ns: not significant.






Discussion

Mitochondria are dynamic organelles that undergo fission and fusion processes to maintain cellular homeostasis. Previous studies have shown that DRP1 modulates production of cytokines such as IL-1β, IL-6, and IFN-β in response to immune stimulation and microbial infections (Castanier et al., 2010; Gao et al., 2017; Tiku et al., 2020). However, the mechanisms by which DRP1 regulates production of different pro-inflammatory cytokines are not well understood. In this study, we have shown that LPS stimulation triggers DRP1-dependent mitochondrial fragmentation, and that this mitochondrial fission regulator is required to maximally induce TNF-α and suppress IL-1β production. DRP1 expression was also required for MRSA-induced TNF-α production through post-transcriptional regulation, potentially implicating an effect of DRP1 on cytokine translation or stability. These data highlight the importance of DRP1 for mitochondrial fragmentation in response to innate immune stimulation and for post-transcriptional regulation of pro-inflammatory cytokine production.

Mitochondrial dynamics depend on the integration of complex cell-intrinsic and extrinsic cues. The functional consequences of reorganization of the mitochondrial network are context dependent, and the contributions of mitochondrial fission and fusion to the regulation of inflammatory responses remains controversial. Some studies report that pharmacological inhibition of the mitochondrial fission regulator DRP1 in vivo by the small molecule Mdivi-1 relieves inflammation and the production of pro-inflammatory cytokines in the context of inflammatory diseases (Fan et al., 2017; Li et al., 2019; Nair et al., 2019). Some in vitro studies support that macrophages genetically deficient in DRP1 secrete significantly more of the pro-inflammatory cytokine IL-1β due to increased activation of the NLRP3 inflammasome (Park et al., 2015), while others report that silencing DRP1 decreased LPS-induced inflammatory cytokine levels (Umezu et al., 2020). Therefore, contextual cues from specific cell lineages or genetic backgrounds may influence the role of DRP1 and mitochondrial fragmentation on inflammatory output. Indeed, primary mouse and human macrophages exhibit distinct metabolic shifts in response to stimulation by LPS (Vijayan et al., 2019), reinforcing the idea that mitochondrial control of inflammation is context-dependent. Our data show that genetic depletion of DRP1 results in diminished TNF-α production by macrophages in contrast to the heightened production of IL-1β. Since macrophages are major producers of TNF-α, these findings lend new genetic insight into the attenuation of inflammation observed in vivo upon pharmacological inhibition of DRP1 (Grivennikov et al., 2005). Notably, diminished IL-1β production is also observed in vivo during Mdivi-1 inhibition of DRP1 (Deng et al., 2020). While these differences may result from DRP1-independent, off-target effects of Mdivi-1 treatment on mitochondrial metabolism, it is also reasonable that loss of TNF-α production during Mdivi-1 treatment may mask the effect on IL-1β production in vivo (Bordt et al., 2017). Overall, these observations support that DRP1 is critical for the maintenance of pro-inflammatory cytokine responses during sterile inflammation.

The balance between mitochondrial fission and fusion can shift in response to infection to enhance macrophage effector function. Importantly, the outcome of alterations in the mitochondrial network is not conserved. Previous studies have observed that infection with bacterial pathogens is commonly associated with mitochondrial fragmentation, whereas viral infection often promotes mitochondrial fusion in macrophages (Tiku et al., 2020). Surprisingly, these polarized morphological phenotypes can converge to promote inflammation, albeit by different mechanisms. For example, some evidence supports that mitochondrial fission is important for IL-1β production during bacterial infection. In this model, mitochondrial DAMPs, such as mitoDNA or mitoROS, undergo a fission-dependent increase in abundance or cytosolic exposure to promote activation of the NLRP3 inflammasome (Park et al., 2015). At the same time, recognition of viral RNA by cytosolic RLRs can promote mitochondrial fusion, the activation of the MAVS, and MAVS-dependent NLRP3 inflammasome activation (Castanier et al., 2010; Park et al., 2013). In this way, both mitochondrial fission and fusion promote context-dependent macrophage effector function.

While some pathogen-derived virulence factors can reshape the mitochondrial network to promote infection, recent evidence suggests that signaling through pattern-recognition receptors, such as TLRs and RLRs, also plays an important role in defining mitochondrial dynamics (Castanier et al., 2010; Stavru et al., 2013; Gao et al., 2017; Rozzi et al., 2018). Consistent with previous reports, we have shown that TLR4 signaling via LPS stimulation enhances mitochondrial fragmentation (Gao et al., 2017; Nair et al., 2019; Kapetanovic et al., 2020). Furthermore, we have shown that knockdown of DRP1 disrupts LPS-induced mitochondrial fragmentation. However, additional studies are needed to determine the mechanism by which TLR4 signaling influences mitochondrial fragmentation. It is plausible that TLR4 signaling leads to rewiring of cellular metabolism to favor glycolysis, which can drive mitochondrial fragmentation due to concomitant accumulation of MitoROS (Willems et al., 2015; Mills et al., 2016; Lauterbach et al., 2019). Additionally, mitoROS may exacerbate NF-κB activation, thereby accelerating ROS production in a positive feedback loop leading to further mitochondrial fragmentation (Mariappan et al., 2010; Morgan and Liu, 2011; Wang et al., 2014). It has been shown that DRP1 activity can be regulated through activation of kinases ERK1/2 and NF-κB inducing kinase (NIK), which phosphorylate the activating site of DRP1, Ser616 (mouse Ser635) (Jung et al., 2016; Prieto et al., 2016). At the same time, Calcineurin and Protein phosphatase 2A can dephosphorylate the DRP1 inhibitory site, Ser656, to promote DRP1 function (Cribbs and Strack, 2007; Cereghetti et al., 2008; Merrill and Slupe, 2013). Our finding that DRP1 KD prevents LPS-induced mitochondrial fragmentation supports that DRP1 activity is critical for rapid reorganization of the mitochondrial network to generate a pool of fragmented mitochondria in response to inflammatory stimuli. Although we observed a trend in increased DRP1 Ser635 phosphorylation during 4 h LPS stimulation, it is not clear if this subtle change is sufficient to account for LPS-induced rearrangements in mitochondrial morphology. Still, it is possible that more robust phosphorylation of DRP1 occurs earlier during immune activation, as has been previously described for LPS stimulation (Kapetanovic et al., 2020). Finally, other post-translational modifications, including S-nitrosylation, SUMOylation, and ubiquitination, are known to regulate DRP1 function (Otera et al., 2013), yet the relevance of these modifications to LPS-induced mitochondrial fragmentation remain to be elucidated.

To our knowledge, a role for DRP1 in post-transcriptional control of TNF-α production has not been described. There are multiple known mechanisms by which TNF-α responses can be controlled following transcription. Specifically, post-transcriptional regulation of TNF-α production can occur at the level of mRNA nuclear export, translation, and protein stability (Anderson, 2000; Piecyk et al., 2000; Skinner et al., 2008; Lahat et al., 2008). As described above, ERK1 is a key regulator of DRP1 activity, yet it also critical for the control of Tnfα mRNA translation through activation of TAP and NXT1, RNA-binding proteins (RBPs) which facilitate nucleocytoplasmic transport (Skinner et al., 2008). Still, there is an incomplete link between ERK1 and the activity of these RBPs. It is plausible that ERK1 acts through DRP1 to control TNF-α production in this manner. In fact, mitochondria are known to engage in post-transcriptional regulation of many genes, particularly those involved in mitochondrial metabolism and biogenesis (Pearce et al., 2017). Further, another RBP TIA-1 acts by stalling translation and has been linked to both the post-transcriptional regulation of TNF-α production and the regulation of the MFF, which promotes DRP1 mitochondrial recruitment (Piecyk et al., 2000; Tak et al., 2017). Nevertheless, a role for TIA-1 in DRP1-dependent TNF-α production has not been identified. Finally, there is evidence that TNF-α can be degraded within macrophage lysosomes under certain stress conditions, such as hypoxia (Lahat et al., 2008). However, a mechanism by which mitochondria may engage in this process is not clear. Altogether, TNF-α is a potent inflammatory signal which is regulated at every level from transcription to secretion in macrophages. Perhaps not surprisingly, mitochondria, the hub for cellular metabolism and stress responses, may also regulate TNF-α production, perhaps through the process of DRP1-dependent mitochondrial fission. Mitochondrial constituents, such as mitochondrial DNA, have been implicated in chronic autoimmune diseases and may serve as the source of self-antigen in lupus (Kim et al., 2019), pointing to the concept of “friendly fire” as a principle in understanding endogenous disease drivers (Gomes-Leal, 2019). More broadly, regulators of mitochondrial stress and integrity, like DRP1 may represent under-appreciated targets for intervention in diseases with an inflammatory component, which include autoimmune syndromes as well as cardiovascular disease and neurodegenerative disorders (Meyer et al., 2018).
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Supplementary Figure 1 | Immunoblot analysis of mitochondrial fission and fusion machinery in macrophages during LPS stimulation. (A) Immunoblot comparing DRP1 protein content in primary differentiation BMDM vs. DRP1 KD and NT-Control immortalized BMDM +/- 4 h LPS stimulation (200 ng/ml). Lysates from equivalent numbers of cells (7.5×104) were loaded to control for cell type-intrinsic differences in protein content. (B) DRP1 abundance was quantified relative to mitochondrial content (TOM20) based on immunoblots. (C) Analysis of mitochondrial fission and fusion regulators in 4 h LPS-stimulated macrophages by immunoblot. The abundance of DRP1 activating phosphorylation at Ser635, DRP1 inhibitory phosphorylation at Ser656, Mitochondrial fission factor (MFF), key mitochondrial fusion proteins, Mitofusion 2 (MFN2) and Optic atrophy 1 (OPA1), and mitochondrial OM marker TOM20 and matrix marker Pyruvate Dehydrogenase (PDH) were assessed. (D) Quantification of DRP1 Ser635 and Ser656 phosphorylation relative to total DRP1 (tDRP1) and TOM20, MFN2, OPA1, and MFF relative to GAPDH. * Graphs are presented as the mean of n ≥ 3 independent experiments ± SD. Two-way ANOVA with Sidak’s multiple comparisons post-test was used to determine statistical significance.P < 0.05; **P < 0.01; ***P < 0.001.

Supplementary Figure 2 | Quantification of mitochondrial morphology using CellProfiler. (A) CellProfiler workflow for mitochondrial fragmentation and skeletonization analysis of Complex I immunofluorescence images. (B) Mitochondrial and total cell objects were segmented based on Complex I and Cell Tracker Red CMTPX stains, respectively. Representative processed images of NT-Control and DRP1 KD macrophages showing fragmented mitochondria in red and non-fragmented mitochondrial objects in teal overlaid on Complex I images. Similarly, skeletonized mitochondrial networks (red) are shown overlaid on Complex I images. Cells were left untreated (Mock) or stimulated with LPS (200 ug/ml) for 4 h. (C) Quantification of mitochondrial fragmentation and length at the cell level. Fragmented mitochondria were classified based on mitochondrial object size and circularity. MitochondriaI objects with area less than 1 µm2 and a circularity greater than 0.6 were considered fragmented for the purpose of quantification. Cell-level measurements of the number of fragmented mitochondrial objects, percentage of the mitochondrial area classified as fragmented, and the mean length of mitochondrial skeletons are reported as violin plots with the mean designated by a red line. (D) Area of total and fragmented mitochondrial objects per cell are reported as the experimental mean. Similarly, the mean percentage of mitochondrial objects classified as fragmented per cell is reported for each experiment. Graphs are presented as the mean of >100 cells per condition across 4 independent experiments ± SD. Since cell-level data did not follow a normal distribution, P values were calculated using direct comparison with the nonparametric Mann-Whitney/Wilcoxon rank sum test. Experimental averages were analyzed with two-way ANOVA with Sidak’s post-test for multiple comparisons. **P < 0.01; ***P < 0.001; ****P < 0.0001.

Supplementary Figure 3 | Silencing DRP1 reduces cellular redox. NT-Control and DRP1 KD macrophages were left untreated (Mock) or stimulated with LPS (200 ng/ml) and cellular redox was assessed by using Resazurin (A) and WST-1 (B) substrates. Graphs indicate mean ± SD of n ≥ 3 independent experiments. Two-way ANOVA with Sidak’s multiple comparisons post-test was performed to calculate P values. **P < 0.01; ****P < 0.0001.

Supplementary Figure 4 | DRP1 knockdown does not affect LPS or MRSA-induced Il1β transcription in macrophages. DRP1 KD and NT-Control macrophages were stimulated for 4 h +/- LPS (200 ng/ml) or MRSA (MOI 20) and then the levels of Il1β transcript were analyzed by RT-qPCR. Data were normalized against NT-Control macrophage untreated (Mock) condition. Graphs indicate mean ± SD of n ≥ 3 independent experiments. Two-way ANOVA with Sidak’s multiple comparisons post-test was performed to calculate P values. *P < 0.05.



References

 Abuaita, B. H., Schultz, T. L., and O’Riordan, M. X. (2018). Mitochondria-Derived Vesicles Deliver Antimicrobial Reactive Oxygen Species to Control Phagosome-Localized Staphylococcus aureus. Cell Host. Microbe 24, 625–636. doi: 10.1016/j.chom.2018.10.005

 Acín-Pérez, R., Fernández-Silva, P., Peleato, M. L., Pérez-Martos, A., and Enriquez, J. A. (2008). Respiratory active mitochondrial supercomplexes. Mol. Cell 32, 529–539. doi: 10.1016/j.molcel.2008.10.021

 Aggarwal, B. B., Shishodia, S., Takada, Y., Jackson-Bernitsas, D., Ahn, K. S., Sethi, G., et al. (2006). TNF blockade: an inflammatory issue. Ernst. Schering Res. Found Workshop 56, 161–186. doi: 10.1007/3-540-37673-9_10

 Anderson, P. (2000). Post-transcriptional regulation of tumour necrosis factor alpha production. Ann. Rheum. Dis. 59, 3i–35. doi: 10.1136/ard.59.suppl_1.i3

 Ban-Ishihara, R., Ishihara, T., Sasaki, N., Mihara, K., and Ishihara, N. (2013). Dynamics of nucleoid structure regulated by mitochondrial fission contributes to cristae reformation and release of cytochrome c. Proc. Natl. Acad. Sci. U.S.A. 110, 11863–11868. doi: 10.1073/pnas.1301951110

 Bean, A. G. D., Roach, D. R., Briscoe, H., France, M. P., Korner, H., Sedgwick, J. D., et al. (1999). Structural deficiencies in granuloma formation in TNF gene-targeted mice underlie the heightened susceptibility to aerosol Mycobacterium tuberculosis infection, which is not compensated for by lymphotoxin. J. Immunol. 162, 3504–3511. doi: jimmunol.org/content/162/6/3504.long

 Bekker, L.-G., Freeman, S., Murray, P. J., Ryffel, B., and Kaplan, G. (2001). TNF-α Controls Intracellular Mycobacterial Growth by Both Inducible Nitric Oxide Synthase-Dependent and Inducible Nitric Oxide Synthase-Independent Pathways. J. Immunol. 166, 6728–6734. doi: 10.4049/jimmunol.166.11.6728

 Berridge, M. V., Herst, P. M., and Tan, A. S. (2005). Tetrazolium dyes as tools in cell biology: new insights into their cellular reduction. Biotechnol. Annu. Rev. 11, 127–152. doi: 10.1016/S1387-2656(05)11004-7

 Bordt, E. A., Clerc, P., Roelofs, B. A., Saladino, A. J., Tretter, L., Adam-Vizi, V., et al. (2017). The Putative Drp1 Inhibitor mdivi-1 Is a Reversible Mitochondrial Complex I Inhibitor that Modulates Reactive Oxygen Species. Dev. Cell 40, 583–594.e6. doi: 10.1016/j.devcel.2017.02.020

 Breitzig, M. T., Alleyn, M. D., Lockey, R. F., and Kolliputi, N. (2018). A mitochondrial delicacy: dynamin-related protein 1 and mitochondrial dynamics. Am. J. Physiol. Cell Physiol. 315, C80–C90. doi: 10.1152/ajpcell.00042.2018

 Broekemeier, K. M., Dempsey, M. E., and Pfeiffer, D. R. (1989). Cyclosporin A is a potent inhibitor of the inner membrane permeability transition in liver mitochondria. J. Biol. Chem. 264, 7826–7830. doi: jbc.org/content/264/14/7826.long

 Bronner, D. N., Abuaita, B. H., Chen, X., Fitzgerald, K. A., Nunez, G., He, Y., et al. (2015). Endoplasmic Reticulum Stress Activates the Inflammasome via NLRP3- and Caspase-2-Driven Mitochondrial Damage. Immunity 43, 451–462. doi: 10.1016/j.immuni.2015.08.008

 Carpenter, A. E., Jones, T. R., Lamprecht, M. R., Clarke, C., Kang, I. H., Friman, O., et al. (2006). CellProfiler: image analysis software for identifying and quantifying cell phenotypes. Genome Biol. 7, R100. doi: 10.1186/gb-2006-7-10-r100

 Cassel, S. L., Elliott, E., Iyer, S. S., and Sutterwala, F. (2016). Cardiolipin Provides a Platform for Caspase-1 Activation and NLRP3 Inflammasome Assembly. J. Allergy Clin. Immunol. 137, AB72. doi: 10.1016/j.jaci.2015.12.244

 Castanier, C., Garcin, D., Vazquez, A., and Arnoult, D. (2010). Mitochondrial dynamics regulate the RIG-I-like receptor antiviral pathway. EMBO Rep. 11, 133–138. doi: 10.1038/embor.2009.258

 Cereghetti, G. M., Stangherlin, A., de Brito, O. M., Chang, C. R., Blackstone, C., Bernardi, P., et al. (2008). Dephosphorylation by calcineurin regulates translocation of Drp1 to mitochondria. Proc. Natl. Acad. Sci. 105, 15803–15808. doi: 10.1073/pnas.0808249105

 Cribbs, J. T., and Strack, S. (2007). Reversible phosphorylation of Drp1 by cyclic AMP-dependent protein kinase and calcineurin regulates mitochondrial fission and cell death. EMBO Rep. 8, 939–944. doi: 10.1038/sj.embor.7401062

 Dawson, J., Hurtenbach, U., and MacKenzie, A. (1996). CYCLOSPORIN A INHIBITS THE IN VIVO PRODUCTION OF INTERLEUKIN-1β AND TUMOUR NECROSIS FACTOR α, BUT NOT INTERLEUKIN-6, BY A T-CELL-INDEPENDENT MECHANISM. Cytokine 8, 882–888. doi: 10.1006/cyto.1996.0118

 De Nardo, D., Kalvakolanu, D. V., and Latz, E. (2018). Immortalization of Murine Bone Marrow-Derived Macrophages. Methods Mol. Biol. 1784, 35–49. doi: 10.1007/978-1-4939-7837-3_4

 Deng, S., Zhang, L., Mo, Y., Huang, Y., Li, W., Peng, Q., et al. (2020). Mdivi-1 attenuates lipopolysaccharide-induced acute lung injury by inhibiting MAPKs, oxidative stress and apoptosis. Pulm. Pharmacol. Ther. 62, 101918. doi: 10.1016/j.pupt.2020.101918

 Falvo, J. V., Tsytsykova, A. V., and Goldfeld, A. E. (2010). Transcriptional control of the TNF gene. Curr. Dir. Autoimmun. 11, 27–60. doi: 10.1159/000289196

 Fan, L.-F., He, P.-Y., Peng, Y.-C., Du, Q.-H., Ma, Y.-J., Jin, J.-X., et al. (2017). Mdivi-1 ameliorates early brain injury after subarachnoid hemorrhage via the suppression of inflammation-related blood-brain barrier disruption and endoplasmic reticulum stress-based apoptosis. Free Radic. Biol. Med. 112, 336–349. doi: 10.1016/j.freeradbiomed.2017.08.003

 Frank, S., Gaume, B., Bergmann-Leitner, E. S., Leitner, W. W., Robert, E. G., Catez, F., et al. (2001). The role of dynamin-related protein 1, a mediator of mitochondrial fission, in apoptosis. Dev. Cell 1, 515–525. doi: 10.1016/s1534-5807(01)00055-7

 Friedman, J. R., Lackner, L. L, West, M., DiBenedetto, J. R., Nunnari, J., Voeltz, G. K., et al (2011). ER Tubules Mark Sites of Mitochondrial Division. Science 334 (6054), 358–362. doi: 10.1126/science.1207385

 Gao, Z., Li, Y., Wang, F., Huang, T., Fan, K., Zhang, Y., et al. (2017). Mitochondrial dynamics controls anti-tumour innate immunity by regulating CHIP-IRF1 axis stability. Nat. Commun. 8, 1805. doi: 10.1038/s41467-017-01919-0

 Gomes-Leal, W. (2019). Why microglia kill neurons after neural disorders? The friendly fire hypothesis. Neural Regen. Res. 14, 1499–1502. doi: 10.4103/1673-5374.255359

 Grivennikov, S. I., Tumanov, A. V., Liepinsh, D. J., Kruglov, A. A., Marakusha, B. I., Shakhov, A. N., et al. (2005). Distinct and nonredundant in vivo functions of TNF produced by t cells and macrophages/neutrophils: protective and deleterious effects. Immunity 22, 93–104. doi: 10.1016/j.immuni.2004.11.016

 Hornung, V., Bauernfeind, F., Halle, A., Samstad, E. O., Kono, H., Rock, K. L., et al. (2008). Silica crystals and aluminum salts activate the NALP3 inflammasome through phagosomal destabilization. Nat. Immunol. 9, 847–856. doi: 10.1038/ni.1631

 Hou, F., Sun, L., Zheng, H., Skaug, B., Jiang, Q.-X., and Chen, Z. J. (2011). MAVS forms functional prion-like aggregates to activate and propagate antiviral innate immune response. Cell 146, 448–461. doi: 10.1016/j.cell.2011.06.041

 Iyer, S. S., He, Q., Janczy, J. R., Elliott, E. I., Zhong, Z., Olivier, A. K., et al. (2013). Mitochondrial cardiolipin is required for nlrp3 inflammasome activation. Immunity 39, 311–323. doi: 10.1016/j.immuni.2013.08.001

 Jung, J.-U., Ravi, S., Lee, D. W., McFadden, K., Kamradt, M. L., Toussaint, L. G., et al. (2016). NIK/MAP3K14 Regulates Mitochondrial Dynamics and Trafficking to Promote Cell Invasion. Curr. Biol. 26, 3288–3302. doi: 10.1016/j.cub.2016.10.009

 Kanno, T., Fujita, H., Muranaka, S., Yano, H., Utsumi, T., Yoshioka, T., et al. (2002). Mitochondrial swelling and cytochrome c release: sensitivity to cyclosporin A and calcium. Physiol. Chem. Phys. Med. NMR 34, 91–102.

 Kapetanovic, R., Afroz, S. F., Ramnath, D., Lawrence, G. M., Okada, T., Curson, J. E. B., et al. (2020). Lipopolysaccharide promotes Drp1-dependent mitochondrial fission and associated inflammatory responses in macrophages. Immunol. Cell Biol. 98, 528–539. doi: 10.1111/imcb.12363

 Kelly, B., and O’Neill, L. A. J. (2015). Metabolic reprogramming in macrophages and dendritic cells in innate immunity. Cell Res. 25, 771–784. doi: 10.1038/cr.2015.68

 Kim, J., Gupta, R., Blanco, L. P., Yang, S., Shteinfer-Kuzmine, A., Wang, K., et al. (2019). VDAC oligomers form mitochondrial pores to release mtDNA fragments and promote lupus-like disease. Science 366, 1531–1536. doi: 10.1126/science.aav4011

 Klebanoff, S. J., Vadas, M. A., Harlan, J. M., Sparks, L. H., Gamble, J. R., Agosti, J. M., et al. (1986). Stimulation of neutrophils by tumor necrosis factor. J. Immunol. 136, 4220–4225. doi: jimmunol.org/content/136/11/4220.long

 Kobayashi, K., Hernandez, L. D., Galán, J. E., Janeway, C. A. Jr, Medzhitov, R., and Flavell, R. A. (2002). IRAK-M is a negative regulator of Toll-like receptor signaling. Cell 110, 191–202. doi: 10.1016/s0092-8674(02)00827-9

 Kontoyiannis, D., Pasparakis, M., Pizarro, T. T., Cominelli, F., and Kollias, G. (1999). Impaired on/off regulation of TNF biosynthesis in mice lacking TNF AU-rich elements: implications for joint and gut-associated immunopathologies. Immunity 10, 387–398. doi: 10.1016/s1074-7613(00)80038-2

 Kulpa, D. A., Del Cid, N., Peterson, K. A., and Collins, K. L. (2013). Adaptor protein 1 promotes cross-presentation through the same tyrosine signal in major histocompatibility complex class I as that targeted by HIV-1. J. Virol. 87, 8085–8098. doi: 10.1128/JVI.00701-13

 Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680–685. doi: 10.1038/227680a0

 Lahat, N., Rahat, M. A., Kinarty, A., Weiss-Cerem, L., Pinchevski, S., and Bitterman, H. (2008). Hypoxia enhances lysosomal TNF-α degradation in mouse peritoneal macrophages. Am. J. Physiol. Cell Physiol. 295, C2–C12. doi: 10.1152/ajpcell.00572.2007

 Lauterbach, M. A., Hanke, J. E., Serefidou, M., Mangan, M. S. J., Kolbe, C.-C., Hess, T., et al. (2019). Toll-like Receptor Signaling Rewires Macrophage Metabolism and Promotes Histone Acetylation via ATP-Citrate Lyase. Immunity 51, 997–1011.e7. doi: 10.1016/j.immuni.2019.11.009

 Li, Y.-H., Xu, F., Thome, R., Guo, M.-F., Sun, M.-L., Song, G.-B., et al. (2019). Mdivi-1, a mitochondrial fission inhibitor, modulates T helper cells and suppresses the development of experimental autoimmune encephalomyelitis. J. Neuroinflamm. 16, 149. doi: 10.1186/s12974-019-1542-0

 Liu, T., Zhang, L., Joo, D., and Sun, S.-C. (2017). NF-κB signaling in inflammation. Signal Transduct. Target Ther. 2, 17023. doi: 10.1038/sigtrans.2017.23

 Mai, S., Klinkenberg, M., Auburger, G., Bereiter-Hahn, J., and Jendrach, M. (2010). Decreased expression of Drp1 and Fis1 mediates mitochondrial elongation in senescent cells and enhances resistance to oxidative stress through PINK1. J. Cell Sci. 123, 917–926. doi: 10.1242/jcs.059246

 Mariappan, N., Elks, C. M., Sriramula, S., Guggilam, A., Liu, Z., Borkhsenious, O., et al. (2010). NF-kappaB-induced oxidative stress contributes to mitochondrial and cardiac dysfunction in type II diabetes. Cardiovasc. Res. 85, 473–483. doi: 10.1093/cvr/cvp305

 Marino, M. W., Dunn, A., Grail, D., Inglese, M., Noguchi, Y., Richards, E., et al. (1997). Characterization of tumor necrosis factor-deficient mice. Proc. Natl. Acad. Sci. U.S.A. 94, 8093–8098. doi: 10.1073/pnas.94.15.8093

 Merrill, R. A., and Slupe, A. M. (2013). Strack S. N-terminal phosphorylation of protein phosphatase 2A/Bβ2 regulates translocation to mitochondria, dynamin-related protein 1 dephosphorylation, and neuronal survival. FEBS J. 280, 662–673. doi: 10.1111/j.1742-4658.2012.08631.x

 Meyer, A., Laverny, G., Bernardi, L., Charles, A. L., Alsaleh, G., Pottecher, J., et al. (2018). Mitochondria: An Organelle of Bacterial Origin Controlling Inflammation. Front. Immunol. 9, 536. doi: 10.3389/fimmu.2018.00536

 Mills, E. L., Kelly, B., Logan, A., Costa, A. S. H., Varma, M., Bryant, C. E., et al. (2016). Succinate Dehydrogenase Supports Metabolic Repurposing of Mitochondria to Drive Inflammatory Macrophages. Cell 167, 457–470.e13. doi: 10.1016/j.cell.2016.08.064

 Möpert, K., Hajek, P., Frank, S., Chen, C., Kaufmann, J., and Santel, A. (2009). Loss of Drp1 function alters OPA1 processing and changes mitochondrial membrane organization. Exp. Cell Res. 315, 2165–2180. doi: 10.1016/j.yexcr.2009.04.016

 Morgan, M. J., and Liu, Z.-G. (2011). Crosstalk of reactive oxygen species and NF-κB signaling. Cell Res. 21, 103–115. doi: 10.1038/cr.2010.178

 Nair, S., Sobotka, K. S., Joshi, P., Gressens, P., Fleiss, B., Thornton, C., et al. (2019). Lipopolysaccharide-induced alteration of mitochondrial morphology induces a metabolic shift in microglia modulating the inflammatory response in vitro and in vivo. Glia 67, 1047–1061. doi: 10.1002/glia.23587

 Nakahira, K., Haspel, J. A., Rathinam, V. A. K., Lee, S.-J., Dolinay, T., Lam, H. C., et al. (2011). Autophagy proteins regulate innate immune responses by inhibiting the release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat. Immunol. 12, 222–230. doi: 10.1038/ni.1980

 Nakahira, K., Hisata, S., and Choi, A. M. K. (2015). The Roles of Mitochondrial Damage-Associated Molecular Patterns in Diseases. Antioxid. Redox Signal 23, 1329–1350. doi: 10.1089/ars.2015.6407

 O’brien, J., Wilson, I., Orton, T., and Pognan, F. (2000). Investigation of the Alamar Blue (resazurin) fluorescent dye for the assessment of mammalian cell cytotoxicity. Eur. J. Biochem. 267, 5421–5426. doi: 10.1046/j.1432-1327.2000.01606.x

 Otera, H., Ishihara, N., and Mihara, K. (2013). New insights into the function and regulation of mitochondrial fission. Biochim. Biophys. Acta 1833, 1256–1268. doi: 10.1016/j.bbamcr.2013.02.002

 Park, S., Juliana, C., Hong, S., Datta, P., Hwang, I., Fernandes-Alnemri, T., et al. (2013). The mitochondrial antiviral protein MAVS associates with NLRP3 and regulates its inflammasome activity. J. Immunol. 191, 4358–4366. doi: 10.4049/jimmunol.1301170

 Park, S., Won, J.-H., Hwang, I., Hong, S., Lee, H. K., and Yu, J.-W. (2015). Defective mitochondrial fission augments NLRP3 inflammasome activation. Sci. Rep. 5, 15489. doi: 10.1038/srep15489

 Passalacqua, K. D., Lu, J., Goodfellow, I., Kolawole, A. O., Arche, J. R., Maddox, R. J., et al. (2019). Glycolysis Is an Intrinsic Factor for Optimal Replication of a Norovirus. mBio 10 (2), e02175–18. doi: 10.1128/mbio.02175-18

 Pearce, S. F., Rebelo-Guiomar, P., D’Souza, A. R., Powell, C. A., Van Haute, L., and Minczuk, M. (2017). Regulation of Mammalian Mitochondrial Gene Expression: Recent Advances. Trends Biochem. Sci. 42, 625–639. doi: 10.1016/j.tibs.2017.02.003

 Piecyk, M., Wax, S., Beck, A. R., Kedersha, N., Gupta, M., Maritim, B., et al. (2000). TIA-1 is a translational silencer that selectively regulates the expression of TNF-alpha. EMBO J. 19, 4154–4163. doi: 10.1093/emboj/19.15.4154

 Prieto, J., León, M., Ponsoda, X., Sendra, R., Bort, R., Ferrer-Lorente, R., et al. (2016). Early ERK1/2 activation promotes DRP1-dependent mitochondrial fission necessary for cell reprogramming. Nat. Commun. 7, 11124. doi: 10.1038/ncomms11124

 Remick, D. G., Nguyen, D. T., Eskandari, M. K., Strieter, R. M., and Kunkel, S. L. (1989). Cyclosporine A inhibits TNF production without decreasing TNF mRNA levels. Biochem. Biophys. Res. Commun. 161, 551–555. doi: 10.1016/0006-291x(89)92634-x

 Romero, N., Swain, P., Neilson, A., and Others (2017). White paper: improving quantification of cellular glycolytic rate using Agilent Seahorse XF technology (Santa Clara, California, USA: Agilent Technologies).

 Rozzi, S. J., Avdoshina, V., Fields, J. A., and Mocchetti, I. (2018). Human immunodeficiency virus Tat impairs mitochondrial fission in neurons. Cell Death Discov. 4, 8. doi: 10.1038/s41420-017-0013-6

 Sariban, E., Imamura, K., Luebbers, R., and Kufe, D. (1988). Transcriptional and posttranscriptional regulation of tumor necrosis factor gene expression in human monocytes. J. Clin. Invest. 81, 1506–1510. doi: 10.1172/JCI113482

 Shimada, K., Crother, T. R., Karlin, J., Dagvadorj, J., Chiba, N., Chen, S., et al. (2012). Oxidized mitochondrial DNA activates the NLRP3 inflammasome during apoptosis. Immunity 36, 401–414. doi: 10.1016/j.immuni.2012.01.009

 Skinner, S. J., Deleault, K. M., Fecteau, R., and Brooks, S. A. (2008). Extracellular signal-regulated kinase regulation of tumor necrosis factor-alpha mRNA nucleocytoplasmic transport requires TAP-NxT1 binding and the AU-rich element. J. Biol. Chem. 283, 3191–3199. doi: 10.1074/jbc.M705575200

 Stavru, F., Palmer, A. E., Wang, C., Youle, R. J., and Cossart, P. (2013). Atypical mitochondrial fission upon bacterial infection. Proc. Natl. Acad. Sci. U.S.A. 110, 16003–16008. doi: 10.1073/pnas.1315784110

 Stoolman, J. S., and Chandel, N. S. (2019). Glucose Metabolism Linked to Antiviral Responses. Cell 178, 10–11. doi: 10.1016/j.cell.2019.05.057

 Suen, D.-F., Norris, K. L., and Youle, R. J. (2008). Mitochondrial dynamics and apoptosis. Genes Dev. 22, 1577–1590. doi: 10.1101/gad.1658508

 Tak, H., Eun, J. W., Kim, J., Park, S. J., Kim, C., Ji, E., et al. (2017). T-cell-restricted intracellular antigen 1 facilitates mitochondrial fragmentation by enhancing the expression of mitochondrial fission factor. Cell Death Differ. 24, 49–58. doi: 10.1038/cdd.2016.90

 Tannahill, G. M., Curtis, A. M., Adamik, J., Palsson-McDermott, E. M., McGettrick, A. F., Goel, G., et al. (2013). Succinate is an inflammatory signal that induces IL-1β through HIF-1α. Nature 496, 238–242. doi: 10.1038/nature11986

 Taylor, G. A., Carballo, E., Lee, D. M., Lai, W. S., Thompson, M. J., Patel, D. D., et al. (1996). A Pathogenetic Role for TNFα in the Syndrome of Cachexia, Arthritis, and Autoimmunity Resulting from Tristetraprolin (TTP) Deficiency. Immunity 4, 445–454. doi: 10.1016/S1074-7613(00)80411-2

 Tiku, V., Tan, M.-W., and Dikic, I. (2020). Mitochondrial Functions in Infection and Immunity. Trends Cell Biol. 30, 263–275. doi: 10.1016/j.tcb.2020.01.006

 Twig, G., Elorza, A., Molina, A. J. A., Mohamed, H., Wikstrom, J. D., Walzer, G., et al. (2008). Fission and selective fusion govern mitochondrial segregation and elimination by autophagy. EMBO J. 27, 433–446. doi: 10.1038/sj.emboj.7601963

 Umezu, R., Koga, J.-I., Matoba, T., Katsuki, S., Wang, L., Hasuzawa, N., et al. (2020). Macrophage (Drp1) Dynamin-Related Protein 1 Accelerates Intimal Thickening After Vascular Injury. Arterioscler. Thromb. Vasc. Biol. 40, e214–e226. doi: 10.1161/ATVBAHA.120.314383

 Vijayan, V., Pradhan, P., Braud, L., Fuchs, H. R., Gueler, F., Motterlini, R., et al. (2019). Human and murine macrophages exhibit differential metabolic responses to lipopolysaccharide - A divergent role for glycolysis. Redox Biol. 22, 101147. doi: 10.1016/j.redox.2019.101147

 Wajant, H., Pfizenmaier, K., and Scheurich, P. (2003). Tumor necrosis factor signaling. Cell Death Differ. 10, 45–65. doi: 10.1038/sj.cdd.4401189

 Wang, Y., Wang, G. Z., Rabinovitch, P. S., and Tabas, I. (2014). Macrophage mitochondrial oxidative stress promotes atherosclerosis and nuclear factor-κB-mediated inflammation in macrophages. Circ. Res. 114, 421–433. doi: 10.1161/CIRCRESAHA.114.302153

 Weisman, M. H. (2002). What are the risks of biologic therapy in rheumatoid arthritis? An update on safety. J. Rheumatol. Suppl. 65, 33–38. doi: jrheum.org/content/65/33.long

 Wessells, J., Baer, M., Young, H. A., Claudio, E., Brown, K., Siebenlist, U., et al. (2004). BCL-3 and NF-κB p50 Attenuate Lipopolysaccharide-induced Inflammatory Responses in Macrophages. J. Biol. Chem. 279, 49995–50003. doi: 10.1074/jbc.m404246200

 West, A. P., Brodsky, I. E., Rahner, C., Woo, D. K., Erdjument-Bromage, H., Tempst, P., et al. (2011). TLR signalling augments macrophage bactericidal activity through mitochondrial ROS. Nature 472, 476–480. doi: 10.1038/nature09973

 Willems, P. H. G. M., Rossignol, R., Dieteren, C. E. J., Murphy, M. P., and Koopman, W. J. H. (2015). Redox Homeostasis and Mitochondrial Dynamics. Cell Metab. 22, 207–218. doi: 10.1016/j.cmet.2015.06.006

 Yao, R.-Q., Ren, C., Xia, Z.-F., and Yao, Y.-M. (2020). Organelle-specific autophagy in inflammatory diseases: a potential therapeutic target underlying the quality control of multiple organelles. Autophagy 1–17. doi: 10.1080/15548627.2020.1725377

 Yu, T., Wang, L., and Yoon, Y. (2015). Morphological control of mitochondrial bioenergetics. Front. Biosci. 20, 229–246. doi: 10.2741/4306

 Zhong, Z., Liang, S., Sanchez-Lopez, E., He, F., Shalapour, S., Lin, X.-J., et al. (2018). New mitochondrial DNA synthesis enables NLRP3 inflammasome activation. Nature 560, 198–203. doi: 10.1038/s41586-018-0372-z



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.

Copyright © 2021 Gao, Reynolds, Passalacqua, Sexton, Abuaita and O’Riordan. 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.




ORIGINAL RESEARCH

published: 14 January 2021

doi: 10.3389/fcimb.2020.609712

[image: image2]


Mycobacterium avium Modulates the Protective Immune Response in Canine Peripheral Blood Mononuclear Cells


Suji Kim 1,2, Hyun-Eui Park 3, Woo Bin Park 1, Seo Yihl Kim 4, Hong-Tae Park 1 and Han Sang Yoo 1,2,5*


1 Department of Infectious Diseases, College of Veterinary Medicine, Seoul National University, Seoul, South Korea, 2 BK21 FOUR Future Veterinary Medicine Leading Education and Research Center, Seoul National University, Seoul, South Korea, 3 Department of Microbiology, College of Medicine, Gyeongsang National University, Jinju, South Korea, 4 Department of Veterinary Physiology, College of Veterinary Medicine, Seoul National University, Seoul, South Korea, 5 Bio-MAX/N-Bio Institute, Seoul National University, Seoul, South Korea




Edited by: 
Supriya Shukla, Case Western Reserve University, United States

Reviewed by: 
Ved Prakash Dwivedi, International Centre for Genetic Engineering and Biotechnology, India

Amit Singh, All India Institute of Medical Sciences, India

*Correspondence: 
Han Sang Yoo
 yoohs@snu.ac.kr

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


Received: 24 September 2020

Accepted: 30 November 2020

Published: 14 January 2021

Citation:
Kim S, Park H-E, Park WB, Kim SY, Park H-T and Yoo HS (2021) Mycobacterium avium Modulates the Protective Immune Response in Canine Peripheral Blood Mononuclear Cells. Front. Cell. Infect. Microbiol. 10:609712. doi: 10.3389/fcimb.2020.609712



Mycobacterium avium, an opportunistic intracellular pathogen, is a member of the non-tuberculous mycobacteria species. M. avium causes respiratory disease in immunosuppressed individuals and a wide range of animals, including companion dogs and cats. In particular, the number of infected companion dogs has increased, although the underlying mechanism of M. avium pathogenesis in dogs has not been studied. Therefore, in the present study, the host immune response against M. avium in dogs was investigated by transcriptome analysis of canine peripheral blood mononuclear cells. M. avium was shown to induce different immune responses in canine peripheral blood mononuclear cells at different time points after infection. The expression of Th1-associated genes occurred early during M. avium infection, while that of Th17-associated genes increased after 12 h. In addition, the expression of apoptosis-related genes decreased and the abundance of intracellular M. avium increased in monocyte-derived macrophages after infection for 24 h. These results reveal the M. avium induces Th17 immune response and avoids apoptosis in infected canine cells. As the number of M. avium infection cases increases, the results of the present study will contribute to a better understanding of host immune responses to M. avium infection in companion dogs.
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Introduction

Mycobacterium avium is a member of the most common non-tuberculous mycobacteria complex that causes chronic respiratory disease in humans (Prevots and Marras, 2015; Yano et al., 2017). Although M. avium primarily infects humans and pigs, it has also been reported to infect several other mammalian species, such as cattle, sheep, horses, cats, and dogs (Pavlik et al., 2000; Campora et al., 2011). Other Mycobacterium species have been reported as common etiological agents of canine mycobacteriosis; however, dogs are known to be resistant to M. avium (Carpenter et al., 1988; Shackelford and Reed, 1989; Horn et al., 2000; Greene, 2006). Nonetheless, some type of breeds are more susceptible to M. avium, and an increasing number of cases of M. avium infection in dogs have been reported, several of which have shown granulomatous inflammation in infected organs, such as lung, liver, bone marrow, intestine and lymph nodes (Kim et al., 1994; Haist et al., 2008; Campora et al., 2011; Kim et al., 2016; Ghielmetti and Giger, 2020). The increase in such cases suggests the possibility of a potential public health risk attributable to M. avium infection in dogs. However, the mechanism underlying M. avium infection in dogs remains to be elucidated.

Typically, the host immune response attempts to defend against M. avium together with macrophages and T lymphocytes early during an infection. T cell immune responses are important in regulating pulmonary M. avium complex (MAC) infection, with T helper 1 (Th1) responses playing an important role in increasing macrophage bactericidal capacity, while T helper 17 (Th17) differentiation induces neutrophilic pulmonary inflammation (Matsuyama et al., 2014; Shu et al., 2018). Th1 cells eradicate mycobacteria by producing various cytokines (Haverkamp et al., 2006). Tumor necrosis factor (TNF) induces antigen-specific CD4+ cells that produce IFN-γ early during an infection. IFN-γ is well known to limit Mycobacterium infection by inhibiting outgrowth (Patel et al., 2005). These cytokines are essential for protecting MAC early during an infection by developing cell-mediated immune responses.

Th17 cells are important for establishing a protective immune response to Mycobacterium (Kozakiewicz et al., 2013). Th17 cells can accumulate Th1 cells in infected tissues and enhance the antimycobacterial response with Th1 cells (Weaver et al., 2013; Cruz et al., 2015b). Th17 cells produce the lineage-specific cytokines IL-17A and IL-17F as well as other cytokines (IL-6 and GM-CSF) and chemokines (CXCL1, CXCL2, CXCL5, and CXCL8) (Jasenosky et al., 2015; Lombard et al., 2016). Importantly, IL-17 enhances the migration of neutrophils to the inflamed sites for the early clearance of bacteria by inducing CXC chemokines during Mycobacterium infection. However, Th17 cells have a pathological role rather than a protective role under Th1-diminished conditions after M. avium infection (Matsuyama et al., 2014; Xu et al., 2016). In particular, IL-17 plays crucial roles in chronic inflammation and is important for the formation and maintenance of granulomas in mycobacterial infection sites (Ostadkarampour et al., 2014; Li et al., 2016). IL-1β, IL-6, and IL-23 induce the Th17 pathway and form granulomas with IL-17 (Stark et al., 2005). In addition, IL-17 contributes to the persistence of M. avium in macrophages via the NF-κB and MAPK signaling pathways (Vázquez et al., 2012). These cytokines are important for the immune response to chronic pulmonary Mycobacterium infection.

M. avium is an intracellular pathogen that primarily affects macrophages (Thegerström et al., 2012), where infected macrophages undergo apoptotic cell death to minimize tissue injury and decrease pathogen viability (Behar et al., 2010). However, M. avium survives intracellularly and replicates within macrophages by preventing the phagosome maturation process (Early et al., 2011). Mycobacterium inhibits the apoptosis of macrophages via several mechanisms involving TNF-, caspase-, NO-, and cathepsin-related mechanisms (Rojas et al., 1998; Chen et al., 2006; O’Sullivan et al., 2007). In particular, M. avium has been reported to inhibit bacterial programmed cell death induced by both the extrinsic pathway through caspase 8 activation and the intrinsic apoptotic pathway through caspase 3 activation (Sharbati et al., 2011; Kabara and Coussens, 2012). Furthermore, IL-17A has also been reported to be associated with the inhibition of apoptosis by a p53-dependent mechanism during Mycobacterium infection (Cruz et al., 2015a).

As is the case for M. avium infection of several mammalian species, the host response of infected dogs should be studied to estimate the possibility of M. avium infection. In the present study, we elucidated the host responses in canine peripheral blood mononuclear cells and monocyte-derived macrophages upon infection with M. avium. Our results revealed that the T cell response shifts from a Th1 to a Th17 cell response according to the time of infection and that the expression of apoptosis-related genes decreased as intracellular M. avium proliferates in macrophages. The results of the present study will promote a better understanding of the host immune responses to M. avium in dogs and highlight the potential risk of mycobacterial infections in various species.



Materials and Methods


Bacterial Strains and Cultivation

M. avium subsp. hominissuis strain 104 was kindly provided by Prof. SJ Shin from the College of Medicine, Yonsei University in Seoul, Korea. M. avium was cultured on Middlebrook 7H11 agar supplemented with OADC (BD Biosciences, CA, USA). After 7 days, the cells were cultured in Middlebrook 7H9 broth for 5 days. Cultures at an optical density of 0.45 at 600 nm (9.2 × 108 CFU/ml) were generated after vigorous vortexing for 30 s to remove clumps.



Blood Cell Isolation

Blood samples were collected from six healthy Beagle dogs in accordance with the Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act in the animal facility of the 2nd Research Center at Genia (Eumsung, Korea). Blood was collected from unanesthetized dogs by professional veterinarians with permission approved by the Institutional Animal Care and Use Committee (IACUC) at Genia (IACUC number; ORIENT-IACUC-19026). Whole blood was diluted 1:3 in RPMI 1640 (Gibco, NY, USA) containing 20% of inactivated fetal bovine serum (FBS; Gibco) and added to a gradient with 1.077 g/ml of histopaque (Sigma Aldrich, Taufkirchen, Germany). Peripheral blood mononuclear cells (PBMCs) were collected via density gradient centrifugation (400 × g for 30 min) using leucoseptube (Greiner Bio-One, Kremsmünster, Austria). Then, the PBMCs were washed twice with DPBS containing 5% FBS, 1% penicillin/streptomycin, and heparin (2,000 U/ml) and centrifuged at 250 × g for 5 min, after which the cells were resuspended in RPMI 1640 containing 20% FBS and 1% penicillin/streptomycin and cultured for 24 h at 37°C.



Cell Culture and Polarization

PBMCs were seeded into 24-well plates (ThermoScientific, MA, USA) and cultured for 12 h in RPMI 1640 supplemented with 10% FBS, after which they were used for RNA-Seq analysis after M. avium stimulation. The protocol described by Goto-Koshino, Yuko, et al. was used to culture canine macrophages from blood-derived monocytes (Goto-Koshino et al., 2011). Adherent cells that strongly adhered to the plastic base of flasks were considered monocytes and collected (Delirezh et al., 2013; Heinrich et al., 2017). Canine monocytes were stimulated with 1 µg of PMA to induce macrophage differentiation for an additional 6 days. Then, canine monocyte-derived macrophages (MDMs) were seeded into the wells of plates (ThermoScientific) containing the same medium supplemented with 10% FBS to stabilize the cells.



RNA Sequencing

Canine PBMCs were infected with M. avium at a multiplicity of infection (MOI) of one with DPBS added to one plate as a negative control. Total RNA was isolated at 0, 6, 12, and 24 h after stimulation using an RNeasy Mini kit (Qiagen, Hilden, Germany). After the quality of isolated RNA was assessed using RNA 6000 Nano Chip with an Agilent 2100 bioanalyzer (Agilent Technologies, Amstelveen, The Netherlands), RNA libraries were constructed using a QuantSeq 3′mRNA-Seq Library Prep kit (Lexogen, Inc., Austria). Total RNA was hybridized with an oligo-dT primer including an Illumina-compatible sequence at its 5′ end and cDNA library was synthesized using a random primer. The double-stranded library was amplified with the complete adapter sequences and the PCR product was purified. High-throughput sequencing was performed via single-end 75 sequencing using a NextSeq 500 instrument (Illumina Inc., CA, USA).

QuantSeq 3′mRNA-Seq reads were aligned using the index of Bowtie2 (Langmead and Salzberg, 2012), which is generated by aligning genome assembly sequences or representative transcript sequences to genome or transcriptome, and the alignment was also used for the estimation of transcriptional abundance. Differentially expressed genes were determined by counting the reads on the unique and multiple alignments using BEDTools (Quinlan and Hall, 2010) and the read count was processed by quantile normalization method using EdgeR within R (Team, R Core, 2016). Functional genes were classified by DAVID (http://david.abcc.ncifcrf.gov/) and Medline databases (http://www.ncbi.nlm.nih.gov/). Pathway analysis was performed by Ingenuity Pathway Analysis (Qiagen Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) (Krämer et al., 2013).



Quantification of Gene Expression

RNA-Seq data was validated by RT-qPCR and the correlationa coefficient between the two analyses was 0.9024 (Supplementary Figure 1). cDNA was synthesized using a QuantiNova Reverse Transcription Kit (Qiagen), and RT-qPCR was performed using a Rotor-Gene SYBR Green PCR kit (Qiagen). The genes were amplified with a Rotor-Gene Q real-time PCR cycler (Qiagen). Amplification conditions were described in Supplementary Table 1. The gene expression levels were determined via the 2−ΔΔCt method with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference gene. The fold change was determined based on the relative gene expression level compared to the control.



Caspase Activity Assay

Canine monocyte-derived macrophages were stimulated with M. avium at an MOI of 1:1 for 6, 12, and 24 h. Caspase activity was monitored by measuring the active forms of caspase 3 and caspase 7 with the Caspase-Glo® 3/7 Assay System (Promega, WI, USA) according to the manufacturer’s protocol. To identify the activity of caspases after the induction of apoptosis, cells were treated with hydrogen peroxide (H2O2) for 30 min before 24 h of infection with M. avium, which is known to stimulate caspase activity (Jones et al., 2000; Kabara and Coussens, 2012). Treatment with 100 µm H2O2 for 30 min was used based on time course and dose–response curve studies with uninfected MDMs. Each group was assayed with additional control samples, including cell medium, reagent, M. avium and negative control to calculate the RLU values.



Invasion and Proliferation Assay

Bacterial invasion assays with canine monocyte-derived macrophages were performed as described by Bermudez and Sangari (Bermudez and Young, 1994; Sangari et al., 2000). Canine monocyte-derived macrophages were infected for 2 h with M. avium at an MOI of one. After centrifugation at 400 × g for 5 min, the cells were washed with DPBS and treated with amikacin at a concentration of 200 µg/ml for 2 h to kill extracellular bacteria (Bermudez and Young, 1994; Sangari et al., 2000). The cells were incubated for 4, 12, and 24 h, after which they were washed, and the viable intracellular bacteria were released by incubation after treatment of 1% Triton X-100 (Sigma-Aldrich, MO, USA). Then, the samples were vigorously vortexed and agitated for 30 s to lyse cells. Bacteria were serially diluted and then plated onto 7H11 agar plates to enumerate viable bacteria.



Quantification of Cytokines

Canine IL-17, IL-6, IL-10, IL-12, IL-4, IL-1β, and IFN-γ were detected in the supernatants of canine peripheral blood mononuclear cells at 24 h post M. avium infection using DuoSet® and Quantikine® ELISA kits (R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s instruction.



Statistical Analysis

Statistical significance was analyzed by Student’s t-test using GraphPad Prism version 7.00 (Windows, GraphPad Software, La Jolla California USA, www.graphpad.com). Significantly expressed genes were determined at p <0.05. Fold changes are represented by the mean ratio of gene expression in M. avium-infected cells/uninfected cells.




Results


Characterization of Canine Immune Responses Against Mycobacterium avium Infection by Differentially Expressed Genes

The transcriptomes of canine PBMCs infected with M. avium for 0, 6, 12, and 24 h were analyzed by RNA-Seq. Sixteen cDNA libraries from uninfected and M. avium-infected cells were sequenced. Approximately 92.87% of clean reads were uniquely mapped onto the canFam 3. A total of 3,366 differentially expressed genes (DEGs) were significantly expressed in canine PBMCs-infected with M. avium compared to the uninfected group (|fold change| ≥ 2.0, normalized data (log2) = 4, p-value <0.05). The DEGs from the cells infected with M. avium for 6 and 12 h clustered, while those from cells infected for 24 h were separated from the other groups (Figure 1A). Most DEGs belonged to the GO term categories immune response and inflammatory response compared with 0 h-infection. The percentage of significant DEGs-annotated immune response in the groups infected for 6, 12, and 24 h were 10.57, 13.58 and 4.91%, respectively. The percentage of inflammatory response was 11.66, 17.94, and 12.11% at 6, 12, and 24 h.p.i (Figure 1B).




Figure 1 | Gene expression analysis of canine peripheral blood mononuclear cells infected with Mycobacterium avium at 0, 6, 12, and 24 h post infection. (A) Clustering analysis and (B) GO analysis of DEGs in M. avium infected-canine PBMCs (|Fold change| ≥ 2.0, normalized data (log2) = 4, p-value <0.05).



The comparison analysis of canonical pathways showed that signaling pathways were expressed in relation to cellular immune responses against M. avium infection (Table 1). The pathways related to the Th1 response (HMGB1 Signaling, Neuroinflammation Signaling pathway, TREM1 Signaling, MIF-mediated Glucocorticoid Regulation, Dendritic Cell Maturation, and Type I Diabetes Mellitus Signaling) were activated at 6, 12 and 24 h after M. avium infection. The Th17 response-related pathways (IL-6 Signaling, IL-23 Signaling Pathway, Role of IL-17F in Allergic Inflammatory Airway Diseases, Th17 Activation Pathway, LXR/RXR Activation, and PPAR Signaling) were commonly expressed at all infection times. Molecules associated with the inhibition of apoptosis were expressed in the pathways Small Cell Lung Cancer Signaling, B Cell Receptor Signaling, and Interferon Signaling.


Table 1 | Comparison analysis of canonical pathways in Mycobacterium avium-infected canine peripheral blood mononuclear cells at 0, 6, 12, and 24 h.



Proinflammatory cytokines and molecules related to Th1 cells (TNF-α, IL-8, IFN-γ, IL-1β, TREM1, and PTGS2) were upregulated in the pathways HMGB1 Signaling, Neuroinflammation Signaling Pathway, TREM1 Signaling, Type I Diabetes Mellitus Signaling, MIF-mediated Glucocorticoid Regulation, and Dendritic Cell Maturation after 6, 12, and 24 h post infection. Molecules related to the Th17 immune responses (IL-6, IL-23, IL-17A, IL-17F, RORγT, and IL22) were also commonly upregulated in the following signaling pathways; IL-6 Signaling, IL-23 Signaling Pathway, Role of IL-17F in Allergic Inflammatory Airway Diseases, and Th17 Activation Pathway. PPARG, RXRA, NR1H3, and NR1H4, as nuclear receptors that affect the inhibition of Th17 differentiation, were downregulated in the pathways LXR/RXR Activation and PPAR Signaling. In the Small Cell Lung Cancer Signaling pathway, the molecules BIRC2, BCL2L1, and TRAF, which were commonly upregulated at 6, 12, and 24 h, were associated with the inhibition of apoptosis. In relation to apoptosis inhibition, IFI6 of Interferon Signaling and molecules-related to the PI3K/AKT pathways of B Cell Receptor Signaling were commonly upregulated at 6, 12, and 24 h.



Activation of Signaling Pathways Related to the Cellular Immune Response Against Mycobacterium avium Infection

The top 20 canonical pathways showed that canine immune responses changed over time in response to M. avium infection. Significant signaling pathways [–log(p – value) ≥ 1.3] were related to both the Th1 and Th17 responses at 6 and 12 h, while pathways at 24 h were related to the Th17 immune response. Then, after 6 h of M. avium infection, Th1 cell-related pathways (HMGB1 Signaling, Acute Phase Response Signaling, and NF-κB Signaling) were activated. In addition, Th17 immune response-related pathways (LXR/RXR Activation, Role of Macrophages, Fibroblasts ad Endothelial Cells in Rheumatoid Arthritis, IL-6 Signaling, STAT3 Signaling, LPS/IL-1 Mediated Inhibition of RXR Function, and PPAR Signaling) were also activated (Supplementary Table 2).

In canine PBMCs infected with M. avium for 12 h, signaling pathways related to Th1 immune responses were activated (HMGB1 Signaling, Acute Phase Response Signaling, Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses, Toll-like Receptor Signaling, and Hepatic Fibrosis/Hepatic Stellate Cell Activation). In addition, Th17 cell response-related signaling pathways (The pathways Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis, IL-6 Signaling, Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL-17A and IL-17F, Role of Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza, Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis, Altered T Cell and B Cell Signaling in Rheumatoid Arthritis, LXR/RXR Activation, and Differential Regulation of Cytokine Production in Intestinal Epithelial Cells by IL-17A and IL-17F) were also activated (Supplementary Table 3).

Signaling pathways expressed at 24 h post infection were associated with the Th17 immune response. In addition, the pathways related to Th17 immune response (Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis, Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis, Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL-17A and IL-17F, Colorectal Cancer Metastasis Signaling, Differential Regulation of Cytokine Production in Intestinal Epithelial Cells by IL-17A and IL-17F, Role of Cytokines in Mediating Communication between Immune Cells, and Role of Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza) were activated. Furthermore, signaling pathways related to apoptosis (LXR/RXR Activation, LPS/IL-1 Mediated Inhibition of RXR Function, and FXR/RXR Activation) were inhibited in the canine PBMCs infected with M. avium for 24 h (Supplementary Table 4).



Increase of Th17-Related Molecules in Canine Peripheral Blood Mononuclear Cells Infected With Mycobacterium avium

Among the Th17-related signaling pathways, ‘Th17 Activation Pathway’ and ‘Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL17A and IL17F’ were commonly activated in canine PBMCs at all times of infection (Figures 2A, B). In particular, the molecules associated with Th17 immune responses (CSF2, IL22, IL17A, and IL17F) were highly expressed in the Th17 Activation pathway after 24 h.p.i. (Supplementary Table 5). Regarding Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL17A and IL17F, the molecules (CCL3, CCL4, CSF2, CSF3, IL17A, and IL17F) were activated after 24 h.p.i. (Supplementary Table 6). The key genes of Th17 pathways including transcription factors (RORC and RORA), chemokine (CCR6), cytokines (IL-17A, IL-17F, and IL-23R) were increased after time of M. avium infection (Figure 2C).




Figure 2 | Activation of Th17 pathways in canine peripheral blood mononuclear cells infected with Mycobacterium avium. (A) Ingenuity pathway analysis of ‘Th17 Activation Pathway’ at 12 h.p.i. and (B) ‘Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL17A and IL17F’ at 24 h.p.i. Individual nodes represent proteins with relationships represented by edges. The genes shown in red indicate upregulation, green indicates downregulation, orange indicates predicted activation, and an uncolored node indicates that the genes were not differentially expressed in this pathway. (C) Gene expression levels of Th17 pathways during M. avium infection. RORC, RORA, IL-17A, IL-17F, IL-23R, and CCR6 were indicated by an mRNA fold-change in canine PBMCs infected with M. avium. mRNA expression in uninfected cells at 0 h was considered 1 as a reference for fold-change in expression. *p < 0.05 and ***p < 0.001.



The patterns of cytokines observed by gene expression analysis in canine PBMCs showed they were related to the Th1 and Th17 immune responses. The expression of genes related to Th1-related cytokines (TNF-α, IFN-γ, and IL-12p35) and Th17-related cytokines (IL-23 and IL-6) were significantly increased in canine PBMCs after 6 h post infection. The expression of genes related to Th2-related cytokines (IL-4 and IL-13) and Treg-related cytokines (IL-10) were slightly increased at 12 h, while Th17-related cytokines (IL-1β and IL-17) were highly increased (Fold change; 107.05 ± 7.12 and 73.37 ± 2.04) at that time (Figure 3). The quantification of cytokines (IL-17, IL-1β, IL-6, IL-10, IL-4, IL-12, and IFN-γ) was measured by ELISA from supernatant of canine PBMCs infected with M. avium (Supplementary Figure 2). The results also showed that IL-17 and IL-1β were highly expressed (concentration; 4642.87 ± 604.14 pg/ml and 1566.33 ± 252.73 pg/ml) at 24 h.p.i.




Figure 3 | Different cytokine mRNA expression in Mycobacterium avium-infected canine peripheral blood mononuclear cells. Quantification of the cytokines IL12p35, IFN-γ, and TNF-α (Th1-type), IL-4, and IL-13 (Th2-type), IL-1β, IL-6, IL-17, and IL-23 (Th17-type), and IL-10 and TGF-ß (T regulatory-type), as indicated by an mRNA fold-change in canine PBMCs infected with M. avium. Cytokine mRNA expression in uninfected cells at 0 h was considered 1 as a reference for fold-change in expression. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





Inactivation of Apoptosis Signaling and Intracellular Replication of Mycobacterium avium in Infected Cells

Apoptosis signaling was inhibited in canine PBMCs after 6, 12, and 24 h post infection (z-score = −.0.408, −1.043, and −1.633). In particular, the BAX-CYCS-CASP9-CASP3/CASP7 pathways were inactivated after 24 h.p.i. (Figure 4). Regarding the mRNA abundance for genes in this pathway, caspase 3, caspase 8, caspase 9, and bax were increased until 12 h.p.i.; however, they were downregulated after that time (Figure 5A). The activities of caspase 3/7 in canine monocyte-derived macrophages (MDMs) infected with M. avium decreased slightly over the course of infection compared to the uninfected cells (Figure 5B). To determine whether M. avium was affected by the apoptosis of macrophages, we measured the activities of caspase 3/7 after induction of apoptosis with H2O2. Both MDMs infected with M. avium after H2O2 treatment and M. avium-infected MDMs without H2O2 showed they lowered the activities of caspase3/7 compared to the uninfected cells treated with H2O2 (Figure 5C). Cell invasion was measured by enumerating intracellular bacteria after amikacin treatment to kill extracellular bacteria. M. avium replicated in canine MDMs after invasion (Figure 5D), where the percentage of intracellular M. avium was 26.5 ± 3% in canine MDMs after 4 h.p.i. After invasion, the number of intracellular M. avium significantly increased in canine MDMs (p < 0.001) after 24 h post infection. The number of intracellulare M. avium was shown in Supplementary Figure 3 (4 h; 26,450 ± 3,256 CFU/ml, 12 h; 11,800 ± 3,527 CFU/ml, and 24 h; 17,955 ± 1,542 CFU/ml).




Figure 4 | Ingenuity pathway analysis of ‘Apoptosis Signaling’ in Mycobacterium avium-infected canine peripheral blood mononuclear cells for 6, 12, and 24 h. Individual nodes represent proteins with relationships represented by edges. The genes shown in red indicate upregulation, green indicates downregulation, orange indicates predicted activation, blue indicates predicted inhibition, and an uncolored node indicates that the genes were not differentially expressed in this pathway.






Figure 5 | Analysis of apoptosis signaling in Mycobacterium avium infection. (A) Expression profiling of apoptosis-related genes in M. avium-infected canine PBMCs. Quantification of mRNA related to apoptosis, as represented by an mRNA fold-change in canine PBMCs infected with M. avium. The mRNA expression in noninfected cells at 0 h was considered 1 as a reference for the fold-change in expression. (B) Caspase 3/7 activity in canine monocyte-derived macrophages infected with M. avium. The fold-change was calculated between the cells infected with and without M. avium. (C) Caspase 3/7 activity in M. avium-infected MDMs with or without apoptosis induction. The fold-change was calculated between the M. avium-infected cells treated with or without 100m H2O2 and the apoptosis-induced cells. (D) The invasion and replication ability of M. avium in canine monocyte-derived macrophages. Graph showing the percentage of intracellular M. avium cells in MDMs and after treatment with amikacin. Each column represents the mean ± SD of nine independent experiments. *p < 0.05, **p < 0.01.






Discussion

As the global incidence of non-tuberculous mycobacterial infection increases, Mycobacterium avium complex (MAC) organisms have been increasingly isolated from various hosts (Inderlied et al., 1993; Martín-Casabona et al., 2004). In particular, M. avium, which causes chronic pulmonary disease, has been isolated from several mammals (Huchzermeyer and Michel, 2001). M. avium infection has been reported in a wide range of animals, including companion dogs and cats (Pavlik et al., 2000; Campora et al., 2011). Disseminated M. avium infection in dogs has been consistently reported, and most cases report granulomatous inflammation in infected organs (Horn et al., 2000; Campora et al., 2011; Lam et al., 2012; Kim et al., 2016; Ghielmetti and Giger, 2020). As the number of cases of M. avium infection in dog increases, understanding the mechanisms of M. avium infection is necessary to prevent potential mycobacterial infection. In the present study, we analyzed host immune responses against M. avium infection in canine peripheral blood mononuclear cells by transcriptome analysis.

Transcriptomic analysis of canine immune responses to M. avium showed that they were related to the activation of the Th1 and Th17 immune responses and the inhibition of apoptosis. The hierarchical clustering analysis showed that these immune responses were clustered depending on the time of infection. At an early time of infection, both Th1 and Th17 immune responses were activated, while signaling pathways expressed at 24 h were associated with the Th17 immune response. An analysis of signaling pathways also showed that they were related to the inhibition of apoptosis.

T cell immunity regulates pulmonary M. avium infection, with Th1 and Th17 responses being particularly essential during M. avium infection (Matsuyama et al., 2014). Th1 immune responses play a critical role in mycobactericidal activities early during an infection. Th1 responses are important for the clearance of mycobacteria through the production of cytokines (Patel et al., 2005; Thegerström et al., 2012). IFN-γ inhibits mycobacterial growth by IFN regulatory factors induced by infection (Vila-del Sol et al., 2008). TNF-α plays a key role in increasing host resistance to Mycobacterium infection during the Th1 response (Keane et al., 2001). In the present study, commonly expressed signaling pathways showed that Th1 immune response-related molecules (TNF-α, IL-8, IFN-γ, IL-1β, TREM1, and PTGS2) were activated. Furthermore, the observed abundances of mRNA related to T cell responses also indicated Th1 cell-related molecules (TNF-α and IFN-γ) were significantly activated early in an infection.

Th17 cells play a role in antimycobacterial immunity to mycobacterial infections, accelerating the accumulation of Th1 cells (Gopal et al., 2012). IL-23, IL-6, and IL-1β produced by antigen presenting cells induce the Th17 pathway (Shu et al., 2018). Th17 lineage cytokines (IL-17A, IL-17F, and IL-22) and chemokines (CXCL1, CXCL2, CXCL5, and CXCL8) are known to control chronic lung infection caused by mycobacteria (Busman-Sahay et al., 2015; Lombard et al., 2016; Shu et al., 2018). In particular, IL-17 promotes the migration of neutrophils to the inflamed sites for the early clearance of bacteria by inducing the production of the chemokines CXCL1 and CXCL5 (Shen and Chen, 2018). In the present study, the expression of Th17-related mRNA showed that IL-23 and IL-6 were significantly activated early during infection, while IL-1β and IL-17 were highly activated after 6 h post infection. Comparison analysis showed that IL-6, IL-23, IL-17A, IL-17F, RORγT, and IL-22 were commonly activated in Th17-related signaling pathways.

In the Th1-diminished condition, IL-17 from Th17 cells is essential for inducing mature granuloma formation according to the Th17 cell immune response balance (Yoshida et al., 2010). In the present study, CSF2, CSF3, IL-22, IL-17A, IL-17F, CCL3, and CCL4 were significantly activated after 24 h.p.i. in the ‘Th17 Activation Pathway’ and ‘Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL17A and IL17F’ pathways. Cytokine analysis also showed IL-17 and IL-1β were highly expressed compared to other cytokines at 24 h.p.i. IL-17 is also known to inhibit the apoptosis of Mycobacterium-infected macrophages to promote intracellular growth (Vázquez et al., 2012; Cruz et al., 2015a). In these studies, IL-17A was reported to inhibit p53 of the intrinsic apoptotic pathway by increasing BCL2 levels and decreasing BAX expression, CASP 3 activity, and cytochrome c release. Apoptosis is a bactericidal mechanism in infected host cells; however, Mycobacterium survives and replicates within macrophages by preventing apoptosis through several mechanisms (Rojas et al., 1998; Chen et al., 2006; O’Sullivan et al., 2007). In particular, M. avium was recently reported to inhibit bacterial programmed cell death induced by both the extrinsic pathway though caspase 8 and the intrinsic apoptotic pathway through caspase 3 (Sharbati et al., 2011; Kabara and Coussens, 2012).

In the analysis of signaling pathways, apoptosis signaling was inhibited at all times of infection. The BAX-CYCS-CASP9-CASP3/CASP7 signaling pathway was particularly inhibited at 24 h. The abundance of caspase 3, caspase8, caspase9, and bax after 24 h was also downregulated in the observed gene expression profiles. Furthermore, the activity of caspase 3/7 decreased over time in canine monocyte-derived macrophages infected with M. avium. In addition, M. avium were internalized into macrophages (26.5%), and the number of intracellular M. avium cells was significantly increased during infection over time. These results may indicate that M. avium replicates in canine macrophages by preventing apoptosis. However, caspase activity was not significantly down regulated and genes related to apoptosis signaling were significantly increased at the early time of infection, although they were decreased compared to that observed in uninfected cells after 24 h. Therefore, additional studies are needed to elucidate the mechanism of apoptosis inhibition after latent M. avium infection.

Although M. avium infection in dogs has increased, canine immune responses to M. avium have not been studied. In the present study, transcriptome analysis results showed that canine peripheral blood mononuclear cells expressed genes associated with the activation of the Th1 and Th17 responses and the inhibition of apoptosis in response to M. avium infection. In addition, intracellular M. avium cells were observed to replicate in canine monocyte-derived macrophages. These results could be related to the case reports of M. avium-infected dogs that showed granulomatous inflammation in infected tissues. These results might reveal why M. avium infection in dogs has continuously been reported although they are known to be resistant to members of the Mycobacterium avium complex. However, additional studies are needed to assess whether M. avium inhibits apoptosis and induces the proliferation of Th17 cells during long-term infections. Nevertheless, the results of our present study will help to identify the host responses against M. avium in various species and understand the immune response toward M. avium in infected dogs.
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Host innate immunity is the major player against continuous microbial infection. Various pathogenic bacteria adopt the strategies to evade the immunity and show resistance toward the various established therapies. Despite the advent of many antibiotics for bacterial infections, there is a substantial need for the host-directed therapies (HDTs) to combat the infection. HDTs are recently being adopted to be useful in eradicating intracellular bacterial infection. Changing the innate immune responses of the host cells alters pathogen’s ability to reside inside the cell. MicroRNAs are the small non-coding endogenous molecules and post-transcriptional regulators to target the 3’UTR of the messenger RNA. They are reported to modulate the host’s immune responses during bacterial infections. Exploiting microRNAs as a therapeutic candidate in HDTs upon bacterial infection is still in its infancy. Here, initially, we re-analyzed the publicly available transcriptomic dataset of macrophages, infected with different pathogenic bacteria and identified significant genes and microRNAs common to the differential infections. We thus identified and miR-30e-5p, to be upregulated in different bacterial infections which enhances innate immunity to combat bacterial replication by targeting key negative regulators such as SOCS1 and SOCS3 of innate immune signaling pathways. Therefore, we propose miR-30e-5p as one of the potential candidates to be considered for additional clinical validation toward HDTs.
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Introduction

Variety of commensal bacteria were considered beneficial to human host and their role is crucial for the host survival. In contrast, several bacteria qualify the category of potential pathogens to cause serious health ailments in humans ranging from the food-borne illnesses caused by species such as Listeria monocytogenes and Salmonella typhi, as well as tuberculosis caused by Mycobacterium tuberculosis and also associated with oncogenesis. Additionally, bacterial infections are associated as a secondary infection to many infectious and non-infectious diseases, which further enhance the severity of primary disease, for example influenza virus and HIV infection. Furthermore, the alarming elevation of the antibacterial resistance against any bacterial disease possess biggest global threat and is a critical cause for the millions of human deaths annually around the world (Laxminarayan et al., 2013). Like viruses, bacteria can also cause outbreak, leading to sever health damage and lives. Recently, a food-borne- bacteria Listeria monocytogenes caused an outbreak in South Africa leading to severe illness and deaths among the population (de Noordhout et al., 2014; Allam et al., 2018; Desai et al., 2019; Thomas et al., 2020). Therefore, re-exploring the host factors against bacterial infections might is needed.

Innate immunity is the first line of defense accelerates when a pathogen encounters the host. Host cells express pattern recognizing receptors (PRRs) which sense a diverse range of invading pathogens including bacteria through PAMPs (pathogen associated molecular patterns) and triggers the immune responses which subsequently eliminate the infection (Kawai and Akira, 2010; Kumar et al., 2011). Macrophages are one of the major innate immune cells also termed as professional phagocytes which helps in binding and clearance of the invading bacterial pathogens (Nau et al., 2002). Additionally, non-immune epithelial cells aid in immune activation to challenge the bacterial infection (Francis and Thomas, 1996). However, almost all pathogenic bacteria develop certain mechanisms to manipulate the host immune system for their survival by various immune evasion strategies (Diacovich and Gorvel, 2010; Reddick and Alto, 2014).

The activated immune system may lead to excessive secretion of inflammatory molecules like interferons and pro-inflammatory cytokines. Hence, immune actions are tightly regulated at various levels. One important regulatory factors and fine tuners of immune system were the microRNAs (miRNAs). miRNAs are small non-coding RNAs of length ranging from 18-22 nucleotides in their mature form. They bind to the partially complementary sequences of the 3’untranslated regions (3’-UTR) in mRNA transcript of the gene to inhibit the expression of the corresponding gene at post-transcriptional level. The miRNAs have been previously shown to be involved in the regulation of bacterial infections and also employed by the bacteria for their survival (Izar et al., 2012; Maudet et al., 2014; Das et al., 2016; Zhou et al., 2018). Host directed therapy (HDT) is one of the recently emerging approach against infectious diseases which majorly aims to directly affects the host factors and machineries which play crucial role in the encroachment and survival of the pathogens (Kaufmann et al., 2018). In previous studies, miRNAs recommended for HDT in bacterial infections (Iannaccone et al., 2014; Sabir et al., 2018) but still the approach of considering miRNAs for HDT lies in its infancy.

In present work, we aimed to identify the miRNA-mediated regulation common to wide range of bacterial infection. We initially re-analyzed the RNA-sequencing dataset GSE73502, in which peripheral blood mononuclear cells (PBMCs) of healthy volunteers were differentiated to macrophages then infected with Listeria monocytogenes and Salmonella typhimurium respectively (Haraga et al., 2008; Pai et al., 2016). Both the bacteria have different genetic composition and varied immune activation mechanisms associated with them to be used as the model bacteria for understanding the host-bacterial interactions (Corr and O’Neill, 2009). We determine high confidence genes (HCGs) using robust rank aggregation method. Then after applied miRNAs-seed enrichment analysis to HCGs, which identified miR-30-5p family as the highly enriched family of miRNAs within the host. Our study proposed the role of miR-30e-5p (miR-30e) in modulating innate immunity during bacterial infections, due to its significant upregulation during pathogenic infections and PAMPs stimulation. Altogether, our finding concludes that miR-30e targets the 3’-UTR of SOCS1 and SOCS3, crucial negative regulators of innate immunity which enhances the innate immune responses and reduces the bacterial replication of Listeria monocytogenes and Uropathogenic E. coli – representative of both gram-positive and gram-negative bacterium respectively, causing severe diseases like listeriosis and urinary tract infections. This further proposes that miR-30e might considered as the potential candidate for HDTs during infectious diseases caused by intracellular bacteria.



Materials and Methods


Cell Lines, Bacteria, and Reagents

HEK293 human embryonic kidney cells (ATCC CRL-3216), Raw 264.7 (Cell Repository, NCCS, India), HeLa cervical cancer cells (Cell Repository, NCCS, India), were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% Antibiotic-Antimycotic solution. DMEM, FBS and Antibiotic-Antimycotic solution were purchased from Invitrogen. Human PBMCs were isolated from whole blood as reported previously (Ingle et al., 2015). The seeded cells were washed with phosphate-buffered saline (PBS) prior to infection. Then cells were infected in serum-free DMEM/RPMI with L. mono. for 2 h and UPEC for 1 h with 50 MOI after attaining optical density (OD 600) of 0.4 to 0.8. After infection cells were washed twice with serum free DMEM/RPMI and supplemented with complete DMEM/RPMI and gentamicin (75ug/ml, Sigma) for 24 h at 37°C, 5% CO2. Cells were harvested after 24 h in BHI media containing 1X Triton (Thermo Scientific) and/or Trizol (Ambion Life Tech.) for CFU assay and mRNA quantification. For electroporation of human PBMCs, 1 X 106 cells were suspended in Opti-MEM (Invitrogen) containing 50 nM mirVana miRNA mimics (Ambion). The cells were pulsed twice with 1000 V for 0.5 ms with a pulse interval of 5 s with the Gene Pulser Xcell electroporation system. The cells were then transferred to RPMI supplemented with 10% FBS. Then infected with L. mono. with 50 MOI. Transfection of HeLa cells with miRNA mimics, inhibitors and control mimics/inhibitors and/or plasmids was performed with Lipofectamine 2000 or 3000 (Invitrogen) according to the manufacturer’s protocol. Stimulation of cells was carried out using LPS and CpG from Sigma and Invivogen. DMEM, FBS, Opti-MEM, RPMI, and Lipofectamine 2000/3000 were purchased from Invitrogen. The miR-30e mimic (miR-30e) (Invitrogen: Catalog number#4464066) or a nonspecific miRNA negative control#1 (miR-NC1) (Invitrogen: Catalog number#4464058) was used according to the manufacturer’s instructions (Applied Biosystems). The miR-30e inhibitor (AmiR-30e) (Invitrogen: Catalog number#4464066) was used to inhibit miR-30e expression in transfected cells.



Bacterial Infection

Listeria monocytogenes (L. mono.), a gram-positive bacterium was used for infection (MTCC-1143). Bacteria were grown to the logarithmic growth phase in brain heart infusion BHI (HiVeg™ Media, HIMEDIA) at 37°C with continuous shaking at 200 rpm overnight. Secondary culture was established until desired OD. Bacteria were subsequently washed with fresh BHI and PBS by two steps of centrifugation at (4,000 rpm, 5 min) and diluted in serum free DMEM/RPMI at 50 MOI for infection. Secondly, Uropathogenic E. coli (UPEC), a gram-negative bacterium was used for infection, UPEC bacteria used in the study was GFP-tagged, GFP was induced by using inducing agent IPTG (Isopropyl ß-D-1-thiogalactopyranoside) at a secondary culture without shaking the inoculated tube/s. After obtaining optimal OD, respective bacterial cultures were used to infect the mammalian HeLa cells and PBMCs accordingly. Cell were then harvested to quantify the bacterial population by performing colony forming unit assay and counting the bacterial colonies at different dilutions on BHI plates incubated overnight at 37°C.



Quantitative Real-Time Reverse Transcription PCR

Total RNA was extracted with the Trizol reagent (Ambion/Invitrogen) and used to synthesize cDNA with the iScript cDNA Synthesis Kit (BioRad, Hercules, CA, USA) according to the manufacturer’s protocol. Gene expression was measured by quantitative real-time PCR using gene-specific primers both for humans and bacteria as analyzed in the results and SYBR Green (Biorad, Hercules, CA, USA) and additionally using 18S and NPM1 (for AGO2-RNA immunoprecipitation experiment) primers for normalization. For quantification of the abundances of miR-30e, real-time PCR analysis was performed with the TaqMan Universal PCR Master Mix (Applied Biosystems) and the miR-30e-5p specific TaqMan miRNA assays. The Taqman U6 assay was used as a reference control. Real time quantification was done using StepOne Plus Real time PCR Systems by Applied BioSystems (Foster City, CA, USA).



Luciferase Reporter Assays

HEK 293T and HeLa cells (5 X 104) were seeded into a 24-well plate and transiently transfected with 25 nM of mimics (miR-30e and miR-NC1), 50 ng of the transfection control pRL-TK plasmid (Renilla luciferase containing plasmid) and 300 ng of the various expression plasmids (containing 3’-UTR of specific genes and Firefly luciferase containing plasmid) according to the respective experiments. In another experiment, 300 ng of miR-30e promoter Firefly luciferase containing plasmid together with 50 ng of the transfection control pRL-TK plasmid were transfected together and finally infected with L. mono. The cells were lysed at 24 h after transfection and/or infection, and finally the luciferase activity in total cell lysates was measured using Glomax machine (Promega, Madison, WI, USA).



Enzyme-Linked Immunosorbent Assay (ELISA)

HeLa cells were transiently transfected with miR-30e and miR-NC1 and then were infected L. mono. bacterial infection then treated with gentamycin. The culture media were harvested 24 h after infection and were analyzed by specific ELISA kits (Becton Dickinson) according to the manufacturer’s instructions to determine the amounts of IL6 that were secreted by the cells.



RNA Immunoprecipitations

RNA immunoprecipitations were performed as described previously (Meister et al., 2004; Beitzinger and Meister, 2011). The pIRESneo-Flag/HA Ago2 plasmid was a gift from Professor T. Tuschl (Addgene plasmid #10822). Briefly, HeLa cells transfected with miRNA and infected with L. mono. then treated with gentamycin were lysed in 0.5% NP-40, 150 mM KCl, 25 mM tris-glycine (pH 7.5) and incubated with M2 Flag affinity beads (Sigma) overnight. The lysate was then washed with 300 mM NaCl, 50 mM tris-glycine (pH 7.5), 5 mM MgCl2, and 0.05% NP-40. The extraction of RNA from the immunoprecipitated RNPs was performed with the Trizol reagent (Ambion, Invitrogen) according to the manufacturer’s protocol.



Microscopy

HeLa cells were seeded along with cover slips in low confluency and next day transfected with miRNA mimic for 24 h prior to bacterial infection then infected with UPEC-GFP for 4 h and treated with gentamycin for 1 h. Afterwards kept in incubator (37°C, 5% CO2) for 24 h. Then cells were fixed with 4% PFA for 15 min at room temperature; permeabilized with 0.05% Triton X-100 in 1 x PBS for 10 min at room temperature; blocked with bovine serum albumin (5 mg/ml) in PBS, 0.04% Tween-20 for 30 min and incubated for 1 h with the relevant primary antibodies diluted in blocking buffer. The cells were then washed three times with PBS and incubated for 1 h with the appropriate secondary antibodies at room temperature. Nuclei were stained with DAPI, phalloidin red was used to stain the actin filaments of the cells. Cover slips then containing cells were carefully mounted on to the glass slides using Fluoroshield (Sigma) as mounting media. Slide was then kept for few hours for drying before imaging. Images were visualized at 40X with Apotome – AXIO fluorescence microscope by Zeiss.



Re-analysis of the RNA-Seq Dataset

The raw read counts were obtained from GSE73502 (Pai et al., 2016) through GREP2 R package (Mahi et al., 2019) and were TMM (Trimmed mean of M-values) normalized. Differential expression analysis was performed using EdgeR (Robinson et al., 2010) package with a significance cutoff – logFC >1.5 and adjusted p-value <0.05. The differential expression analysis was performed for each time point (2hr and 24 hr) and both the bacterial infections separately. In case of robust rank aggregation (RRA) approach (Kolde et al., 2012), the significant differentially expressed genes (DEGs) obtained from each case were ranked using robust rank aggregation R package, which basically ranks and aggregate the high confidence genes across each list. The high confidence genes were calculated based on the p-value adjusted using Bonferroni correction and 30 genes were obtained below the cutoff less than 0.05. In next approach, miRNA seed enrichment analysis was performed using the tool Mienturnet (Licursi et al., 2019). In this, the high confidence genes were used as input for the miRNA enrichment analysis. The number of miRNAs which were predicted to be binding with the high confidence genes were represented using the bar plot (Figure 1D). All the analysis was performed in R 3.6 environment and the tool Networkanalyst (Zhou et al., 2019) was used for the generation of PCA plot and Venn diagram.




Figure 1 | Bioinformatic identification of crucial host genes and microRNAs (miRNAs) associated with bacterial infection in Macrophages. (A) Schematic of the bioinformatics pipeline used to identify the high confidence genes and the potential miRNAs that target them, upon infection with two different bacteria at different time points. (B) PCA plot shows the segregation of samples between three experimental groups – Control, Listeria and Salmonella infection. (C) Venn diagram shows the overlap of differentially expressed genes at 2 h and 24 h of Listeria and Salmonella infection compared to the corresponding uninfected samples giving 30 high confidence host factors obtained through robust rank aggregation (RRA) method. (D) Bar plot showing miRNA seed enrichment analysis for significant high confidence genes obtained through robust rank aggregation method. (E–H) Quantification (as determined by qRT-PCR analysis) of the fold changes in the abundances of miR-30e as indicated in hPBMCs, HeLa and Raw264.7 cells in presence of respective bacterial pathogens and PAMPs stimulation. (I) Quantification of miR-30e promoter activity by luciferase assay as indicated in HeLa cells. Data are mean +/- SEM of triplicate samples from single experiment and are representative of two independent experiments. ***P < 0.001, **P < 0.01 and *P < 0.05 by one-way ANOVA Tukey test and student t-test.





Statistical Analysis

All experiments were carried out along with the appropriate controls, indicated as control cells (Ctrl) or uninfected/non-infected cells. Experiments were performed in duplicates or triplicates for at least two or three times independently. GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA) was used for statistical analysis. The differences between two groups were compared by using an unpaired two-tailed Student’s t-test. While the differences between three groups or more were compared by using analysis of variance (ANOVA) with Tukey test. Differences were considered to be statistically significant when P < 0.05. Statistical significance in the figures is indicated as follows: ***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant.




Results


Bioinformatic Prediction of Host Genes and Their Regulatory MicroRNAs During Bacterial Infection

To investigate the microRNAs (miRNAs) and their target(s) involved in bacterial infection, we robustly re-analyzed the publicly available transcriptomic dataset GSE73502 in Gene Expression Omnibus (GEO) database. The dataset comprises of human macrophages infected with live gram-positive Listeria or gram-negative Salmonella bacteria, respectively (Pai et al., 2016). We first identified high confidence genes (HGCs) or the host factors from the dataset which were significantly dysregulated upon bacterial infection. Next, we identified the miRNAs targeting these HCGs. The schematic of in-silico unbiased pipeline used to perform the analysis is explained in Figure 1A. The dataset includes samples of human macrophages infected with bacteria both at early (2 h) and late (24 h) time points that were taken for analysis to cover the maximum number of infected samples during the unbiased analysis as well as to find the wide range host factors involved in crucial cellular machineries both at early and late stages of infection. After normalization, the segregation of different samples was visualized through PCA plot (Figure 1B). Differential expression analysis for genes was performed between the non-infected (control) and infected (Listeria and Salmonella) groups. The 963 and 3857 differentially expressed genes (DEGs) were obtain upon Listeria infection at 2 h and 24 h respectively. Similarly, 2040 and 2669 DEGs were obtain upon infection with Salmonella at 2 h and 24 h respectively. To determine the significantly dysregulated genes crucial for different cellular responses and common to both bacterial infections at early and late time points, we employed a popular rank aggregation method known as robust rank aggregation (RRA) (Kolde et al., 2012). The overlap of the DEGs were depicted in Venn diagram (Figure 1C). Robust rank aggregation method narrowed 30 genes to be significantly dysregulated in all the cases with the adjusted p-value of 0.05. These 30 genes or host factors were predominantly related to immune pathways and studied during bacterial infections. In addition, this analysis holds valid presumptions to be taken into consideration as the target cells used here were macrophages from healthy volunteers infected with bacteria (Listeria and Salmonella), are the crucial innate immune cells to play an important role in defense during bacterial infections. Through this approach we have found 30 HCGs crucial for both the infections. In this connection, we predicted the microRNAs which can modulate these HCGs as the host regulatory molecules proposing their utility in host-directed therapy (HDT). Furthermore, we performed miRNA seed-target enrichment analysis using a tool called Mienturnet (Licursi et al., 2019). This analysis provides the miRNA seed enrichment result from the given query of HCGs. We found the miRNA-seed of miR-30-5p family to be significantly enriched which targets seven of these 30 HCGs as shown in Figure 1D. This family consists of five members (miR-30a to miR-30e) with minor sequence difference and major phylogenetic difference as regulated at different chromosomal location. miR-30a/b/c/d has been extensively studied in relation to bacterial infections and immune evasion strategies as discussed later. However, role of miRNA-30e during bacterial infection is poorly understood. Hence, we further focused on miRNA-30e characterization as the host regulatory microRNA and concluded that miR-30e-5p induced upon different bacterial infections and stimulation with bacterial PAMPs in hPBMCs, HeLa and Raw264.7 cells respectively (Figures 1E–H). In addition, we estimated the miR-30e promoter activity in presence of Listeria monocytogenes (L. mono.) infection (Figure 1I) and found that bacterial infection controls miR-30e transcriptional regulation to regulate its expression.



The miRNA-30e-5p Targets Innate Immunity Regulators SOCS1 and SOCS3

To demonstrate the post-transcriptional regulation by miR-30e-5p, out of seven enriched host genes, SOCS1 and SOCS3 were selected to be analyzed in-vitro as shown schematic representation (Figure 2A). Because SOCS1 and SOCS3, a key immune negative regulator of PRR-mediated innate immune signaling pathways were obtained after the unbiased miRNA-seed enrichment analysis to demonstrate the role of miR-30e in immune regulation. Notably, they were also observed to be highly conserved targets of miR-30e throughout all the different class of species (Figure 2B). Next, to validate the regulation of 3’UTR of mRNA targets, the 3’UTR of the SOCS1 and SOCS3 gene were cloned downstream of luciferase gene under the CMV promoter to perform the luciferase assay. It was found that miR-30e significantly reduced the luciferase activity compared to control miR-NC1 (Figure 2C). In contrast, introduction of mutation (3’UTR_MUT) in cloned 3’UTR/3’UTR_WT by site directed mutagenesis (SDM) did not change the luciferase activity in presence of miR-30e and it was comparable with 3’UTR_WT (wild type) as shown in Figure 2D. miR-NC1 was used as a control for the experiment. Furthermore, we scanned the 3’UTRs of SOCS1 and SOCS3 for RNA binding site for AGO2 protein, in CLIP database, which is a key component of the miRNA-mediated silencing known as RNA-induced silencing complex (RISC) and found that the miR-30e make stable complexes with the target genes (Mishra et al., 2020). To validate, miR-30e and negative regulators transcripts (SOCS1 and SOCS3) interaction, AGO2 pull-down assay was performed as shown in schematic (Figure 2E) and found that introduction of miR-30e significantly enriches the transcript of SOCS1 and SOCS3 during L. mono. infection compared to the L. mono. infection alone or L. mono. infection along with control miR-NC1 treated cells, suggesting that miRNA-30e directly interact with the transcript through the formation of RISC. Next, the ectopic expression of miR-30e reduced the expression level of SOCS1 and SOCS3 in HeLa cells compared to the control after L. mono. infection (Figure 2F) and UPEC infection (Figure 2G). Taken together, miR-30e targets SOCS1 and SOCS3 significantly which might regulate innate immunity during bacterial infection.




Figure 2 | miR-30e-5p targets SOCS1 and SOCS3. (A) Schematic of miR-30e-5p targeting of innate immune regulators. (B) miR-30-5p binding 3’ UTR site conservation of SOCS1 and SOCS3 among wide range of species. (C, D) HEK293 cells were transfected with 50 ng of pRL-TK and 300 ng of 3’UTR_WT or 300 ng of 3’UTR_MUT (of indicated genes) together with 25 nM miR-30e or miR-NC1 mimics, 24 h after transfection, the cell was lysed and subjected to luciferase assay. (E) Schematic for RNA-immunoprecipitation assay. HeLa cells were transfected with plasmid encoding Flag-AGO2 in presence of miR-30e (50 nM) and miR-NC1 (50 nM) and then infected with L. mono. (50 MOI). Serum-free media of cells were replaced after 2 h with complete media containing gentamicin. After 24 h cells were subjected to RNA immunoprecipitation and quantified for SOCS1 and SOCS3 transcripts. (F, G) Quantification of the fold changes by qRT-PCR analysis in the relative abundances of SOCS1 and SOCS3 after infection of (F) L. mono. (50 MOI) and (G) UPEC (50 MOI) for 24 h in HeLa cells prior to transfected with miR-30e or miR-NC1 as indicated. Data are mean +/- SEM of triplicate samples from single experiment and are representative of two (E) and three (C, D, F and G) independent experiments. ***P < 0.001 and *P < 0.05 by one-way ANOVA Tukey test.





The MiRNA-30e-5p Curtails Bacterial Infection by Enhancing Innate Immunity

To understand the physiological implication of miR-30e-mediated targeting of SOCS1 and SOCS3, we investigated innate immune responses and bacterial burden. To this end, we estimated the expression level of innate immune effector genes in presence of L. mono. and miR-30e. Notably, absence of listeriolysin O (LLO) or non-pathogenic strain of Listeria showed no significant induction of immune response in comparison to LLO containing pathogenic strain of Listeria (Figure 3A). Therefore, for subsequent study we have used the LLO-sufficient strain. In context to immune regulation upon infection, miR-30e was found to significantly induce the expression of IL6 both at mRNA and protein levels as quantified by qRT-PCR (Figure 3B) and ELISA (Figure 3C) in presence of bacterial infection in HeLa cells compared to control miR-NC1. Subsequently, miR-30e also shown to enhance the expression of other pro-inflammatory cytokines and IFNs (Type 1,2 and 3) during L. mono. (gram-positive) (Figures 3D–H) and UPEC (Uropathogenic E. coli: gram-negative) (Figures 3I–K) bacterial infections respectively. Heightened innate immune responses in case of bacterial infections and in presence of miR-30e, prompted us to demonstrate the eligibility of miR-30e-5p toward host-directed therapy parameters. Therefore, we estimated the outcome on bacterial replication in presence of miR-30e. Colony forming units (CFU) assay (Figure 3L) and mRNA quantification (Figure 3M) of L. mono. hly gene in HeLa cells demonstrated that miR-30e reduces the L. mono. replication. Similar results were shown in the hPBMCs isolated from five different individuals both in presence of both miR-30e and AmiR-30e (inhibitor of miR-30e) by CFU assay (Figure 3N). Quantification of hly gene at mRNA levels also demonstrates reduced replication of L. mono. in hPBMCs upon miR-30e treatment compared to control miR-NC1 treated cells (Figure 3O). Furthermore, microscopy analysis, revealed the reduction in bacterial replication of UPEC GFP-tagged gram-negative bacteria in presence of miR-30e compared to AmiR-30e (Figure 3P). In addition, quantification of fimA virulence gene at mRNA levels demonstrates reduced replication of UPEC in HeLa cells upon miR-30e treatment to cells compared to control miR-NC1 treated cells (Figure 3Q). Altogether, miR-30e qualifies to combat bacterial replication by enhancing innate immunity via targeting SOCS1 and SOCS3, two crucial negative regulators of innate immune signaling cascade during bacterial infections.




Figure 3 | miR-30e-5p elevates innate immunity by inhibiting bacterial replication. Quantification of the fold changes in the relative abundances of respective innate immune transcripts and bacterial transcripts after the 24 h of L. mono. infection in the cells transfected with miR-30e (50 nM) or miR-NC1 (50 nM) prior to infection. Expression of IL6 (A) in HeLa cells in presence of listeriolysin O (LLO)-deficient and LLO-sufficient strain of L. mono. In HeLa cells at (B) mRNA level and (C) protein level. Quantification of (D) TNFα, (E) IP10, (F) IFNβ, (G) IFNλ, (H) IFNy. Quantification of (I) IL6, (J) TNFα, (K) IFNy after the 24 h of UPEC infection in the HeLa cells transfected with miR-30e (50 nM) or miR-NC1 (50 nM) prior to infection. Estimation of L. mono. infection in presence of miR-30e by colony forming assay (CFU) in (L) HeLa cells and bacterial transcript (hly) quantification in (M) HeLa cells. (N) CFU in hPBMCs. (O) Bacterial transcript (hly) quantification. Estimation of UPEC infection in presence of miR-30e by (P) microscopy and (Q) bacterial transcript (fimA) quantification. Data are mean +/- SEM of triplicate samples from single experiment and are representative of two independent experiments. ***P < 0.001, **P < 0.01 and *P < 0.05 by one-way ANOVA Tukey test.






Discussion

The pathogens continuously evolve along the host for their survival and to evade the immune defense mechanisms within the system. Innate immunity delivers protection against various intracellular bacteria by recognition of bacterial PAMPs through various sensors. Several intracellular bacteria infects the host and develop mechanisms to escape from the innate immune activation (Diacovich and Gorvel, 2010). Host-pathogen communication decides the initiation, development and progression of infectious diseases. Majority of hazardous disease like tuberculosis, brucellosis, listeriosis, and salmonellosis are caused by intracellular bacteria (Paul, 2003; Silva, 2012). Listeriosis or commonly known as food-borne disease requires attention in this modern era of differential standards of food supply and reconstruction of food demand strategies. Listeria monocytogenes (L. mono.) is a gram-positive bacterium causing listeriosis, its pathogenesis being explored in detail and is used extensively as the model for studying different aspects of host-bacteria intricacies. Apart from macrophages, non-immune epithelial cell lines such as Hela cells were also reported to be used in demonstrating infectivity of bacterial infections, particularly, L. mono. (Francis and Thomas, 1996). Uropathogenic E. coli (UPEC) is another harmful bacteria belongs to gram-negative bacterium and is responsible for causing mild to severe urinary tract infections (UTI) with the ability to counter distinct immune modulation strategies (Olson and Hunstad, 2016). In contrast, evidence suggests, rapid onset of innate immune responses during the clinical manifestations of UTI might provide new biomarkers for the infectious disease (Reygaert, 2014; Ching et al., 2020). An intact and efficiently regulated innate immune environment is critical for host resistance against bacterial infection.

Herein, we re-explored publicly available dataset to perform differential expression analysis. To obtain high confidence genes (HCGs), we used robust rank aggregation (RAA) method to detect the genes that are ranked consistently better than expected under null hypothesis of uncorrelated inputs and assigns a significance score for each gene. Next we performed miRNA seed enrichment analysis for these HCGs, which provided the significant miRNA-target interactions. This approach concluded the identification of mir-30-5p family members to be enriched among the other miRNAs/miRNA-families targeting maximum seven out of 30 high confidence differentially expressed genes (Figure 1D). miRNA-30-5p family consists of five members namely miR-30a-5p, miR-30b-5p, miR-30c-5p, miR-30d-5p and miR-30e-5p. miR-30 family has been reviewed and reported to be extensively involved in regulation of development and diseases within the host (Verma et al., 2015; Mao et al., 2018). We selected miR-30e-5p for our study, which is lesser explored (Das et al., 2013; Latorre et al., 2015) to decipher the unknown regulatory mechanism during bacterial infection and subsequent innate immune modulation. In contrast, miR-30a has been shown to be involved in Streptococcus pneumoniae and Mycobacterium tuberculosis infections (Chen et al., 2015; Wu et al., 2017; Poore et al., 2018). miR-30b and miR-30d has been reported to be associated with H. pyroli infection (Tang et al., 2012; Yang et al., 2016). miR-30b/miR-30c, controls the intracellular survival of Burkholderia pseudomallei by targeting Rab32 GTPase and regulating phagosome formation (Hu et al., 2019). Seven HCGs those were targeted by miR-30-5p family were FOSL2, GBP2, IL2RA, SOCS1, SOCS3, TMEM86A, TNIP1. These factors were reported to be involved in various bacterial infections and other diseases (Cha et al., 2013; Degrandi et al., 2013; Goudy et al., 2013; Muth et al., 2017; Ling et al., 2018; Shamilov and Aneskievich, 2018; De Oyarzabal et al., 2019; Place et al., 2020). SOCS family proteins were considered as the important regulators of inflammatory responses (like interferons and cytokines; IL6, TNFα) and being significantly induced by broad range of bacterial infections (Stoiber et al., 2001; Yasukawa et al., 2003; Demirel et al., 2013; Carow and Rottenberg, 2014; Duncan et al., 2017; Alice et al., 2018). Interferons (IFNs) and pro-inflammatory cytokines like IL6 were additionally reported to play crucial roles during Listeria infection that might be connected to SOCS proteins in the Listeria infected system (Stoiber et al., 2001; Hoge et al., 2013; Pitts et al., 2016; Hop et al., 2019). Interestingly, out of these 7 HCGs, SOCS1 and SOCS3 were found to be the highly conserved targets of miR-30e with greater binding affinity. Therefore, we sought to characterize miR-30e binding with SOCS1 and SOCS3 during bacterial infections.

In the host-directed therapy (HDT), the host factors which are crucial for the infection of pathogen and its survival will be targeted for possible therapeutic outcomes, rather than directly targeting the pathogen, which is true in case of conventional antimicrobial drugs (Zumla et al., 2016; Kaufmann et al., 2018; Baindara, 2019). HDT can help in tackling the anti-microbial resistance which is one of the major challenges in dealing global health concerns. HDT for bacterial infection involves repurposed drugs, synthetic nucleic acids, mono-clonal antibodies, recombinant proteins to enhance the host immune defense against the pathogenic bacterial agent (Wroblewski et al., 2010; Yedery and Jerse, 2015; Bravo-Santano et al., 2019). To interpret the dimension of HDTs via microRNA-mediated regulatory mechanism, we thought of understanding the role of miR-30e in innate immune modulation. Hence, we validated the expression of miR-30e, which is upregulated during bacterial infections/PAMPs (Figures 1E–H) and selected SOCS1 and SOCS3, important negative regulator of innate immune signaling pathways which are significantly targeted by miR-30e (Figure 2). This resulted in reduced bacterial burden and moderate elevation of the innate immune responses within the HeLa cells infected with L. mono. and UPEC bacteria. On contrary, inhibitor of miR-30e was shown to exhibit opposite effect on bacterial infection (Figures 3L, N). Recently, miRNAs were shown as the promising candidates for HDT during many cases of bacterial infections (Iannaccone et al., 2014; Liu et al., 2018; Sabir et al., 2018). miRNAs are the fine tuners of host cellular factors during infectious diseases which reshapes the immunity and inflammatory responses during bacterial infection (Das et al., 2016; Zhou et al., 2018). In conclusion, our findings suggest that miR-30e regulates bacterial infections by interfering with the innate immunity that might challenges the bacterial survival strategy. Therefore, miRNA-30e binding of host factors with emphasis on immune modulation could be exploited as a constructive approach toward HDTs during bacterial infections.

In vivo investigation of miRNA-30-5p using mouse model and various bacterial infection system is one of major limitation of this study. These studies will provide mechanistic and physiological parameters more efficiently toward the evaluation of therapeutic potential of this miRNA for the development of HDTs.
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Macrophages are important effectors of tissue homeostasis, inflammation and host defense. They are equipped with an arsenal of pattern recognition receptors (PRRs) necessary to sense microbial- or danger-associated molecular patterns (MAMPs/DAMPs) and elicit rapid energetically costly innate immunity responses to protect the organism. The interaction between cellular metabolism and macrophage innate immunity is however not limited to answering the cell’s energy demands. Mounting evidence now indicate that in response to bacterial sensing, macrophages undergo metabolic adaptations that contribute to the induction of innate immunity signaling and/or macrophage polarization. In particular, intermediates of the glycolysis pathway, the Tricarboxylic Acid (TCA) cycle, mitochondrial respiration, amino acid and lipid metabolism directly interact with and modulate macrophage effectors at the epigenetic, transcriptional and post-translational levels. Interestingly, some intracellular bacterial pathogens usurp macrophage metabolic pathways to attenuate anti-bacterial defenses. In this review, we highlight recent evidence describing such host-bacterial immunometabolic interactions.
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Preface

Derived from hematopoietic precursors, macrophages are central innate immune cells that function in host defense and maintenance of tissue homeostasis. First described by Ilya (Elie) Mechnikov in 1882, macrophages are essentially found in every tissue, seeding the tissue during embryonic development and acquiring specialized organ-specific identities and functions through transcriptional and epigenetic programs governed by factors released by the organ’s stroma (Lavin et al., 2015). In case of perturbations to tissue homeostasis, bone marrow-derived monocytes are recruited from the blood to the affected site where they differentiate into macrophages. Both tissue-resident and monocyte-derived macrophages activate innate and adaptive immunity (Lavin et al., 2015). They act as scavengers that engulf and destroy microbes, particulate matters or altered host cells, while alerting the immune system through the secretion of cytokines, chemokines and lipid mediators. In addition, macrophages contribute to wound healing and tissue repair processes. In contrast, dysregulated activation of macrophages leads to inflammatory tissue damage and inflammatory diseases, cancer promotion, granulomas and chronic infections, atherosclerosis and the metabolic syndrome (Murray and Wynn, 2011). Macrophages express scavenger receptors and immunoglobulin receptors, which promote phagocytosis (Kumar, 2020), antibody-dependent cell phagocytosis (ADCP) and antibody-dependent cell cytotoxicity (ADCC). In addition, they are equipped with germ-line encoded pattern recognition receptors (PRRs) that sense microbial- or danger-associated molecular patterns (MAMPs/DAMPs). Following PRR stimulation, signal transduction cascades converge on the activation of master transcription factors, proteases, and effectors of phagocytosis, allowing a quick innate immune response (Kumar, 2020) (Figure 1A). PRR engagement also ensures durable responses through metabolic and epigenetic establishment of an “innate memory”, termed trained immunity. This term coined in 2011 (Netea et al., 2011) refers to the ability of innate immune cells, such as monocytes and macrophages to develop a heightened secondary response, that is rather unspecific, as it occurs following rechallenge by the same or other pathogens. Trained immunity has been demonstrated primarily in studies exploring the response to β-glucan of Candida albicans or Mycobacterium tuberculosis (Mtb) bacillus Calmette-Guérin (BCG). Unlike the classical immunological memory of the acquired immune system, which involves gene recombination events, trained immunity is established by metabolic and epigenetic reprogramming of transcriptional pathways in myeloid progenitors (Netea et al., 2020) (Figure 1B).




Figure 1 | Macrophage innate immunity effectors. (A) Macrophage polarization to M1 or M2 is an over-simplified in vitro model that does not illustrate the complexity of macrophage ontogeny and phenotypes observed in vivo. The main macrophage receptors, transcription factors and markers associated with the M1/inflammatory and bactericidal (red) versus M2/wound healing (green) phenotypes are shown. M1 macrophages shift their metabolism to aerobic glycolysis while M2 macrophages have increased mitochondrial OXPHOS and lipid metabolism. (B) Trained immunity in myeloid cells. The graph depicts the enhanced innate immunity response induced upon rechallenge with the same or other microorganisms. Such innate memory is mediated by metabolites (mevalonate, acetyl-coA, NAD, α-KG, fumarate) and metabolic effectors (AKT, mTOR, HIF-1α) that converge on epigenetic (H3K4me3, H3K27ac) reprogramming of myeloid progenitors (Netea et al., 2020).



According to their function in inflammation and host defense versus wound healing and tissue repair, macrophages have been broadly designated as classically activated macrophages or alternatively activated macrophages (also referred to as M1 and M2, respectively). However, such an M1/M2 classification is an in vitro paradigm that does not reflect the heterogeneity of macrophages observed in vivo, as recently revealed by single cell approaches (Guilliams et al., 2018; Bonnardel and Guilliams, 2018). Previous studies have relied on in vitro polarization of murine bone marrow-derived macrophages (BMDM) with bacterial lipopolysaccharide (LPS) + interferon (IFN)γ to obtain the M1 phenotype or interleukin (IL)-4 and/or -13 for M2 polarization. These two macrophage states can be distinguished based on the expression of inducible nitric oxide (NO·) synthase (iNOS) and arginase in M1 and M2 cells, respectively (MacMicking et al., 1997). These markers highlight a primary metabolic difference in the metabolism of arginine into the “killer” molecule NO· in M1 cells or the “repair” metabolite ornithine in M2 cells. Macrophage metabolic adaptations are however not limited to the arginine pathway. As we discuss below, a number of studies have reported a “break” in the TCA cycle and a shift to aerobic glycolysis in M1 macrophages versus a preference for oxidative phosphorylation (OXPHOS) with enhanced glutamine and fatty acid utilization in M2 macrophages. Metabolic intermediates and effectors (e.g. NO·, reactive oxygen species [ROS], TCA derivatives, itaconate, prostaglandins, tryptophan metabolism etc.) were shown to regulate macrophage phenotypes and functions by acting as direct bactericidial agents or through the modulation of innate immunity signaling pathways, leading to the production of cytokines, anti-microbial peptides or tissue repair factors (O’Neill et al., 2016). Here, we focus on recent examples of immunometabolic adaptations following bacterial challenge and of bacterial strategies that target metabolic effectors to modulate host defense mechanisms. The discovery of such immunometabolic interactions provide novel therapeutic entry points to treat immunological disorders and infectious diseases.



Macrophage Metabolic Rewiring and Associated Functional Outcomes

Prior to delving into macrophage metabolic rewiring, we briefly provide a snapshot of the key cellular bioenergetic pathways described to impact macrophage functions upon bacterial challenge, with a focus on glycolysis and the mitochondrial TCA cycle (Box 1) (O’Neill et al., 2016). Early studies examining macrophage immunometabolism have explored the impact of Toll-like receptors (TLR) engagement, in particular that of TLR4, on metabolic rewiring. Follow-up studies examined live bacterial infections and interrogated the functional outcome of metabolic adaptations on macrophage function. Whether the early metabolic changes impact macrophage polarization or are a consequence of inflammatory signaling is currently debated. Nonetheless, there is ample evidence that metabolic mediators and effectors control both innate immunity and trained immunity in a feedforward manner.


Nitric Oxide∙ Kick-Starts the Metabolic Rewiring in Lipopolysaccharide-Activated Macrophages

Macrophages stimulated with LPS upregulate the expression of iNOS and metabolize arginine to produce high levels of NO∙ (MacMicking et al., 1997). Besides its anti-microbial effects, NO∙ has been shown, almost 30 years ago, to inhibit the ETC (Granger and Lehninger, 1982; Stadler et al., 1991; Cleeter et al., 1994). More recently, NO∙ was demonstrated as the main driver of metabolic rewiring in LPS-activated macrophages, as demonstrated using murine BMDM (Palmieri et al., 2020). Previous studies have described two metabolic “breaks” in the TCA cycle in such inflammatory macrophages leading to the accumulation of citrate and succinate. Citrate accumulation was attributed to changes in isocitrate dehydrogenase (IDH1) expression (Jha et al., 2015) and activity (Bailey et al., 2019; De Souza et al., 2019). However, the recent report by Palmieri et al. demonstrated that the break is rather mediated by NO∙-dependent inactivation of aconitase 2 (ACO2) (Palmieri et al., 2020) (Figure 2A). NO∙ also inhibited pyruvate dehydrogenase (PDH), potentially through Cysteine nitrosylation of the PDH-E3 subunit (dihydrolipoyl dehydrogenase, DLD), which blunts the entry of pyruvate in the TCA cycle. Cessation of glucose flux thus increases glutamine uptake and its anaplerotic utilization. Concomitantly, NO∙ impairs SDH function (Jha et al., 2015), although this has also been attributed to itaconate-mediated inhibition (Cordes et al., 2016; Lampropoulou et al., 2016). In either case, SDH inhibition leads to succinate accumulation (Figure 2A).




Figure 2 | Metabolic adaptations in activated macrophages. (A) Inflammatory macrophages are characterized by NO∙ -mediated inhibition of glucose flux in the Tricarboxylic Acid (TCA) cycle. NO∙ inhibits pyruvate dehydrogenase (PDH), aconitase 2 (ACO2), and SDH presumably through cysteine nitrosylation. This results in citrate accumulation and its conversion to itaconate which also blocks SDH. Citrate conversion to acetyl coA by ATP citrate lyase in the cytosol leads to histone acetylation and activation of inflammatory gene loci. SDH inhibition results in succinate accumulation, which inhibits PHDs, stabilizing HIF-1α and enhancing its transcriptional induction of glycolytic and inflammatory genes (e.g. pro-IL-1b). Succinylation of PKM2 leads to its inhibition and translocation to the nucleus where it promotes HIF-1α activity. RET mediated by succinate accumulation leads to ROS production. (B) Metabolic adaptations in M2 macrophages are represented in green. Macrophage tolerance in response to prolonged LPS exposure are in yellow.





Reactive Oxygen Species and NAD+ as Determinants of the Macrophage Inflammatory and Bactericidal Response

In 2011, West et al. reported that stimulation of TLR1, TLR2, and TLR4 on murine BMDM augmented mitochondrial ROS. They demonstrated juxtaposition between phagosome and mitochondria and an interaction between the TLR adaptor TRAF6 and ECSIT (Evolutionarily Conserved Signaling Intermediate In Toll Pathway), a protein involved in CI assembly in the inner mitochondrial membrane. This TLR-induced interaction leads to TRAF6-dependent ubiquitination of ECSIT which alters its localization to the outer mitochondrial membrane resulting in CI disassembly (West et al., 2011) (Figure 2A). Depletion of either ECSIT or TRAF6 impaired the ability of murine BMDM to clear intracellular bacteria, such as Salmonella typhimurium, supporting a role of CI-derived mROS in antibacterial defense (West et al., 2011). Follow up studies showed that engagement of different TLRs on human monocytes by lysates from different bacteria including Escherichia coli, Mtb and Staphylococcus aureus resulted in a universal increase in aerobic glycolysis, but changes in OXPHOS and lipid metabolism were restricted to some but not all TLRs (Lachmandas et al., 2016). This suggests that bacterial infection might induce context-specific metabolic adaptations in macrophages, different from what has been reported with the LPS challenge model.

In parallel to enhanced aerobic glycolysis, Tannahill et al. were first to show that LPS-activated murine BMDM accumulate succinate (Tannahill et al., 2013). Succinate enhances the activity of SDH (CII), which overloads coQ with electrons, forcing the electrons to flow backwards to CI in a process referred to as reverse electron transport (RET). RET was proposed to trigger CI-dependent generation of mitochondrial ROS (mROS), which has been linked to the induction of pro-inflammatory gene expression (Mills et al., 2016) (Figure 2A). In line with these findings, Garaude et al. showed that murine BMDM challenged with live bacteria remodel their ETC, decreasing CI assembly and switching to CII preferential utilization. This switch was dependent on sensing bacterial viability by TLRs and the NLRP3 inflammasome and was mediated by phagosomal NADPH oxidase and the ROS-dependent tyrosine kinase FGR phosphorylating and activating SDH (CII) (Garaude et al., 2016). Reciprocally, inflammasome activation was driven by CII, as its inhibition diminished the production of IL-1β (while increasing IL-10) (Figure 2A) (Garaude et al., 2016). Importantly, inhibition of CII rendered mice more susceptible to infection with S. typhimurium or E. coli (Garaude et al., 2016). More recently, the role of RET and CI as the source of mROS has been challenged (Cameron et al., 2019). CIII was shown to produce mROS in LPS-stimulated murine BMDM. Inhibition of CIII which is hypothesized to drive RET, reduced rather than increased inflammatory cytokine production. Consistently, deletion of the CI subunit NDUFS4 leads to systemic inflammation in Ndufs4-/- mice (Jin et al., 2014).

One of the effects of mROS accumulation in LPS-activated murine BMDM is the depletion of the cellular NAD+ pool, leading to inhibition of NAD+ dependent mitochondrial respiration. On one hand, NAD+ is consumed by poly(ADP-ribose) polymerase activation in response to mROS-induced DNA damage (Cameron et al., 2019). On the other hand, the de novo synthesis of NAD+, derived from tryptophan metabolism via the kynurenine pathway, is inhibited in response to TLR4 engagement as revealed by Isotype tracer studies (Minhas et al., 2019). To replenish NAD+ levels and sustain GAPDH activity in glycolysis, TLR4 quickly induces the NAD+ salvage pathway by upregulating the expression of nicotinamide phosphoribosyltransferase (NAMPT) (Cameron et al., 2019). Together, these studies demonstrate that PRR-stimulated murine BMDM convert their mitochondria from ATP- to ROS-producing factories, which depletes NAD+ levels and inhibits mitochondrial respiration while promoting glycolysis. Of note, NAD+ also controls the Sirtuins, a family of NAD+ dependent type III deacetylases that modulate inflammation by deacetylating various substrates, including transcription factors involved in macrophage activation such as NF-κB and AP-1 (Galli et al., 2011). A competition among the SIRT family members can fine-tune the macrophage inflammatory response, as recently shown for SIRT5 using murine peritoneal macrophages (Qin et al., 2017).



Itaconate, an Anti-Inflammatory and Bactericidal Derivative of the Tricarboxylic Acid Cycle

As a consequence of the break in the TCA cycle at the level of ACO2, inflammatory macrophages convert citrate to itaconate through the mitochondrial enzyme immune-responsive gene 1 (IRG1)-mediated decarboxylation of cis-aconitate, as shown using murine peritoneal macrophages (Michelucci et al., 2013). Itaconate blocks SDH, resulting in impaired succinate oxidation, diminished oxygen consumption (Németh et al., 2016) and reduction in the levels of inflammatory cytokines (IL-1β, IL-18, IL-6, IL-12), NO and HIF-1α. Mechanistically, itaconate inhibits inflammation via the alkylation and inactivation of KEAP1 (Kelch-like ECH-associated protein 1) (Mills et al., 2018), which is a repressor of the transcription factor Nrf2 (Bellezza et al., 2018), allowing Nrf2 to exert its anti-oxidant and anti-inflammatory effects. The anti-inflammatory property of itaconate was also observed in vivo for e.g. in murine models of LPS-induced lethality (Liao et al., 2019), ischemia-reperfusion injury (Lampropoulou et al., 2016), and Mtb infection (Nair et al., 2018). In the latter, Irg1-/- mice were shown to be more susceptible to Mtb infection than wild-type animals, due to a more severe immunopathology. Besides its anti-inflammatory activity, itaconate is a potent anti-bacterial, as it inhibits the key enzyme of the bacterial glyoxylate cycle isocitrate lyase, and has been shown to restrict the growth and virulence of Mtb (Michelucci et al., 2013), S. typhimurium (Michelucci et al., 2013) and Legionella pneumophila (Naujoks et al., 2016).



HIF-1α and Aerobic Glycolysis Govern the Macrophage Inflammatory and Anti-Bacterial Response

HIF-1α is a master transcription factor best known for its role in cellular adaptation to hypoxia. In bacterial infection, HIF-1α levels are upregulated at the transcriptional level by NF-κB, as shown in murine BMDM infected with group A Streptococcus or Pseudomonas aeruginosa or in LPS challenge of the murine macrophage cell-line (RAW264.7) (Rius et al., 2008). The stability of HIF-1α is also regulated at the post-translational level. The latter is induced by succinate accumulation in inflammatory macrophages. On one hand, succinate inhibits prolyl hydroxylases (PHD) (Tannahill et al., 2013), a family of α-KG-dependent dioxygenases (α-KGDD) involved in HIF-1α degradation at steady state (Bruick and McKnight, 2001). PHDs are also indirectly inhibited by mROS leading to HIF-1α stabilization (Mills et al., 2016). On the other hand, succinylation of the glycolysis rate limiting enzyme pyruvate kinase M2 (PKM2) converts it from an active homotetramer into an inactive monomer/dimer that binds to and activates HIF-1α (Palsson-McDermott et al., 2015). Among the key inflammatory genes with a HIF-1α response element is the gene encoding pro-IL-1β. Thus HIF-1α couples the metabolic shift to aerobic glycolysis in murine BMDM to the induction of IL-1β-mediated inflammatory response (Figure 2A). In chronic infection with some intracellular bacteria, HIF-1α stabilization leads to reduced citrate levels, and such a nutritional depletion prevents bacterial replication but without impacting bacterial survival leading to bacterial persistence (Hayek et al., 2019). This was demonstrated for Coxiella burnetii, the causative agent of Q fever, using human monocyte-derived macrophages (hMDM) and in murine BMDM and for L. Pneumophila, the causative agent of Legionnaires’ pneumonia, in a murine BMDM infection model.



The Role of Glutaminolysis, α-KG, and the Hexosamine Biosynthetic Pathway (HBP) in M2 Macrophage Polarization

Using metabolomics and transcriptomics approaches on murine BMDM cultured under LPS+IFNγ elicited M1 or IL-4-induced M2 polarizing conditions, Jha et al. identified different metabolic pathways important for each macrophage state. In particular, an enrichment of effectors and metabolites of the glutaminolysis and the HBP was observed in M2 macrophages. Concordantly, inhibition of N-glycosylation or glutamine deprivation reduced M2 polarization (Jha et al., 2015). The same was seen with inhibition of the glutaminase Gls1, which was demonstrated to promote M2 polarization through elevation of α-KG production and epigenetic upregulation of M2-associated genes by Jumonji domain-containing protein D3 (JMJD3) (Liu et al., 2017), a histone demethylase belonging to the α-KGDD superfamily (Loenarz and Schofield, 2008). Glucosamine treatment, which engages the HBP, suppressed LPS-induced proinflammatory gene expression in BMDM and improved clinical outcomes in the cecal ligation and puncture (CLP) mouse model of sepsis (Hwang et al., 2019) (Figure 2B). Conversely, myeloid-specific knockout of murine Ogt, which encodes the HBP effector enzyme O-GlcNAc transferase (OGT) led to heightened susceptibility to LPS-induced septic shock, mediated by exacerbated macrophage inflammation (Li et al., 2019a; Li et al., 2019b).



Metabolic Epigenetic Control of Inflammation and Trained Immunity

As mentioned earlier, α-KG exerts important epigenetic regulation of murine BMDM polarized to the M2 phenotype through the histone demethylase activity of JMJD3 (Liu et al., 2017). Another layer of control of macrophage inflammatory response is mediated by acetyl-CoA production and histone acetylation. Using metabolic tracing of glucose and glutamine and metabolic assays, Lauterbach et al. recently demonstrated that TLR4 stimulation of murine BMDM activates ATP-citrate lyase, which converts citrate pumped out of the mitochondria to acetyl-CoA in the cytosol. Acetyl-coA is then used for histone acetylation and activation of several inflammatory gene loci, including the Il-12 locus, linking cellular metabolism to epigenetic activation of innate immunity (Lauterbach et al., 2019) (Figure 2B). A new post-translational modification (PTM) of histone lysine residues, derived from lactate and referred to as lactylation, has recently been added to the metabo-epigenetic armamentarium of macrophage regulation (Zhang et al., 2019). Interestingly, this PTM appears to occur later in the course of murine BMDM polarization than histone acetylation, upregulating genes involved in wound healing (e.g. Arg1) presumably to restore homeostasis (Zhang et al., 2019).

The immune tolerance state observed in macrophages following prolonged exposure to LPS, which provides a model to study immune paralysis, as observed in sepsis (Kumar, 2018), is similarly controlled by chromatin remodeling. Seeley et al. showed that sustained LPS promoted murine BMDM tolerance by inhibiting STAT1/2-dependent upregulation of inflammatory genes. Prolonged LPS treatment induced two microRNAs, miR-221 and miR-222, that inhibited the chromatin remodeling complex SWI/SNF by targeting its core component brahma-related gene 1 (Brg1). Interestingly, expression of miR-221/-222 correlated with increased organ damage in sepsis patients, and may potentially serve as a biomarker of sepsis-related immune paralysis (Seeley et al., 2018). Beyond the regulation of innate immunity, the metabolic-epigenetic crosstalk exerts a key role in the establishment of trained immunity. The two main epigenetic marks linked to trained immunity are histone methylation (H3K4me3) in promoters and histone acetylation (H3K27ac) in distal enhancers of poised innate immunity genes within specific loci in the genome. In human monocytes stimulated with β-glucan (to induce trained immunity), Arts et al. showed that cholesterol synthesis, aerobic glycolysis and glutamine anaplerotic use in the TCA cycle, lead to fumarate accumulation, which induces epigenetic rewiring of macrophages by inhibiting the histone demethylase lysine demethylase 5 (KDM5) (Figure 1B). Inhibition of glutaminolysis and cholesterol synthesis in mice reduced trained immunity induction in vivo (Arts et al., 2016). β-glucan inhibits IRG1 thus limiting itaconate inhibition of SDH; as a consequence succinate is converted to fumarate in β-glucan-trained human MDM (Dominguez-Andres et al., 2019).




Bacteria Rewire Macrophage Metabolism as a Strategy to Grow and Evade Innate Immunity

Some intracellular bacterial pathogens evolved multiple and overlapping mechanisms to survive within the threatening environment of a macrophage (Figure 3). These include exploiting macrophage metabolic resources to survive and rewiring macrophage metabolism to attenuate bacterial sensing and innate anti-bacterial defenses. Furthermore, some bacteria adapt to macrophage innate immunity responses to tolerate antibiotics.




Figure 3 | Bacterial strategies targeting macrophage metabolism toward a successful infection. Bacteria manipulate metabolic pathways to enhance the necessary nutrient resources required for their survival, including glucose and lactate as carbon sources. The antibacterial effects of itaconate is countered by some bacteria through expression of itaconate degradative enzymes. Bacteria can “hide” from innate sensors by altering host metabolic enzymes (e.g. PDE2 conversion into lipoyl-E2-PDH that blocks TLR1/2 stimulation by bacterial lipopeptides). Chronic infection by intracellular bacteria is promoted through the actions of PPARδ and PPARγ that promote a wound healing phenotype and enhance glucose availability for the bacteria.




Exploiting the Macrophage Glycolytic Pathway as a Nutrient Source

Among the intracellular bacteria shown to rewire macrophage metabolism toward aerobic glycolysis are L. pneumophila, Brucella abortus, Mtb and Listeria monocytogenes. While L. pneumophila depends on serine metabolism in its exponential growth phase, it switches to glycerol and glucose use in the post-exponential phase (Hauslein et al., 2017; Oliva et al., 2018). L. pneumophila establishes a permissive niche by impairing macrophage OXPHOS in a type IV secretion system (T4SS)-dependent manner (Escoll et al., 2017). Using human MDM and the murine RAW264.7 macrophage cell-line, Escoll et al. showed that L. pneumophila triggered mitochondrial fission through the secreted effector MitF, a Ran GTPase activator that interacts with host DNM1L, a GTPase involved in mitochondrial fission. In parallel, L. pneumophila enhances glycolysis in a T4SS-independent manner, although the mechanism controlling this pathway has not been determined. Using macrophages derived from the human monocytic cell-line THP-1, Czyż et al. showed that B. abortus increased macrophage aerobic glycolysis to promote its survival, which depended on lactate as its sole carbon source. This was demonstrated using a Brucella strain deficient in lactate dehydrogenase or by pharmacological inhibition of host glycolysis, both resulting in impaired Brucella growth (Czyz et al., 2017). Mtb was reported to use lactate instead of pyruvate as a carbon source. Using WT and KO mutant strains, Billig et al. showed that this ability to use lactate relied on oxydation by the L-lactate dehydrogenase LldD2. 13C tracing experiments proved that lactate was used in the bacterial TCA cycle and for gluconeogenesis via phosphoenolpyruvate carboxykinase. This pathway was key for Mtb intracellular survival in human macrophages (Billig et al., 2017). The cytosolic bacteria Listeria monocytogenes poorly metabolizes lactate and pyruvate, but relies on glycerol and glucose-6-phosphate for energetic and anabolic needs, respectively (Grubmuller et al., 2014). Through its toxin Listeriolysin O (LLO), L. monocytogenes induces transient mitochondrial fragmentation (Stavru et al., 2011), and takes advantage of the increased glycolysis elicited in inflammatory macrophages to proliferate (Gillmaier et al., 2012).



Dampening Macrophage Glycolysis to Promote Chronic Infection

B. abortus chronic intracellular infection preferentially occurs in alternatively activated or M2 macrophages, relying on PPARγ that contributes to increased glucose availability for the bacteria (Xavier et al., 2013). Similarly, S. typhimurium hijacks glucose from the host cell requiring the transcription factor PPARδ to sustain chronic infection as shown using murine BMDM (Eisele et al., 2013). Unlike the findings by Billig et al. described above (Billig et al., 2017), Cumming et al. demonstrated that enhanced aerobic glycolysis was only observed with M. bovis BCG or dead Mtb. In contrast, live virulent Mtb directed human macrophage metabolism to exogenous fatty acid consumption instead of glucose while globally reducing both glycolysis and the TCA cycle. Mtb thus reprograms macrophage metabolism into a “quiescent state” to facilitate its intracellular survival (Cumming et al., 2018). Among the mechanisms by which Mtb dampens macrophage glycolysis is through the induction of microRNA-21 (miR-21) that targets the glycolysis limiting enzyme phosphofructokinase-M (PFK-M). Using WT or miR-21 deficient mice and in vitro assays with human and mouse macrophages, Hackett et al. demonstrated that this anti-inflammatory miR-21 dampened glycolysis and ultimately decreased IL-1β production, promoting bacterial growth. Interestingly, IFNγ secreted in response to Mtb infection counters miR-21 induction, restoring the macrophage anti-bacterial response (Hackett et al., 2020).



Countering the Anti-Bacterial Effect of Itaconate

Several bacteria, including Yersinia Pestis and P. aeruginosa degrade itaconate as a common survival strategy, by expressing three enzymes, namely itaconate coenzyme A (CoA) transferase, itaconyl-CoA hydratase, and (S)-citramalyl-CoA lyase (Sasikaran et al., 2014). Furthermore, P. aeruginosa exploits itaconate as a carbon source allowing it to produce biofilm as in cystic fibrosis patients lungs. Riquelme et al. recently reported that itaconate-adapted P. aeruginosa accumulate mutations in the LPS-assembly protein IptD, and upregulate extracellular polysaccharides, which in turn promotes itaconate production by macrophages in a feedforward mechanism (Riquelme et al., 2020).



Targeting Metabolic Effectors to “Hide” From Macrophage Pattern Recognition Receptors and to Tolerate Antibiotics

Using murine BMDM, Grayczyk et al. determined that S. aureus is able to secrete a lipoic acid synthetase, LipA, that modifies pyruvate dehydrogenase E2 subunit (PDE2) by adding a lipid moiety, lipoic acid. This yields the secreted metabolic protein lipoyl-E2-PDH that blocks TLR1/2 stimulation by bacterial lipopeptides. Altogether, these data suggest a key role for LipA in bacterial escape from innate immunity (Grayczyk et al., 2017). S. aureus also benefits from host-derived ROS to tolerate antibiotics. Rowe et al. showed that ROS attenuated the metabolism of S. aureus by attacking iron-sulfur (Fe-S) clusters-containing proteins including bacterial TCA cycle enzymes, namely SDH and acotinase. This metabolic state confers S. aureus resistance to killing by multiple antibiotics, highlighting a situation where innate immunity is exploited by the bacteria for a successful infection (Rowe et al., 2020).




Conclusion and Future Perspectives

The last decade has witnessed an impressive growth in the understanding of the intricate immunometabolic network governing macrophage activation in bacterial infections. Furthermore, several studies have now described strategies used by intracellular bacterial pathogens to survive in macrophages, evade innate immunity and establish a chronic infection. These advances provide exciting perspectives for developing new therapies targeting macrophage metabolic effectors to treat infectious and inflammatory diseases. Notable example of currently approved anti-inflammatory drugs that target metabolic effectors include methotrexate, rapamycin and metformin, that respectively inhibit dihydrofolate reductase, mammalian target of rapamycin (mTOR), and CI. Additional metabolic modulators include dimethyl fumarate (DMF) that inhibits KEAP1, NF-κB and the inflammasome, among others, and TEPP-46 that promotes PKM2 tetramerization [reviewed in (Palsson-McDermott and O’Neill, 2020)]. However, to expand this armamentarium, the focus must be steered away from tissue culture models of macrophage infection and in vitro macrophage polarization studies to fully grasp organ-specific immunometabolic mechanisms of macrophages of different lineages involved in fighting or containing bacterial infections. Exploring the efficacy of new immunometabolic modulatory drugs might provide urgently needed therapeutic options for emerging infectious diseases or those resistant to approved therapies.
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The major causative agent of tuberculosis (TB), i.e., Mycobacterium tuberculosis (Mtb), has developed mechanisms to evade host defense responses and persist within host cells for prolonged periods of time. Mtb is also increasingly resistant to existing anti-TB drugs. There is therefore an urgent need to develop new therapeutics for TB and host directed therapies (HDTs) hold potential as effective therapeutics for TB. There is growing interest in the induction of autophagy in Mtb host cells using autophagy inducing compounds (AICs). Nanoparticles (NPs) can enhance the effect of AICs, thus improving stability, enabling cell targeting and providing opportunities for multimodal therapy. In this review, we focus on the macrophage responses to Mtb infection, in particular, the mechanistic aspects of autophagy and the evasion of autophagy by intracellular Mtb. Due to the overlap between the onset of autophagy and apoptosis; we also focus on the relationship between apoptosis and autophagy. We will also review known AICs in the context of Mtb infection. Finally, we discuss the applications of NPs in inducing autophagy with the intention of sharing insights to encourage further research and development of nanomedicine HDTs for TB therapy.
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Introduction

TB caused by an infection from the bacillus Mycobacterium tuberculosis (Mtb) is among the top ten leading causes of death globally, and is the main cause of death from a single infectious agent. An estimated 1.7 billion people across the world are infected with Mtb and in 2018, approximately 10 million new cases were reported, corresponding to 130 cases per 100,000 population (World Health Organization, 2019). Geographically, the majority of TB cases are found mostly in South-East Asia, Africa, and the Western Pacific. The eight countries; India, China, Indonesia, the Philippines, Pakistan, Nigeria, Bangladesh and South Africa account for two thirds of all cases globally (World Health Organization, 2019).

TB commonly affects the lungs, where it is called pulmonary TB (PTB) but can also affect other organs throughout the body and in this case; it is known as extra-pulmonary TB (EPTB) (World Health Organization, 2018). It is estimated that between 5 and 15% of the estimated 1.7 billion people (about 20% of the world population) is infected with Mtb will develop TB during their lifetime (World Health Organization, 2018). However, the probability of developing TB is greater for people living with HIV and also higher for people who smoke, consume alcohol, have diabetes, and/or are under-nourished (World Health Organization, 2019). The current drug therapy for TB is a six-month regimen that consists of a two month intensive phase, where patients receive four first-line antibiotics [i.e., ethambutol hydrochloride (EMB), isoniazid (INH), rifampicin (RIF), and pyrazinamide (PZA)], followed by a four month continuous phase, where patients receive RIF and INH (Grange and Zumla, 2002; Nasiruddin et al., 2017; Bekale et al., 2018).

The lengthy multidrug therapy has been shown to overwhelm patients with high pill load and toxic side effects, resulting in a considerable reduction inpatient compliance and adherence to the medication (Dartois, 2014). This therefore increases the potential risk for the development of drug-resistant strains in noncompliant patients (Kimmey and Stallings, 2016; Kaufmann et al., 2018). As a result, drug-resistant TB remains a major public health hazard. In 2018, approximately 500,000 new cases of RIF-resistant TB (RR-TB) (of which 78% had multidrug-resistant TB) were reported (World Health Organization, 2019).

India, China and the Russian Federation were found to be the three countries with the largest share of the global burden of RR-TB, with each having 27%, 14% and 9%, respectively. In addition, 18% of treated cases in 2018, were either multidrug-resistant TB (MDR-TB) or RIF-resistant TB (RR-TB), with the highest proportions (>50%) of these cases being in countries of the former Soviet Union (World Health Organization, 2019). MDR-TB plus resistance to at least one of the fluoroquinolones and one of the injectable agents used in MDR-TB treatment regimens is known as extensively drug-resistant TB (XDR-TB). In 2018, at least one case of XDR-TB was reported by each of the 131 WHO Member States. However, over the past 15 years, the average proportion of MDR-TB cases with XDR-TB reported by 128 countries was 6.2% of all TB cases (World Health Organization, 2019).

Macrophages are most common host cells of Mtb in pulmonary TB. Therefore, the successful treatment of pulmonary TB depends on the efficiency of TB drugs to infiltrate complex lung lesions, penetrate the cell membrane of macrophages and other host cells and finally, for the drugs to be taken up by the intracellular Mtb (Dartois, 2014). A study by Gurumurthy et al., demonstrated that TB drugs are malabsorbed, rifampin in particular, was found to be malabsorbed in patients with advanced HIV and diarrhea and cryptosporidial infection. The bioavailability of INH was found to be more reduced in rapid acetylators, while the absorption of EMB and PZA was also reduced in the same patient group. These results suggest that the malabsorption of anti-TB drugs in TB patients with HIV, and diarrhea could be one of the factors affecting the success of anti-TB therapy in this patient cluster (Gurumurthy et al., 2004).

Anti-TB fixed dose combination (FDC) drugs and products have been described as unstable in formulations due to chemical interactions between the drugs, this incompatibility can also lead to a reduction in the bioavailability of the drugs during oral administration. Therefore, in a previous study by Aucamp et al., interactions as well as possible incompatibilities between the four commonly prescribed commercial anti-TB FDC drugs were investigated at a temperature of 50°C. The study revealed that INH and RIF are chemically incompatible (Aucamp et al., 2019). Anti-TB drugs should also be taken on an empty stomach to reduce interaction with various foods, which results in the absortion of these drugs being reduced. In addition, anti-TB drugs also interact with other drugs when taken as part of a combination treatment, this interaction with foods and/or other drugs has been shown to increase the side effect inducing capacity of anti-TB drugs e.g., interaction between isonizid with levodopa, or carbohydrate rich foods (Arbex et al., 2010).

First-line and second-line TB drugs have been shown to posess different intracellular uptake properties, and intracellular to extracellular (I/E) ratios ranging between 0.1 to >20. In both in vitro and in vivo studies, aminoglycosides and β-lactams (antibiotics that are used to treat XDR TB) were found to have I/E ratios that were below 1, the I/E ratio of INH was found to be approximately 1. On the other hand, the I/E ratio ofRIF ranged between two and five, while the I/E ratios of ETH and the macrolides were shown to range between 10 to >20 (Johnson et al., 1980; Hand et al., 1984). Fluoroquinolones have also been found to have variable intracellular penetration properties: the concentrations of moxifloxacin (MXF) have been shown to be 20–70 fold higher in pulmonary alveolar macrophages when compared to the concentrations in the plasma (Soman et al., 1999). The concentrations of levofloxacin were only marginally higher in alveolar cells when compared with concentrations in the plasma (Andrews et al., 1997). On the other hand, ciprofloxacin was found to have an alveolar macrophage to plasma ratio of 5–10, indicating an intermediate penetration capacity (Schüler et al., 1997).

The penetration and accumulation of TB drugs inside Mtb is the final step of the long journey the drugs have to take to reach the site of action. The reduced permeability of Mtb to small-molecule drugs has also been shown to contribute to the drug tolerance found in the dormant Mtb population (Dartois, 2014). Nutrient-starved non-replicating Mtb also display a significant reduction in intracellular accumulation of fluoroquinolones, which may help explain the resistence of quiescent Mtb against fluoroquinolone activity (Sarathy et al., 2013a). Polyamines decrease the ability of drugs to permeate Mtb, and have also been shown to prevent the uptake of fluoroquinolones by the mycobacteria (Sarathy et al., 2013b). These results, therefore suggest that the intracellular production of polyamines by macrophages might be partially responsible for the dormancy and phenotypic drug resistance of intracellular Mtb (Dartois, 2014).

There is therefore an urgent need to develop new therapeutic approaches for the treatment of TB (Kimmey and Stallings, 2016; Kaufmann et al., 2018; Paik et al., 2019). Host directed therapy (HDT) is a novel and promising concept in TB treatment, where small molecules, together with or without additional antibodies, are used to modify host responsesto better control the progression of TB. HDT drugs are distinct from antibiotics, as they directly modulate the functions of host cells without interacting with Mtb; thereby preventing the development of drug resistance by the infecting pathogen (Kolloli and Subbian, 2017; Paik et al., 2019). The applications of HDT-TB can possibly be effective in the treatment of MDR or XDR-TB through the therapeutic targeting of various clinically relevant biological pathways in hosts. Modulation of pathological or protective responses in hosts has revealed that various components of the immune system are central therapeutic targets for HDT against TB (Zumla et al., 2016; Kolloli and Subbian, 2017; Paik et al., 2019).

Autophagy is an intracellular catabolic process that assists in the maintainance of homeostasis or the removal of invading pathogens through a lysosomal degradation mechanism. The activation of autophagy in infected host cells, through the use of various drugs/compounds is a promising treatment strategy against Mtb infection, which may also work against drug-resistant strains with or without adjunctive agents (Gupta et al., 2016; Kimmey and Stallings, 2016; Paik et al., 2019). As autophagy and HDT are still relatively new approaches in TB, there is a scarcity of research focusing on the delivery of autophagy inducing compounds (AICs) and the treatment duration of autophagy therapy aspecially when combined with conventional antibiotic treatment. However, it is still necessary to directly deliver the AICs to the infected cells/tissues/organs to prevent unwanted side effects and delivery to non-target cells (Paik et al., 2019).

Nanoparticles (NPs) can be utilized as a delivery system to improve the activity of AICs against intracellular Mtb by transporting the encapsulated AICs to their target sites while protecting them from biodegradation and enhancing their absorption across biological barriers (Dube et al., 2013; Tukulula et al., 2018). NPs also allow for sustained drug release in the target tissue. This allows for the reduction of dosing frequency, thus lessening the drug-associated side effects in the process (Grabowski et al., 2013). In addition, the materials used to synthesize the NPs can possess autophagy inducing activity or the surface of the NPs can be functionalized with an AIC (Bekale et al., 2018).

In this review, we focus on the macrophage responses to Mtb infection, in particular, the mechanistic aspects of autophagy and the evasion of autophagy by intracellular Mtb. Due to the overlap between the onset of autophagy and apoptosis; we also focus on the relationship between apoptosis and autophagy. We will also review known AICs in the context of Mtb infection. Finally, we discuss the applications of NPs in inducing autophagy with the intention of sharing insights to encourage further research and development of nanomedicine HDTs for the treatment of TB.



Uptake of Mtb and Fate Within Macrophages

TB can be spread when people with active pulmonary TB expel Mtb into the air, for example, by coughing. Aerosols of the pathogen can persist in the air for a prolonged period of time and once inhaled, the bacilli travel through the upper respiratory tract to reach the alveoli in the lungs, where they are taken-up primarily by alveolar macrophages, type 2 pneumocytes and polymorphonuclear neutrophils (PMNs). However, alveolar macrophages commonly act as the first line of defense against the pathogen (Silva Miranda et al., 2012; Dartois, 2014; Bekale et al., 2018). Mtb is internalized by macrophages through phagocytosis and subsequently located within phagosomes, which undergoa series of fusion events to mature and attain anti-microbial properties. The progression of phagosome maturation is actively regulated and driven by the network of Rab GTPases (Rab), which also play a role in the identity of the endosomal organelle (e.g., Rab5, early endosomes; Rab7, late endosome), sorting of protein and lipids through the recycling pathway as well as regulating membrane-fusion events (Gruenberg and van der Goot, 2006; Gutierrez, 2013; Prashar et al., 2017).

Therefore, the process of phagosome maturation is characterized by the recruitment of specific Rab GTPases, which ultimately facilitate the fusion between the phagosome and the lysosome to form the phagolysosome, a cytoplasmic body that contains a set of hydrolytic enzymes necessary for the clearance of pathogens. Rab20, Rab34 and the proneurotropin receptor sortilin have also been described as important regulators of phagosome maturation and are thus critical in the control and eradication of intracellular Mtb (Kasmapour et al., 2012; Vazquez et al., 2016; Schnettger et al., 2017). The completion of phagosome maturation is accompanied by a reduction in intraphagosomal pH from neutral to the more acidic pH 5, via a vesicular proton-pump ATPase (HC-V-ATPase)-dependent process (Russell et al., 2009). Phagosomal acidification creates a suitable environment for the production of reactive oxygen species (ROS) and for the optimal activity of lysosomal digestive enzymes; hence, the process is essential for the clearance of intracellular Mtb (Vieira et al., 2002; Sun-Wada et al., 2009).



Surface Recognition and Macrophage Responses to Mtb Infection

The uptake of Mtb by phagocytic macrophages is facilitated by the recognition of Pathogen Associated Molecular Patterns (PAMP) present at the bacterial surface by various Pattern Recognition Receptors (PRRs) on the surface of macrophages such as Scavenger Receptors (SR), cytosolic DNA sensors,C-type Lectin Receptors (CLR/CTL), Fc Receptors (FcR) and Toll-Like Receptors (TLR), mannose receptors, surfactant protein A receptors, CD14, immunoglobulin receptors, and complement receptors (Songane et al., 2012; Nasiruddin et al., 2017; Queval et al., 2017). Phagocytosis, innate immune responses and various cellular processes such as antigen presentation, inflammasome activation, autophagy, phagosome maturation, and apoptosis are dependent on the stimulation of the PRRs (Queval et al., 2017). Mtb has been shown to activate phagocytosis in macrophages by interacting with TLRs. Recognition of Mtb is more specifically facilitated by TLR2 using a variety of microbial structures, such as the lipoproteins19 kDa, lipomannans (LM), lipoarabinomannan (LAM) and the glycolipid phosphatidyl-myo-inositolmannoside (PIM) (Quesniaux et al., 2004).

It has been noted that the loss of lipooligosaccharide (LOS) production in the evolution of TB causing mycobacteria is responsible for the rough colony morphology of these pathogens, further contributing to enhancing the recognition of Mtb by TLR2 (Boritsch et al., 2016). In addition, TLR9 has been reported to recognize unmethylated CpG motifs in bacterial DNA (Bafica et al., 2005). These events trigger a signaling cascade that stimulates Myeloid Differentiation primary response protein 88 (MyD88) resulting in the activation of pro-inflammatory cytokine production, activation and nuclear translocation of transcription factors, including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) (Nigou et al., 2001).

C-type lectin receptors (CLR/CTL) are a family of calcium dependent membrane bound receptors that recognize carbohydrate rich molecules. Among these receptors, the mannose Receptor (MR) is one of the most well-known, and recognizes mannose on the surface of Mtb. The stimulation of macrophages through the MR has been shown to induce the production of anti-inflammatory cytokines without activating oxidative responses (Nigou et al., 2001). The Dendritic Cell immune Activating Receptor (DCAR), Dectin-1, Dectin-2, C-type lectin superfamily member 8 (Clecsf8) and the Mincle receptor belong to a sub-family of the CLR and represent the most known CLR expressed by macrophages (Yonekawa et al., 2014; Marakalala and Ndlovu, 2017).

DCAR is an Fc receptor γ-chain (FcRγ) coupled receptor that induces Th1 responses against Mtb infections by recognizing PIM. T cells of DCAR-deficient mice have been shown to have weakened IFN-γ production resulting in elevated bacterial loads (Marakalala and Ndlovu, 2017). Dectin-1 is a transmembrane receptor with an extracellular C-type lectin-like domain (CRD) and a cytoplasmic immunoreceptor tyrosine-based activation motif (ITAM)-like domain (hemITAM). Dectin-1 is a known fungal β (1, 3)-glucan receptor but the precise PAMP for Mtb remains unknown. However, Dectin-1 triggers the production of IL-12p40 in a Syk-dependent mannerin splenic DCs infected with Mycobacterium Bovis (M. bovis) or pathogenic Mtb (Dinadayala et al., 2004; van de Veerdonk et al., 2010; Marakalala and Ndlovu, 2017).

Dectin-2 on the other hand, has been shown to recognize ManLAM to induce host immune responses against Mtb infection. The structure of Dectin-2 consists of a transmembrane domain, a CRD, and a short cytoplasmic tail. The short tail recruits an ITAM-linked FcRγ, which activates signaling through Syk and possibly the Caspase recruitment domain family member 9/B-Cell CLL/lymphoma 10/Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (CARD9/BCL10/MALT1) complex. Dectin-2 has also been shown to recognize the virulent Mtb H37Rv strain, however, the protective capacity of this receptor against Mtb is yet to be demonstrated in vivo (Toyonaga et al., 2016; Marakalala and Ndlovu, 2017).

The Mincle receptor recognizes and specifically binds to what is thought to be likely the most abundant glycolipid in the mycobacterial cell wall, the mycobacterial cord factor Trehalose-6,6-dimycolate (TDM) (Ishikawa et al., 2009; Marakalala and Ndlovu, 2017). The ligation of TDM to Mincle triggers the generation of Th1/Th17 immune responses, production of pro-inflammatory cytokines and granuloma formation (Ishikawa et al., 2009; Marakalala and Ndlovu, 2017; Mishra et al., 2017). Clecsf8 also interacts with mycobacteria through the TDM glycolipid. This PRR is commonly expressed on macrophages, classical monocytes, peripheral blood neutrophils, and by a subsets of dendritic cells (DCs). Upon engaging with TDM, Clecsf8 stimulates Mincle expression through a protein to protein interaction, resulting in an increase in intracellular responses. Downstream signaling of this FcRγ-coupled receptor is mediated through Syk kinase and CARD9/BCL10/MALT1 pathways and induces various intracellular responses, including NF-κβ activation, pro-inflammatory cytokine production, phagocytosis, and respiratory burst. Clecsf8 interaction with TDM also induces DC maturation and T-cell priming (Marakalala and Ndlovu, 2017).

Complement Receptor (CR) and Fc receptors are also highly expressed on the surface of macrophages and CR3 has been shown to help facilitate the phagocytosis of Mtb by macrophages through the recognition of PIM and/or Mtb polysaccharides (Villeneuve et al., 2005). Mammalian monocytes and macrophages express scavenger receptors to recognize oxidized or acetylated lipoproteins. The Macrophage Receptor with Collagenous (MARCO) structure is the most studied scavenger receptor and has been found to cooperate with TLR2 to stimulate the secretion of proinflammatory cytokines and the activation of transcriptional factor NF-kB through the recognition of TDM (Bowdish et al., 2009). DCs and macrophages use Dendritic Cell Specific Intercellular adhesion molecule-3 Grabbing Non-integrin (DCSIGN/CD209) to recognize conserved sugar motifs on various parasites, viruses, and bacteria, including Mtb (Tanne and Neyrolles, 2010).



Cell Death in Mtb Infected Macrophages

The failure to eradicate intracellular Mtb post-infection, results in either the active or latent form of TB. In the latent phase, an assortment of immune cells (more macrophages, lymphocytes and DCs) are recruited to the region of infection to keep the intracellular bacteria inactive. Together these cells may at times form a tissue structure known as a granuloma, which consists of a core composed of Mtb infected macrophages. In the presence of activated T cells, the granuloma becomes fully organized and the core becomes enclosed with lymphocytes (mainly γ/δ T Cells, CD4+ and CD8+) which initiate the secretion of IL-8, IL-12, TNF-α, and other pro-inflammatory cytokines by macrophages (Ehlers and Schaible, 2012; Hajipour et al., 2012; Nasiruddin et al., 2017). The end result consists of a continuous balance between necrotic infected cells and the recruitement of new phagocytes onto the granuloma is known as latency and is one of the hallmarks of latent TB (van Crevel et al., 2002; Hajipour et al., 2012; Nasiruddin et al., 2017).

However, this impasse between the host and pathogen, is dynamic and consists of an equilibrium between cell death and replenishment through cellular recruitment, as well as vascular and tissue remodeling (Ehlers and Schaible, 2012). The bacteria can persist within the granuloma in a latent state for prolonged periods of time (lasting up to the lifetime of the individual), however, as illustrated in Figure 1, a weakened immune system (e.g., due to malnutrition, HIV infection etc.) can lead to the reactivation of the Mtb. In this active phase, the bacteria can begin to proliferate, ultimately inciting the death of the infected macrophages through necrosis (Silva Miranda et al., 2012). Mtb can now exit the granuloma and further disseminate to form lesions in other regions of the lungs. The active Mtb can also be transmitted to other individuals through for example, coughing (Mueller and Pieters, 2006).




Figure 1 | Transmission and pathogenesis of TB after Mtb infection. (A) Macrophages use PRRs to take up Mtb by recognizing various PAMPs on the surface of the bacteria. Recognition of Mtb is more precisely facilitated by TLR2, which triggers phagocytosis, innate immune responses and various cellular processes such as antigen presentation, inflammasome activation, autophagy, and apoptosis resulting in the eradication of intracellular Mtb. (B) However, failure to eradicate intracellular Mtb after infection, results in either the latent or active form of TB. In the latent phase, the Mtb can remain dormant within the granuloma for years. However, when the immune system becomes weakened, Mtb can become reactivated, subsequently inducing the death of the infected macrophages through necrosis.



Macrophages infected with Mtb commonly express two types of cell death, i.e., necrosis: a death modality that ends in cell lysis and apoptosis: a form of cell death that maintains an intact cell membrane (Figure 2) (Behar et al., 2011). Apoptosis can be instigated through various mechanisms; nonetheless, the process is defined using several molecular and morphological decisive factors. The common hallmarks of apoptosis are DNA fragmantation, exposure of phosphatidylserine on the outer leaflet of the plasma membrane, and lastly, containment of cellular components in membrane-bound blebs (Behar et al., 2011).




Figure 2 | The induction of apoptosis and/or necroptosis by TNF in Mtb infected macrophages. TLR2 can be stimulated by different components of the Mtb cell wall, which triggers the translocation of NF-κB to the nucleus resulting in the silmultaneous expression of TNF through a myeloid differentiation factor 88 (MyD88) dependent approach. The binding of TNF to TNFR1, induces the binding of TRADD to RIP1 and TRAF2/5, which consecutively bind to cIAP1/2 to make up complex I. cIAPs facilitates the Lys-63-linked polyubiquitination of RIP1 or TRAF2 resulting in Lys 63-linked proteasomal degradation of IκB. The resulting NF-κB translocates into the nucleus and triggers the transcription of various genes including A20 and CYLD. RIP1 becomes deubiquitinated by A20 and CYLD, futher switching complex I into complex II, which then initiates apoptosis through the recruitment and activation of Caspase-8. Casepase 8 inactivation triggers the formation of complex III, which induces the recruitment of RIP3 by RIP1 and subsequently the recruitment of MLKL by RIP3, ultimately resulting in necroptosis. Adapted from (Xu et al., 2014).





The Intrinsic Pathway: The Role of the Mitochondria in the Induction of Apoptosis and Necrosis

Vertebrate cells generally undergo apoptosis by utilizing the intrinsic apoptotic pathway; relying on mitochondrial outer membrane permeabilization (MOMP) as the defining hallmark (Green and Kroemer, 2004). MOMP facilitates the release of apoptosis inducing factor, Smac-DIABLO, cytochrome c, and other factors from the mitochondrial intermembrane resulting in the activation of caspase-3/7 which are responsible for the induction of apoptosis. These events can also occur due to the opening of the mitochondrial inner membrane pore (permeability transition pore), resulting in the loss of the mitochondrial intermembrane potential (Δψm), mitochondrial permeability transition (MPT), and ultimately the induction of necrosis. Mtb infections have also been shown to induce these changes in mitochondrial membranes; therefore, these changes are believed to determine the mode of death in infected macrophages (Behar et al., 2011).

In the first scenario, MPT can cause the mitochondria to become permeable to water, resulting in swelling, dysfunction, and ultimately necrosis (Green and Kroemer, 2004). In the second scenario, MOMP can occur as a by-product of the outer mitochondrial membrane damage caused by irreversible MPT. Such a scenario can materialize when hepatocytes undergo apoptosis and/or necrosis due to oxidative stress, or other toxic treatments (Kim et al., 2003). However, the occurance of apoptosis and MOMP is not always dependent on MPT. In this scenario, members of the Bcl-2 family of apoptosis inducing proteins, for example, induce MOMP without affecting the mitochondrial inner membrane (Chipuk and Green, 2008). More specifically, processed Bcl-2 only protein BID activates the proapoptotic Bcl-2 family proteins BAX and BAK which subsequently induce MOMP and translocation of proapoptotic factorsinto the cytosol, resulting in the activation of caspase-9, caspase-3 and ultimately apoptosis (Behar et al., 2011).

A permeable mitochondrial outer membrane allows for effector molecules to damage the mitochondrial inner membrane by gaining access into the mitochondrial intermembrane space. This could be the same mechanism utilized by capase-3 to damage a component of the electron transport chain called Ndufs1 (Ricci et al., 2004). Ndufs1 damage induces ROS production by disrupting the electron transport chain in the inner membrane, resulting in necrosis. It is believed that caspase-3 gains access to the mitochondrial intermembrane space through a permeable mitochondrial outer membrane, which also facilitates the escape of proapoptotic factors including cytochrome c into the cytosol (Behar et al., 2011). Finally, there is a scenario where MPT can occur independently from the induction of MOMP. This is believed to be a mechanism utilized by the protease, granzyme A, to damage the components of the mitochondrial inner membrane (Martinvalet et al., 2008). Granzyme A enters the mitochondrial intermembrane space without damaging the mitochondrial outer membrane, due to the cytosolic chaperone activity of Hsp70 and Hsp90. Once inside, the protease cleaves Ndufs3 resulting in MPT (Martinvalet et al., 2008).



Induction of Apoptosis Through the Extrinsic Pathway in Mtb Infected Macrophages

Various components of the mycobacterial cell wallcan stimulate the production of tumor necrosis factor (TNF) in Mtb infected macrophages through the TLR2-mediated signaling pathway. TNF induces apoptosis through TNF receptors, which can be found as either membrane-bound or in soluble form (Xu et al., 2014). TNF minimizes the spread of Mtb by activating the Caspase-8-mediated extrinsic cell death pathway (Behar et al., 2011). Avirulent or attenuated Mtb strains such as Mtb H37Ra have been shown to induce more macrophage apoptosis when compared to virulent strains such as Mtb H37Rv, which have been confirmed to elude TNF-dependent apoptosis by activating the release of membrane-bound TNFR2 in solution, through an IL-10 dependent pathway (Behar et al., 2011), and by increasing the expression of Mcl-1 protein, a member of the anti-apoptotic B-cell lymphoma/leukemia-2 (Bcl-2) family of proteins which are located in the outer membrane of mitochondria (Xu et al., 2014).

The virulent strain H37Rv has been shown to induce an enhanced release of IL-10 in Mtb infected macrophages, when compared to the attenuated strain H37Ra. This elevated IL-10 release triggers a greater build up of sTNFR2, which through the formation of a soluble receptor-ligand complex leads to the inhibition of TNF-α activity (Balcewicz-Sablinska et al., 1998). Conversely, increased production of TNF has been shown to induce mitochondrial ROS in infected macrophages via the receptor interacting protein 1 (RIP1) receptor interacting protein 3 (RIP3) mixed lineage kinase domain-like protein (MLKL) dependent pathways. The mitochondrial ROS induces a type of necrosis called necroptosis in Mtb infected macrophages, which leads to the release of mycobacteria into the extracellular environment (Wang et al., 2012). The repression of RIP3 or MLKL has been shown to switch Mtb infected macrophages from a state of TNF-induced necroptosis to a state of delayed RIP1-dependent apoptosis (Han et al., 2011). The stimulation of TNF receptor 1 (TNFR1) by TNF triggers the binding of TRADD (TNF receptor-associated death domain) to RIP1, TNF receptor-associated factor 2/5 (TRAF2/5) and cIAP1/2 (cellular inhibitor of apoptosis 1/2) to form complex 1 (Xu et al., 2014).

The Lys 63-linked polyubiquitination of RIP1 or TRAF2 by cIAPs induces the translocation of NF-κB into the nucleus to induce the transcription of A20 and cylindromatosis (CYLD), which can both deubiquitinate RIP1 (Vandenabeele et al., 2010). Inhibition of cIAP proteins or deubiquitination of RIP1 facilitates the conversion of complex I to complex II, which is comprised of FADD, RIP1, TRADD and Caspase-8 (Han et al., 2011). Complex II facilitates the activation of Caspase-8 which further instigates apoptosis. The inhibition of Caspase-8 activity triggers the recruitment of RIP3 by RIP1 to form complex III (also called necrosome), which also comprises of Caspase-8, FADD and possibly TRADD. RIP1 subsequently phosphorylates RIP3 to recruits MLKL, resulting in the onset of necroptosis. In addition, the presence of inhibitors of ubiquitinating enzymes, virulent strains of Mtb, and deubquitinating enzymes keep Caspase-8 inactive (Xu et al., 2014).

Therefore, avirulent Mtb strains tend to stimulate apoptosis, whereas virulent Mtb strains are inclined to trigger necroptosis, a type of cell death known to favourthe pathogen and facilitate the dissemination of Mtb (Jayaraman et al., 2013). These observations suggest that at some point during the infection, virulent Mtb strains stimulate higher expression of TNF when compared to avirulent strains resulting in necroptosis. In addition, virulent strains possibly secrete a biological agent that blocks the activity of Caspase-8, reslting in the inhibition of apoptosis. In contrast, avirulent strains might be lack this ability (Xu et al., 2014).

Macrophage apoptosis is associated with an increase in ROS production. During apoptosis, DCs engulf and facilitate the degradation of the Mtb or Mtb product containing apoptotic bodies by cross-presenting the bacterial antigens to CD8+ T cells through a process called efferocytosis (Lee et al., 2004; Ashida et al., 2011; Silva Miranda et al., 2012). The binding of apoptotic bodies to the phagocytes during efferocytosis triggers the expression of anti-inflammatory cytokines such as interleukin-10 (IL-10) and transforming growth factor-β. The suppression of inflammation by these cytokines is believed to assist in minimizing the tissue damage caused by the accidental release of intracellular contents, including degradative enzymes, to the extracellular space (Lee et al., 2009). As the bacteria are typically killed during this process, Mtb infected macrophages have ‘alternative activation’ which is characterized by the arrest of phagosome maturation, increased secretion of macrophage attractant chemokines and M2 cytokines, suppression of microautophagy and apoptosis inhibition (Lancellotti et al., 2006; Ashida et al., 2011).

Highly virulent Mtb strains are known to primarily induce necrosis; however, apoptosis has also been detected in macrophages infected with virulent Mtb (Figure 2). The induction of apoptosis in Mtb infected macrophages has been shown to be TNF-α dependent, although, the virulent Mtb strains induce extensively less apoptosis in host cells when compared to related attenuated strains (van Crevel et al., 2002; Behar et al., 2011). This difference in apoptosis induction has been explained using selective induction and release of neutralizing soluble TNF-α receptors by pathogenic strains. In turn, the release of TNF-α receptors is regulated by IL-10 production. Therefore, virulent strains of Mtb may selectively induce the production of IL-10, resulting inreduced TNF-α activity and decreased apoptosis of infected cells (van Crevel et al., 2002). However, it is still not clear whether virulent Mtb inhibits the induction of apoptosis or prevents its completion by locking its downstream events (Behar et al., 2011).

The TLR2 dependent activation of the NF-kB cell survival pathway and the enhanced production of the soluble TNF receptor 2 (sTNFR2), neutralize the activity of TNFR1 resulting in Mtb persisting inside the macrophage phagosomes in either an active form or a dormant form (Lancellotti et al., 2006; Ashida et al., 2011). Therefore, in order to investigate the role of apoptotic macrophages in adaptive immunity, a new adoptive transfer model has been developed where in vitro Mtb infected macrophages have been transferred from wild type or knockout mice and instilled into normal recipient mice via the trachea. This approach has been used to study the influence of macrophage genotypes on the T-cell response and control of infection (Divangahi et al., 2010).



Role of Eicosanoids in Mitochondrial Protection

Recent studies have investigatedhow the eicosanoid prostaglandin (PGE2) and lipoxins (LXs) regulate programmed celldeath in Mtb infected macrophages (Figure 3). Cyclooxygenases (COX), namely COX1 and COX2, are responsible for the production of PGs by metabolizing arachidonic acid into PGH (Kurtz et al., 2006; Behar et al., 2011). The various PGs produced comprise of PGD2, PGE2, PGF2α, PGI2, and thromboxane. Among these, PGE2 is the most studied PG, and has a variety of biological functions triggered by interacting withany of its four specific receptors EP1, EP2, EP3, and EP4 (Kurtz et al., 2006; Behar et al., 2011). The interaction between PGE2 and the EP2 receptor prevents bacteria induced damage to the mitochondria in macrophages. On the contrary, interacting with EP4 triggers the repair of the plasma membrane in infected macrophages through the recruitment of lysosomal membranes to the cell surface (Behar et al., 2011).




Figure 3 | The roles played by eicosanoids and lipoxins in regulating the death of infected macrophages. The balance between prostanoid and lipoxin production is the dictator of the modality of death in Mtb infected macrophages. Increased production of LXA4 induces necrosis; whereas, excess production of PGE2 inhibits necrosis and favors apoptosis. Adapted from (Behar et al., 2011).



Mtb H37Ra has been shown to stimulate PGE2 in host macrophages; however, virulent Mtb has been demonstrated to stimulate the production of LXA4in macrophages (Bousso, 2008). In these cells, 5-lipoxygenase (5-LO) metabolizes arachidonic acid to produce LXA4. The ensuing LXA4 plays a key role in the onset of inflammation and has been shown to stimulate macrophages to engulf apoptotic neutrophils using phagocytosis (Behar et al., 2011). LXA4 inhibitsthe expression of COX2 and thus, the generation of PGE2, subsequently redirecting the fate of the infected macrophage to necrosis. Other pro-necrotic roles of LXA4 include inhibiting the stimulation ofapoptosis by lipopolysaccharide/interferon-γ, prevention of the secretion of pro-apoptotic mediators by the mitochondria, as well as inhibiting caspase activation and ROS generation. This data establishes LXA4 as the most important mediator of necrosis (Behar et al., 2011).

The fate of the macrophage following Mtb infection is a key component of the immune response against the pathogen. Several PGE2 dependant cellular pathways have been found to promote apoptosis while preventing necrosis in Mtb infected macrophages (Bousso, 2008). These pathways include the induction of prostaglandin H (PGH) synthase which is propelled by membrane associated prostaglandin E synthase-1 (mPGES) to produce PGE2, the production of COX2, transcription of synaptotagmin-7 (Syt-7), a lysosomal Ca 2+ sensor that facilitates the fusion of the plasma membrane with lysosomal vesicles requiredto induce apoptosis, prevention of irreversible damage of the mitochondrial inner membrane by virulent Mtb strains using MPT (Bousso, 2008), and the production of plasminogen activator inhibitor type 2 (serpin B2) (Winau et al., 2006).

In addition, PGE2 also induces the transcription of Syt-7, which facilitates the repair of the plasma membrane repair by means of lysosomal exocytosis (Pozzi et al., 2005). There are numerous PGE2 dependent mechanisms leading to apoptosis, and the balance between the production of PGE2 and LXA4 regulates the number of cells undergoing apoptosis or necrosis (Behar et al., 2011).



Autophagy as an Innate Immune Defense Mechanism

Autophagy is a homeostatic lysosomal process that involves the degradation of cellular components to their basic elements as a response to stress conditions (Lam et al., 2017; Paik et al., 2019). Based on how the cargo is targeted and delivered to the lysosomes, the autophagy pathway can be catagorized into three different types of autophagy processes, i.e., macroautophagy, microautophagy, and chaperone-mediated autophagy. Macroautophagy (generally referred to as autophagy) is triggered by numerous stress signals such as damaged intracellular organelles, hypoxia, starvation, and microbial infection (Lam et al., 2017; Paik et al., 2019). As illustrated in Figure 4, autophagy is initiated by the formation of the early phagophores (isolation membrane) from the endoplasmic reticulum–mitochondria contact sites, followed by the expansion of the phagophores around the intra-cytoplasmic cargo, and the growth of the phagophores into double membrane autophagosomes. Eventually, the autophagosomes become autolysosomes by coalescing with endosomes/lysosomes to facilitate the degradation of cytoplasmic cargo. Autophagy is also essentialfor the regulation of various immune responses, including: inflammation, innate immunity, and macrophage antibacterial defenses (Lam et al., 2017; Paik et al., 2019).




Figure 4 | Overview of macroautophagy. Macroautophagy is one of autophagic process which is induced by various stimuli or stress including infection. Autophagy sequesters aggregated proteins, damaged organelles, and microbes from cytoplasm through formation of double-membraned structure (autophagosome). These autophagosomes fuse with lysosome or endosome that contains endocytic compartments to form amphisome or autolysosome. Finally, cargos are degraded in autolysosome for the maintenance of cellular homeostasis. Adapted from (Songane et al., 2012).



Bacteria mainly use pathogen induced damage-associated molecular patterns (DAMPs) and PAMPs to induce autophagy in host cells (Deretic et al., 2015; Shibutani et al., 2015). Cell surface recognition and cytosolic sensing of these molecules triggers signaling cascades that stimulatethe rapid and localized recruitment of the autophagy machinery (van der Vaart et al., 2014). Transcriptional factors such as NF-kB and transcription factor EB (TFEB) can further regulate autophagy by promoting the expression of diverse autophagy genes that extend the activation of autophagy (van der Vaart et al., 2014; Pastore et al., 2016).

The IL-12 and IL-18 dependent secretion of interferon gamma (IFN-γ), together with the production of tumor necrosis factor alpha (TNF-α) have all been shown to be vital in the defensive instigation of autophagy against Mtb infection (Salgame, 2005). IFN-γ induces autophagy in both human and murine macrophage cell lines; this type of autophagy reduces the survival of intracellular virulent Mtb H37Rv. IFN-γ enhances the translocation of LC3 and the proteolysis of long-lived proteins, which are both autophagy markers, and subsequently increases autophagosome formation (Shi and Kehrl, 2010). Upon IFN-γ stimulation, GTPase (IRGM1), an autophagy linked gene downstream of IFN-γ, controls Mtb replication through phagosome formation, facilitates the PI3K-dependent maturation of Mtb containing phagosomes, and autophagolysosome formation through the fusion of the phagosome to the lysosome (MacMicking et al., 2003).

The delivery of H+-ATP and lysosomal hydrolases from the trans-Golgi network to the phagosome as well as the fusion of the phagosome with the lysosome enhances the acidification of the internal environment of the autophagolysosome or autolysosome resulting in the killing of Mtb (Fratti et al., 2003; Songane et al., 2012). Treatment of Mtb infected macrophages with TNF-α leads to an increase inIFN-γ induced phagosome maturation in these macrophages (Songane et al., 2012). Autophagy can also produce and supply antimicrobial peptides to the bacterial compartment to improve the bacterial killing (Alonso et al., 2007). Depending on the nature and localization of PAMP/DAMP, autophagy can use a mechanism called xenophagy to selectively capture and eradicate bacteria, damaged organelles, and other signaling platforms activated during the infection process (Bah and Vergne, 2017).



Xenophagy

Xenophagy refers to the process whereby cells use autophagy against pathogens and this cellular mechanism has been found to be an innate component of immune responses. Xenophagy is triggered against Mtb infection by the cytoplasmic release of the bacteria through the Mtb ESX-1 secretion system (Watson et al., 2012; Paik et al., 2019). The autophagic receptors p62 and NDP52, and the STING dependent cytosolic pathway play a crucial role in the elimination of Mtb by xenophagy (Watson et al., 2012; Franco et al., 2017). Mice possessing monocyte derived cells and neutrophils that are devoid of Atg5 have been shown to be more susceptible to Mtb infection. However, other Atgs such as Beclin-1 and Atg14 (Figure 5), were found to cause no susceptibility. These results therefore suggest that autophagy may not be involved in regulating the initial stages of infection, however these claims are yet to be confirmed (Castillo et al., 2012; Watson et al., 2012; Kimmey et al., 2015).




Figure 5 | The roles of autophagy in macrophage defences against bacterial infections. (A) Cytosolic and vascular pathogens are selectively captured and degraded in the lysosome through a process called xenophagy. Xenophagy depends on ULK1, autophagy related (Atg) 14, Atg5-12, Beclin-1, autophagy receptor proteins, such as p62 and requires formation of an autophagosome. Autophagosomes capture bacterial compartments either through ubiquitination or through host glycan recognition by galectins. (B) Autophagy regulates inflammation by restraining inflammasome activation. This can be archieved by inhibiting the production of inflammasome subunits or through the elimination of damaged mitochondria, using a process called mitophagy. Adapted from (Bah and Vergne, 2017).



Mtb can also damage the phagosomal membrane and access the cytosol using its ESX-1 secretion system (Watson et al., 2012). Cytosolic sensor c-GAS can recognizethe bacteria’s DNA, thus inducing ubiquitination of the bacteria or its phagosome capture using ubiquitin ligases Parkin and Smurf1 (Watson et al., 2015; Franco et al., 2017). As a result, ubiquitin chains bind to autophagy adaptors, such as p62 and NDP52, recruitmicrotubule-associated-protein-1 light chain 3 (LC3) which subsequently delivers Mtb into an autophagosome. Cytosolic lectins of the galectin family also recognize the host glycan present on the lumen of damaged phagosomes, subsequently targeting these damage phagosomes for degradation by means of the autophagosome (Gomes and Dikic, 2014; Chauhan et al., 2015b).



LC3-Associated Phagocytosis

LC3-associated phagocytosis (LAP) is a non-canonical autophagy process known to play a significant role in antibacterial defenses in macrophages (Galluzzi et al., 2017; Mitchell and Isberg, 2017). During LAP, pathogens are taken up by macrophages through phagocytosis. Binding of pathogens on surface receptors, such as the Fc gamma receptors, toll-like receptors, or Dectin-1, triggers the conjugation of LC3 onto the phagosomal membrane without requiring autophagosome formation (Sanjuan et al., 2007; Huang et al., 2009; Ma et al., 2012). Unlike canonical autophagy, LAP depends on the activation of Beclin-1/Rubicon complex and NADPH oxidase-2 (NOX2) and does not rely on ULK1 or Beclin-1/Atg14 complexes (Huang et al., 2009; Martinez et al., 2015). LC3 conjugation is triggered by the recruitment of two ubiquitin-like conjugation systems that are promoted by phosphatidylinositol-3-phosphate (PI3P) and ROS. The production of ROS has been shown to be PI3P dependent, whereas the synthesis of PI3P relies on Rubicon. The MORN2 protein has also been implicated in the LC3 conjugation pathway, though its role in the process remains unknown (Abnave et al., 2014).

A number of studies have shown that the conjugation of LC3 onto the phagosome improves the fusion between the phagosome and the lysosome. As a result, macrophages with a deficient LAP pathway are less effective at controlling intracellular growth of numerous bacteria including Mtb, Staphylococcus aureus, Legionella pneumophila, M. bovis BCG, and Listeria monocytogenes (Yang et al., 2012; Abnave et al., 2014). In addition, Rubicon-deficient mice have been shown to retain a larger bacterial load and are more vulnerable to L. Monocytogenes infection (Yang et al., 2012). LAP has also been shown to assist in antigen presentation process via MHC class II molecules, thus bridging the gap between innate and adaptive immunity (Ma et al., 2012; Romao et al., 2013).

However, it is important to note that LC3 conjugation at times delays or does not affect phagosome maturation. This indicates that LC3 alone is not enough to drive the fusion of the phagosome with the lysosome (Bah and Vergne, 2017). Autophagy can also indirectly regulate phagocytosis by varying the expression of phagocytic surface receptors. For example, suppression of the Atg 7 protein synthesis in macrophages promotes the upregulation of MARCO and MSR1, two class-A scavenger receptors that enable phagocytosis of M. bovis BCG and Mtb (Bonilla et al., 2013). Autophagy-deficient cells have also been shown to amass p62, thus promoting the dissociation of transcription factor nuclear erythroid-related factor 2 (NFE2L2) from Keap1 and its subsequent translocation into the nucleus, where it facilitates the expression of these receptors. In some cases, the lack of autophagy during infection can lead to reduced phagocytosis dependent on the bacteria (Jacquel et al., 2012).



Reactive Oxygen Species-Mediated Autophagy Against Mtb Infections

ROS serve as signaling molecules that are involved in various cellular processes and play a key role in the killing of intracellular pathogens in macrophages (Lammas et al., 1997). Phagocytosis is a first-line innate immune defense mechanism. As illustrated on Figure 6, this process can be activated through the stimulation of specific membrane receptors, such as the β-glucan receptor, complement receptors, Fcγ receptors (FcγRs) or TLRs. Previous studies have revealed that the activation of TLR signaling during phagocytosis induces the recruitment of the LC3 autophagy protein to the phagosome, hence promoting phagosome maturation, plausibly by mediating membrane hemifusion/tethering, which results in microbial killing (Huang et al., 2009; Yang et al., 2012). FcγR and TLR signaling have been shown to induce the assembly of NOX2 NADPH oxidase on the nascent phagosomal membrane, which results in the production of superoxide through the transfer of electrons from the cytosolic NADPH to the oxygen in the phagosome lumen. Superoxide and other ROS generated during this process are highly potent and can directly kill intracellular microbes. The presence of NOX2-generated ROS has also been revealed to be compulsory for targeting LC3 to phagosomes (Huang et al., 2009; Yang et al., 2012).




Figure 6 | ROS production as an immune response against Mtb infections. Stimulation of either FcγRs or TLRs during phagocytosis activates similar kinetics to induce theactivation of ROS dependent autophagy. These two receptors activate the NOX2 NADPH oxidase, which is responsible for the production of ROS. Rubicon has also been shown to be an important positive regulator of the NADPH oxidase complex. During Mtb infection, the bacteria stimulate TLR2 resulting in the activation of Rubicon to interact with the p22phox subunit of the NADPH oxidase complex, enabling its phagosomal trafficking to induce the production of NOX2 dependent ROS, which leads to the recruitment of LC3 to the phagosome and ultimately the onset of autophagy and phagosome maturation through the assistance of Bectin-1.



Upon TLR stimulation or microbial infection (using Listeria monocytogenes), Rubicon was found to function as part of a Beclin-1 containing autophagy complex and has been shown to interact with the NADPH oxidase phagocytic complex, resulting in, firstly, the activation of NADPH oxidase which induces ROS-mediated antimicrobial oxidative activity; and secondly, the activation of Beclin-1-kinase complex relocate to phagosomes and trigger phagosomal maturation as a non-oxidative antimicrobial activity (Yang et al., 2012). IFN-γ inducible nitric oxide synthase (iNOS) pathways are an important antimicrobial alternative to the NADPH phagocyte oxidase pathways in phagocytic cells, which facilitates the production of nitric oxide (NO) radicals. Stimulation with zymosan, L. monocytogenes and a combination of the two, was found to produce significantly higher levels of ROS and NO in Raw264.7 Rubicon expressing macrophages. However, Rubicon expression as a result of IFN-γ stimulation was found to only induce minor differences in ROS and NO production. These results thus, suggest that Rubicon is primarily involved in the TRL2 dependent antimicrobial activity pathway, and that autophagy can either be ROS and NO dependent or non-dependent (Yang et al., 2012).



Inflammation Dampening Against Bacterial Infections

Inflammation is crucial to control bacterial infections; however, extreme inflammatory responses (cytokine storm) can result in injured host tissue, thus facilitating the progression of the disease. A number of studies have demonstrated that autophagy regulates inflammation in both infectious and non-infectious conditions (Shibutani et al., 2015; Cadwell, 2016). In cases of infections, autophagy uses multiple mechanisms to down-regulate the activation of inflammasomes (Saitoh and Akira, 2016; Harris et al., 2017). Pseudomonas aeruginosa infections damage the mitochondria, resulting in NLRC4 inflammasome. Autophagy eliminates the damaged mitochondria througha process called mitophagy, thus limiting inflammasome activation in both an in vitro and in vivo setting (Jabir et al., 2015). Atg7 deficient mice have been shown to have enhanced susceptibility to P. Aeruginosa infection resulting in increased neutrophil infiltration and severe lung damage. Atg7 deficiency in alveolar macrophages promotes up-regulation of IL-1β and pyroptosis (Pu et al., 2017). Aside frommitophagy, autophagy can also inhibit inflammasome activation by arresting the production of inflammasome subunits (Shi et al., 2012; Kimura et al., 2015).

It has also been shown that the mechanisms of autophagy are greatly manipulated by the micro-environment of the macrophage. Pro-inflammatory cytokines such as IFN-γ, IL-1β, and TNF-α are known to activate autophagy, whereas anti-inflammatory cytokines IL-4, IL-10, and IL-13 seem to inhibit autophagy (Harris, 2011). The recruitment of autophagy proteins p62 and Atg4B also promoted by the IFN-γ mediated xenophagy can only be accomplished through the help of ubiquilin-1 and guanylate binding proteins 1 and 7 (Kim et al., 2011; Sakowski et al., 2015). The presence of vitaminD in serum has been demonstrated to significantly enhance autophagy in macrophages by promoting the expression of cathelicidin, an antimicrobial peptide (Yuk et al., 2009). T cells have also been shownto induce autophagy in Mtb infected human macrophages (Petruccioli et al., 2012). In addition, the probiotic, Bacillus amyloliquefaciens, has also been shown to up-regulate autophagy genes in macrophages, resulting in enhanced Escherichia coli (E. coli) killing (Wu et al., 2017).



Evasion of Autophagy by Intracellular Mtb


Regulation of Signaling Pathways Involved in Autophagy Initiation

Intracellular Mtb have developed a variety of strategies to overcome the antibacterial defense of the macrophage, including autophagy (Bah and Vergne, 2017). A majority of the uncovered strategies presented in Figure 7, are mainly directed at and specifically target distinct steps of xenophagy. Mtb have been shown to target the JNK-dependent autophagy by secreting an N-acetyltransferase, Eis. However, this type of autophagy does not show sufficient influence on the intracellular growth of the pathogen (Shin et al., 2010; Kim et al., 2012). In addition, both in vitro and in vivo studies have demonstrated that Mtb inhibit the recruitment of NADPH oxidase onto phagosomes that contain the pathogen, thus favoring intracellular growth of Mtb (Koster et al., 2017).




Figure 7 | The evasion of autophagy by intracellular Mtb. Intracellular Mtb have been shown to employ various strategies to evade autophagy in macrophages. Among these, Mtb have been shown to induce the production of Eis, which results in the inhibition of ROS and ultimately autophagy. Mtb also impedes autophagy by inducing miR-33 expression which in turn supresses the expression of numerous autophagy proteins including; Atg5, Atg12, LC3, and LAMP1. Mtb also induces the expression of miR-125a which forms a complex with Beclin-1 resulting in the inhibition of UVRAG and ultimately the inhibition of autophagy in macrophages. Mtb also stimulates the production ofmiR-144*, which inhibits DRAM2 resulting in the inhibition of autophagosome maturation. Lastly, intracellular Mtb also induces the secretion of coronin1 by theinfected macrophages, which inhibits the fusion of phagosomes with lysosomes. All these autophagy evasion tactics therefore allow for the intracellular survival of Mtb in the infected phagocytes.





Regulation of miRNA (miR) Targeting Autophagy Machinery

Autophagy is commonly modulated via post-translational modification. However, the process can also be modulated at a post-transcriptional level through the expression of numerous small non-coding RNAs (miR). Mtb impedes autophagy by down regulating the expression of several autophagy proteins such as Atg5, Atg12, LC3, and LAMP1 by means of inducing miR-33 expression (Ouimet et al., 2016). However, mice with hematopoietic miR-33 deficiency have been demonstrated to retain their ability to control Mtb infection. Mtb also targets UVRAG through the expression of miR-125a in complex with Beclin-1 resulting in the inhibition of autophagy in macrophages, therefore allowing for the intracellular survival of Mtb in the process (Kim et al., 2017).

However, other studies have demonstrated that miR-33 and miR-125a can be induced using PRR ligands separate from Mtb (Ouimet et al., 2016; Kim et al., 2017). These findings suggest that these miRs may be expressed as a normal negative feedback loop in host cells to avoid excessive autophagy, which Mtb takes advantage of. In addition, Mtb stimulates the up-regulation of miR-144* which it uses to decrease the expression of DRAM2, a newly discovered autophagy protein, responsible for promoting autophagosome maturation by activating a second Beclin-1 complex (Kim et al., 2017). Lastly, Mtb also promotes the expression of Mc1, which targets and inhibits Bectin-1 complex, by down-regulating the expression of miR-17, thus inhibiting autophagy (Kumar et al., 2016).



Suppression of the Maturation of Phagolysosomes

The Mtb secretes bacterial proteins ATP1/2 (secretion ATPase1/2, secreted secA1/2 protein) and early secretory antigen-6/culture filtrate protein to inhibit the accumulation of vacuolar ATP and GTP enzymes, therefore decreasing intracellular pH, which results in the suppression of phagocyte maturation (Rohde et al., 2007; Zhai et al., 2019). Mtb also supresses the formation of lysosomes by inducing an increase in the expression of the coronin 1 protein on the host phagocyte membrane; the extent of the recruitment process and the amount of coronin 1 are proportional to the amount of activated Mtb in the microsomes (Schuller et al., 2001; Flynn and Chan, 2003; Zhai et al., 2019).

The IFN cytokine interferon has also been shown to suppress phagocyte maturation through the induction of IL-10 production in a STAT1-dependent manner. IL-10 inhibits the caspase1-dependent IL-1 maturation of pleural fluid mononuclear cells by reducing excess IL-1 (Ma et al., 2014). Serine/threonine-protein kinase G (PKnG) has been shown to augment the virulence, metabolism, growth rate, and drug resistance of Mtb by increasing the infectivity of Mtb lowering the expression of GlpK and ALD, increasing the expression of Ag85A and Ag85C, and supressing the maturation of lysosomes. PKnG also hinder the fusion of phagosomes and lysosomes by increasing signal transduction in host cells (Walburger et al., 2004; Wong et al., 2013).



Obstruction of Autophagosome–Lysosome Fusion

As described earlier, Mtb can inhibit autophagosome maturation using miR-144*, although, the bacterial factors involved in that process are still unidentified (Kumar et al., 2016). A number of studies have demonstrated that a vital Mtb virulence factor called Esat-6 is involved in the process of inhibiting autophagosome maturation in both macrophages and dendritic cells (Romagnoli et al., 2012; Chandra et al., 2015). The exact role of Esat-6 in the process is still unknown but it is estimated that it might be partially facilitated by miR modulation (Kumar et al., 2015). A number of other bacterial pathogens such as Chlamydia trachomatis, Yersinia pestis, and Y. Pseudotuberculosis can also block autophagosome maturation to insure their intracellular survival or growth in macrophages, and similar to Mtb their molecular mechanisms involved in the process remain unknown (Pujol et al., 2009; Moreau et al., 2010; Yasir et al., 2011). Mannosylated beads hinder phagosome maturation post phagocytosis, indicating the plausible influence of glycolipids on the survival of intracellular mycobacterium (Astarie-Dequeker et al., 1999; Kang et al., 2005).

The pro-inflammatory transcription factor NF-kB has been shown to control the release of lysosomal enzymes into phagosomes, therefore regulating the killing of intracellular pathogens. In addition, the fusion of phagolysosomes during infection is also regulated by NF-kB, by increasing the production of membrane transport molecules (Gutierrez et al., 2008). The fusion between phagosomes and lysosomes is also suppressed through the calmodulin dependent production of phosphatidylinositol-3-phosphate (PI3P), lower biosynthesis and via trafficking the toxin lipoarabinomannan (LAM) after Mtb infection (Vergne et al., 2003). As mentioned above, Mtb can survive and persist in macrophages by obstracting the fusion between the lysosome and phagosome (Figure 7). In DCs, DC-specific intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN) facilitates the entry of Mtb by interacting with the mycobacterial cell wall component ManLAM. The interaction between DC-SIGN and ManLAM leads to the supression of DC maturation (Geijtenbeek et al., 2003; Tailleux et al., 2003).




Supression of the Acidification of Phagolysosomes

Mtb inhibits phagosome acidification and persists by maintaining a relatively lower acidic intracellular environment (pH~6.2). Mtb initiates this process by changing the composition of the phagosome; as the structure and particular molecules on the cell wall function as a barrier that allows macrophages to retain a neutral pH (Chen et al., 2015). This step is followed by encoding the protein tyrosine kinase A (PtkA) in the same operon as PtpA. IFN-γ inducible nitric oxide synthase 2 has been shown to directly activate Mtb infected macrophages, resulting in the suppression of the replication of intracellular Mtb. LRG-47, a member of the 47-kD guanosine triphosphate familyhas also been demonstrated to play a protective nitric oxide synthase 2 independent role in macrophages against disease. As a result, LRG-47 defient macrophages have a reduced response to Mtb due to an inability to completely acidify (MacMicking et al., 2003).



Inhibition of the Function of Oxidative Species

Oxidative stress refers to a state of imbalance between the pro and antioxidants. Together with the inhibition of macrophage phagocytosis, lysosome maturation and acidification, inhibition of oxidative stress is mandatory process toward archieving Mtb latency in the host cells. Oxidative stress can induce lipid peroxidation, protein oxidation, and cause damage to DNA bases. The mitochondria and the NADPH oxidase (NOX) are the two main producers of ROS required to induce autophagy (Shin et al., 2010). NOX plays a key role in the elimination of pathogens and the NOX deficiency in mice has been shown to impair the mice’s ability to eradicate a number of pathogens (Fang, 2004).

However, Mtb has been shown to have the ability to deactivate NOX2-derived ROS (Miller et al., 2010), although it is still unclear if there is increased susceptibility to TB in patients with chronic granulomatous disease (CGD) that causes ROS defects as a result of genetic defects in NADPH oxidase. This is because patients with CGD are almost only identified and diagnosed in developed countries where there is a very low prevalence of TB, therefore it is unknown if these patients have increased susceptibility or show a flawed autophagy process against Mtb in countries with a high prevalence of TB (Songane et al., 2012). The presence of SigH, an Mtb alternative sigma factore induced by heat, oxidative and nitric oxide stresses, has been shown to becompulsory for long lasting Mtb infection. The interaction of host innate immune responses with Mtb is also regulated by a SigH-dependent regulon (Dutta et al., 2012).

Mycothiol (MSH), a major thiol in Mtb, has been shown to have antioxidant activity and helps Mtb persist in macrophages through the detoxification of various intracellular compounds. The gene mshD encodes for mycothiol synthase, the final enzyme in the biosynthesis of MSH. A strain of Mtb devoid of an mshD gene has been shown to be sensitive to H2O2 and also displays poor growth on catalase and oleic acid deficient agar plates (Buchmeier et al., 2006). Polymorphonuclear neutrophils (PMNs) eliminate pathogens and are key components in the first line of defense against Mtb through the induction of ROS production (Schuller et al., 2001). The enzymes KatG and TrxB2 have been shown to help Mtb with stand the oxidative environment and the expression of their related genes are notably increased by H2O2 and NO (Lamichhane, 2011).

In addition, Mtb also produces the protein Eis to enhance its intracellular survival through the blockade of ROS production, thus inhibiting macrophage inflammatory responses, cell death and autophagy (Shin et al., 2010). The Eis protein has been located in the cytoplasm and in Mtb containing phagosomes of infected macrophages (Samuel et al., 2007). In addition, traces of anti-Eis antibodies have also been detected in sera obtained from patients with pulmonary TB, thus signifying that Eis is produced during Mtb infection in humans (Dahl et al., 2001). Finally, Eis deficient Mtb infections have been shown to induce increased caspase-dependent cell death in the host cells, however, this cell death can be inhibited by blocking autophagy and c-Jun N-terminal kinase ROS signaling (Shin et al., 2010).



Autophagy Inducing Compounds in Mtb Infection

The stimulation of autophagy using carbamazepine, rapamycin, small molecule enhancers of rapamycin (SMERs), specifically SMERs 18 and 28, as well as vitamin D3 has been shown to induce Mtb killing in macrophages. In addition, apart from reducing bacterial burden, carbamazepine has also been shown to stimulate adaptive immunity and improve lung pathology in mice with MDR-TB (Floto et al., 2007; Schiebler et al., 2015; Paik et al., 2019). Using both chemical and RNAi screening, nortriptyline was revealed to be one of the majorcompounds that modulate intracellular mycobacteria and was shown to considerably reduce the survival of intracellular Mtb in macrophages through the induction of autophagy (Sundaramurthy et al., 2013). Nitazoxanide (antiprotozoan drug) and flubendazole (antihelminthic drug) were revealed to activate autophagy to limit both bacterial and HIV infections in macrophages (Lam et al., 2012; Chauhan et al., 2015a).

Trehalose has also been reported to induce bacterial killing by activating autophagy and xenophagy in Mtb infected macrophages (Sharma et al., 2017). In addition, trehalose has also been shown to be effective againstan HIV and Mtb co-infection and regulates the survival of Mtb by overriding the HIV mediated blockade of autophagy (Sharma et al., 2017). Vitamin D3 was also shown to induce autophagy to facilitate the killing of Mtb amidst an HIV co-infection (Campbell and Spector, 2012). Various host factors have been studied as potential anti-Mtb therapeutics and have been reported to regulate autophagy and xenophagy in host cells. For example, the compound saracatinib (AZD0530) was revealed to induce autophagy and lysosomal maturation to facilitate the killing of Mtb through inhibiting the Src kinase in host cells (Chandra et al., 2016a; Chandra et al., 2016b).

Fluoxetine, a selective serotonin re-uptake inhibitor, has been shown to induce autophagy to restrict the survival of intracellular Mtb, possibly by increasing the secretion of TNF-α in Mtb infected macrophages. Baicalin also induces anti-inflammatory and antimicrobial activity against Mtb infection, by activating autophagy through the PI3K/Akt/mTOR pathway in host cells (Paik et al., 2019). Antimycobacterial agents; loperamide and verapamil, have been revealed to induce autophagy, to facilitate the inhibition of intracellular Mtb survival in murine alveolar macrophages. Ambroxol has also been shown to induce autophagy in vitro and in vivo, resulting in the killing of Mtb in murine macrophages (Paik et al., 2019) Table 1.


Table 1 | List of some known authophagy inducing compounds and their applications in TB treatment.



In addition, the interaction of zymosan with macrophage TLRs or the FcγRs during phagocytosis has been shown to promote the recruitment of the LC3 autophagy protein to phagosomes. Both TLRs and FcγRs activate NOX2 NADPH oxidase, which is known to induce the production of reactive oxygen species (ROS). NOX2-dependent ROS production has been shown to either induce or aid in LC3 recruitment to phagosomes, thus promoting phagosome maturation and ultimately microbial killing (Huang et al., 2009; Yang et al., 2012).



Nanotechnology Approaches in HDT-TB

In this decade, NPs have received significant attention in disease therapy (Mallakpour, 2016). NPs are defined as engineered particles with a size range typically of 1–100 nm and also up to 1000 nm (Nagavarma et al., 2012). NPs can be classified into various categories as either organic (e.g. liposomes, polymeric NPs, lipid NPs or dendrimers), metallic (iron oxide Nps, gold NPs (GNPs), silver NPs, quantum dots) or ceramic (silica NPs, calcium carbonate NPs). The application of NPs toward drug delivery and diagnostics is known as nanomedicine. As drug delivery systems, drugs can either be encapsulated within the NP or covalently attached onto the surface of the NP (Figure 8). By so doing, the properties of these drugs can be improved, e.g. the aqeous solubility, chemical stability and translocation across biological barriers. The release of the drugs can also be controlled to occur over a desired time course or to occur at target sites following an external trigger (e.g. pH orenzymatic action) thus modulating plasma and intracellular pharmacokinetics of the drugs (Dube et al., 2013). Cells also take up NPs more efficiently making NPs a more auspicious transport and delivery system (Nasiruddin et al., 2017).




Figure 8 | A diagram for autophagy inducing nanomedicine. The nanomedicine can be formulated in a variety of ways, the AIC can be encapsulated on the inside of a nanoparticle and released at the target site using a ligand to target the delivery nanosystem into the target cells. The AIC can also be conjugated on the surface of the nanoparticle and used to target the AIC to the target cells using receptor recognition. The AIC can stimulate autophagy via receptor stimulation or the AIC can stimulate specific autophagy pathways after being taken up by the cells.



NPs have been observed to induce ROS production in various cell types (Yu et al., 2014; Chiu et al., 2015; Guo et al., 2015). Spherical silica NPs of 60 nm in size were shown to stimulate ROS generation in (HepG2) cells at a final concentration of 100 μg/ml (Yu et al., 2014). Amine-modified but not pristine or carboxylate modified 60 nm polystyrene spheres were also observed to induce the generation of ROS in both BEAS-2B lung epithelial cells and RAW264.7 macrophages atconcentrations of 20 μg/ml. The amine-modified spheres also induced an increase of LC3 in both of the cells lines (Chiu et al., 2015). RAW264.7 macrophages were observed to use phagocytic pathways to take up elongated pristine iron oxide nanorods (1000 nm × 100 nm), which are then distributed in the cytosol by autophagosome-like vacuoles 24h post exposure to cells (Park et al., 2014). Other studies have revealed that these nanorods also induce an increase in ROS and nitrous oxidelevels in RAW264.7 macrophages. In addition, the nanorods also induced an increase in the expression levels of Atg5, Beclin1, Erk, p62, and LC3-II, while reducing JNK phosphorylation levels in the same cell line (Xia et al., 1995; Nordstrom et al., 2009).

GNPs of size 5 and 13 nm were observed to enhance ROS production in hypoxic HK-2 cells and increase autophagy in hypoxic cells. To study the relationship between apoptosis and autophagy, 3-methyladenine (3-MA), a well-known autophagy inhibitor was used. 3-MA significantly inhibited the GNP induced autophagy as expected. However, this treatment resulted in a 36% reduction in the viability and a 29% enhancement in the apoptosis of GNP treated cells under normoxic conditions. On the other hand, exposure to GNPs resulted in 61% increase in viability and a 52% decrease in the apoptosis of in HK-2 cells under hypoxic conditions (Ding et al., 2014).

Silica NPs at 500 μg/ml, were observed to induce the highest TNF-α release RAW264.7 macrophages, followed by poly(lactic-co-glycolic acid) (PLGA) NPs which induced the release of significantly lower TNF-α and finally, silk NPswhich induced the lowest release of TNF-α in RAW264.7 macrophages (Saborano et al., 2017). Unloaded Eudragit® RS NPs have been observed to be cytotoxic to NR8383 rat macrophages exposed to doses varying from 15 - 100 µg/mL, the internalized NPs were also shown to reach and alter the structure of the mitochondria. In addition, exposure to the NPs also triggered an increase in ROS production and autophagy in the macrophages (Eidi et al., 2012).

Particulate β-glucans (WGP) derived from the yeast Sacchromyces cerevisiae have also been shown to induce LC3 recruitment by increasing LC3-II expression. Formation of an autophagosome in WGP-induced DCs was also detected, indicating that the binding of WGP to dectin-1 in DCs, triggers both autophagy and LC3-associated phagocytosis. In addition, autophagy induced TNF-α production in WGP treated DCs, but had no influence on the secretion of IL-12, suggesting that the maturation of autophagy induced DCs may be archived using a unique pathway. Furthermore, the WGP also reduced iNOS expression in autophagy deficient DCs. WGP treated DCs also induced greater proliferation in CD4 +T-cells when compared to autophagy deficient DCs (Ding et al., 2019).

In a study demonstrating autophagy in Mtb infected macrophages (HDT-TB), Upadhyay et al. (2019) reported the capacity of yeast derived glucan particles (GP) loaded with high payload of rifabutin (RB) NPs [(RB-NPs)-GP] to induce anti-mycobacterial and cellular activation responses in Mtb infected J774 macrophage cells. The exposure to (RB-NPs)-GP was observed to trigger strong innate immune responses in Mtb infected macrophages including the induction of apoptosis, autophagy as well as reactive oxygen and nitrogen species. In addition, the (RB-NPs)-GP formulation was found to induce a 2.5 fold increase in the efficacy of the RB drug (Upadhyay et al., 2019). However, additional investigations in vivo as well as studies to target and deliver known AICs are required.



Conclusion and Future Directions

The interaction between Mtb and the host immunity has been shown to determine the outcome of the infection. The innate defense mechanisms of the host play a pivotal role in the process. An overlap was observed between the pathways that induce apoptosis and autophagy, for example Mtb has been shown to stimulate the production of TNF in Mtb infected macrophages through the TLR2-mediated signaling pathway. In turn, the induction of TNF-α activity leads to apoptosis in Mtb infected cell. On the other hand, the production of TNF-α has also been shown to be vital in the instigation of autophagy against Mtb infection. In addition, TRL2 has also been shown to induce mitochondrial ROS in infected macrophages resulting in both apoptosis and/or autophagy.

Nonetheless, Mtb has developed various mechanisms to evade the host’s protective immunity and the increase of Mtb’s resistance to a variety of existing antibiotics has become a threat to public health across the world. Therefore, the requirement for new therapeutic strategies has become a key priority. A promising approach is the use of AICs as part of HDT. This strategy can be coupled with nanotechnology, to improve the delivery of these compounds or to synthesize novel nanosized HDT-TB therapeutics, as studies have revealed that various NPs can induce autophagy in a variety of cell types. In addition, the introduction of NPs to HDT-TB can allow for targeted drug delivery, therefore minimizing the toxic side effects, while increasing the amount of the drugs that reach target cells.

However, despite the wide array of available AICs and NPs, there remains a very limited amount of research regarding the application of AICs and therapeutic NPs against Mtb. Mechanistic aspects of the macrophage response to Mtb and its suppression of autophagy, could be exploited to rationally design nanomedicines against this infection. The efficacy of nanomedicines to eradicate intracellular Mtb within the granuloma structureis also yet to be investigated. Macrophages have typically been the target in TB immunotherapy, however, DCs should also be targeted, as they are the bridge between the innate and adaptive immunity and can therefore be targeted for the purpose of both vaccination and therapy. The use of animal models is also required to determine efficacy of NP HDT in pre-clinical studies. Toxicity of the selected NPs is also a key concern and thus, we advocate for the use of biodegradable NPs as they have been shown to have minimum toxicity in vitro. Ultimately, we predict that greater understanding of both TB pathogenesis and the mode of action of AICs will reveal greater insights toward designing a superior treatment strategy against Mtb infections in the future.
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Mycobacterium tuberculosis (M.tb) secretes numerous proteins to interfere with host immune response for its long-term survival. As one of the top abundant M.tb secreted proteins, Rv3722c was found to be essential for bacilli growth. However, it remains elusive how this protein interferes with the host immune response and regulates M.tb survival. Here, we confirmed that Rv3722c interacted with host TRAF3 to promote M.tb replication in macrophages. Knock-down of TRAF3 attenuated the effect of Rv3722c on the intracellular M.tb survival. The interaction between Rv3722c and TRAF3 hampered MAPK and NF-κB pathways, resulting in a significant increase of IFN-β expression and decrease of IL-1β, IL-6, IL-12p40, and TNF-α expression. Our study revealed that Rv3722c interacted with TRAF3 and interrupted its downstream pathways to promote M.tb survival in macrophages. These findings facilitate further understanding of the mechanism of M.tb secreted proteins in regulating the host cell immune response and promoting its intracellular survival.
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Introduction

Tuberculosis, caused by the bacillus Mycobacterium tuberculosis (M.tb), remains the leading cause of morbidity and mortality from a single infectious pathogen throughout the world. An estimated 10.0 million people fell ill with tuberculosis and around 1.4 million deaths worldwide in 2019 (www.who.int). As an aerosol transmitted pathogen, M.tb is firstly recognized by alveolar macrophages and persists in infected macrophages. The infection can trigger a wide range of host cells immune defenses, such as inflammation, phagocytosis, autophagy, and apoptosis, to eliminate invaded M.tb (Lerner et al., 2015). However, M.tb has developed numerous strategies to escape from host immune clearance for long-term persistence (Hmama et al., 2015; Liu et al., 2017). During infection, M.tb secretes a variety of proteins to interrupt the immune response in host cells (Wang J. et al., 2015; Wang et al., 2017; Stamm et al., 2019). Thus, elucidation of secreted protein functions can facilitate understanding of the pathogenesis of tuberculosis.

It has been well demonstrated that PtpA, an M.tb secreted tyrosine phosphatase, suppresses host innate immunity by dephosphorylating c-Jun N-terminal kinase (JNK) and p38 (Wang J. et al., 2015). MPT53, an M.tb secreted disulfide-bond-forming-like protein, interacts with TAK1 in a TLR2- or MyD88-independent manner, and induces the host inflammatory responses (Wang et al., 2019). Rv3722c, an M.tb secreted antigen, is annotated as an aspartate aminotransferase, which is a transcription factor that belongs to the GntR family (Grishin et al., 1995; Bramucci et al., 2011; Ortega et al., 2016; Penn et al., 2018; El-Gebali et al., 2019; Yang et al., 2019; Jansen et al., 2020). Proteomics analysis revealed that Rv3722c belongs to the top 10–25% of the most abundant proteins in M.tb (Wang M, et al., 2015). Rv3722c was identified to be essential for bacillus growth in vitro and infection (Griffin et al., 2011; Jansen et al., 2020). Previously, we identified that Rv3722c can interact with host immune-related proteins in different pathways (Yang et al., 2018), suggesting that Rv3722c may play an important role in disturbing host immune clearance. However, it remains largely uncharacterized how Rv3722c interplays with host targets and to turn host immune responses.

During infection, multiple conserved pathogen-associated-molecular patterns (PAMPs) of M.tb are recognized by a variety of phagocytic pattern recognition receptors (PRRs), which plays a crucial role in the initiation of signaling cascades and subsequently promotes cytokines and chemokines production in macrophages (Killick et al., 2013; Stamm et al., 2015). For example, ESAT-6 (Rv3875) directly interacts with TLR2 and inhibits activation of nuclear factor-κB (NF-κB) and IRFs in macrophages (Pathak et al., 2007). Following recognition by TLR2, secreted M.tb lipoprotein MPT83 (Rv2873) activates mitogen-activated protein kinase (MAPK) signaling cascades and subsequently induces the production of cytokines, including TNF-α, IL-6, and IL-12p40 in macrophages (Wang et al., 2017). TNF receptor-associated factor 3 (TRAF3) is a tri-faced immune regulator that negatively regulates the NF-κB and MAPK, but positively controls the production of type I interferon (Häcker et al., 2011). TRAF3 plays an essential role in cytokine production during host innate immune response to microbe infection. Among which, interleukin-1α (IL-1α), interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-α), IL-12 family, IL-6, and IL-10 are the major cytokines in defense against M.tb infection (Guirado et al., 2013).

In the present study, we confirmed the host protein TRAF3 interacts with M.tb secreted protein Rv3722c by using yeast two-hybrid (Y2H), bimolecular fluorescence complementation (BiFC) and co-immunoprecipitation (Co-IP) approaches. The biological roles of the interaction between TRAF3 and Rv3722c were further investigated. Collectively, we proposed a model in which Rv3722c and TRAF3 interaction promotes M.tb replication in macrophages by affecting MAPK and NF-κB mediated cytokine expression.



Materials and Methods


Bacterial Culture and Infection

M.tb strain H37Ra (ATCC 25177) was cultured in Middlebrook 7H9 broth (BD PharMingen, USA) supplemented with 0.5% glycerol, 0.05% Tween-80, and 10% oleic acid albumin dextrose catalase (OADC, BD PharMingen, USA). For confocal microscopy, M.tb were transformed with a plasmid expressing RFP and maintained by addition of hygromycin B (50 μg/ml). For macrophages infection, the bacterial culture optical density at 600 nm (OD600nm) were adjusted to achieve the required multiplicity of infection (MOI) and centrifuged at 3,000 g for 10 min to pellet the bacteria. The pellet was resuspended in infection medium and passed several times through an insulin syringe to disperse the bacteria. In addition, 50 μl from serially diluted inoculate were plated to Middlebrook 7H11 agar (BD PharMingen, USA) plate and then incubated at 37°C to count the number of viable bacteria (colony-forming units—CFUs).



Plasmids Construction

Rv3722c was amplified and cloned into yeast expression vector pmBD, eukaryotic expression vector pcDNA3.1-V5/hisB or bjun-KN151, and lentiviral expression vector pHKO-eGFP to obtain pmBD-Rv3722c, pcDNA3.1-V5-Rv3722c, ΔJun-Rv3722c, or pHKO-eGFP-Rv3722c, respectively. TRAF3 was amplified and cloned into yeast expression vector pmAD, eukaryotic expression vector pCAGGS-HA and bFos-KN151 to obtain pmAD-TRAF3, pCAGGS-HA-TRAF3, or ΔFos-TRAF3, respectively. All insertions were confirmed by Sanger sequencing (Shanghai Sangon Biotech, China).



Cell Culture and Transient Transfection

HEK 293T (ATCC CRL-3216™) and RAW264.7 (ATCC TIB-71™) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 10 U/ml penicillin, and 10 mg/ml streptomycin at 37°C with 5% CO2. Before transfection, 5 × 105 of HEK 293T or RAW264.7 cells were seeded into six-well plates and grown to 80–90% confluence. Then 1 μg of recombinant plasmids was transfected into HEK 293T cells using calcium phosphate precipitation or into RAW264.7 cells using Lipofectamine 2000 reagent (Invitrogen).



Intracellular Bacterial Viability Assay

Then 5.0 × 104 cells per well were seeded in 24-well plates per well for 24 h and were incubated with M.tb (MOI = 10) for 6 h at 37°C in 5% CO2. The cells were washed three times with pre-warmed PBS to remove extracellular M.tb, and supplied with fresh medium with 5% FBS containing amikacin (50 μg/ml) (referred to as day 0). The medium was changed every 2 days. The infected cells were lysed at indicated time points using 0.5 ml of sterile 0.1% Tween-80 in water, and viable M.tb were enumerated by serial dilution of lysates and plating as described above. The total number of viable intracellular bacteria would be calculated as the following formula: total CFUs per ml/well = CFU × dilution × 20.



Antibodies and Reagents

Antibodies used in the current study were anti: HA-tag mAb-Magnetic Agarose (MBL, M180-10), HA tag (proteintech, 51064), V5 tag (proteintech, 14440), NF-κB p65 (Cell Signaling Technology, 8242), Phospho-NF-κB p65 (Cell Signaling Technology, 3033), MAPK family antibody sample kit (Cell Signaling Technology, 9926), Phospho-MAPK family antibody sampler kit (Cell Signaling Technology, 9910), TRAF3 (Cell Signaling Technology, 4729), NF-κB2 p100/p52 (Cell Signaling Technology, 4882), Alexa Fluor® 488 Goat anti-mouse IgG (Invitrogen, A-11001), DAPI (Beyotime, C1002), Proteinase inhibitor cocktail (Sigma, P8340), Phosphatase inhibitor cocktail 3 (Sigma, P0044).



Yeast Two-Hybrid

Full-length of Rv3722c and TRAF3 were restriction cloned into pmBD and pmAD plasmids of the GAL4 Y2H system (Clontech, Mountain-view, CA, USA) respectively as described (Yang et al., 2018). pmAD-TRAF3 was transformed into yeast strain Y187, and plated on SD/-T selective plates. pmBD-Rv3722c was transformed into yeast strain GoldY2H, and plated on SD/-L selective plates. GoldY2H cells harboring Rv3722c plasmid and Y187 cells harboring TRAF3 plasmid were hybridized and selected on SD/Leu−Trp−His−Ade− selective plates. The yeast strains were transformed with the respective constructs and transformants were selected on minimal media lacking leucine and tryptophan (–LT). Interactions were assessed by growing trans-formants in liquid culture at 30°C and spotting on SD/Leu−Trp−His−Ade− selective plates. Plates were imaged after 3–5 d growth at 30°C.



Immunoprecipitation and Immunoblotting

HEK 293T cells were transiently co-transfected with pcDNA3.1-V5-Rv3722c and pCAGGS-HA-TRAF3. After 36 h, cells were washed with PBS and then lysed in cell-lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Nonidet P-40) for western blotting and immunoprecipitation, supplemented with 1% protease inhibitor cocktail (Sigma, P8340). After incubation for 30 min on ice, whole cell lysates were centrifuged at 10,000 g for 10 min at 4°C to remove debris. The cell lysates were incubated with HA-tag mAb-Magnetic Agarose beads (MBL, M180-10) for 4 h at 4°C. The immunocomplexes samples were centrifuged, washed three times with cell-lysis buffer, and boiled with SDS loading buffer for 5–10 min. After separation by 12% SDS-PAGE, equivalent amounts of protein were electroblotted onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). The membrane was blocked with Tris-buffered saline containing 0.05% Tween 20 (TBST) and 5% fat-free dry milk for 2 h at room temperature and then incubated overnight with primary antibodies. After washing three times with TBST, the membranes were further incubated for 1 h at room temperature with corresponding horseradish peroxidase-conjugated secondary antibody in appropriate dilution. The immunoreactive protein bands were visualized by clarity western ECL substrate (Bio-Rad, 1705060).



Protein-Protein Docking Simulation

To determine the structural basis of M.tb R3722c bindings to TRAF3, we performed a protein-protein docking. The structures of Rv3722c in complex with TRAF3 were determined by Discovery Studio 2018 software based on the Macromolecules properties. The X-ray crystal structures of Rv3722c (PDB code: 5c6u) and TRAF3 (PDB code: 4ghu) were downloaded from RCSB Protein Data Bank (https://www.rcsb.org). The binding patterns of protein-protein were predicted by ZDOCK modulate based on Dock and Analyze Protein Complexes in Macromolecules properties according to tutorials of the software. TRAF3 and Rv3722c were defined as receptor protein and ligand protein respectively. The predicted protein complexes were optimized by RDOCK modulate. Docking results were analyzed and visualized by Analyze Protein Interface modulate in macromolecules properties.



Acquisition of Lentivirus Containing Target Genes and RAW264.7 Cell Line Construction

shRNAs targeting TRAF3 (shTRAF3-1, shTRAF3-2, and shTRAF3-3) were designed using BLOCK-iT™ RNAi Designer (Invitrogen) (shown in Table S1). Rv3722c and shTRAF3 were inserted into the lentiviral vector pHKO-eGFP-puro and pLKO-eGFP-puro respectively. To generate lentiviruses expressing Rv3722c, HEK293T cells were seeded into six-well plates and co-transfected with 1 μg of pMD.2G, 2 μg of pSPAX, and 2 μg of pHKO-Rv3722c or pLKO-shTRAF3 per well, pHKO-eGFP-puro vector or pLKO-NC-puro was used as a negative control. At 72 h post-transfection, the cell culture supernatants with the virus were collected and filtered with a 0.45 μm filter. Viruses were pelleted by centrifuging 30 min at 5,000 g after incubating with virus concentration solution for overnight. Viral pellets were resuspended, mixed with polybrene, and incubated with RAW264.7 cells. After 24 h incubation, the medium was replaced with fresh medium containing 10% FBS and 4 μg/ml puromycin (Selleck, S7417) to purify cell lines. qRT-PCR was performed to detect overexpression or knockdown efficiency of target genes.



RNA Extraction, RT-PCR and Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNAs were isolated using Trizol reagent (Invitrogen, 15596026) according to the manufacturer’s instructions. One µg of total RNAs were processed directly to cDNA with HiScript III 1st strand cDNA synthesis kit (Vazyme, R312), following the manufacturer’s instructions. qRT-PCR reactions were performed in a 20 µl volume of qPCR SYBR Green Master Mix (Thermo Fisher, A25742). All of the reactions were triplicated and performed in the ABI 7300 system (Applied Biosystems). To confirm the specificity of amplification, the PCR products from each primer pair were subjected to a melting curve analysis and electrophoresis in 2% agarose gel. Primers used for qRT-PCR were in Table S2. Further, the Ct values for each gene amplification were normalized with internal control β-actin by the 2–ΔΔCt method. All of the qPCR experiments were conducted in duplicates in each experiment, and experiments were replicated at least three times.



Fluorescence and Confocal Microscopy

For fluorescent microscopy, 5.0 × 104 HEK 293T cells per well were seeded in a 24-well plate for 24 h and were transiently transfected with ΔFos-TRAF3 or ΔJun-Rv3722c for 36 h at 37°C in 5% CO2, ΔFos or ΔJun vector was used as a negative control.

For confocal microscopy, 5.0 × 104 RAW264.7 cells per well were seeded onto cover slips in a 24-well plate for 24 h and infected with RFP-H37Ra (MOI = 10) for 6 h at 37°C in 5% CO2. The infected cells were fixed with 4% paraformaldehyde overnight at indicated time points. Specimens were incubated with DAPI (1:5,000) for 5 min and then mounted onto microscope slides using a prolong antifade reagent with DAPI (Invitrogen). Images were obtained with an Olympus confocal laser microscope system equipped with FV10 ASW Imaging Software (Version 4.2, Olympus). The number of bacteria from 100 transfected positive cells was analyzed. All infections were performed in triplicate.



NGS Library Preparation and Sequencing

Total RNAs were isolated from RAW-Vector and RAW-Rv3722c cells, and the mRNA-seq library was constructed by VAHTS Universal V6 RNA-seq Library Prep Kit for MGI (Vazyme, NRM604) following the manufacture’s instruction. The prepared library was sequenced on MGISEQ-2000 (BGI, China) platform.



NGS Data Analysis and Visualization

The protein-protein-interaction (PPI) sub-network between Rv3722c and host immune-related proteins was extracted from the entire PPI network (Yang et al., 2018).

Mouse hisat2 index was downloaded from (ftp://ftp.ccb.jhu.edu/pub/infphilo/hisat2/data/grcm38.tar.gz). Gene expression level list was exported by the protocol provided by Pertea et al. (2016), and gene count list corresponding to every sample were merged and differential analyzed by deseq2 (Love et al., 2014). The volcano plot was generated by R package ggplot2 (https://ggplot2.tidyverse.org) and ggrepel (https://CRAN.R-project.org/package=ggrepel). KEGG enrichment was conducted by R package cluster Profiler (Yu et al., 2012). Heatmap was generated by R package pheatmap (https://CRAN.R-project.org/package=pheatmap), a polarized heatmap was plotted by Tbtools (Chen et al., 2020).



Data Availability

The sequencing data of PPIs between M.tb and host was downloaded from Gene Expression Omnibus (GEO) under accession number GSE93036.

RNA-sequencing data has been deposited in GEO under accession number GSE157419, and is publicly available on January 1st, 2021.



Statistical Analysis

Numerical data were analyzed and plotted by using GraphPad Prism 7.0 (La Jolla, CA, USA) software from three independent experiments shown as mean ± SD or SEM. Evaluation of the significance of differences between groups was performed by using two-way ANOVA or student t-test. Statistical difference was considered to be significant when p < 0.05 and the p values of < 0.05, < 0.01, < 0.001 were respectively indicated as *, **, and *** in figures.õ




Results


Rv3722c Interacts With TRAF3

It has been shown that aspartate aminotransferase R3722c mediates an essential role in metabolism and is required for virulence of M.tb (Jansen et al., 2020). Previously, we constructed a filtered PPI network with 441 PPIs between M.tb membrane and secreted proteins and host immunity-related proteins (Yang et al., 2018). To investigate the interaction of Rv3722c and host proteins, a filtered PPI network containing 13 PPIs of Rv3722c with host proteins was sorted out (Figure 1A). As the RLL-Y2H screening system might generate false-positive data, the 13 PPIs were then subjected to interaction retest by using Y2H, BiFC and Co-IP approach. Of note, we identified TRAF3, an important multifunctional immune regulator involved in MAPK and NF-κB pathways as an interaction target of Rv3722c. As shown in Figure 1B, the interaction between Rv3722c and TRAF3 was confirmed by using the Y2H experiment. To further validate this interaction by other independent approaches, BiFC and Co-IP were performed. As shown in Figure 1C, the BiFC assay showed strong fluorescent signals when co-transfection of ΔFos-TRAF3 with ΔJun-Rv3722c into HEK 293T cells, neither ΔFos-TRAF3 with ΔJun vector control nor ΔFos vector control with ΔJun-Rv3722c. In addition, the specific interaction between Rv3722c and TRAF3 was verified by a Co-IP assay (Figure 1D).




Figure 1 | Rv3722c interacts with TRAF3. (A) Delineation of the filtered PPI sub-network between Rv3722c and host proteins. The orange node represented Rv3722c and other colors represented host different immune pathway proteins. (B) Verification of the protein-protein interaction by Y2H assay. Rv3722c in the pmBD destination vector was used as bait. TRAF3 in the pmAD destination vector was used as prey. Co-transformation of pmBD empty vector with pmAD vector containing TRAF3 and co-transformation of the pmAD empty vector with pmBD vector containing Rv3722c were used as negative controls. Yeast cells grown on SD/Leu−Trp−His−Ade− selective plates indicated the interaction between Rv3722c and TRAF3. (C) Verification of the protein-protein interaction by BiFC assay. ΔJun-Rv3722c was co-transfected with ΔFos-TRAF3 and the negative controls into HEK 293T cells, respectively. Cells were harvested 36 h after transfection for fluorescence microscopy-based image analysis. The interaction between Rv3722c and TRAF3 allowed the re-formation of a bimolecular fluorescent complex. (D) Verification of the protein-protein interaction by Co-IP assay. V5-tagged Rv3722c and HA-tagged TRAF3 were co-transfected into HEK 293T cells. Cells were harvested 36 h after transfection for Co-IP assay. Co-transfection of V5-tagged Rv3722c with HA-tagged empty vector and HA-tagged TRAF3 with V5-tagged empty vector were used as negative controls. (E) Protein-protein docking simulated the interaction of Rv3722c and TRAF3. The purple structure represented Rv3722c and the blue-green structure represented TRAF3. (F) Verification of the protein-protein co-localized by immunofluorescence confocal microscopy assay. V5-tagged Rv3722c and HA-tagged TRAF3 were co-transfected into HEK 293T cells. Cells were harvested at 36 h after transfection for immunofluorescence confocal microscopy assay. Co-transfection of V5-tagged Rv3722c with HA-tagged empty vector and HA-tagged TRAF3 with V5-tagged empty vector were used as negative controls. V5-tagged Rv3722c and HA-tagged TRAF3 signals were co-localized in the cytoplasm of HEK 293T cells. All experiments were performed in triplicate.



Next, we obtained the protein structure of Rv3722c and TRAF3 from the RCSB Protein Data Bank (https://www.rcsb.org) and predicted the possible interaction confirmation by protein-protein docking simulation. Figure 1E showed the structure of Rv3722c and TRAF3 complex, which demonstrated the possibility of the interaction between the two proteins. In detail, 16 amino acids from TRAF3 were in contact with 16 residues of Rv3722c, which form 14 hydrogen bonds, 10 hydrophobics, and 3 electrostatics. Based on these findings, we then hypothesized that Rv3722c and TRAF3 would be co-localized in cells. To this end, V5-tagged Rv3722c and HA-tagged TRAF3 were co-transfected into HEK 293T cells and subjected to immunofluorescence confocal microscopic analysis. As shown in Figure 1F, Rv3722c and TRAF3 were indeed co-localized in the cytoplasm of transfected HEK 293T cells, providing the possibility of the interaction between Rv3722c and TRAF3 in the same subcellular location. Together, these data unambiguously showed that M.tb protein Rv3722c interacts with host protein TRAF3, suggesting that Rv3722c may participate in the regulation of host immune response for its survival.



Rv3722c Promotes M.tb Survival in Murine Macrophages

As Rv3722c is essential for M.tb growth in vitro and interacts with host proteins such as TRAF3 (Yang et al., 2018; Jansen et al., 2020), we hypothesized this protein might play an important role in regulating intracellular M.tb survival and replication. To this end, we transiently transfected pcDNA3.1-V5-Rv3722c into RAW264.7 cells and then infected the cells with RFP-H37Ra. Confocal microscopic analysis showed that the number of intracellular bacilli was significantly increased in RAW264.7 cells overexpressing Rv3722c compared to vector control over time (Figures 2A). Meanwhile, the number of viable intracellular bacilli per cell was then counted (at least 100 cells per group) after infection at indicated time points (Figure 2B).




Figure 2 | Knock-down of TRAF3 attenuates the effect of Rv3722c on M.tb proliferation. (A) pcDNA3.1-V5-Rv3722c or pcDNA3.1-V5 vector control and pAAV-eGFP were transiently co-transfected into RAW264.7 cells. Cells were infected with RFP-H37Ra at an MOI of 10 after transfected for 6 h. Cells were harvested for confocal microscopy-based image analysis at the indicated times. (B) Quantification of the average number of intracellular bacilli per cell in a total of 100 cells. (C) Flowchart of RAW-Rv3722c cell line construction. (D) RAW-Vector and RAW-Rv3722c cell lines were infected with RFP-H37Ra at an MOI of 10. Cells were harvested for confocal fluorescence microscopy-based image analysis at the indicated times. (E) Quantification of the average number of intracellular bacilli per cell in a total of 100 cells. (F) Identification of the mRNA expression of endogenous TRFA3 by qRT-PCR. (G) After infection of RAW-Rv3722c cells with lentivirus containing shTRAF3-1 gene for 48 h, the cells were infected with H37Ra at an MOI of 10. Cells were lysed and the CFUs of intracellular M.tb were detected by plating on 7H11 plates at the indicated times. Data shown in (F, G) are mean ± SD of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant; by two-way ANOVA or student t-test. All experiments were performed in triplicate.



Considering the low transfection efficiency of RAW264.7 cells, we constructed a RAW264.7 cell line stable overexpressing Rv3722c by using lentiviral infection to facilitate subsequent research (Figure 2C). Next, both RAW-Rv3722c and the vector control cell line RAW-Vector were infected with RFP-H37Ra and subjected to bacillus counting based on confocal microscopic analysis. As shown in Figures 2D, E, there were more bacilli per cell in RAW-Rv3722c than that of the control cells at day 0, day 1, day 2, and day 3. Furthermore, the CFUs per well were significantly increased in RAW-Rv3722c than that in RAW-Vector cell lines (Figure 2G), indicating that Rv3722c promotes the survival of M.tb in murine macrophages.



Knock-Down of TRAF3 Attenuates M.tb Proliferation

To test whether Rv3722c promotes M.tb survival through TRAF3, we designed and obtained three lentiviruses containing shRNA (shTRAF3-1, shTRAF3-2, or shTRAF3-3) to interfere with endogenous TRAF3 expression in RAW-Rv3722c cell line and performed an intracellular bacillus viable assay. As shown in Figure 2F, the qRT-PCR analysis showed that all three shTRAF3 RNAs significantly reduce the expression of endogenous TRAF3. As shTRAF3-1 had the most significant interference effect, it was selected for the subsequent survival assay. shTRAF3-1 and the control scramble RNA were transfected into RAW-Rv3722c cell line respectively and then infected with M.tb. Intracellular bacterial viability assay demonstrated that the number of CFUs was significantly increased when overexpression of Rv3722c. Of note, the Rv3722c mediated upregulation of intracellular M.tb CFUs was significantly attenuated when TRAF3 was knocked down by shTRAF3 RNA in the RAW-Rv3722c cell line (Figure 2G), suggesting that TRAF3 is involved in the Rv3722c promoted M.tb proliferation in macrophages.



M.tb Rv3722c Modulates MAPK and NF-κB Pathways via TRAF3

To investigate the host immune responses to Rv3722c, we performed RNA-seq to analyze genes expression profile in RAW264.7 cells upon Rv3722c overexpression. One hundred forty-three significantly differentially expressed genes (DEGs) between RAW-Rv3722c and RAW-Vector cell lines were identified with the threshold of adjusted p-value <0.05, log2foldchange>1 (Table S3). Among these genes, the number of down-regulated genes was much more than that of the up-regulated genes (Figure 3A). Comparing to the vector control group, RAW-Rv3722c cell line transcribed a higher level of TRAF3 and IL-10, but a lower level of IL-1β, IL-6, and TNF (Figure 3A). KEGG pathway enrichment analysis showed that TRAF3 participated pathways, such as NOD-like receptor, TNF signaling, and NF-κB signaling pathways, were highly enriched (Figure 3B), suggesting that Rv3722c may regulate host gene expression by influencing TRAF3 mediated pathways for M.tb survival. Furthermore, the gene expression profiles of MAPK signaling, NF-κB signaling, TLR signaling, NOD-like receptor signaling, RIG-I-like receptor signaling, and IL-17 signaling pathways were shown in the polarized heatmap (Figure 3C). As these pathways are involved in cytokine expression, we next illustrated cytokine expression from DEGs and generated a heatmap. As shown in Figure 3D, RAW-Rv3722c expressed more IL-10 and less IL-1 (both IL-1α and IL-1β), IL-11, IL-15, IL-16, IL-18, and genes in the TNF family than RAW-Vector. These results suggest that Rv3722c might function by affecting inflammation response.




Figure 3 | Genes and proteins in different signal pathways are potentially regulated by Rv3722c. (A) Volcano plot indicating significant up-regulation (red) and down-regulation (blue) genes after transmission of Rv3722c. (B) KEGG enrichment of genes that had significant change overexpression level comparing between RAW-Vector and RAW-Rv3722c cell lines. (C) Polarized heatmap showing the normalized gene expression level of TRAF3 related pathways. (D) Heatmap showing the normalized count of the expression level of cytokines.



Cytokines are important in the host innate immune response against M.tb infection (Cooper and Khader, 2008). We next validated whether Rv3722c modulates the expression of pro-inflammatory and regulatory cytokines by analyzing the expression of mRNAs in macrophages. As shown in Figures 4A–F, overexpression of Rv3722c significantly enhanced the expression of TRAF3 and IFN-β, and inhibited the expression of IL-1β, IL-6, IL-12p40, and TNF-α. Notably, knock-down the expression of endogenous TRAF3 could attenuate the Rv3722c induced alteration of the expression of these examined genes by qRT-PCR analysis. To explore the signaling pathways that might be involved in Rv3722c altered cytokine expression, we examined MAPK and NF-κB pathways, which have been described to be involved in the production of numerous inflammatory cytokines (Koul et al., 2004; Jung et al., 2006; Méndez-Samperio, 2010). Therefore, we performed a western blot assay to further examine the proteins and their phosphorylation involved in MAPK and NF-κB pathways. As shown in Figures 4G, H, Rv3722c inhibited p65 phosphorylation and p100/p52 processing in NF-κB, and phosphorylation of p38 and JNK in MAPKs pathway, whereas phosphorylation of extracellular signal-regulated kinase (Erk) was not impacted by Rv3722c. Consistent with the cytokine expression experiment, knock-down the endogenous TRAF3 expression attenuated the Rv3722c induced alteration of these examined proteins expression.




Figure 4 | M.tb Rv3722c modulates MAPK and NF-κB pathways via TRAF3. (A–F) qRT-PCR analysis of TRAF3, IFN-β, IL-1β, IL-6, IL-12p40, and TNF-α mRNA expression in RAW-Vector or RAW-Rv3722c cells with or without lentivirus containing shTRAF3-1 gene infection for 48 h. (G, H) Western blot analysis of TRAF3, p100/p52, p65, p-p65, p38, p-p38, JNK, p-JNK, Erk, p-Erk expression in RAW-Vector and RAW-Rv3722c cells with or without lentivirus containing shTRAF3 gene infection for 48 h. (I) Model of Rv3722c interacted with TRAF3 to regulate host immunity and promote M.tb survival. The PAMPs of M.tb was recognized by the host PRRs and then parasitized in the host cells. Rv3722c secreted by M.tb interacted with TRAF3 in the host cell to inhibit the processing of p100/p52, the phosphorylation of p65, p38, and JNK, promote the secretion of IFN-β, and inhibit the production of IL-1β, IL-6, IL-12p40, and TNF-α, which in turn promoted the proliferation of M.tb in host cells. Data shown in (A–F) are mean ± SD of three independent experiments. *P < 0.1; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant; both by student t-test. All experiments were performed in triplicate.



Taken together, these results suggest the possibility that Rv3722c hijacked TRAF3 and then influenced NF-κB and MAPK signaling to regulate cytokine expression, which eventually promoted the proliferation of M.tb in macrophages (Figure 4I).




Discussion

As an intracellular pathogen, M.tb secretes numerous proteins into the cytoplasm of infected macrophages to regulate host innate immunity for its long term persistence. Some of them are identified to suppress host immune responses to promote bacterial survival during infection, such as ESAT6 and a 38 KD glycolipoprotein (Pathak et al., 2007; Wang J. et al., 2015). Rv3722c, an M.tb secreted protein, is essential for its in vitro growth. Recently, Robert et al. found that Rv3722c is an aspartate aminotransferase and mediates an essential but under-recognized role in metabolism (Jansen et al., 2020). Here, we found that Rv3722c benefited M.tb intracellular survival in murine macrophages by modulating TRAF3 mediated cytokine responses.

Accumulating evidence indicates that host-pathogen interaction can facilitate the coevolution of M.tb with its host (Gagneux, 2012). Here, we demonstrated that M.tb Rv3722c interacted with host TRAF3 by Y2H, BiFC, and Co-IP technologies. TRAF3 is a versatile adaptor protein to regulate signaling complexes downstream of PRRs to activate the type I interferon response and negatively regulate the activation of MAPK and noncanonical NF-κB pathways (Häcker et al., 2011). Our study showed that Rv3722c significantly enhanced the expression of TRAF3 in macrophages. Interestingly, specific knock-down of TRAF3 abrogated Rv3722c induced inhibition of MAPK and NF-κB pathways as well as the production of cytokines in macrophages, suggesting that Rv3722c interacting with TRAF3 to suppress host immune response. In addition, TRAF3 contains four functional domains: RING finger domain, zinc finger domain, coiled coil domain and MATH domain (Zhang et al., 2012). It would be of great interest to further explore which TRAF3 domains involved in Rv3722c binding, whether TRAF3 activity is modulated by M.tb, and what is the function of TRAF3 in host defense against M.tb infection.

Our RNA-seq analysis revealed that most of the DEGs between RAW-Rv3722c and RAW-vector cell lines were mainly related to MAPK, NF-κB, TLR, and NLR signaling pathways, suggesting that Rv3722c might promote intracellular M.tb survival and replication by altering cytokine expression profile. Type I IFN is detrimental for the host to defense intracellular bacteria, such as Mycobacterium, Francisella, and Listeria (Boxx and Cheng, 2016). It has been reported that IFN-β suppresses host anti-bacterial immune responses and facilitates pathogenesis during M.tb infection (Donovan et al., 2017; Moreira-Teixeira et al., 2018). Emerging evidence demonstrates that TRAF3 activity can be regulated through different types of ubiquitination. MYD88- and TRIF-dependent K63-linked ubiquitination of TRAF3 activates type I IFN response, whereas cIAP1/2- and TRAF6-mediated K48-linked ubiquitination of TRAF3 induces its proteasomal degradation and induction of proinflammatory cytokines (Tseng et al., 2010). In our study, we found that knock-down of endogenous TRAF3 attenuated the Rv3722c induced up-regulation of IFN-β expression. Hence, we hypothesized that Rv3722c interacted and promoted the synthesis of non-degradative, K63-linked polyubiquitin of TRAF3, which contributed to the activation of IRF3 and subsequent the type I interferon response. TNF-α, IFN-γ, IL-1β, IL-6, IL-12, IL-18, and IL-23 have been reported as defensive cytokines against M.tb infection (North and Jung, 2004; Cooper, 2009; Hossain and Norazmi, 2013; Wang J. et al., 2015). Here, we found that knock-down the endogenous TRAF3 abolished the Rv3722c induced decreasing of IL-1β, IL-6, IL-12p40, and TNF-α expression.

We demonstrated that M.tb Rv3722c regulated cytokine expression through both MAPK and NF-κB pathways. The phosphorylation and dephosphorylation modifications of proteins are key mechanisms for the regulation of host innate immunity (Fischer, 2013). RNA interference-mediated interferes with TRAF3 degradation is required for TLR-mediated JNK and p38 activation and the production of inflammatory cytokines, such as TNF, IL-6 and IL-12 (Häcker et al., 2011). In this study, we found that Rv3722c might inhibit the MAPK pathway by suppressing the phosphorylation of p38 and JNK through TRAF3. MAPK signaling pathways genes Gadd45a, DUSP1, DUSP5, DUSP8, DUSP10, and Jun were also found significantly modulated by Rv3722c in macrophages. Whether and how these genes participate in Rv3722c mediated promotion of M.tb replication need to be further investigated. Activation of NF-κB is mediated by inflammatory signals or factors involved in the development (Sun, 2017). Here, we found that Rv3722c slightly suppressed the phosphorylation of p65 in the canonical NF-κB pathway and p100/p52 processing in the non-canonical NF-κB pathway in macrophages. Our data implied that Rv3722c might interfere MAPK and NF-κB pathways via multiple and complex mechanisms. However, the effects of Rv3722c on the phosphorylation of p38 and JNK seemed to be more obvious than the change in the NF-κB pathway, which hints that Rv3722c might mainly modulate cytokine expression by hampering the MAPK pathway. How Rv3722c participated in inhibiting or interfering with the phosphorylation of examined proteins? A possible mechanism might modulate or interact with a target that is involved in the common regulation of these different proteins.



Conclusion

Our study revealed that M.tb secreted protein Rv3722c interacted with host protein TRAF3 to promote its survival in macrophages through activating the type I interferon response and suppressing MAPK and NF-κB pathways. Our data provided insights into the mechanism of Rv3722c promoting M.tb intracellular survival and facilitate further understanding of the mechanisms of M.tb secreted proteins in regulating cell immune response.
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The acquisition of antibiotics resistance is a major clinical challenge limiting the effective prevention and treatment of the deadliest human infectious disease tuberculosis. The molecular mechanisms by which initially Mycobacterium tuberculosis (M.tb) develop drug resistance remain poorly understood. In this study, we report the novel role of M.tb Rv1523 MTase in the methylation of mycobacterial cell envelope lipids and possible mechanism of its contribution in the virulence and drug resistance. Initial interactome analyses predicted association of Rv1523 with proteins related to fatty acid biosynthetic pathways. This promoted us to investigate methylation activity of Rv1523 using cell wall fatty acids or lipids as a substrate. Rv1523 catalyzed the transfer of methyl group from SAM to the cell wall components of mycobacterium. To investigate further the in vivo methylating role of Rv1523, we generated a recombinant Mycobacterium smegmatis strain that expressed the Rv1523 gene. The M. smegmatis strain expressing Rv1523 exhibited altered cell wall lipid composition, leading to an increased survival under surface stress, acidic condition and resistance to antibiotics. Macrophages infected with recombinant M. smegmatis induced necrotic cell death and modulated the host immune responses. In summary, these findings reveal a hitherto unknown role of Rv1523 encoded MTase in cell wall remodeling and modulation of immune responses. Functional gain of mycolic acid Rv1523 methyltransferase induced virulence and resistance to antibiotics in M. smegmatis. Thus, mycolic acid methyltransferase may serve as an excellent target for the discovery and development of novel anti-TB agents.




Keywords: MTases, antibiotics resistance, methyltransferases, cell envelope lipids, immune responses, Mycobacterium smegmatis, phage display



Introduction

The emergence of highly aggressive multi-drug-resistant (MDR) and extensively-drug-resistant (XDR) tuberculosis (TB) has been a major concern for the treatment of drug resistant TB (Chakaya et al., 2020). Therefore, there is a critical need to understand how antibiotics resistance is acquired and whether there is any connection between antibiotics resistance, virulence and aggressiveness. While multiple factors have been associated with drug resistance (Siddiqi et al., 2002), the methylome of the M.tb has recently been implicated to contribute to virulence and emergence of drug resistance (Shell et al., 2013; Warrier et al., 2016). Genes encoding MTases comprise of 3% of the M.tb genome (Grover et al., 2016). Methylation-specific modification(s) of different macromolecules of M.tb is considered to play an important and key role in survival of mycobacteria in the host, irrespective of local environmental pressures. The lineage specific methylation motifs in 4 prime lineages of M.tb and 2 lineage of M. africanum suggest a role of methylome in M.tb pathobiology (Phelan et al., 2018). Integrated genome-wide methylome and transcriptome studies identified several new MTases that cause antibiotic resistance. It is expected that the number of these modifying enzymes will increase with evolution (Dookie et al., 2018). We recently reported that M.tb methylome contains around 121 MTase genes (Grover et al., 2016). However, how the methylome of M.tb may participate in the pathogenesis and drug resistance is not fully understood.

The mycobacterial bacillus comprises of an exceptionally complex cell wall based on sugars and lipids of remarkable structure that set pathogenic mycobacterium aside from the non-pathogenic mycobacteria and most of other prokaryotes, and this also accounts for its pathogenesis (Alderwick et al., 2015). The essential components of cell envelope, mycolic acid, arabinogalactan, and peptidoglycan coordinate to form an mAGP complex of the mycobacterial bacilli which maintains a robust basal structure supporting the upper membrane. Arabinogalactan facilitates peptidoglycan to connect with the outer mycolic acid layer (Alderwick et al., 2015; Schwenk et al., 2018). Mycolic acids constitute a very high lipid component of the membrane and form the external mycomembrane to represent the cell envelope core composition that encloses the mycobacterial bacilli. The biosynthesis of mycolic acid in M.tb involves multifunctional enzyme complex FASI and FASII systems and also a variety of unique MTases (Takayama et al., 2005). Mycolic acid MTases (MAMTs) are crucial for M.tb survivability, virulence, integration of the cell wall complex, resistance to antibiotics (Rao et al., 2005; Takayama et al., 2005; Rao et al., 2006; Marrakchi et al., 2014; Alderwick et al., 2015). In the mouse model of infection, an M.tb deletion mutant of the proximal cyclopropane ring of α-mycolic acid or of methoxy- and ketomycolates results in restricted development of the two mutants. Similarly, M.tb deletion mutant of the keto-mycolates results in attenuation of development of the mutant inside the host cells (Rao et al., 2005; Rao et al., 2006). The emergence of MDR-, TDR-, and XDR-TB are suspected to be related to enzymes that are involved in the modification of the cell wall components, including enzymes implicated in synthesis and modification of mycolic acids (Ducati et al., 2006; Barry et al., 2007; Abrahams and Besra, 2018). Understanding the biosynthesis and assembly of these crucial decisive factors of the mycobacterial pathophysiology is critical for overcoming TB drug resistance. We describe here the characterization and function of a probable MTase coded by M.tb ORFRv1523. This gene is only present in the pathogenic strains of mycobacterium (M.tb and M. bovis), suggesting its likely functional involvement in the pathophysiology of M.tb (Grover et al., 2016). Initial interactome analyses predicted association of Rv1523 with cell wall related proteins involved in fatty acid biosynthetic and mycolic acid biosynthetic pathways and it also has motif of mycolic acid cyclopropane synthetase domain. We investigated whether Rv1523 MTase can methylate the cell wall lipids, fatty acid or mycolic acid. Further, to understand the in vivo role in methylation, we expressed this ORF in Mycobacterium smegmatis strain, that potentially lacks Rv1523 gene. Recombinant M. smegmatis strain expressing Rv1523 exhibits altered cell wall lipid composition, remodeling the cell wall through methylation of mycolic fatty acid. Functional gain of mycolic acid Rv1523 methyltransferase increased M.tb virulence and resistance to antibiotics. Additionally, expression of Rv1523 in M. smegmatis induced necrotic cell death of infected macrophages and modulated the host immune responses by decreasing the proinflammatory TNF-α and increasing the anti-inflammatory IL-10 production. These findings suggest Rv1523-mediated cell wall remodeling through methylation of mycolic acid may be responsible for acquiring resistance to antibiotics.



Materials and Methods


Bacterial Strains, Plasmids, and Culture

Middlebrook 7H9 medium, supplemented with 0.05% Tween80 and 0.2% glycerine was used to grow liquid culture M. smegmatis mc2155 strains and Middlebrook 7H10 plates supplemented with 10% glycerine were used to grow M. smegmatis colonies. Escherichia coli (E. coli) was grown in Luria-Bertani medium. Subsequent concentrations of antibiotics used were: hygromycin, 100 µg/ml; kanamycin, 50 µg/ml for E. coli, and 20 µg/ml for M. smegmatis mc2155. All M. smegmatis and E. coli cultures were incubated at 37°C with 160 rpm and 200 rpm, respectively. The bacterial strains, all the plasmids and the primer sequences used in this study are enlisted in Table 1.



Cloning, Expression and Purification of Rv1523

The Rv1523 gene from M.tb was PCR amplified by using forward primer 5′-CGACATATGATGACGATAACCGCATTAAC-3′ and reverse primer 5′-GCCCTCGAGATCCTTGGCGAACAAG -3’. The PCR amplicons were digested with NdeI and XhoI and ligated into the E. coli expression vector pET28a. For mycobacterial expression, the full length Rv1523 was cloned in NdeI–HindIII sites of pVV16 mycobacterial shuttle vector. Rv1523 protein was purified according to standard procedure from E. coli BL21-DE3 strain (Table S1). For Rv1523 protein purification, secondary culture of recombinant E. coli BL21-DE3 expressing Rv1523 was set up in 250 ml LB broth with appropriate antibiotics. After reaching OD600 of 0.6–0.8, the culture was induced with 0.2mM IPTG and allowed to grow at 37°C, at 200 rpm for 4 h. The culture was harvested and the induced culture pellet was re-suspended in 25 ml of chilled lysis buffer of 50mM sodium phosphate containing lysozyme, PMSF, 0.1%–0.3% sarkosyl and kept on ice for 30 min. The suspension was sonicated for 10 min with regular on and off cycles of 10 s and 40 s each, respectively on ice and centrifuged at 12,000 rpm for 45 min Supernatant was collected separately and loaded on Ni-NTA agarose beads column. Washing was done with 40 ml of 30 mM and 40 mM imidazole solution in sodium phosphate buffer. Protein was eluted in gradient with 150–250 mM imidazole in sodium phosphate. Proteins of different sizes were separated on SDS-PAGE. For experimental purpose, the proteins were dialyzed in dialysis buffer (10mM sodium phosphate buffer, pH 7.8, 20 mM NaCl) and concentrated using 10 kDa cut-off membrane concentrator (Millipore, USA). Protein concentration was estimated by Bradford reagent.



Construction of Recombinant M. smegmatis Expressing Rv1523

The plasmids (pVV16 and pVV16-Rv1523) were electroporated into M. smegmatis mc2155 (Table S1, S2) following protocols described by Wards and Collins (2016). The recombinant M. smegmatis strains were selected on 7H10 medium containing 20 ug/ml kanamycin and 100 ug/ml hygromycin. The recombinant Ms_Rv1523 and Ms_Vec were subjected to colony PCR and western blotting.



Detection of the Expression of Rv1523 in M. smegmatis

Liquid cultures of both the recombinant M. smegmatis strains Ms_Vec and Ms_Rv1523 were grown in 7H9 broth medium until the OD600 reached 0.6 to 0.8. The bacterial cell fractionation of recombinants Ms_Vec and Ms_Rv1523 was performed as mentioned previously, with minor modifications. Conventionally both the recombinant mycobacterial cultures were harvested using centrifugation at 6,000 rpm for 10 min at 4°C. After washing the cell-lysate with PBS, it was sonicated in cold PBS supplemented with protease inhibitor. After sonication, cell lysate was centrifuged at 11,000 rpm into the insoluble pellets and the soluble supernatant fractions. Both the fractions were loaded to SDS-PAGE and subsequently identified by Western blot experiment using specific anti-1523 polyclonal antibody. The blots were developed by incubating with IgG-HRP, anti-mouse IgG antibody labelled with horseradish peroxidase.



Production of Anti-Rv1523 Antibodies

A 500 µg/ml of purified Rv1523 protein was used to immunize a rabbit. At an interval of 15 days, 3 booster doses of immunization were given. Finally, 15 days after the last immunization the sera were collected.



In-Silico Analysis of Rv1523

Using the bioinformatic STRING (Search Tool for the Retrieval of Interacting Genes _version 9.1) (http://string.embl.de), the interacting associates for Rv1523 protein from the M.tb H37Rv genome database were identified. All the parameters used for the STRING interaction assessment were set as default. The prediction methods selected were all active: i.e., database, gene fusion, neighbourhood, co-expression, co-occurrence, experiments, and text mining. The S-score (confidence score) set to a default mid-range 0.4 was used to predict the probability of association between the two proteins. A medium confidence level corresponds to 50% possibility of an interaction. Each node indicates a protein, and each edge represents an association in the displayed network. Protein motif and domain analysis of Rv1523 was performed using InterProScan analysis (http://www.ebi-.ac.uk/interpro/).



Phage Display Assay

The assay was performed as mentioned in the protocol with some minor modifications (Ph.D.™-7 Phage Display Peptide Library Kit (New England Biolabs Inc.). Surface preparation: Target solution 150µl in 0.1M NaHCO3, pH.6 was applied to each well and incubated overnight at 4°C. Coating solution was poured off and blocking buffer added and incubated for at least 1 h at 4°C. Blocking solution was discarded and washed with TBST six times. One round of selection: The Phage library (10 µl) was diluted into 100 µl in TBST. Phages were pipetted onto target-coated surface and phages and target were incubated together with gentle mixing for 2–3 h. After binding, non-binding phages were discarded and washed with TBST ten times. To elute the bound phages 100ul of elution buffer (0.2M glycine-HCl, pH 2.2, 1 mg/ml BSA) were added and phages were eluted. The elution buffer was further neutralized with 20µl of 1M Tris-HCl, (pH 9.1).

Phage Enrichment: An overnight culture of ER2738 was diluted 1:100 in 10 ml LB in 60 ml glass tube. All but 20 µl of eluted phage pool was added. The culture was set at 200 rpm for shaking at 37’C for 6 h. The culture was centrifuged at low rpm and 9 ml of phage containing supernatant was transferred to a clean centrifuge tube. Phages were precipitated by adding 3 ml of 2.5M NaCl/20%PEG-8000 and incubated on ice overnight. The sample was centrifuged at 11,000 rpm for 20 min. Supernatant was removed and the off-white phage pellet was gently resuspended in 1 ml TBS. After 10 min incubation the residual cells were centrifuged at 11,000 rpm. The phages were re-precipitated by adding ⅙ volume of NaCl/PEG and incubated on ice for 1 h and then centrifuged for 20 min at 11,000 rpm. The supernatant was removed, and the phage pellet was resuspended in 200µl TBS.

Phage Titration: The ER2738 cells were inoculated in 10 ml of LB and kept on shaking at 37°C for 4–8 h until mid-log phase, till OD600 of ~0.6 was reached. Phage stock was diluted in 1 ml volume of LB with 10-103-fold serial dilutions to yield ~10–500 plaques per plate. 10ul of phage dilutions were added to 200 ul of ER2738 culture of OD600 of ~0.6, and allowed 1 min for infection to take place, infection time was kept constant with each of the phage dilution. The entire infection volume was transferred into warm top agar tubes, vortexed briefly and solution was poured onto pre-warmed LB/IPTG/XGal plate and incubated overnight at 37°C. The pfu/ul was calculated and additional rounds of selection were carried out using 1011 pfu for input for each round. Three rounds were carried out before proceeding with sequencing and binding studies.



Extraction and Purification of Mycobacterial Cell Wall Fatty Acid Methyl Esters (FAMEs) and Mycolic Acid Methyl Esters (MAMEs)

Mycobacterial cell wall fatty acid and mycolic acids was purified following protocols as described (Dupont and Kremer, 2014). The liquid mycobacterial cultures of M. smegmatis were inoculated and grown, in Middlebrook 7H9 broth and incubated at 37°C with slow shaking till the OD600 reached (OD600 = 1) of the culture. Exponentially growing mycobacteria were harvested for mycolic acid extraction. The mycobacterial pellet was resuspended in 4 ml of tetrabutylammonium hydroxide (TBAH) and incubated overnight at 100°C for hydrolysis of complete fatty/mycolic acid. To the 4 ml of TBAH mixture, 8 ml CH2Cl2, 600μl CH3I and 4 ml water were added and mixed well for 1.5 h at room temperature for methyl esterification of the mycolic acids. It was centrifuged at 3,500 rpm for 10 min at room temperature to separate the mixture in two phases: a lower organic phase containing the lipids and an upper aqueous phase that was discarded. The tube was mixed for 25 min after adding 5 ml of water and centrifuged at 3,500 rpm for 10 min at room temperature. The wash step was repeated three more times and the upper phase was removed. The lower organic phase was dried, 4 ml diethyl ether was added, and sonication was performed in a water bath for 5–10 min at room temperature. It was further centrifuged at 3,500 rpm for 10 min at room temperature and methyl esters were transferred in a new glass tube. The diethyl ether was evaporated under a stream of nitrogen and the residue was resuspended in 100–200 µl CH2Cl2. The extracted fatty acid methyl esters (FAMEs) and mycolic acid methyl esters (MAMEs) were resolved by thin layer chromatography using hexane/ethyl acetate (19:1, v/v). The TLC plate was sprayed with 5% ethanolic molybdophosphoric acid, lipid bands corresponding to the different mycolic acids revealed following charring using a heat gun.



Methyltransferase Assay

The methylation assay was performed using 50 ng protein, mycolic acid (6µl) and 6.9mM of S-adenosyl methionine (SAM) for 5 min (or as otherwise indicated) in assay buffer (10 mM Tris pH 7.4, 1 mM dithiothreitol (DTT). Both the enzyme and the substrate in combination was titrated in the assay to determine optimal conditions. The SAM MTase assay buffer + additive was equilibrated to 37°C (SAM510™: SAM Methyltransferase Assay - G-Biosciences, Cat. # 786‐430). A total volume of 5μl of purified SAM MTase enzyme was taken in duplicate in a 96 well plate. The SAM MTase assay buffer or 0.1M Tris, pH 8.0 was used as a diluent. The reactions and controls were performed in duplicates. For the background control, 5 μl SAM MTase assay buffer was aliquoted into each background control well. The assay is supplied with Adenosylhomocysteine enzyme as a positive control.

5 μl positive control and 10 μl SAM MTase assay buffer was added to each positive control well. The extracted mycolic acid (acceptor substrate) was added (6 ul) to the sample and background control wells, using SAM MTase assay buffer. The reaction was initiated by adding 100 μl SAM MTase master mix to the wells. The wells were zeroed, and absorbance was measured at 510 nm collecting data every 1–2 min at 37°C until the increasing absorbances plateau (60 min).



Extraction and Resolution of Mycobacterial Cell Wall Mycolic Acids

The recombinant mycobacterial strains Ms_Vec and Ms_Rv1523 were inoculated in 7H9 medium till OD reached OD600 >1. The bacterial cells were harvested by centrifugation and treated with tributyl-ammonium hydroxide (TBAH) for alkaline hydrolysis of bacterial surface, as described previously. The extracted mycolates were finally resuspended in dichloromethane prior to TLC analysis. Briefly, equal amounts of each sample were applied to a silica-coated aluminium TLC plate, which was developed in different mixtures of solvents depending on the nature of the TLC.



Treatment with Anti-Tubercle Drug TAC Analogue, SRI-224

The recombinant mycobacterial strain Ms_Rv1523 was grown in 7H9 medium till OD600 reached 0.8. TAC analogue SRI-224 solutions were added to the growth medium at desired concentrations of 0 ug, 5 ug, 10 ug, for a total period of 48 h. Cells were harvested, followed by methyl-esterification, extraction, and resolution of mycolic acids by thin layer chromatography (TLC) as described previously.



HPLC Conditions

An Agilent 1200 infinity series HPLC (Agilent Technologies, 1260 infinity, Open Lab, CS) equipped with a Zorbex Eclipsed C-18 reverse-phase analytical cartridge column (SB-C18, 4.6 mm by 15.0 cm packed with 5 μm silica) was used for chromatographic separation of the cell wall components using a gradient of 98% phase A (95% methanol and 5% methylene chloride) and 2% phase B (50% acetonitrile and 50% methanol) with a flow rate of 0.8 mL min-1. During the first minute following the injection, the solvent concentrations were changed to 80% phase A-20% phase B, and then changed linearly at the 5 min to 50% phase A-50% phase B. During the next 35 min the column was re-equilibrated in 80% phase A-20% phase B. The total run time was 50 min.



In Vitro Survival Under Different Anti-Microbial Stresses

The growth patterns of both the recombinant M. smegmatis cultures were analyzed in 7H9 broth media consisting 100 μg/ml hygromycin and grown up to OD600 = 0.8. In the presence of surface stress and pH stress the growth curves were plotted against culture time for Ms_Vec and Ms_1523. For surface stress, culture of Ms_Vec and Ms_1523 was exposed to 0.05% SDS for a duration of 1, 2, 3, and 4 h. For acidic pH stress, pH gradient was produced by supplementing concentrated HCl in 7H9 broth medium and the pH of media was adjusted to pH 3 and pH 5. The media was further filter sterilized by passing through a 2 μm filter. After SDS and acid stress exposure, both the recombinant strains Ms_Vec and Ms_Rv1523 were diluted and plated into 7H10 agar consisting hygromycin for bacteria quantification.



Anti-Tuberculosis Drug Sensitivity Assays

Nine antibiotics were used in this study, including vancomycin (Van), oflaxacin (Ofl), norfloxacin (Nor), rifampicin (Rif). The recombinant strains Ms_Vec and Ms_Rv1523 were grown till OD600 reached 0.06 to 0.08, the bacterial culture was diluted 2-fold and 50µl of each strain was plated into 7H10 agar medium and the HiComb™ MIC Test strip was placed on the culture containing different concentration of the antibiotic. HiComb™ MIC Test strip provides a set of 16 different concentrations in gradient that can be easily used to deduce a functionally accurate the Minimum Inhibitory Concentration (MIC) in microgram levels. MIC values of each antibiotic were assessed by analysing the bacterial growth after 3 days culture.



Macrophage Infection Assay

Macrophages infection assay was performed using RAW264.7 cells (1 × 105/well) seeded in 24-well plates in complete DMEM media and incubated overnight at 37C, 5% CO2. Before infection, recombinant Ms_Vec and Ms_1523 were passaged 4–5 times through a 26-gauge needle to disperse aggregated cells and then macrophage cells were infected at an MOI of 10:1. Infection was allowed for a total time period of 2 h at 37°C, 5% CO2, after which macrophage cells were washed thoroughly with PBS and gentamicin (20 μg/ml) was added to kill the extracellular bacteria and incubated for a further 0, 4, 24, and 48 h at 37°C, 5% CO2. The infected macrophage cells were washed at each time point with PBS and the macrophages lysed with 1 ml 0.01% SDS to release the intracellular mycobacteria. The mycobacterial cells were plated onto 7H9 agar supplemented with the appropriate antibiotic to enumerate the CFU.



Cytokines Production Analysis

PMA-differentiated THP-1 cells cultured in RPMI media (Invitrogen) were infected with Ms_Vec and Ms_Rv1523 at an MOI of 10. After 6, 24, and 48 h infection, culture supernatants were harvested, and the cytokines released by infected cells in the culture supernatants were quantitatively detected using ELISA kits of Tumor Necrosis Factor-α (TNF-α Invitrogen™ 88-7346-88) and interleukin-10 (IL-10 Invitrogen™ 88-7106-88).



Lactate Dehydrogenase (LDH) Activity Assay and Detection of NO Production

Murine macrophages RAW 264.7 infected with Ms_Vec and Ms_Rv1523 for 2 h at 37°C, 5% CO2 and macrophages cells without infection were used as control. For lactate dehydrogenase (LDH) activity analysis, the culture supernatants from infected cells and control cells without infection were harvested after 24 and 48 h after infection. Following the standard protocols, the LDH activities were assessed using commercially available LDH cytotoxicity kit (Thermo). By using a Griess reagent (Thermo) which measures the stable end product, nitrite, the NO levels in culture supernatant of infected macrophages were determined. An equal volume of 100 µl of Griess reagent and culture supernatant was added to a 96-well plate in duplicate and incubated at room temperature for 15 min. Using standard curve for nitrite, levels of nitrite was estimated after taking absorbance at 540 nm. The results were showed as the mean µmoles of nitrite/sample ± SEM.



Statistical Analysis

Results were expressed as the mean ± SEM of at least three independent experiments.

GraphPad Prism 9 software was used for statistical analysis. ANOVA (for two groups) and Kruskal-Wallis tests (for more than two groups) were used to determine statistical significance. A p < 0.05 was considered significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 denote the level of significance.




Results


Probable Interacting Partners of Rv1523 MTase

To identify the function of Rv1523 MTase, M.tb. proteins that could possibly interact with the Rv1523 was identified using phage display assay and STRING (Search Tool for the Retrieval of Interacting Genes/Proteins), followed by motif analysis by InterProScan. Phage display assay which detects ligands or interacting partners (Wu et al., 2016) uses bacteriophages expressing a library of random heptapeptides (7 amino-acid containing peptide), on their cell surface as fusion to the coat protein (pIII) of M13 phage. The displayed peptide is expressed at the N-terminus of pIII. The purified Rv1523 protein (Figure S2) was immobilized and used as a target, and heptapeptides ligand sequences showing interaction with Rv1523 protein were extracted and identified by DNA sequencing (Figure S1, Table S3). After 3 rounds, the proteins containing these ligand heptapeptides were explored by in silico BLAST approach using the ligand peptide as a query sequence. The sequences of the protein showing >70% interaction, i.e., five out of seven amino acids, with the ligand sequences, were taken for further analysis. The ligand sequences ADARYKS, HWNTVVS, DRGHHIL, MPRLPPA, and AWPYVTL displayed interaction with Rv1523 in the second round and ISTTLFP, NTALSST, ADARYKS, LQKGMT, SHLNVHS, ASSHIHH, NGATYPS, and ADARYKS showed interaction in third round. Rv1523 interacting protein partners included the following: NADPH-dependent 2,4-dienoyl-CoA reductase, fatty acid biosynthesis transcriptional regulator, putative ftsk/spoiiie family protein, lysophospholipid transporter lplt, ESX-4 secretion system protein eccd4, carbon monoxide dehydrogenase, O-antigen/lipopolysaccharide transport integral membrane protein rfbd, sugar ABC transporter permease, carbohydrate ABC transporter membrane protein CUT1 family, Acyl-CoA dehydrogenase fadE1, fatty-acid-CoA ligase, outer membrane protein icsa autotransporter precursor, glycine dehydrogenase [decarboxylating], aconitate hydratase, Acyl-CoA dehydrogenase fadE24. The majority of these Rv1523 interacting proteins (>70% of the total interactome) belong to two families, 1) cell cycle protein and, 2) fatty acid biosynthesis/metabolism (Table 1). A careful inspection of the target protein pathways of these two families converge on a common pathway of fatty acid biosynthetic and mycolic acid biosynthesis pathways.


Table 1 | List of possible interacting ligands, the functional category of each and a summary of the functional pathway or reaction catalyzed.



Using STRING, an in silico tool, possible binding partners of Rv1523 protein were identified. The Rv1523 protein showed interaction with several enzymes/proteins as their interacting partner (Figure 1A). The following four proteins - methylmalonyl-CoA (possible dehydrogenase), hypothetical protein (possible methyltransferase), rhamnosyl transferase (probable glycosyl transferase) and one transmembrane protein showed interaction with Rv1523 protein. The STRING database also predicted one of functional partners of Rv1523 as a conserved transmembrane protein - MmpL12. The Mycobacterial membrane protein large (MmpL) proteins export substrates that are required for mycobacterial membrane synthesis and directly support the ability of the pathogen to infect and persist in the host. Deletion or chemical ablation of MmpL3 activity reduces the transport of mycolic acid across the plasma membrane and further decreases cell membrane mycolylation (Melly and Purdy, 2019). These interacting partners provided a clue on the possible role of Rv1523 in cell wall synthesis related functional pathway.




Figure 1 | Rv1523 is a fatty acid MTase. (A) STRING analysis reveals the top 10 interaction partners, both known and putative of M. tuberculosis H37Rv Rv1523 protein. The score for each interaction partner is assigned and given. The score for Rv1523 association was found to be 0.672 for mmpL12, a transmembrane protein, 0.787 for a probable glycosyltransferase and 0.898 for dehydrogenase enzyme. (B) Functional domain analysis of M. tuberculosis Rv1523 protein. The InterProScan analysis result shows the presence of Mycolic acid cyclopropane synthetase domain (CMAS) other than MTases domain, SAM-binding domain, MetW domain, CoQ5_methyltranferase domain. (C) The Adenosylhomocysteine methyltransferase enzyme (provided with the kit) was used as a positive control. Methyltransferase enzymatic activity analysis of Rv1523 was analyzed along with positive control, as a function of time, in a colorimetric based assay. (D) Rv1523 methyltransferase activity was measured in terms of increase in absorbance. Purified cell wall components - fatty acid methyl esters (FAMEs) and mycolic acid methyl esters (MAMEs) were used as a substrate for estimation of Rv1523 enzymatic activity, the absorbances was plotted against time in a colorimetric based assay.



Further FASTA sequences of Rv1523 was subjected to domain analysis using an in silico approach InterProScan. This software predicted the presence of mycolic acid cyclopropane synthetase domain (CMAS) (160–260 amino acids) along with MTase domain (165–259 amino acids), SAM-binding domain (157–263 amino acids), MetW domain (165–259 amino acids), CoQ5_methyltranferase domain (160–260 amino acids) (Figure 1B). Together these findings point to a likely connection between Rv1523 and biosynthesis/modification pathways of cell wall fatty acid and mycolic acid.



Rv1523 Functions as a Mycolic Fatty Acid MTase

Interactome analyses showing the presence of mycolic acid cyclopropane synthetase domain motif in Rv1523 promoted us to investigate methylation activity of Rv1523 using cell wall component fatty acids- FAMEs and MAMEs as substrate. The enzymatic activity of the Rv1523 MTase was investigated using cell wall component fatty acids to mimic in vivo conditions. To determine the methyl transfer enzymatic activity of Rv1523, in vitro system was constituted comprising of purified recombinant Rv1523 protein, SAM as the methyl group donor and cell wall component fatty acid esters, and the rate of Rv1523 MTase activity was measured as a function of time, in a colorimetric based assay with a colorimetric reagent, 3,5‐dichloro‐2‐hydroxybenzenesulfonic acid (DHBS). The enzymatic activity of Rv1523 was analyzed along with positive control, adenosyl-homocysteine MTase enzyme which was part of the MTase enzyme activity analysis kit (Figure 1C). An increase in absorbance at 510 nm indicated that Rv1523 MTase was able to transfer methyl group from SAM to the cell wall component fatty acids of mycobacterium (Figure 1D). Rv1523 methyltransferase activity was also expressed as activity µmol/min/ml. The change in Rv1523 enzyme activity with time was studied using 50 ng Rv1523 protein, cell wall component fatty acid esters as substrates and SAM as methyl group donor in a colorimetric based assay (Figure S3A). Taken together, these results showed novel fatty acid methylating activity of Rv1523 MTase.



Expression of Rv1523 in the Non-Pathogenic Mycobacteria M. smegmatis Remodels the Cell Wall Lipid Components

The distinctive cell wall lipid composition is a characteristic feature of mycobacteria, which influences diverse mycobacterial phenotypes. The subtypes of mycolic acid and their relative ratios differ with the mycobacterial strain. M. smegmatis is devoid of methoxy and keto-mycolic acid and synthesizes two types of mycolates: alpha- and oxygenated epoxy- mycolates. Therefore, in vivo functional role of Rv1523 in mycobacterium cell wall lipid composition was determined by generating Rv1523 overexpressing Mycobacterium smegmatis by cloning Rv1523 gene in mycobacterial shuttle vector pVV16 using NdeI and HindIII restriction sites, and successful transformation of pVV16_1523 was confirmed by colony PCR (Figure S3B). The recombinant strain Ms_Rv1523 showed the expression of Rv1523 gene whereas no expression was detected in vector alone (Ms_Vec) by western blot analysis (Figure S3C).

Further, it was examined whether the expression of Rv1523 in recombinant M. smegmatis affected the cell wall lipid composition. The methyl-esters of the cell envelope as FAMEs (fatty acid methyl esters) and MAMEs (mycolic acid methyl esters) were prepared followed by TLC profiling. The mycolic acid profiles of recombinant M. smegmatis with and without expression of Rv1523 gene revealed that there was an increased amount of a possible keto mycolates in M. smegmatis expressing Rv1523, but not in the pVV16 vector alone transformants (Figure 2A).




Figure 2 | Rv1523 MTase is a cell wall remodeler. (A) Exponentially growing cultures of Ms_Vec and Ms_Rv1523 were taken and fatty acid methyl esters (FAMEs) and mycolic acid methyl esters (MAMEs) were then extracted and separated by TLC. All extracts were loaded equally. The chromatogram shows FAMEs, MAMES, α- and keto-mycolates (k). TLC analysis was carried out using hexane and diethyl ether (19:1, v/v) as solvents. (B) Mycolic acid biosynthesis in M. smegmatis expressing Rv1523 is inhibited after treatment with TAC analogue SRI-224. 1D TLC profile of FAMEs and MAMEs, extracted from cells of recombinant Ms_Rv1523, treated with SRI-224 for 2 days, with different concentrations, as indicated. The chromatogram shows FAMEs, MAMEs, α- and keto-mycolates (k) as indicated by arrowheads and the possible lipids X and Y mentioned by (Alahari et al, 2007). (C) Exponentially growing cultures of Ms_Vec and Ms_Rv1523 were taken and fatty acid methyl esters (FAMEs) and mycolic acid methyl esters (MAMEs) were then extracted and analyzed by HPLC. 20 µl of each sample were injected for analysis. HPLC chromatograms of the cell wall component of recombinant Ms_Vec. (D) Ms_Rv1523 showing significant difference in peak 1, 2, and 9 confirming the change in cell wall lipid profile of Ms_Rv1523 as compared to Ms_Vec.



To further confirm the role of Rv1523 in mycolic acid biosynthesis, we examined the effects of an inhibitor of mycolic acid synthesis - SRI-224 on the production of alpha- and keto mycolic acids. SRI-224 is an analogue of anti-tubercle drug thiacetazone which specifically inhibits the cell wall components - α-mycolates as well as keto-mycolates (Alahari et al., 2007). Recombinant Ms_Rv1523 cells, upon treatment with different concentration of SRI-224, showed a major decrease in the amount of α-mycolic acid and keto-mycolic acid. In contrast, as expected there was an increase in the precursors of the α- and keto-mycolates in recombinant Ms_Rv1523 cells treated with the inhibitor-SRI-224. In summary, these findings indicate that the M. smegmatis strain expressing Rv1523 exhibited altered cell wall lipid composition, particularly keto mycolates (Figure 2B).



HPLC Analysis of Rv1523 Expressing Recombinant M. smegmatis Cell Wall Components

Classically, the separation of cell wall extracts with chromatographic techniques followed by reverse-phase HPLC analysis is used to demonstrate the chemical nature of heteropolysaccharides from M.tb strains and to distinguish the pathogenic slow-grower and non-pathogenic rapid-grower mycobacterium strains (Hagen and Thompson, 1995; Butler and Guthertz, 2001). The methyl-esters of the cell envelope as FAMEs (fatty acid methyl esters) and MAMEs (mycolic acid methyl esters) of the recombinant Ms_Rv1523 and vector control Ms_Vec were subjected to reverse-phase UV-HPLC analysis with an altered gradient elution system of chloroform-methanol to differentiate chromatographically comparable categories of the Ms_Rv1523 and Ms_Vec. Multiple factors affected the separation of mycolic acid in the reverse-phase HPLC column, including the functional group, carbon chain length, and polarity. The derivatization of mycolic acid to UV-absorbing esters increased the sensitivity of hydrocarbon detection (Butler and Guthertz, 2001). Comparison of the fatty acid profiles of the Ms_Rv1523 with that of the Ms_Vec showed that Ms_Vec was devoid of peak 1, 2, and 9 (Figures 2C, D), whereas several fatty acid peaks appeared at significantly higher levels in Ms_Rv1523 transformant. These fatty acids peaks were either not detected or present in low levels in the Ms_Vec controls. Based on the above findings, it is tempting to speculate that the difference in the HPLC profiling between Ms_Rv1523 and vector control Ms_Vec cell wall components may be a consequence of Rv1523 gene overexpression on mycolic acid synthesis and altered cell envelope components.



Expression of Rv1523 Confers Resistance to Recombinant M. smegmatis Against Several Anti-Tuberculosis Drugs

The cell wall of M.tb is meant to provide an efficient barricade and prevent entry of different antibiotics (Brennan and Nikaido, 1995; Smith et al., 2013). Therefore, we evaluated whether the modifications in cell envelope of Ms_Rv1523 at all impact cell envelope permeability. Recombinant Ms_Rv1523 and Ms_Vec were exposed to nine anti-TB drugs as mentioned in the methods and the MIC was identified (Table 2). Both Ms_Rv1523 and Ms_Vec showed equivalent susceptibility to ciprofloxacin (Cip), gentamicin (Gen), tetracycline (Tet), and streptomycin (Str). The MIC values of Cip, Gen, Tet and Str for Ms_Vec and Ms_Rv1523 were 0.001 μg/ml, 0.256 μg/ml, 0.1 μg/ml, and 0.001 μg/ml, respectively (Figure S4). However, Ms_Rv1523 showed remarkable resistance to ofloxacin (Ofl), rifampicin (Rif), especially vancomycin (Van) and norfloxacin (Nor). The MIC values of Ofl, Rif, Van, and Nor for Ms_Vec were 0.5 μg/ml, 5 μg/ml, 0.1 μg/ml, and 0.01 μg/ml as opposed to 2 μg/ml, 10 μg/ml, 10 μg/ml, and 0.1 μg/ml for Ms_Rv1523, respectively. The MIC values of Ms_Rv1523 for Van and Nor were 100 and 10 fold higher than Ms_Vec, respectively (Figure 3). These observations point to a novel role of MTase family protein Rv1523 in resistance to anti-TB drugs.


Table 2 | Drug sensitivity to anti-tuberculosis drugs.






Figure 3 | Ms_Rv1523 was resistant to anti-tuberculosis drugs. Recombinant Ms_Rv1523 and Ms_Vec were treated with nine anti-tuberculosis drugs and MIC of nine antibiotic was detected. The MIC values of Ofl, Rif, Van, and Nor for Ms_Vec were 0.5 μg/ml, 5 μg/ml, 0.1 μg/ml, and 0.01 μg/ml while 2 μg/ml, 10 μg/ml, 10 μg/ml, and 0.1 μg/ml for Ms_Rv1523, respectively. The MIC values of Ms_Rv1523 for Van and Nor were 100 and 10 fold higher than Ms_Vec, respectively.





Rv1523 Expressing Recombinant M. smegmatis Was More Resistant to Antimicrobial Stress Factors

The role of mycolic acid MTases (MAMTs) is widely recognized in M.tb survivability, integration of the cell wall complex, and resistance to antibiotics (Rao et al., 2005; Takayama et al., 2005; Rao et al., 2006; Marrakchi et al., 2014; Alderwick et al., 2015). Having shown that recombinant Ms_Rv1523 was more resistant to many anti-TB drugs, such as vancomycin, rifampicin, ofloxacin and norfloxacin, we analyzed the role of Rv1523 in growth under conditions of acid and surface distress. As shown in Figures 4A, B, the survival of Ms_Rv1523 was significantly higher as compared to control Ms_Vec after 6 and 9 h exposure to acid stress (pH 3 and pH 5). The acid sensitive mutants of M.tb were also reported to be hypersensitive to several other stresses such surface stress, oxidative stress, and antibiotics stress (Vandal et al., 2009; Dookie et al., 2018). Accordingly, to rule out whether Rv1523 has any role in surface stress, Ms_Vec and Ms_Rv1523 were treated with 0.05% SDS that simulated surface distress. The survival of Ms_Rv1523 was 10- to 100- fold higher compared to that of Ms_Vec when treated with SDS for specified time, indicating highly resilient cell membrane in Ms_Rv1523 (Figure 4C). These results suggest that Rv1523 promotes resistance of M. smegmatis to surface and acid stress by possibly strengthening cell wall integrity and permeability.




Figure 4 | Rv1523 expression in M. smegmatis causes resistance to antimicrobial stress factors. The growth of Ms_Vec and Ms_Rv1523 after treatment, for various times, with different pH gradient pH-[3] (A) and pH-[5] (B). Cultures of Ms_Vec and Ms_Rv1523 were harvested, re-suspended to 5 ml 7H9 media at an OD600 of 0.6, 10-fold serial dilutions of Ms_Vec and Ms_Rv1523 were spotted on 7H10 agar plates. Ms_Rv1523 was more resistant to acidic pH stress at both the pH gradients pH-[3] and pH-[5] as compared to Ms_Vec. (C) Ms_Rv1523 was observed to be ~100–1,000 fold resistant to the surface stress as compared to Ms_Vec. For surface stress analysis mid-log-phase cultures of Ms_Vec and Ms_Rv1523 were incubated in 7H9 media supplemented with 0.05% SDS for indicated time. The recombinant strains were plated onto 7H10 agar plates after serial ten-fold dilution. Bacterial numbers were counted after 3–4 days of growth. (D) Expression of M. tuberculosis Rv1523 in M. smegmatis increased 100–1,000 fold intracellular survival within macrophage. Mouse RAW264.7 cells were infected with Ms_Vec and Ms_Rv1523 at an MOI of 10:1. After 4, 24, and 48 h infection, macrophages were washed and lysed using 0.01% SDS. Lysates were plated on 7H10 medium to enumerate the CFU count. Two-way ANOVA was used for calculating statistical significance. All the experiments were performed at least three times; SEM is represented by error bar for biological triplicates. ns, non-significant, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





Expression of Rv1523 Enhanced Cell Survival of M. smegmatis Within Macrophages

Several cell wall modifying enzymes are required for pathophysiology of M.tb, which also promote the ability of the bacilli to grow inside the macrophages (Forrellad et al., 2013; Bussi and Gutierrez, 2019). To understand the role, if any, of Rv1523 in M.tb virulence we performed macrophage infection experiments and compared the intracellular survival of Ms_Vec and Ms_Rv1523. Recombinant Ms_Vec and Ms_Rv1523 were used to infect murine macrophages cell line (RAW264.7 cells) at an MOI of 10:1 at 37°C for 4 h, followed by washing with PBS and gentamycin treatment to kill extracellular bacteria. The number of intracellular bacilli was counted by enumerating the CFU at distinct time periods post infection. A significant difference in the survival of bacteria was observed in murine macrophages between Ms_Rv1523 and Ms_Vec at 24 h after infection (Figure 4D). To confirm that the increased survival is not a result of variation in infection rate of the two strains, the entry of mycobacteria inside the macrophages was measured immediately after 4hr infection at 37°C. The bacterial CFU recovered from macrophages were enumerated after washing the extracellular bacteria several times. No difference in the infection rate of Ms_Vec and Ms_Rv1523 was observed. These results indicated that recombinant M. smegmatis expressing Rv1523 showed enhanced survival in macrophages, pointing to a role of Rv1523 in bacterial virulence and persistence.



Rv1523 Promotes Macrophage Cell Death

Induction of apoptosis, a programmed cell death, generally favors the host cells by affecting the intracellular pathogen viability and by increasing host immunity (Molloy et al., 1994; Duan et al., 2016). However, M.tb has been reported to manipulate apoptosis cell death pathway for dissemination and infection progression (Dallenga et al., 2017). To gain insight into whether Rv1523 has any role in bacterial dissemination via necrosis of infected cells, the release of LDH (Chan et al., 2013) into the culture supernatants was determined after infection with both, Ms_Vec control and Ms_Rv1523. The levels of LDH released were significantly higher in the case of Ms_Rv1523 infected macrophages as compared to Ms_Vec infected macrophages following 24 h infection (Figure 5A). These results indicate that Rv1523 expression in M. smegmatis induces necrotic cell death of macrophage as evident from release of LDH.




Figure 5 | Expression of M. tuberculosis Rv1523 in M. smegmatis promotes death of macrophages. (A) The release of LDH was observed to be more in Ms_Rv1523 infected macrophages; and similarly levels of NO released (B) were higher in the culture supernatants of Ms_Rv1523 infected macrophages as compared to the culture supernatants of Ms_Vec infected macrophages suggesting that Rv1523 expression induces and promotes necrotic cell death of the macrophages. Macrophages were infected with Ms_Rv1523 (white bars) or Ms_Vec (black bars) at an MOI of 10:1. No infection was used as control (gray bars). After 24 and 48 h infection, culture supernatants were collected and the levels of LDH released and the levels of NO released were measured. Data are shown as means ± SEM of triplicate wells. Kruskal–Wallis test was used for calculating statistical significance. ns, non-significant *p < 0.05.





Infection with Ms_Rv1523 Increased NO Production

The progression of infectious diseases is associated with increased levels of nitric oxide (NO) production which further triggers either necrotic or apoptotic cell death (Abebe et al., 2011; Tundup et al., 2014). We accordingly investigated the level of NO released into the culture supernatants of Ms_Vec and Ms_Rv1523 infected macrophages. The levels of NO released were higher in culture supernatants of Ms_Rv1523 infected macrophages compared to Ms_Vec after 24 h infection (Figure 5B). These results further indicated that Rv1523 induced NO production by infected macrophages.



Rv1523 Modulates Macrophage Immune Responses

Pro-inflammatory cytokines are considered necessary to control bacterial infection (Romero-Adrian et al., 2015; Blanc et al., 2017). One such pro-inflammatory cytokines TNF-α, is crucial for mounting an early pro-host immune response upon M.tb infection (Khubaib et al., 2016; Blanc et al., 2017; Sharma et al., 2018). To analyse the functional involvement of Rv1523 in the early immune responses, PMA-differentiated ThP-1 macrophages were infected with Ms_Vec or Ms_Rv1523 for 6, 24, and 48 h. After infection, the supernatants were collected at different time point for assessment of cytokine production using ELISA. The levels of pro-inflammatory cytokine TNF-α secretion was observed to be remarkably lower in macrophages infected with Ms_Rv1523 than Ms_Vec (Figure 6A). However, macrophages infected with Ms_Rv1523 produced higher levels of anti-inflammatory cytokine IL-10 compared to Ms_Vec infected macrophages (Figure 6B). IL-10 suppresses the anti-mycobacterial immunity by inhibiting the expression of host-protective pro-inflammatory cytokines and promotes the survival of pathogen. A decrease in levels of TNF-α, accompanied by increased IL-10 cytokine levels was consistently observed in Ms_Rv1523 infected macrophages. These results suggest that Rv1523 could be possibly playing a role in regulating cytokine production and immune modulation favoring the pathogen.




Figure 6 | Rv1523 modulates macrophage immune responses. Overexpression of M. tuberculosis Rv1523 in M. smegmatis modulates the immune pathway by suppressing production of pro-inflammatory cytokine and inducing anti-inflammatory cytokine production. PMA-differentiated THP-1 cells (2 × 106/well/ml) were infected with recombinant Ms_Vec and Ms_Rv1523 strains. After 6, 24, and 48 h infection, the infected cells and supernatant were collected. ELISA was used for detecting the production of TNF-α (A) and IL-10 (B). Experiments were performed at least twice; SEM is represented by error bar for biological triplicates. Two-way ANOVA was used for determining statistical significance. ns, non-significant *p < 0.05, and **p < 0.01.






Discussion

The Rv1523 gene is a part of Mycobacterium tuberculosis H37Rv’s genome that shows significant similarity with other MTases and was hence categorized as a probable MTase. However, the exact function of Rv1523 remains to be understood. Despite not having an established substrate for its catalytic function to date, this gene has been associated with pathogenicity of mycobacterium. Rv1523 gene is present and is transcribed in M.tb lineages, but not in non-pathogenic bacteria, therefore, it has been thought to be involved in M.tb virulence. Also, the appearance of Rv1523 protein in in vivo proteomics of the tubercle bacillus in the guinea pig model of tuberculosis after 90 days post infection and its absence during initial phases of infection (30 days post infection) point to its role in important biological processes for establishment of a productive bacterial infection and its persistence (Kruh et al., 2010). But, how Rv1523 methyltransferase enzyme may contribute in the virulence of mycobacterium remains to be understood.

In the current study, the role of Rv1523 methyltransferase enzyme in M.tb virulence and physiology was analyzed using in silico and in vitro approaches. In vitro phage display assay and in silico InterproScan and STRING analysis predicted the possible role of Rv1523 in M.tb cell wall component biosynthesis or modification. The unique cell wall composition of mycobacteria is important for the pathophysiology of M.tb and is also involved in resistance against anti-mycobacterial factors, and anti-tuberculosis drugs (Abrahams and Besra, 2018; Dookie et al., 2018). The cell wall of pathogenic mycobacteria is composed of distinctive heteropolysaccharides which include covalently linked mycolic acids, arabinogalactan and peptidoglycan and contribute to maintaining the integrity of the mycobacterial cell envelope and essential for the viability of M.tb (Alderwick et al., 2015). The cell wall lipids of pathogenic mycobacteria are extremely inflammatory and could stimulate the host immune reactions (Sheikh et al., 2020). The cell wall lipids mycolyl-arabinogalactan-peptidoglycan (mAGP) complex is critical for mycobacterial virulence and pathophysiology and a variety of unique glycosyltransferases and MTases are used for its biosynthesis and assembly (Takayama et al., 2005). The production of cell wall heteropolysaccharide is the result of multifunctional protein FAS-I and multienzyme complex FAS-II. Unlike the FAS-I protein which is a single large multidomain protein, the FAS-II pathway is composed of multiple individual proteins including lipid MTases working in complex to carry out reactions such as condensation, keto-reduction and dehydration of long chain fatty acid (Takayama et al., 2005; Marrakchi et al., 2014). While the FAS-I protein was found exclusively in the 30-day samples, the members of the FAS-II pathway were found primarily in the 90-day samples (Kruh et al., 2010). Our findings of functional partner analysis as well as reconstitution of in vitro MTase suggest that Rv1523 is a putative mycolic acid MTase (MAMT) that may be involved in cell wall fatty acid biosynthesis/metabolism in the FAS-II pathway.

We were tempted to analyse the functional pathway and identify and demonstrate the role of MTase catalytic domain by performing site directed mutation analyses of Rv1523 enzyme. However, our study of Rv1523 motif/domain prediction, using in silico tool InterProScan indicated the localization of the overlapping catalytic domains of Rv1523 enzyme spanning from 155 to 260 amino acids (Figure 1B). Deletion of a whole domain of approximately 100 amino acids residues for functional characterization, would therefore disturb the folding and structural configuration of the enzyme which will itself impact its function. We are therefore realized that studies involving truncated Rv1523 would not confirm whether the difference in the pathogenesis of the mycobacteria is due to the deletion of catalytic domain or due to the structural variation of the enzyme. Hence, the in vivo functional role of Rv1523 was investigated by using a widely used non-pathogenic mycobacterium surrogate bacillus, M. smegmatis. No significant difference in the growth rate of recombinant strains, Ms_Rv1523, and Ms_Vec was observed. We also did not observe any morphological changes between these two recombinant strains of M. smegmatis namely, Ms_Rv1523, and Ms_Vec, under bright field microscope using Ziehl-Neelsen (AFB Staining) technique. However, it was found that Rv1523 could significantly alter the cell wall lipid composition as compared to Ms_Vec transformant, suggesting a potential role of Rv1523 in cell wall fatty acid biosynthesis/metabolism. The changes in cell wall of recombinant Ms_Rv1523 might affect the function of mycobacterial cell wall such as, increased resistance to SDS and acid stress implicating a role of Rv1523 in stress response. Further, treatment with various anti-tuberculosis antibiotics propounded that Ms_Rv1523 is more resistant to antibiotics including anti-tuberculosis drug rifampicin, vancomycin, norfloxacin, and a second line anti-tuberculosis drug ofloxacin. Rifampicin, a broad spectrum antibiotics which is used against bacterial pathogens, is one of the key component of first-line drug treatment of anti-TB therapy and a marker for multi drug resistance (Siddiqi et al., 2002). Rifampicin diffuses effectively in mycobacterial cells and shortened the duration of TB treatment. The mode of action of rifampicin involves inhibition of bacterial DNA-dependent RNA polymerase blocking the transcription, and elongation of RNA (Campbell et al., 2001). Interestingly, mode of action of vancomycin is through inhibition of cell wall synthesis by binding to the D-Ala-D-Ala terminal of the growing peptide chain (Hammes and Neuhaus, 1974; Sarkar et al., 2017). This results in inhibition of the transpeptidase enzyme, thereby preventing elongation and cross-linking of the peptidoglycan matrix. This inhibition weakens bacterial cell walls and ultimately causes leakage of intracellular components, resulting in bacterial cell death (Patel et al., 2020). The mechanism of action of Norfloxacin, ofloxacin and other quinolone/fluoroquinolone antimicrobials depends on blocking of bacterial DNA replication, transcription, repair and recombination by binding itself to bacterial topoisomerase IV and DNA gyrase (both of which are type II topoisomerases) (Aldred et al., 2014). Ofloxacin and other piperazine-containing quinolones, such as norfloxacin has also been reported recently as an active compound against cell wall related transporters like autolysin. It was observed that ofloxacin binds to choline-binding domain of cell membrane transporters through its piperazine domain (Fernández-Tornero et al., 2005). Taken together these results lend support to the argument that the functional site of action of Rv1523 is the mycobacterial cell wall. Rv1523 modifies the properties of mycobacteria cell envelope when expressed in M. smegmatis, and these modifications are reflected in terms of the ability to change the cell wall lipid composition which in turn affects the cell wall integrity and permeability. In future studies it will be interesting to speculate on the possible role of Rv1523 in biofilm formation. The Rv1523 mediated changes in the cell wall composition and permeability of Ms_Rv1523 may also explain the intracellular survival of Ms_Rv1523.

The fatty acid composition and arrangement of mycobacterial cell wall is an important defence against local environmental pressures (Abrahams and Besra, 2018). Many acid-sensitive mutants showed defective cell wall function, and also sensitive to antibiotics and other stresses. The site of action of MAMT or mycolic acid cyclopropane synthetase (CMAS) domain containing enzymes is the proximal or distal chain of the long chain of mycolic acid that has to pack after folding at the site of the motifs (mycolic unit, cyclopropane, and keto group) to fit in a conventional membrane of 7–8 nm in thickness (Zuber et al., 2008). Formation of cyclopropane ring by MAMT or keto-reduction fits the long chain of the mycolic acid into the small space of cell wall and make it tightly and densely packed.

Our findings also highlighted immune response induced by Rv1523 that may help in survival of M.tb. Macrophages are the first line of host immune defence against M.tb infection (Woo et al., 2018) but M.tb employs multiple strategies to counteract the host immunity, thereby successfully establishing a niche within macrophages (Mahamed et al., 2017). Recombinant M. smegmatis expressing Rv1523 showed higher survival within the RAW264.7 murine macrophages than Ms_Vec. The enhanced intracellular survival within the macrophage can also be credited to the enhanced resistance to the stresses evaluated, as recombinant M. smegmatis expressing Rv1523 is more resistant to in vitro anti-mycobacterial stresses.

The essential components of the host immune defence against mycobacterial infection are the immunoregulatory molecules, such as TNF-α, IL-6, and IL-1β (Romero-Adrian et al., 2015; Blanc et al., 2017). The interaction with M.tb cell wall effectors and host can modulate the expression of pro-inflammatory and anti-inflammatory cytokines to benefit its survival inside the host macrophages (Esin et al., 2013; Stanley and Cox, 2013). Available data also indicate that lipid MTases by changing the cell wall composition play an important role in subverting innate immune responses and thus help the pathogen in establishment of infection (Rao et al., 2005). Recombinant Ms_Rv1523 modulated immune response in THP-1 macrophage cell lines by suppressing the production of pro-inflammatory cytokines and increasing the anti-inflammatory cytokine production. Strategically, once M.tb establishes itself in host macrophages by subverting innate immune defences it can then modulate the adaptive host immune mechanism for its survival (Karakousis et al., 2004; Hanna Wakim and El Beyrouthy, 2014). Apart from immune modulation, many lipid MTases enzymes have also been implicated in phagosome maturation block (pcaA) which is an important host defence mechanism for killing of these bacteria (Corrales et al., 2012).

In summary, our results suggest that Rv1523 MTase is important for maintaining a resilient cell wall structure and has immune-modulatory effect which enables the bacteria to persist longer inside the macrophages (Figure 7). The expression of Rv1523 in the nonpathogenic M. smegmatis adds specific properties, including altered cell wall integrity, and cell wall remodeling. This is the first report of Rv1523 being directly or indirectly involved in mycolic fatty acid metabolism. Additionally, a role for Rv1523 in the stability and integrity of mycobacterial cell walls was evident from the increased sensitivity of the recombinant M. smegmatis to acid stress. The possible localization of M. tuberculosis Rv1523 at the cell envelope and the involvement of this protein in mycobacterial cell wall alteration may likely be responsible for active modulation of the host immune response. The functional role of cell wall MTases in pathophysiology of M.tb makes this Rv1523 mycolic acid MTases enzyme an attractive target for development of novel drugs against TB.




Figure 7 | Model depicting the role of Rv1523 in bacterial cell wall lipid modulation and macrophages immune response alteration. We predict the role of Rv1523 methyltransferase in cell wall lipid modulation. Recombinant M. smegmatis expressing Rv1523 (Ms_Rv1523) displayed higher survival in macrophages as compared to M. smegmatis not expressing Rv1523 (Ms_Vec). Ms_Rv1523 induced increased expression of anti-inflammatory cytokine IL-10 and reduced the expression of proinflammatory TNF- α.
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Characteristics

Numbers.
Sex, males/fermales

Age, mean (x  5)

White blood cells (€ + 09/L)
Granulocytes (E + 09/L)
Lymphocyte (€ + 09/L)
Moncyte (E + 09/L)

H. pylori*

52
36/17
58.79 £ 1.78
6.96 £0.26
432 £025
2.00+0.08
0.44 £0.02

Control

39
28/16
54.21£238
7.16+0.26
3.92£0.20
255+0.11
0.45 £ 0.02

P-value

0.12
0.61
023

0.70

*p < 0.001.
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