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Editorial on the Research Topic 


Outsmarting the Host: How Bacterial Pathogens Modulate Immune Responses in the Lung


Every day, thousands of bacteria gain access into the respiratory epithelium. This contact initiates complex interactions between the lung and the microbes. Host environments, including temperature, pH, ionic strength, mucus viscosity, and pulmonary surfactant, prompt bacteria to modulate genes required for invasion, evasion, and proliferation. The lung evokes both innate and acquired immune defenses to counter potentially pathogenic bacterial infections. Taking advantage of the compromised lung immunity caused by primary viral infection, external exposures, impaired mucus clearance mechanisms, ventilator-associated injuries, and other factors, bacterial pathogens and opportunistic commensals establish infection by deploying multi-pronged strategies that involve the bacterial capsule, cell wall, surface appendages, biofilms, secreted and injected virulence determinants. The interactions between bacteria and host result in varied clinical outcomes ranging from full recovery, acute necrotizing pneumonia, and pneumonia-derived sepsis and multiorgan dysfunction, to the persistent biofilm-dominated infection in chronically-diseased airways. Understanding the complex interactions between the respiratory epithelium, host immunity and bacterial pathogens may allow more effective therapeutic strategies against pneumonia.

This collection of original articles and reviews highlights current knowledge and research trends of bacterial pathogenesis in the context of pulmonary immunity and function, and updates ongoing and future antibacterial strategies. The collection of articles presented include topics such as; 1) Bacterial virulence determinants that mediate evasion, subversion, and modulation of innate and adaptive immunity, 2) Host factors involved in pathogen recognition and determination of the success and failure of lung infection, such as innate immune receptors and downstream signaling mechanisms, 3) The influence of antibacterials, antibacterial resistance, and phage therapy in modulating lung immunity, and 4) Non-antibiotic based immuno-modulating therapies.

Tuberculosis (TB) pathogenesis is characterized by inadequate immune activation and delayed T cell responses, which has driven recent immunotherapeutic efforts against Mycobacteria tuberculosis (MTB). Lim et al. investigated the immunostimulatory properties of bacterial ghosts (BG) as a novel approach to potentiate host immunity against mycobacterial infection. BG are intact cytoplasm-free Escherichia coli envelopes, previously developed as bacterial vaccines and adjuvant/delivery systems in cancer immunotherapy but have yet to be exploited in infectious diseases. The authors showed that BG modulate dendritic cell populations important for the development of T cells. BG also induced macrophage activation, which was associated with enhanced nitric oxide production, a key anti-mycobacterial weapon. Treatment with BG but not LPS reduced the mycobacterial burden in infected mice, correlating with increased influx of effector immune cells and elevated cytokines in the lungs. Importantly, enhanced MTB killing was seen in mice co-administered BG and second-line TB drugs (bedaquiline and delamanid), highlighting the role of BG as potential adjunct immunostimulators in mycobacterial treatment.

Alveolar macrophages play a key role in the development of a robust adaptive immunity against MTB. However, macrophage function is frequently hampered by the potent immune suppressor interleukin (IL)-10 where its level often correlates with disease pathogenesis and pathogen persistence. Bouzeyen et al. investigated the role of the forkhead box O-3 (FOXO3) transcription factor in mycobacterial-induced secretion of IL-10. They found that the FOXO3 axis regulated IL-10 expression in human macrophages. Genetic knockdown of FOXO3 resulted in increased IL-10 production in bacillus Calmette-Guérin (BCG)-infected macrophages. Co-culture studies showed human lymphocytes with FOXO3-transfected macrophages loaded with mycobacterial antigens had decreased expression of Th1/Th17 specific markers and increased expression of IL-10. These studies highlight FOXO3 as a potential target for host-directed therapies in TB.

Global control of TB remains elusive, and the BCG vaccine has proven insufficient for reversing this epidemic. Some have suggested that mass BCG vaccination might have affected MTB population structure. This is reflected in the prevalence of strains with higher ability to circumvent BCG-induced immunity such as the recent Beijing genotype. Zatarain-Barron et al. explored the interaction between MTB Beijing-genotype strains and BCG-vaccinated hosts. Using a mouse model of progressive pulmonary tuberculosis, they vaccinated mice with two sub-strains of BCG (BCG-Phipps and BCG-Vietnam). Following vaccination, the mice were infected with one of three selected MTB strains (two Beijing-family clinical isolate strains 46 and 48 and laboratory strain H37Rv). The authors showed that the lungs of the BCG vaccinated hosts select for MTB strains with higher-virulence, specifically Beijing genotype strains 46 and 48, through mutations in several virulence factors. These mutant MTB strains bacteria had an increased ability for immune evasion using and replicated more efficiently compared to bacteria collected from unvaccinated hosts or to the original-stock strain. These results highlight novel host-pathogen interactions induced by exposure of MTB to BCG vaccinated hosts.

Streptococcus pneumoniae is a major cause of respiratory infections in both children and the elderly worldwide. Serotype replacement is frequent after the introduction of conjugated vaccines, with emerging serotypes 22F and 33F as frequent non-PCV13 serotypes. Characterization of mechanisms of host immune evasion by serotypes 22F and 33F is important given their inclusion in future conjugated vaccines. Sempere et al. evaluated the influence of capsule polysaccharide in biofilm formation and immune evasion in multiple clinical isolates. They demonstrated that pediatric isolates of serotypes 22F and 33F formed better biofilms than adult isolates, possibly providing an advantage in colonizing children’s nasopharynx and may be important in the carriage and dissemination to the elderly. The biofilm phenotype was greatest in clinical isolates from blood compared to other sites. Serotype 22F was more resistant than 33F to phagocytic killing and more lethal in a mouse sepsis model. The increased ability of serotype 22F to avoid the host immune response might explain the emergence of this serotype in recent years.

Cyclic di-AMP (c-di-AMP) is an important signaling molecule for pneumococci. As a uniquely prokaryotic product, it can be recognized by mammalian cells as a danger signal that triggers innate immunity. Wooten et al. used pneumococcal mutants with defective c-di-AMP catabolism to examine its role in mediating host responses. Pneumococci deficient in phosphodiesterase 2 stimulated a rapid and exaggerated interferon β (IFNβ) response in macrophages when compared to that induced by wild type or mutant deficient in phosphodiesterase 1. Macrophage hyperactivation by Pde2-deficient pneumococci led to rapid cell death. Additionally, STING and cGAS were essential for the excessive IFNβ induction, bacterial phagocytosis, and IRF3/IRF7 activation. These findings suggest that bacterial c-di-AMP is pivotal for innate immune response against pneumococci.

Francisella tularensis (Ft) is a highly virulent intracellular Gram-negative bacteria that causes pneumonic tularemia, characterized by severe alveolitis marked by excessive neutrophilia. Ft suppresses neutrophils by impairing their respiratory burst and phagocytic activity. However, the fate of the massive numbers of neutrophils recruited to the infection site is unclear. Pulavendran et al. showed that Ft infection resulted in prominent induction of neutrophil extracellular traps (NETs) within infected lungs of mice, domestic cats, and rabbits. Infection with a live attenuated strain of Ft resulted in increased NETosis, as noted by increased lung myeloperoxidase (MPO) and peptidylarginine deiminase 4. They also found that NETs exacerbated epithelial damage, and that targeting NETosis, including MPO, may offer novel therapeutic interventions in pulmonary tularemia.

Staphylococcus aureus, an important and prevalent pathogen in the airways of cystic fibrosis (CF) patients, also triggers a strong neutrophilic response. Herzog et al. hypothesized that S. aureus adapts to CF airways by escaping from NET-mediated killing via an increase in nuclease activity. They examined CF sputum samples and found that chronic S. aureus infection was associated with extracellular DNA structures in the CF sputa. NET-mediated killing was significantly higher in S. aureus isolates with low nuclease activity compared to those with high nuclease activity. Importantly, overexpression of nuclease Nuc1 in clinical isolates with low nuclease activity conferred protection against NET-mediated killing. The authors also reported that nuclease expression was high in CF sputa, highlighting the potential of targeting nuclease expression in order to disrupt the success of S. aureus adaptation to chronic infection in CF airways.

The Src homology 2-containing inositol 5-phosphatase (SHIP-1) is an inositol phosphatase that modulates a variety of cellular processes by hydrolyzing phosphatidylinositol 3-kinase (PI3K) products and negatively regulating protein kinase B (Akt) activity. However, the role of SHIP-1 in bacterial-induced sepsis is largely unknown. Qin et al. showed that SHIP-1 regulates inflammatory responses during Pseudomonas aeruginosa infection. Infected SHIP-1−/− mice had decreased survival rates and increased proinflammatory responses, owing to elevated expression of PI3K over that seen in wild-type mice. Inhibition of SHIP-1 resulted in lipid raft aggregates, aggravated oxidative damage, and bacterial accumulation in macrophages after infection by P. aeruginosa strain PAO1. SHIP-1 deficiency augmented phosphorylation of PI3K in a manner that altered the differentiation of macrophages. These findings revealed a previously unrecognized role of SHIP-1 in inflammatory and macrophage homeostasis during P. aeruginosa infection.

The airway epithelium and underlying innate immune cells comprise the first line of host defense in the lung. They recognize pathogen-associated molecular patterns using membrane-bound receptors, as well as cytosolic receptors such as inflammasomes involving specific caspases, IL-1β, and IL-18, as part of lytic cell death termed pyroptosis. This includes the caspase-11 inflammasome important in defense against Gram-negative pathogens. However, pathogens can employ evasion strategies to minimize or evade host caspase-11 detection. Oh et al. presented a comprehensive overview of caspase-11 in sensing cytosolic lipopolysaccharide (LPS), a bacterial cell wall component, as well as the strategies pathogens use to evade caspase-11.

A number of pulmonary pathogens have the ability to evade normal mucosal defenses to establish acute infection and then adapt to cause chronic pneumonias. Riquelme et al. examined how the inherent metabolic flexibility of P. aeruginosa and S. aureus drives their success in chronic lung diseases such as CF and chronic obstructive pulmonary disease (COPD). To establish infection, these bacteria expressed virulence factors that facilitate colonization. However, much less is known about the adaptive changes in vivo that allow P. aeruginosa and S. aureus to evade immune clearance. These colonizers proliferated and generated small colony and mucoid variants that were optimized for long term infection. Such host-adapted strains evolved in response to selective pressure such as antibiotics and the recruitment of phagocytes at sites of infection and their release of signaling metabolites (e.g., succinate). These metabolites could spur bacterial growth but also cause oxidant stress. The serial isolation of clonally related strains from CF patients identified bacterial metabolic pathways that are altered under this immune pressure, including the antioxidant glyoxylate and pentose phosphate pathways, which contribute to biofilm formation. The authors concluded that host immune signaling metabolites drive bacterial adaptation and promotes their persistence in the airways.

Lung epithelial cells have multiple direct antibacterial mechanisms that include mucus secretion, mucociliary clearance, antimicrobial peptide production, and phagocytosis. Secretion of cytokines to recruit immune cells and potentiate their antimicrobial activities also contributes to bacterial clearance. Successful pathogens outsmart epithelial resistance to replicate in sufficient numbers and establish infections in the airway or lung epithelial surfaces. Sharma et al. discussed the many roles of respiratory epithelial cells versus immune cells such as macrophages and neutrophils in bacterial clearance. The authors summarized data that establish the importance of epithelial host defense against invading respiratory bacterial pathogens and discuss how these pathogens outsmart these immune mechanisms to successfully establish infection. Additionally, they discussed how to boost epithelial immunity to improve outcomes in bacterial lung infections.

Under pathological conditions such as chronic lung inflammation, bacteria employ various mechanisms from structural changes to protease secretion to evade the host immune responses, creating a niche permitting commensal bacteria to thrive. Therefore, understanding the mechanisms by which pathogenic bacteria survive in the host tissues may offer new strategies to overcome persistent bacterial infections. Mues and Chu reviewed how certain pathological conditions could impair normal defense barriers leading to bacterial survival and persistence. The authors described the complex interactions between pathogenic bacteria and immune responses in several major chronic airway inflammatory diseases such as asthma and COPD.

Pf bacteriophage are temperate phages that infect P. aeruginosa. Pf and other temperate phages have evolved complex, mutualistic relationships with their bacterial hosts. Secor et al. reviewed the biology of these phages and their contributions to bacterial pathogenesis and clinical disease. They discussed the structure, genetics, and epidemiology of Pf phages, as well as their role in P. aeruginosa biofilm formation, antibiotic resistance, and motility. Additionally, they discussed experimental evidence that Pf phages suppress mammalian immunity at sites of bacterial infection pointing to recent studies implicating a role of these phages in chronic P. aeruginosa infections in CF and other clinical settings.

Forkhead box (FOX) proteins are transcriptional factors that regulate various cellular processes. Choi et al. provided an overview of crucial roles played by FOXA2 during lung morphogenesis, surfactant protein production, goblet cell differentiation and mucin expression, with an emphasis on airway mucus homeostasis. In healthy airways, FOXA2 exerts tight control over goblet cell development and mucin biosynthesis. However, in diseased airways, microbial infections and proinflammatory responses deplete FOXA2 expression, resulting in uncontrolled goblet cell hyperplasia and metaplasia, mucus hypersecretion, and impaired mucociliary clearance of pathogens. The accumulated mucus creates a niche environment for persistent microbial colonization and infection, leading to acute exacerbation and deterioration of pulmonary function. The authors discussed how FOXA2 is inhibited by antagonistic signaling pathways as well as through posttranslational modifications induced by microbial infections. They proposed that increased understanding of FOXA2 biology may lead to novel therapeutics that preserve the protein’s function, which in turn, improve the mucus status and mucociliary clearance of pathogens.

Alveolar and interstitial macrophages infected with MTB frequently differentiate into lipid-laden foamy macrophages, a hallmark of TB granuloma. Shim et al. discussed the current understanding of the pathogenic alterations in both alveolar and interstitial macrophages in the regulation of MTB -induced immune responses. Metabolic reprogramming of lipid-laden foamy macrophages following MTB infection or exposure to its virulence factors was also summarized. They also reviewed the therapeutic interventions targeting immune responses and metabolic pathways in pre-clinical and clinical studies, highlighting the therapeutic potential against TB.

Both hosts and pathogens have evolved mechanisms to regulate the process of host cell death during lung infection. The host aims to rapidly induce an inflammatory response at the site of infection, promote pathogen clearance, resolve inflammation, and return to tissue homeostasis. The appropriate modulation of cell death in respiratory epithelial cells and pulmonary immune cells is central in the execution of all of these processes. Cell death can be inflammatory or anti-inflammatory, depending on the regulated cell death (RCD) modality triggered and the infection context. Diverse bacterial pathogens have also evolved many means to manipulate host cell death to increase pathogen survival and spread. FitzGerald et al. outlined several current lines of research characterizing bacterial pathogen manipulation of cell death pathways in lung cells. They postulated that understanding the dynamics of these interactions and RCD manipulation by intracellular and extracellular bacteria may lead to novel therapeutic approaches for the treatment of intractable respiratory infections.

Because of increased antibiotic resistance, chronic bacterial lung infections represent a growing threat to human life. Many bacteria directly target inflammatory cells and cytokines to impair host responses. However, bacteria also have the capacity to promote anti-inflammatory responses in the lung to counter local pro-inflammatory responses critical for bacterial elimination. For example, regulatory T cells and myeloid-derived suppressor cells are often enhanced in number and activity to promote a permissive environment for chronic lung infection. Kelly and McLoughlin explored the anti-inflammatory component of the lung immune system that are targeted by bacteria, and discussed how bacterial-induced immunosuppression could be inhibited through the use of host-directed therapies to improve treatment options for chronic lung infections.

This Research Topic brings together an informative and updated collection of original research and literature reviews that better define the past and present problems associated with the complex interactions between bacterial pathogens and the host pulmonary immune response. These reports provide a robust background and exciting original findings that we hope will spur new ideas and strategies to enhance host immunity to develop more effective therapeutic strategies against bacterial pneumonias.
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Staphylococcus aureus is one of the first and most prevalent pathogens cultured from the airways of cystic fibrosis (CF) patients, which can persist there for extended periods. Airway infections in CF patients are characterized by a strong inflammatory response of highly recruited neutrophils. One killing mechanism of neutrophils is the formation of neutrophil extracellular traps (NETs), which capture and eradicate bacteria by extracellular fibers of neutrophil chromatin decorated with antimicrobial granule proteins. S. aureus secretes nuclease, which can degrade NETs. We hypothesized, that S. aureus adapts to the airways of CF patients during persistent infection by escaping from NET-mediated killing via an increase of nuclease activity. Sputum samples of CF patients with chronic S. aureus infection were visualized by confocal microscopy after immuno-fluorescence staining for NET-specific markers, S. aureus bacteria and overall DNA structures. Nuclease activity was analyzed in sequential isogenic long persisting S. aureus isolates, as confirmed by whole genome sequencing, from an individual CF patient using a FRET-based nuclease activity assay. Additionally, some of these isolates were selected and analyzed by qRT-PCR to determine the expression of nuc1 and regulators of interest. NET-killing assays were performed with clinical S. aureus isolates to evaluate killing and bacterial survival depending on nuclease activity. To confirm the role of nuclease during NET-mediated killing, a clinical isolate with low nuclease activity was transformed with a nuclease expression vector (pCM28nuc). Furthermore, two sputa from an individual CF patient were subjected to RNA-sequence analysis to evaluate the activity of nuclease in vivo. In sputa, S. aureus was associated to extracellular DNA structures. Nuclease activity in clinical S. aureus isolates increased in a time-and phenotype-dependent manner. In the clinical isolates, the expression of nuc1 was inversely correlated to the activity of agr and was independent of saeS. NET-mediated killing was significantly higher in S. aureus isolates with low compared to isolates with high nuclease activity. Importantly, transformation of the clinical isolate with low nuclease activity with pCM28nuc conferred protection against NET-mediated killing confirming the beneficial role of nuclease for protection against NETs. Also, nuclease expression in in vivo sputa was high, which underlines the important role of nuclease within the highly inflamed CF airways. In conclusion, our data show that S. aureus adapts to the neutrophil-rich environment of CF airways with increasing nuclease expression most likely to avoid NET-killing during long-term persistence.

Keywords: Cystic fibrosis, Staphylococcus aureus, neutrophil extracellular traps, nuclease, adaptation, NET-mediated killing


INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive disease with mutations in the CF transmembrane conductance regulator (CFTR) gene causing a life-limiting multisystemic disease (1). Due to CFTR mutations, a dehydrated thickened airway surface fluid impairs mucociliary clearance and leads to chronic recurrent bacterial airway infections, which result in the decline of lung function and a reduced life expectancy (1, 2). Staphylococcus aureus is one of the most common bacterial pathogens in young CF patients that can persist for several years thereby causing high inflammatory responses in CF patient airways (3–5).

One of the hallmarks of CF lung disease is an exaggerated airway inflammation caused by excessive recruitment of dysfunctional neutrophils and accumulation of pro-inflammatory agents, which in turn fail to eradicate bacteria (6). Within the airways, neutrophils try to kill pathogens by different killing mechanisms such as phagocytosis with the release of oxidants and degrading enzymes during degranulation, and the formation of neutrophil extracellular traps (NETs) (7), which were previously described to be abnormal in CF (8, 9). In detail, bacterial digestion in the neutrophilic phagolysosome in CF is reduced by the lack of membranous chloride transport due to CFTR mutations causing defective intraphagolysosomal HOCL production and reduced chlorination of bacterial proteins (9). Moreover, cytosolic pH acidifies and leads to a massive release of antimicrobial enzymes from granules such as myeloperoxidase and neutrophil elastase and lactoferrin (10). The high concentration of neutrophilic defense peptides contributes additionally to the destruction of airway and lung tissue in CF (11, 12). It has been shown, that in the context of CF lung disease, NET formation by neutrophils is enhanced (13). Besides antimicrobial components of the neutrophil granules, NETs consist of extracellular DNA fibers released by chromatin decondensation and subsequent rupture of the nuclear membrane to capture and kill various pathogens (7, 11). Recently, the presence of NETs within CF airways has been shown and has been associated with poor pulmonary function assumingly driven by NET-mediated inflammation and increased amounts of thickened mucus (14, 15). S. aureus is not only a potent inducer of NETs (7, 16), but has also the potential to degrade NETs by the secretion of nuclease (17). We hypothesized, that in the airways of CF patients S. aureus will adapt to NET-mediated killing by increasing nuclease activity in long-persisting isolates. First, we used fresh sputa from patients with chronic S. aureus airway infection to visualize NETs by immuno-fluorescence and confocal microscopy. Next, we determined nuclease activity of sequential and isogenic clinical S. aureus CF isolates by DNase agar plates and a FRET-based assay to evaluate nuclease activity. Since the expression of nuclease confers escape from NET-mediated killing to S. aureus, NET-killing assays of isolates with different nuclease activity were performed. To confirm the specific effect of nuclease regarding NET-mediated killing, a clinical S. aureus isolate with low nuclease activity was transformed with a plasmid that expresses wild-type nuclease, and tested in the NET-killing assay. To verify the role of nuclease in vivo, two independent sputa of an individual CF patient were used for RNA sequence analysis.

Our data revealed, that (i) NET-structures were visible in CF sputa and that S. aureus was in close proximity to NETs, (ii) nuclease activity of isogenic sequential isolates of one individual patient increased significantly during persistence, (iii) isolates with high nuclease activity were protected against NET-mediated killing, (iv) protection against NET-mediated killing was caused by higher nuclease activity, and that (v) nuclease was highly expressed in sputa of an individual CF patient.



RESULTS


Extracellular DNA Entraps S. aureus Bacteria in CF Sputum Samples

To examine, if NET- formation occurs in the airways of CF patients with chronic S. aureus infection, confocal microscopy of stained sputum was performed and confirmed the presence of high amounts of NETs (Figures 1A,B,E,F). Furthermore, fluorescence microscopy revealed S. aureus being mostly entangled in extracellular DNA structures (Figures 1C,D,G,H), while there were also bacteria visible in an environment without NETs.
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FIGURE 1. CF sputum samples visualized by immunofluorescence staining and confocal microscopy. Staining of two sputa (A–D and E–H) of two different CF patients with chronic S. aureus infection. Nuclei and DNA structures (blue, A,E) and DNA-histone-1-complexes (red, B,F) are visible, whereas antibody-mediated staining specifically identifies S. aureus (green, C,G). Microscopy reveals NET-structures with S. aureus attached to it, but also with S. aureus without NET-binding (D,H). Subsequent changes of color balance for color intensification were performed with ImageJ.




Nuclease Activity of S. aureus Correlates With Long-Term Persistence

To assess adaptation of S. aureus during long-term persistence regarding nuclease activity, 111 S. aureus isolates, which were recovered during 14 years of persistence from the airways of an individual CF patient (CF patient 1, Table 1), were further investigated. These isolates belonged predominantly to spa-type t617, showing that this patient was infected with one dominant S. aureus clone throughout persistence. Clonality of isolates was also confirmed by whole genome sequencing of 7 selected isolates (Figure 2). An initial approach for the categorization of nuclease activity of these S. aureus isolates was conducted on DNase agar plates (Figures 3A–E) (18) revealing an increase of nuclease activity in late compared to early S. aureus isolates (Figures 3C,D, Figure Supplementary 1). Moreover, the capability to degrade DNA was also seen to be phenotype-related in S. aureus. Strains with a normal phenotype showed larger clearing zones around colonies compared to small colony variants (SCVs), where no DNA degradation was detected around single colonies (Figure 3D). To quantify nuclease activity, all 111 S. aureus isolates were subjected to the nuclease FRET assay (19) showing a significant increase of nuclease activity in late isolates after 11 years of persistence (Figure 4). These results were confirmed by qRT-PCR analysis, which demonstrated a significant increase of nuc1 expression after 11 years of S. aureus persistence (Figure 5). Also, nuc2 expression revealed a significant increase after 7 years of persistence (Figure Supplementary 2). However, nuc2 expression (Figure Supplementary 2) was much lower than nuc1 expression (Figure 5).


Table 1. Clinical S. aureus isolates of CF patients used in this study.
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FIGURE 2. UPGMA-tree based on the cgMLST allelic profiles of 7 clinical S. aureus isolates. The phylogenetic tree demonstrates the relationship of 7 S. aureus isolates, which were collected over 14 years. The tree was drawn to scale with branches given in absolute alleles distances.
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FIGURE 3. Nuclease activity in different S. aureus strains analyzed by DNase agar plates. (A) S. aureus strain AH1263, positive control, showed large clearing zones (white arrow) around colonies. (B) S. aureus strain AH1680 (Δnuc), negative control, presented without clearing zones (white arrow). (C) The early CF S. aureus isolate showed small clearing zones around colonies (white arrow), whereas (D) the late isolate revealed large clearing zones around colonies (white arrow). (E) S. aureus small colony variants (SCVs) did not reveal clearing zones around single colonies (white arrow).
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FIGURE 4. Nuclease activity of S. aureus isolates during persistence. Nuclease activity was measured by the nuclease FRET assay (19). S. aureus isolates (n = 111) were recovered from the nose (green circles), throat (blue rectangles) and sputum (ochre squares) from one individual CF patient during long-term persistence of 14 years. There was a significant increase of nuclease activity after 11 years. Three clinical S. aureus isolates (17, 54, and 82; marked red) were selected for nuc expression analysis via qRT-PCR. Two isolates were further analyzed in NET-killing assays and used for transformation experiments representing a strain pair with low nuclease activity (no. 17) and high nuclease activity (no. 81), respectively. Technical replicates in the FRET assay: n = 3, biological replicates n = 3. For the calculation of significance, (i) isolates were grouped into nose, throat, and sputum samples and compared by the one- way analysis of variance (ANOVA) and Bonferroni's Post-Test, resulting in: nose vs. sputum **p ≤ 0.01; nose vs. throat had no significance, throat vs. sputum ***p ≤ 0.001; (ii) regardless of sample site, isolates were grouped into early (0–7.039 years of persistence) and late (7.039–14.0.78 years of persistence). Both groups were compared using a two-tailed, unpaired student's t-test (result: ***p ≤ 0.001).
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FIGURE 5. Expression of S. aureus nuc1 in an early, intermediate and late S. aureus isolate from patient 1. For the assessment of nuc expression, isolates (Figure 4, in red) were grown in BHI medium until mid-logarithmic growth phase before RNA extraction. Expression of nuc1 increased significantly over time of S. aureus persistence. The obtained results are in line with the nuclease FRET assay detecting low nuclease activity for isolate no. 17 (2001, 15.9%), an intermediate activity for no. 54 (2008, 45.5%), and a high nuclease activity for the late isolate no. 82 (2012, 56.84%). Statistical analysis: two-tailed, unpaired student's t-test, error bars represent SD. Technical replicates n = 2, biological replicates n = 3.




Inverse Expression Pattern of Nuclease and agr

Seven clinical S. aureus strains (Figure 4: 17, 47, 80, 81, 86, 87, and 110) from one individual CF patient were subjected to qRT-PCR to analyze expression of nuc1 in relation to potential regulators of S. aureus nuclease (Figure 6). The results of nuc1 expression were in accordance to the results of nuclease activity by the nuclease FRET assay. Since S. aureus nuclease was shown to be SaeRS-regulated (20), transcription of saeS was determined for clinical isolates with low and high nuclease activity. Surprisingly, no alterations in saeS expression were observed for S. aureus isolates dependent of either low or high nuclease expression (Figure 6). Also, eap, a protein, which has been shown to be under the control of saeRS (21), was only very low expressed without any association to nuclease expression in all 7 clinical isolates. Interestingly, RNAIII, the effector molecule of the major virulence regulator agr (22), was higher expressed in S. aureus isolates with low nuc1 expression, whereas decreased RNAIII expression was observed in isolates with high nuclease expression (Figure 6) indicating an inhibiting role of agr in nuclease expression in the clinical isolates. Interestingly, whole genome sequencing revealed two subsequent non-synonymous SNPs in agrA of those S. aureus isolates with decreased RNAIII transcription and increased nuclease activity (Table 2).
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FIGURE 6. Inverse expression pattern of nuclease and agr. Sequential clinical S. aureus isolates from one individual CF patient were grown in BHI until mid-logarithmic growth phase to determine nuc1, the potential nuc regulator saeRS (represented by saeS), eap as another saeRS regulated virulence factor and RNAIII as the effector gene of the agr regulon. Nuc expression was independent of saeS, but was inversely correlated with agr, while eap was only very low expressed. Isolates with low nuclease activity (17, 47, and 86) revealed high RNAIII expression, whereas isolates with high nuclease activity (81, 87, and 110) low RNAIII expression, respectively. Technical replicates n = 3, biological replicates n = 4.



Table 2. Non-synonymous SNPs in agrA.
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Nuclease Activity Differs in CF Patients

To assess, if an increase in nuclease activity is a common adaptation pattern in other CF patients with long-term S. aureus persistence, 29 S. aureus strain pairs (early and late isolate) of different CF patients were analyzed by the nuclease FRET assay. Seven of these 29 late S. aureus isolates revealed a significant increase of nuclease activity (Figure 7), whereas in 10 late isolates a significant decrease of nuclease activity and in 11 late strains, no change in nuclease activity was observed (Figure 7).
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FIGURE 7. Nuclease activity of different early/late S. aureus strain pairs. Nuclease activity of 29 S. aureus strain pairs (early, late) from different CF patients (23) were analyzed by the nuclease FRET assay. Regarding nuclease activity in late isolates, an increase was observed in 7 late strains (strain pairs 3, 5, 7, 14, 15, 25, and 29), a decrease in 10 (strain pairs 6, 9, 12, 18, 20, 21, 22, 24, 26, and 27) and an unchanged activity in 12 late strains. S. aureus strains AH1263 and AH1680 (Δnuc) served as positive and negative control, respectively. Statistical comparisons: two-tailed, unpaired student's t-test, error bars represent SD. Technical replicates n = 3, biological replicates n = 3.




Higher Nuclease Activity Facilitates Increased Survival of S. aureus Interacting With NETs

Since secretion of nuclease facilitates evasion from NETs (17), we assessed survival of S. aureus isolates with high and low nuclease activity in interaction with NETs. After 90 min, the S. aureus isolate with low nuclease activity (Table 1, no. 17 and 881) was significantly more affected by NET-mediated killing than the isolate with high nuclease activity (Table 1, no. 81 and 912; Figure 8, Figure Supplementary 3). In detail, the survival of the isolate with low nuclease activity was 54.7% in comparison to 74.9% of survival of the isolate with high nuclease activity (Figure 8). To confirm the role of nuclease in the context of NET-mediated killing on bacterial survival, the S. aureus isolate with low nuclease activity (Table 1, no. 17) was transformed with the nuclease expressing plasmid pCM28nuc (Table 3), which resulted in increased nuclease activity for the transformed strain (Figure 9). Similar to our previous results (Figure 8, Figure Supplementary 3), the CF isolate with low nuclease activity was killed to a significant higher extent than the corresponding late isolate with high nuclease activity after 90 min of NET interaction (Figure 10). In line with these results, the NET-killing capacity of the transformed strain was comparable to the late isolate with high nuclease activity (Figure 10). Interestingly, after 90 min of co-incubation with NETs, the bacterial survival of the transformed isolate with former low nuclease activity was higher than after 30 min of co- incubation, indicating that the high activity of nuclease conferred protection against NET-mediated killing and even allowed replication of bacteria as also observed for the late isolate in Figure 10.
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FIGURE 8. NET-killing assay with S. aureus isolates from patient 1 with low/high nuclease activities. Survival rates (in %) after 30 and 90 min of incubation with NETs are depicted. A significant decrease of bacterial survival was observed for the (early) isolate with low nuclease activity (Figure 4, isolate 17) after 30 and 90 min of incubation with NETs in comparison to the corresponding (late) isolate with high nuclease activity (Figure 4, isolate 81). Statistical comparison of both S. aureus strains depending on incubation time: two-tailed, unpaired student's t-test, error bars represent SD. Statistical comparison of single S. aureus strains: two-tailed, paired student's t-test. Technical replicates n = 2, biological replicates n = 6.



Table 3. S. aureus reference strains, plasmid and plasmid transformed strain used in this study.
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FIGURE 9. Analysis of nuclease activity on DNase agar plates after the transformation of the early S. aureus isolate with low nuclease activity of patient 1 with the plasmid pCM28nuc. (A) The early S. aureus isolate with low nuclease activity (Figure 4, isolate17) shows minimal clearance zones (white arrow) around colonies. (B) The pCM28nuc-transformed early S. aureus isolate exhibits large clearance zones, (C) similar to the corresponding late S. aureus isolate with high nuclease activity (Figure 4, isolate 81).
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FIGURE 10. NET-killing assay with an early S. aureus isolate with low nuclease activity of after transformation with pCM28nuc. Survival rates (in %) after 30 and 90 min of incubation with NETs are shown. A significant decrease of bacterial survival after 90 min is apparent for the isolate with low nuclease activity (Figure 4, isolate 17), compared to both isolates with enhanced nuclease activity. After 30 min, the survival rate for the isolate with high nuclease activity (Figure 4, isolate 81) is significantly lower than for the transformed strain. After 90 min, no difference in survival was observed for both S. aureus strains with high nuclease activity, but enhanced survival was shown for the two strains with high nuclease activity compared to the strain with low nuclease activity. Statistical comparison of S. aureus strains depending on incubation time: two-tailed, unpaired student's t-test, error bars represent SD. The comparison of single S. aureus strain pairs revealed no statistical differences (two-tailed, paired student's test). Technical replicates n = 2 and biological replicates n = 7 were performed.




Nuclease Expression in vivo in Sputa

To determine the role of nuclease expression in vivo, we collected two different sputa from one individual CF patient, who was persistently infected by S. aureus, and subjected this sputum to RNA-Seq analysis (Figure 11). The comparison of normalized transcription of nuc and other important virulence regulators and virulence factors against housekeeping (hk) genes revealed a high relative expression of nuc in both sputa, which was only surpassed by the expression of protein A (spa). The third highest transcript levels were obtained for saeS, which has been shown to be a regulator of nuc (20), while levels of adhesins (fnbA, fnB, clfA, and partially clfB) were low in both analyzed sputa (Figure 11). The obtained results of in vivo RNA-Seq analysis indicate the importance of nuclease during in vivo S. aureus airway infection.
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FIGURE 11. RNA-Seq analysis of in vivo expression of nuclease and other important S. aureus virulence regulators and genes in sputa from one individual CF patient. Sputum samples were collected from a chronically infected CF patient at two visits and subjected to RNA-Seq analysis. Expression levels of nuclease (nuc), virulence regulators (saeS, saeR, agrA, agrB, agrC, and agrD), protein A (spa), fibronectin-binding proteins (fnbA, fnbB), clumping factor proteins (clfA, clfB), the subunits for γ-hemolysin (hlgA, hlgB, and hlgC) and α-hemolysin (hla) are shown as normalized transcripts per million (TPM). TPM levels of presented genes were normalized against TPM values 600 of the S. aureus housekeeping genes aroE and gyrB.





DISCUSSION

Airway infections in CF lung disease are associated with strong inflammatory responses characterized by a domination of neutrophils (6), which can use different strategies to combat invading pathogens. Recently, NET-formation, also known as NETosis, within the airways of CF patients gained interest and it has been shown that abundant NETosis and NET- related markers in CF airway fluids occur (14, 26, 27). Most of these studies evaluated NET-formation in regard to P. aeruginosa airway infection in CF patients (15, 27–29). To our knowledge, there are no data about NET-formation and S. aureus in the context of CF. Therefore, we assessed, if sputum of patients with chronic S. aureus airway infections contain NETs. Several sputa of CF patients were stained for extracellular DNA structures characteristic for NETs and for S. aureus. As shown in two sputum samples exemplarily (Figure 1), S. aureus bacteria were visible in close proximity to NET- structures, but also without relation to NETs indicating that not all S. aureus bacteria are entangled and killed by NETs in CF sputa and that some isolates may have escaped NET-mediated killing. Since secreted S. aureus nuclease facilitates escape from NETs (17), we hypothesized that nuclease activity in long-persisting isolates would differ in comparison to early isolates. Therefore, we tested nuclease activity of more than 100 sequential S. aureus isolates, which were collected during persistence in the airways of one individual CF patients during a 14-year period. Our results showed, that isolates with increased nuclease activity occurred not earlier than after 11 years of persistence and were selected during the later years of persistence (Figure 4). These results were confirmed by qRT-PCR of selected strains with differential nuclease activity (Figure 5). Isolates with increased nuclease activity were mostly isolated from sputa, while isolates with low nuclease activity were more likely isolated from nasal and throat swabs (Figure 4). The fact, that isolates with high nuclease activity were more likely isolated from sputa indicates that there is a greater chance of selection of isolates with high nuclease activity at a site where more neutrophils are present, which most likely perform NETs. However, after 11 years most S. aureus isolates displayed higher nuclease activity indicating a survival advantage and pathoadaptation of these isolates to the NET-rich airways in CF as it has been suggested also by Rahman and Gadjeva (30).

In addition, isolates with SCV phenotype revealed less nuclease activity compared to normal growing isolates. Such data are in line with our earlier results showing that SCVs are characterized by a down- regulated metabolism, which facilitate long-term persistence (31, 32). Therefore, increased nuclease activity does not seem to be of importance for long-term survival for SCVs. Moreover, since SCVs mostly occur in mixed cultures with normal S. aureus, the secreted nuclease of the normal S. aureus might protect also SCVs from NET-mediated killing. Such assumption should be assessed in further NET-killing experiments with mixed cultures of normal and S. aureus SCVs.

As we investigated early/late S. aureus isolates from 29 different CF patients, only in the late isolates of 7 CF patients nuclease activity was significantly increased. However, considering the fact that nuclease increase in the sequential isolates of the described patient occurred only after 11 years of persistence, many of the studied late isolates might not have persisted long enough in the airways in order to adapt to NET-formation. Moreover, an increase in nuclease activity especially occurred in S. aureus isolates recovered from sputa. Since not all late isolates of the tested 29 strains pairs were collected from sputa (Table Supplementary 1), this also might have influenced the results regarding the neutrophil domination in deeper CF airways, that is accompanied by a massive release of inflammatory agents (6, 33–35). Based on our findings, the observed enhancement of nuclease might be a result of a higher selective pressure for S. aureus present in lower airways compared to those that are present in nose or throat. Recently, Berends et al. showed resistance of S. aureus against NET-mediated entrapment and killing by the secretion of S. aureus nuclease (17). Therefore, we tested survival of NET-mediated killing of S. aureus isolates with high in comparison to low nuclease activity showing that S. aureus isolates with high nuclease activity were less killed by NETs compared to isolates with low nuclease activity. Such results indicate that S. aureus isolates with high nuclease activity were most likely selected in the airways of CF patients with high abundance of NET formation, which facilitate survival of S. aureus in this hostile environment. The beneficial role of high nuclease expression was confirmed by transformation of a clinical CF isolate with low nuclease with the nuclease expressing vector pCM28nuc. Survival of the transformed S. aureus strain during NET-killing was significantly increased compared to the corresponding isolate with low nuclease activity.

The fact that nuclease expression was also high in two in vivo sputum samples from one individual CF patient with persistent S. aureus airway infection as assessed by RNA-Seq analysis underscores the role of nuclease for the in vivo situation. Elucidating the transcriptome of S. aureus in the nasal niche by RNA-Seq analysis (36), the comparison of transcript levels of S. aureus recovered from CF sputum demonstrated higher expression of nuclease and the nuclease-regulating saeS component (20) compared to the nasal S. aureus isolate. The increase of saeS and nuc in CF compared to nasal isolates (36) underscores our hypothesis of S. aureus combating neutrophil-mediated eradication by the up-regulation of nuclease during adaptation to the highly inflammatory CF airways.

If this high nuclease activity has an impact on macrophage viability during NET formation, especially regarding the concerted action of nuclease and adenosine synthase A as shown recently by Thammavonsga et al. (37), is an interesting aspect, which should be investigated in future experiments.

A first insight about the molecular mechanism of the increase in nuclease activity in the clinical isolates is given by the detected SNPs within agrA, which most likely caused down-regulation of RNAIII expression in late clinical isolates. AgrA-specific mutations have been previously shown by others (38, 39) to be responsible for a change in agr activity. Surprisingly, saeRS, which has been shown by others to positively regulate nuc (20, 21, 40) had no apparent impact on nuclease activity in these clinical isolates.

In conclusion, our data underline the importance of S. aureus nuclease activity during long-term airway infection of CF patients. In sputa of patients with chronic S. aureus infection, NET formation with entrapped S. aureus was apparent. In many CF patients, pathoadaptation of long-term persisting S. aureus isolates to the airways, where abundant NET formation is observed, was accomplished via increased nuclease activity. High nuclease activity conferred a survival advantage to S. aureus during NET-killing and high nuclease expression was determined in in vivo sputa from a CF patient chronically infected by S. aureus.



MATERIALS AND METHODS


Patients' and Volunteers' Specimens

The usage of sputum of CF patients and blood samples was approved by the Ethical Committee of the University Hospital Münster (no. 2018-466-f-S). Informed consent was given for blood samples by healthy volunteers and for sputa by CF patients.



Bacterial Strains and Growth Conditions

Clinical S. aureus isolates with the same or closely related spa-types (n = 111) from one individual CF patient, cultured from throat, nose, or sputum samples collected during a period of 14 years were used (Table 1). To assess adaptation regarding nuclease activity during persistence in more CF patients, S. aureus strain pairs of CF patients consisting of early and late isolates with at least 5 years of S. aureus persistence with identical or closely related spa-types were analyzed (Table Supplementary 1). These strain pairs were previously characterized in terms of virulence factor adaptation (23). All CF isolates and reference strains (Table 3) were cultivated on Columbia 5% blood agar plates (BD). Overnight cultures were grown in Brain Heart Infusion medium (BHI, Difco) at 37°C and 160 rpm. B2 medium was used for S. aureus plasmid transformation [modified after (41)]. To assess nuclease activity in qRT-PCR and NET-killing experiments, overnight cultures of S. aureus isolates in BHI were cultivated in fresh BHI medium for 4 h until mid-logarithmic growth phase starting from an OD578nm of 0.1. For the nuclease FRET assay, S. aureus was cultured in 96-well-plates under the same conditions. The pCM28nuc plasmid was maintained in S. aureus AH1773 on tryptic soy agar (TSA, Difco) supplemented with 10 μg/ml chloramphenicol (CN).



spa-Typing of Clinical CF S. aureus Isolates

Molecular typing of sequential S. aureus isolates (Table 1) recovered from airway specimens (nose, throat, sputum) of an individual CF patient were performed by spa-typing (32, 42).



Whole Genome Sequencing of Clinical CF S. aureus Isolates

The clonal relationship of 7 S. aureus strains recovered from one individual CF patient (Table 1) was determined by whole genome sequencing (WGS) and subsequent core genome multilocus sequence typing (cgMLST). Genomic DNA of S. aureus isolates was purified using the MagAttract HMW DNA kit (Qiagen) following the manufacturer's instructions with the addition of 120 U Lysostaphin (Sigma-Aldrich). Clinical isolates were sequenced using Illumina technology and Nextera XT version 2 chemistry, with a 250-bp paired-end protocol on a MiSeq sequencer (Illumina). Quality trimming of fastq files (average base quality of 30, aiming for 100-fold coverage) and de novo assembly using SKESA (PMID: 30286803) were performed with SeqSphere+ (version 6; Ridom GmbH, Münster, Germany) as described recently (43). Only genomes harboring ≥95% cgMLST targets of the S. aureus cgMLST scheme (44) passed quality control; otherwise, sequencing was repeated. For tree building using the unweighted pair group (UPGMA) method, the allelic profiles of up to 1, 861 core genome multilocus sequence typing (cgMLST) targets were used as described previously (45). To investigate molecular mechanisms associated with nuclease activity, the SeqSphere+ software was used for SNP calling within the agrA gene.



Nuclease Test on DNase Agar

CF isolates and laboratory strains were streaked on DNase agar plates (Oxoid) and incubated for 17 h at 37°C. DNase agar plates were flooded with 1 N hydrochloric acid solution and evaluated qualitatively by the size of clearing zones around bacterial colonies as a result of DNA degradation by S. aureus nuclease. S. aureus strains AH1263 (wild-type) and AH1680 (Δnuc-mutant) were used as negative and positive control, respectively (Table 3).



Nuclease FRET Assay

For the preparation of overnight cultures, single colonies of CF isolates and laboratory strains were inoculated in BHI medium in a 96-well-flat-bottomed microtiter plate with lid. AH1263 and AH1680 (Table 3) were used as negative and positive controls. The plate was incubated overnight for 16–18 h at 37°C using the TECAN Multireader. Overnight cultures were diluted to an OD578nm of 0.1 in fresh BHI medium in a new 96-well-plate and incubated for another 4 h at 37°C in the TECAN Multireader. Analysis of nuclease activity in S. aureus strains was accomplished by the use of a molecular beacon as described recently (19). In brief, for analysis of nuclease activity, bacterial supernatants were collected and applied in 1:200 dilutions together with the molecular beacon (final concentration: 0.1 μM) into a black 96-well-plate. Nuclease activity was determined as a kinetic measurement in 30 min intervals with excitation at 485/20 nm, emission at 528/20 nm under fast orbital shaking. Results were evaluated with the Gen5 best fit method. Nuclease activity was calculated in a growth-dependent manner to exclude impacts on actual nuclease activity by differing growth capacities of S. aureus CF strains in BHI medium. Growth- fitted nuclease activity was achieved by relative nuclease activity multiplied against a factor resulting from OD578nm values of the analyzed CF strain, obtained after 4 h of incubation in fresh BHI, against the OD578nm value of AH1263 (100% control).



qRT-PCR

Expression of both nucleases (nuc1, nuc2), saeS, eap, and RNAIII was assessed in the mid-logarithmic growth phase in BHI. RNA isolation, cDNA synthesis, and qRT-PCR were conducted as described (46). RNA samples were evaluated for successful DNA elimination by PCR using S. aureus gmk (guanylate monophosphate kinase) primers. The house-keeping genes aroE (Shikimate dehydrogenase NADP/H) and gyrB (DNA gyrase subunit B) served for normalization of nuclease gene expression. All primers used are described in Table 4.


Table 4. Primers used in qRT-PCR experiments.
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Transformation of a CF S. aureus Isolate With Low Nuclease Activity

One selected S. aureus strain (no. 17, year 2001, throat, Table 1) with low nuclease activity was transformed with the pCM28nuc plasmid, containing the major S. aureus nuclease (nuc1) sequence. For the preparation of electro-competent cells, the CF isolate was cultivated in B2 medium (41) overnight. The culture was then diluted to OD578nm of 0.5 in fresh B2 medium and incubated at 37°C, 160 rpm to OD578nm of 0.6. Bacterial growth was stopped on ice and a pellet was harvested by centrifugation (3,000 × g for 10 min at RT). The pellet was consecutively washed in decreasing volumes of 4°C cold water before 4°C cold 10% glycerol was applied. For transformation, electro-competent cells of the CF isolate were mixed with 5 μl of the purified pCM28nuc plasmid (NEB Monarch Plasmid Miniprep Kit). Electroporation was executed by the Ec2 program of the BIORad MicroPulser Electroporator (Pulse 2.5 kV, number of impulse 1) in a 0.2 cm electroporation cuvette. After incubation in B2 medium for 2 h at 37°C and 350 rpm, screening for plasmid-positive colonies was performed by plating the mixture on TSA agar with 10 μg/ml chloramphenicol. The TSA plates were incubated at 37°C for 42 h. Colonies were verified for the acquisition of the pCM28nuc plasmid by PCR with nuclease specific primer (Table 4) after plasmid purification (NEB Monarch Plasmid 344 Miniprep Kit). Nuclease activities of the original and transformed CF isolate were compared by DNase agar plates as well as by the nuclease FRET assay (data not included).



NET-Killing Assay

Isogenic S. aureus isolates with low and high nuclease activity were analyzed using the NET-killing assay (17). Human neutrophils from healthy individuals were isolated from heparin-anticoagulated blood by gradient separation using PolymorphPrep (Abbott Diagnostics Technologies AS). Remaining erythrocytes were lysed with sterile water after the neutrophil pellet was purified with magnesium- and calcium-free 1 x Dulbecco's Phosphate Buffered Saline (DPBS). Isolated neutrophils were suspended in RPMI medium (Sigma-Aldrich) with 2% heat-inactivated fetal bovine serum (FBS, Fiebig). In 24-well-plates, 2 × 106 neutrophils/ml were incubated with 10 μg/ml cytochalasin D (Sigma-Aldrich) and 25 nM phorbol 12- myristate 13-acetate (PMA, Sigma-Aldrich) for 20 min at 37°C + 5% CO2 prior infection. With a multiplicity of infection (MOI) of 2, S. aureus strains were applied as 4 x 106 bacteria/ml to RPMI medium (growth control) and activated neutrophils, respectively, and incubated at 37°C + 5% CO2 for 30 min and 90 min. Bacterial strains were pre-cultured in BHI (overnight, for mid-logarithmic growth phase) as described above. The survival rates for each S. aureus strain were calculated in % by comparison of CFUs on blood agar plates of bacteria interacting with NET-forming neutrophils vs. bacteria in medium.



Sputum Staining

Visualization of DNA-related structures and S. aureus bacteria in sputa from different CF patients was realized with immuno-fluorescence staining (49, 50). After expectoration, fresh sputum was immediately streaked onto poly-D-lysine-coated slides and fixed in 4% methanol-free formaldehyde for 15 min. Fixed sputum was kept hydrated either in 50 ml reaction tubes with PBS or in a humidity chamber during the immuno-fluorescence staining process. After permeabilization with 0.5% Triton-X, the CF sputum was covered with blocking buffer (1% bovine serum albumin, 10% goat serum, 0.3 mol glycine, 0.1% Tween 20 in PBS) for 20 min to avoid non-specific binding of antibodies. Subsequently, the sputum was incubated with rabbit α-S. aureus (MyBioSource; 1:2,000 diluted) in blocking buffer for 45 min at room temperature (RT). After washing in fresh PBS, the corresponding secondary antibody α-rabbit Alexa Fluor 488 (Invitrogen, A11070; 1:500 diluted in blocking buffer) was added and incubated for 45 min at RT in the dark. The slide was washed and covered with blocking buffer for another 10 min. A second primary antibody, mouse α-DNA/Histone1 antibody (Merck; 1:1,100 diluted), was applied for 45 min at RT in the dark to visualize NET-specific DNA- structures. After washing in PBS, the secondary antibody α-mouse Alexa Fluor 568 (Invitrogen; 1:376,500 diluted) was added together with Hoechst 33342 (Invitrogen; 1:20,000 diluted) and incubated for 45 min at RT in the dark. Prolong Antifade Mountant (Invitrogen) was applied on the slide, covered by a 24 × 60 mm glass cover slip, and incubated overnight at RT. The slides were examined for NET-structures and S. aureus bacteria by fluorescence microscopy, using the ZEISS Observer Z1 microscope with a Plan-Neofluar 100x/1.3 Oil RMS objective and AxioVision Rel 4.8 software. For a more detailed acquisition of images, CF sputum was further analyzed by the Zeiss LSM800 microscope equipped with a Plan-Apochromat 63x/1.4 Oil DIC M27 objective and ZEN 2.3 software.



RNA Extraction and Sequencing Analysis of CF Sputa

Sputum of one CF patient, who is chronically colonized and infected by S. aureus, was collected at two different time points in 2016 and stored at −80°C until processing. Samples were gently mixed with an equivalent volume of Sputolysin (10%) and incubated during 30 min at 37°C on a ThermoMixer device. RNA extraction, library construction, sequencing analysis and data processing were conducted as described recently (36). Calculation of relative gene expression/ normalization in transcripts per million (TPM) was based on the following formula:

[image: image]. The S. aureus genes gyrB and aroE served as housekeeping genes.



Statistical Analysis

Data were analyzed in GraphPad Prism 5. Nuclease activities of S. aureus isolates (n = 111) from one individual patient recovered from different sample sites were compared by (i) one-way analysis of variance (ANOVA) test, complemented by Bonferroni's Post-Test (ii) two-tailed, unpaired student's t-test. Nuclease activity and survival rates obtained by the NET-killing assays were compared by two-tailed, unpaired t-test. For the comparison of bacterial survival among S. aureus isolates, the two-tailed, paired t-test was used.
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Tuberculosis (TB) pathogenesis is characterized by inadequate immune cell activation and delayed T cell response in the host. Recent immunotherapeutic efforts have been directed at stimulating innate immunity and enhancing interactions between antigen presenting cells and T cells subsets to improve the protective immunity against TB. In this study, we investigated the immunostimulatory properties of bacterial ghosts (BG) as a novel approach to potentiate the host immunity against mycobacterial infection. BG are intact cytoplasm-free Escherichia coli envelopes and have been developed as bacterial vaccines and adjuvant/delivery system in cancer immunotherapy. However, BG have yet to be exploited as immunopotentiators in the context of infectious diseases. Here, we showed that BG are potent inducers of dendritic cells (DC), which led to enhanced T cell proliferation and differentiation into effector cells. BG also induced macrophage activation, which was associated with enhanced nitric oxide production, a key anti-mycobacterial weapon. We further demonstrated that the immunostimulatory capability of BG far exceeds that of LPS and involves both TLR4-dependent and independent pathways. Consistently, BG treatment, but not LPS treatment, reduced the bacterial burden in infected mice, which correlated with increased influx of innate and adaptive effector immune cells and increased production of key cytokines in the lungs. Finally and importantly, enhanced bacilli killing was seen in mice co-administered with BG and second-line TB drugs bedaquiline and delamanid. Overall, this work paves the way for BG as potent immunostimulators that may be harnessed to improve mycobacteria killing at the site of infection.

Keywords: bacterial ghosts, tuberculosis, host-directed therapy, drug resistance, adjunct immune therapy


INTRODUCTION

Tuberculosis (TB) remains one of the most persistent diseases of the modern world, despite steady improvement in TB mortality and incidence rates in 2017 (1). Many factors contribute to the high burden of disease including poverty, HIV co-infection, limited vaccine efficacy and drug resistance (2, 3). As the development of vaccines with improved protective efficacy (4) and drugs with novel modes of action (5) has proven to be challenging and expensive, alternative solutions are urgently needed.

The main causative agent of TB, Mycobacterium tuberculosis (Mtb) is an intracellular pathogen that is capable of infecting a variety of cell types including epithelial, myeloid and lymphoid cell lineages. This pathogen has evolved numerous strategies to counteract, escape, subvert or delay the host protective immune responses. In innate immune cells, such as macrophages and dendritic cells (DC), Mtb hinders phago-lysosomal fusion (6), limits MHC antigen presentation (7), inhibits apoptosis (8), and dampens the migratory potential of DC (9). At the adaptive immunity level, Mtb-specific CD8 T cells were found to exhibit suppressed cytotoxic activity and proliferative ability due to impaired differentiation (10, 11). Importantly, Mtb also skews the protective Th1-mediated immunity toward Th2 responses by perturbing IFNγ signaling and inducing high IL-4 levels, which results in reduced iNOS activity, impaired apoptosis of infected cells, increased regulatory T cell numbers and greater iron availability to intracellular Mtb (12, 13).

Host-directed therapies (HDT) have been increasingly explored as alternative or adjunct TB treatment that focus on potentiating the host (immune) responses to improve mycobacterial killing (14, 15). Some notable examples include interferon (IFN) α or γ therapy (16–18), antibody-based therapy (19–21), metabolic pathways targeting approaches (22, 23) and therapeutic vaccination with non-pathogenic mycobacteria or Mtb fragments (24–26).

Here, we investigated the therapeutic potential of Escherichia coli bacterial ghosts (BG) against TB. BG are cytoplasm-free, intact bacterial cell envelopes that are obtained through the conditional expression of plasmid-encoded gene E from the bacteriophage ΦX174 (27). Integration of the 91 amino-acid polypeptide E in the bacterial envelope triggers a fusion process of the inner and outer membranes to form a transmembrane tunnel structure through which the cytoplasmic content is expelled driven by a proton-motive force (28, 29). To date, BG have been made from a variety of pathogens including Escherichia coli K12 (30), enterotoxigenic and enterohemaorrhagic E. coli (EHEC, ETEC) (31), Helicobacter pylori (32), Salmonella typhimurium (33), S. enteritidis (34), and Vibrio cholerae (35) for both veterinary and clinical vaccine purposes. BG have also been evaluated as drug delivery (36) and adjuvant (37) systems. Additionally, mucosal routes, including oral, aerosol and intranasal, have been deemed suitable for BG administration (38–41). The presence of various pathogen associated molecular patterns (PAMPs) in the cell wall of BG—lipopolysaccharide (LPS), peptidoglycan, glycolipids, flagellin, and lipoproteins—makes them potent activators of innate immune cells, which leads to the production of pro-inflammatory cytokines and bactericidal elements, such as reactive oxygen and nitrogen intermediates (ROIs and RNIs) (37, 42, 43). Furthermore, through their ability to activate DC, BG have also been shown to promote greater pathogen-specific antibody responses (40), increased T lymphocytes recruitment and proliferation with their associated cytokine production (39, 41, 44, 45).

In this study, the immunostimulatory properties of BG were assessed in the context of mycobacterial infection and our data demonstrate that BG can enhance mycobacterial killing and improve the efficacy of second-line TB drugs. With greater development to further boost the extent of killing, BG may represent a promising option for HDT.



METHODS


Bacteria, BG, and Mammalian Cell Culture

Cultures of M. bovis BCG Pasteur strain (ATCC, 35734) were cultured in standing T25 flasks in Middlebrook 7H9 broth (Becton Dickinson Difco™, NJ, USA) at 37°C until OD600nm 0.5–0.7 and then stored at −80°C in 7H9 and 25% glycerol (1st Base, Singapore). Mtb H37Rv were cultivated in 50 mL 7H9 rolling culture and processed as described above.

Bacterial ghosts (BG) prepared from Escherichia coli NM522, as previously described (30), were obtained from Biotech Innovation Research Development & Consulting (BIRD-C, Austria).

Bone marrow cells flushed out from femurs and tibia of 7–8 weeks-old female WT or TLR4 KO C57BL/6 mice were differentiated into macrophages (BMMO) over 6–8 days at 37°C, under 5% CO2 in complete differentiation medium containing DMEM (Gibco), 1X penicillin-streptomycin (Gibco), 1 mM sodium pyruvate (Gibco), 10% heat-inactivated fetal bovine serum (FBS) (Gibco), and 20 ng/mL murine M-CSF (R&D Systems) in HEPES (Gibco). Bone marrow derived dendritic cells (BMDC) were cultured in complete differentiation medium—RPMI (Gibco), 10% FBS, 0.05 mM β-mercaptoethanol (Gibco), 1 × glutamax (Gibco) with 20 ng/mL murine GM-CSF (Peprotech)—over 10–12 days. Media changes were conducted on 3rd, 6th, 8th, and 10th day of culture. BMMO and BMDC were maintained in antibiotic-free, complete medium containing 10 ng/mL murine M-CSF and 5 ng/mL murine GM-CSF, respectively after differentiation.



In vitro M. bovis BCG Infection

BMMO and BMDC (5 × 104 cells) were infected with M. bovis BCG at a multiplicity of infection (MOI) of 2 for 1 h at 37°C and 5% CO2. The cells were then washed once with 1 X PBS to remove extracellular bacteria. At indicated time points, cells were lysed by vigorous flushing with 0.1% Triton X-100 (USB Corporation). Cell lysates were serially diluted in Middlebrook 7H9 broth before plating onto 7H11 agar plates (Difco, BD) for colony forming unit (CFU) enumeration after 16–19 days incubation at 37°C and 5% CO2.



LPS Extraction From BG and Quantification

BG (109) lyophilized particles (17.8 mg) were resuspended in 2 mL of millicule water and pelleted by centrifugation. BG pellet was resuspended and lysed, before total LPS was extracted using the LPS Extraction Kit from iNtRON Biotechnology (South Korea), according to the manufacturer's instructions. Extracted LPS was then washed using 70% EtOH, before reconstitution in 10 mM Tris-HCl. The amount of LPS extracted from BG was quantified using Pierce™ Limulus Amebocyte Lysate Chromogenic Endotoxin Kit (Thermofisher Scientific, MA, USA). Results indicated a total LPS content of 7.5 × 10−5 EU/BG particle.



BG, LPS, and IFNγ Treatments of Macrophages and DC

BMMO and BMDC were treated with BG at MOI 40 and 5, respectively or as indicated in the figure legends. Treatment with TLR4-specific lipopolysaccharide (LPS) from E. coli 0111:B4 strain (LPS-EB Ultrapure) (Invivogen; CA, USA), murine recombinant IFNγ (Gibco) were done at a concentration indicated in the figure legends.



Mouse Experiments

Animal experiments were approved by the Institutional Animal Care and Use Committee of National University of Singapore (NUS) under protocol R15-1030 and were performed in the AALAAC-accredited animal facilities at NUS. 7–8 weeks old female Jackson C57BL/6 mice were purchased from InVivos (Singapore) and were intratracheally (IT) infected with ~106 CFU of M. bovis BCG or 103 CFU of Mtb H37Rv. Starting day 7 p.i. or as indicated in the figure legends, BG (106 particles/mouse), normalized LPS treatment (75 EU/mouse corresponding to 75 ng) or vehicle (millicule water) were administered IT once weekly up to 4 consecutive weeks. Drug treatments started on day 7 p.i. INH was incorporated in drinking water of mice at 0.05 mg/mL for daily consumption. All other drugs were formulated in 20% D-α-tocopherol polyethylene glycol 1000 succinate (TPGS, Sigma-Aldrich) + 1% DMSO and were administered by oral gavage thrice weekly for 4 consecutive weeks at the following doses: Q203 (10 mg/kg), bedaquiline (BDQ; 15 mg/kg), delamanid (DLM; 15 mg/kg) and linezolid (LZD; 50 mg/kg). For combined therapy, mice were treated by oral gavage or IT on separate days to prevent excessive handling. Mice were monitored daily for weight loss. At specified time points, lungs from euthanized mice were harvested and homogenized on ice in PBS + 0.1% Triton X-100 with Halt protease inhibitor cocktail (Thermofisher Scientific). Appropriate dilutions of the lung homogenates were plated onto 7H11 agar (Difco, BD) for CFU determination after 16–19 days incubation at 37°C and 5% CO2. Alternatively, lung homogenates were spun down and the supernatants were collected for cytokine quantification. For lung histology, lungs from euthanized mice were inflated with 4% paraformaldehyde (PFA) and kept at 4°C overnight before H&E staining. For flow cytometry analyses, mice were euthanized at the indicated time points and harvested lungs were treated with collagenase D (Roche, Germany) for 1 h at 37°C and gently mashed through a cell strainer to obtain single cell suspensions before quenching with FACS buffer, containing 2% FBS, 2 mM EDTA in PBS.



Flow Cytometry

Single cell suspensions from murine lungs were treated with red blood cell (RBC) lysis buffer and blocked with mouse Fc block (BD Pharmingen, Germany). Cells were stained for 30 min with Live/Dead eFluor780 Fixable Viability Dye (ThermoFisher Scientific) and the following panel of antibodies were used: (i) myeloid cells: CD45 BUV395 (BD), CD11b eFluor450 (Thermofisher Scientific), CD11c BV786 (BD), CD24 BUV496 (BD), Ly6C-Biotin and BV805-Streptavidin (BD), Ly6G PE-CF594 (BD), CD64 PE-Cy7 (Biolegend), Siglec F BV510 (BD), MHCII (IA/IE) PE (Biolegend, CA, USA), CD86 Alexa647 (Biolegend); (ii) pDC and T cell subsets: CD45 BUV395 (BD), CD11c APC (BD), Siglec H PE (ThermoFisher Scientific), Thy1.2 PB (Biolegend), CD4 BUV805 (BD), CD8a AlexaFluor488 (Biolegend), CD44 BUV737 (BD), CD62L BV605 (BD), CD45Ra BV786 (BD). Immune cell populations were defined according to the gating strategy shown in Figure S4.

For in vitro experiments, the antibodies used were as follows: (i) BMMO: CD11b eFluor450, F4/80 PerCP-Cy5.5, CD80 APC, CD86 PE, CD54 FITC, Live/Dead eFluor780 and (ii) BMDC: CD11c FITC, MHCII PB, CD86 PE, CD40 APC, CCR7 PE-Cy7, Live/Dead eFluor780. Cells were defined as follows: BMMO (CD11b+, F4/80+) and BMDC (CD11c+ MHCII intermediate to high).

Stained cells were washed twice with FACS buffer before overnight fixation with 2% PFA. Flow cytometry was run using LSRFortessa X-20 analyzer (BD Biosciences) using UltraComp beads (Invitrogen) for single color controls. All flow cytometry analyses were conducted using FlowJo (v.10.5).



Syngeneic Mixed Lymphocyte Reaction (MLR)

M. bovis BCG-infected BMDC (3 × 104 cells) were pulsed with 10 ug/mL of MHC-I restricted OVA peptide 257–264 or MHC-II restricted OVA peptide 323–339, and co-treated with either BG (MOI 1 or 5) or a normalized dose of LPS (22.5 or 112.5 EU/mL) for 24 h. Splenic T cells (Tc) from C57BL/6 OTI or OTII transgenic mice were isolated using Pan T cell Isolation Kit (Miltenyi Biotec, Germany) and labeled with 5 uM CellTrace Violet (ThermoFisher Scientific). Labeled T cells were incubated with BMDC at a BMDC:Tc ratio of 1:10 for 96 h. Cells were stained with the following antibody panel for T cells: Thy1.2 APC, CD4 PE, CD8 AlexaFluor488, CD62L BV605, CD44 BUV737, and Live/Dead eFluor780, before overnight fixation. T cells were defined as follows: CD4 T cells (Thy1.2+, CD4+) and CD8 T cells (Thy1.2+, CD8+). Flow cytometry was ran using LSRFortessa X-20 analyzer (BD Biosciences) using UltraComp beads (eBioscience) for single color controls. Division and proliferation indices were derived using FlowJo's proliferation modeling tool. Division index represents the average number of cell divisions undergone by the whole cell population and includes undivided cells; it is calculated as follows:
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Proliferation index is the total number of divisions divided by the number of dividing cells and excludes the undivided population:
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Quantification of Cytokine Levels

BCG-infected or uninfected BMMO or BMDC (105 cells) were incubated with BG at MOI 40 and 5, respectively or a normalized dose of LPS (300 and 37.5 EU/mL, respectively) for 24 h. ELISA was conducted on cell culture supernatants to determine the levels of TNFα, IFNγ, IL-6, IL-10, IL-12p40, and IL-12p70 using mouse ELISA kits (Invitrogen), according to the manufacturer's instructions.



Nitric Oxide Determination

Nitrite oxide (NO) production in cell culture supernatants was quantified using Measure-iT high-sensitivity nitrite assay kit (ThermoFisher Scientific). Fluorescence readings were recorded at λex/em 365/450 nm.



RNA Sequencing and Functional Analyses

BMDC were treated with BG at MOI 5 or with a normalized dose of LPS (188 EU/mL) for 2 h, or left untreated before RNA extraction was conducted using QIAGEN RNeasy mini kit (Qiagen, Singapore). RNA integrity was checked using Agilent 4200 TapeStation System, and all samples had RNA integrity numbers ≥ 8.9. Libraries for RNASeq were made with TruSeq Stranded mRNA Library Prep Kit (Illumina) using 1–1.5 μg of RNA as input. Libraries were multiplexed and ran across two lanes on HiSeq 4000 Sequencing Systems (Illumina) to yield 2 × 151 bp paired-end reads with an average yield of ~55 million reads/sample. All raw sequences have been deposited in NCBI Sequence Read Archive (SRA) under BioProject number PRJNA544586.

FASTQ files (paired end; 2 × 151) were mapped using STAR aligner against the Genome Reference Consortium Mouse Build 38 (GRCm38). The mapped paired-end reads were counted using HTSeq (46) and unambiguously mapped read pairs were binned per gene. Gene-based read counts were further processed using Bioconductor package EdgeR (47). Briefly, gene counts were transformed into counts per million (CPM) reads and only genes with CPM value ≥1 across all samples were used in downstream analysis. Gene counts were then adjusted for library size and normalized using trimmed mean of m-values (TMM) method. Differential gene expression was calculated using the Fisher's exact test and genes were considered significantly differentially expressed if they met the cut off criteria, i.e., false discovery rate (FDR) ≤ 0.05 and log2 fold change ≥ 1. Differential gene expression data was visualized as heatmap using R Bioconductor package heatmap3 (https://cran.r-project.org/package=heatmap3).

Functional annotation was performed using DAVID (version 6.8) (48, 49) and the gene term enrichment for the significantly enriched annotation terms were extracted from the functional annotation chart. Annotation terms were considered significant if they had a fold enrichment ≥ 1.5 and -log10 FDR ≥ 1.



Statistical Analyses

Statistical analyses were generated from Prism 7.0 (GraphPad, USA) and tests used are indicated in the figure legends. One-way and two-way ANOVA were conducted on experiments comparing across treatment groups under single and multiple conditions, respectively, with Holm-Sidak's correction as post-hoc test. Results with p-values <0.05 were defined as statistically significant.




RESULTS


Immunomodulatory Properties of BG on Macrophages and Dendritic Cells

The ability of BG to activate macrophages and dendritic cells was first examined. BMMO and BMDC were treated with BG at MOI 40 and 5, respectively, which corresponds to the maximum dose that did not lead to more than 20% cell death (data not shown). BG treatment resulted in a significant upregulation of all the activation markers tested (CD80, CD86, CD54, CD40, CCR7, MHCII) on bone marrow-derived macrophages (BMMO) (Figures 1A–C) and bone marrow-derived dendritic cells (BMDC) (Figures 1D–G) compared to untreated cells. However, the increased surface expression of CD80 and CD54 was significantly lower than that measured on BMMO treated with IFNγ alone (Figures 1A–C). In contrast, BG treatment led to significantly greater expression of all the activation markers on BMDC compared to treatment with IFNγ alone (Figures 1D–G). Notably, increased surface CCR7 expression on BG-treated BMDC suggested that BG might increase the migratory ability of DC (Figure 1F). When BMMO were co-incubated with both IFNγ and BG, significantly higher levels of CD86 and CD54 were measured compared to stimulation with BG alone, suggesting that IFNγ and BG may act synergistically to activate macrophages (Figures 1B,C). However, such synergy was not observed with BMDC (Figures 1D–G).
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FIGURE 1. Activation status of BMMO and BMDC upon IFNγ and BG treatment. BMMO and BMDC were left untreated (UT), or were incubated with recombinant murine IFNγ at 20 and 10 μg/ml, respectively, or with BG at MOI 40 and 5, respectively, or with a combination of both for 24 h. Expression of surface activation markers CD80, CD86, CD54 on BMMO (A–C) and CD86, CD40, CCR7, and MHCII on BMDC (D–G) was determined by flow cytometry. Results are expressed as mean ± SD of technical triplicates and are representative of two independent experiments. Significance values were derived using 1-way ANOVA with Holm-Sidak's multiple comparisons test (ns: not significant, *p < 0.05, **p < 0.01, ****p < 0.0001); asterisks above bars indicates significance with respect to UT control.




BG Has Distinct Immunomodulatory Properties From LPS

Since LPS is a major component of E. coli bacterial cell wall, we questioned whether LPS alone could recapitulate the immunostimulatory properties of BG. We thus compared the activation level of BMMO and BMDC treated with BG or with an amount of LPS equivalent to that present in the BG dose (see Methods), referred to as “normalized amount of LPS” thereafter. Furthermore, since LPS immunostimulatory properties signal mainly through TLR4 (50), we examined the ability of BG to activate TLR4-deficient BMMO and BMDC. The results indicated that BG activated BMMO and BMDC to a greater extent than a normalized amount of LPS, as evidenced by higher expression of most activation markers in both M. bovis BCG-infected and uninfected contexts (Figures 2A–F). BG- and LPS-mediated activation were found to be partially dependent on TLR4: ΔTLR4 BMMO displayed lower surface expression of CD80 and CD86 compared to WT BMMO (Figures 2A,B). In contrast, the reduced expression of CD54 in ΔTLR4 BMMO was seen only upon LPS treatment, implying that BG-induced upregulation of CD54 expression is TLR4-independent (Figure 2C). In BMDC, BG-mediated upregulation of CD86, CD40, and CCR7 was largely independent of TLR4, unlike LPS treatment (Figures 2D–F).
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FIGURE 2. Activation status and cytokine production of WT vs. ΔTLR4 BMMO and BMDC upon BG and LPS treatment. Uninfected and M. bovis BCG-infected BMMO and BMDC were treated with BG at MOI 40 and 5, respectively, or with a normalized amount of LPS (1,500 and 188 EU/mL, respectively) or left untreated (UT) for 24 h before analysis of surface activation markers by flow cytometry. Expression levels of CD80, CD86, CD54 for BMMO (A–C) and CD86, CD40, and CCR7 for BMDC (D–F) are shown for WT (open bar) and ΔTLR4 (black bar) cells. Cell culture supernatants were collected to quantify the levels of TNFα, IL-6, IL-10, IL12p40, and IL-12p70 produced by ELISA. Cytokine production was measured in WT and ΔTLR4 BMMO (G–J) and BMDC (K–O). Results are expressed as mean ± SD of technical triplicates (A–F) or duplicates (G–O) and are representative of two independent experiments. Significance values were derived using 2-way ANOVA with Holm-Sidak's multiple comparisons test (ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Asterisks separated by a dash denote significance values between treatment groups within WT and KO samples, respectively (WT/KO), while those above bars indicate significance with respect to WT control. Dotted lines denote limit of detection.


Cytokine production in culture supernatant was also measured in BG- and LPS-treated WT vs. ΔTLR4 BMMO and BMDC (Figures 2G–O). BG treatment generally induced higher levels of TNFα, IL-6, and IL-10 compared to LPS treatment in both uninfected and M. bovis BCG-infected BMMO (Figures 2G–J); similar results were obtained with BMDC, including IL-12p70, an important Th1 cytokine (Figures 2K–O). Interestingly, production of IL-12p40 in uninfected BMMO was greater upon LPS stimulation compared to BG treatment (Figure 2J), while the converse was observed in BMDC (Figure 2N); this suggests that production of this cytokine subunit is mediated by different signaling pathways in both cell types. Production of IL-12p70 instead was found TLR4-dependent upon stimulation with both LPS and BG (Figure 2O). Furthermore, LPS-induced production of all tested cytokines was undetectable in ΔTLR4 BMMO and BMDC, whereas BG treatment resulted in no or partial decrease of these cytokine levels in the absence of TLR4.

Overall, the data demonstrates that BG treatment of BMMO and BMDC results in activation patterns and cytokine production profiles that differ from those observed upon LPS treatment. Moreover, unlike LPS, BG-mediated cytokine production in BMMO and BMDC is partially TLR4-dependent, supporting BGs' ability to trigger alternative signaling pathways in these innate immune cells.



BG-Induced NO Production Correlates With Enhanced Bacterial Killing in Macrophages

BGs' ability to activate macrophages suggested their propensity to produce NO, an important mycobactericidal element. To test this hypothesis, BMMO were treated with a range of BG MOIs or with positive controls including (i) 10 ng/mL LPS and (ii) a combination of (20 ng/mL IFNγ + 10 ng/mL LPS). A significantly greater production of NO was measured in BMMO treated with BG at MOI 2 and above, compared to untreated BMMO, and BMMO treated with LPS or (IFNγ + LPS) (Figure 3A). In comparison to a normalized amount of LPS, BG exhibited a superior ability to trigger NO production in both M. bovis BCG-infected and uninfected contexts (Figure 3B). Furthermore, BG treatment of ΔTLR4 BMMO resulted in NO levels that were close to the detection limit (Figure 3B), indicating that BG-induced NO production is largely TLR4-dependent. Importantly, BG-mediated NO production in BMMO correlated with a transient but significant decrease in the intracellular bacterial load at day 5 post-infection (p.i.) (Figure 3C). This indicates that NO-dependent mechanisms may contribute to improved killing in BG-treated macrophages.
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FIGURE 3. NO production in BMMO upon BG and LPS treatment and killing efficacy. (A) BMMO were left untreated (UT), or treated with 10 ng/mL LPS, or with a combination of (20 ng/mL IFNγ +10 ng/mL LPS), or with a range of BG MOIs for 24 h before nitrite determination. (B) Uninfected or M. bovis BCG-infected WT and ΔTLR4 BMMO were treated with BG at MOI 40 (BG40) or with a normalized amount of LPS (LPS40, corresponding to 1,500 EU/mL) or left untreated (UT) for 24 h before nitrite quantification. (C) M. bovis BCG-infected BMMO were treated with BG (MOI 40) or left untreated (UT). Intracellular bacterial loads were determined at 1, 3, 5, and 7 days post-infection. Results are expressed as mean ± SD of technical triplicates and are representative of two independent experiments. Significance values were derived using 1-way ANOVA for (A) and 2-way ANOVA for (B,C) with Holm-Sidak's multiple comparisons test (**p < 0.01, ***p < 0.001, ****p < 0.0001); asterisks above bars indicates significance with respect to UT (A,C) and WT (B) control.




Gene Expression Profile in BG-Treated and LPS-Treated Dendritic Cells

To compare the overall impact of BG vs. LPS treatment on BMDC, a transcriptomics (RNAseq) approach was carried out. The number of genes that were differentially modulated by BG treatment compared to untreated BMDC was significantly greater than upon LPS treatment (616 vs. 369 genes, respectively) (Figure 4A). Most of the genes induced by LPS were found in common with BG treatment, leaving 56 genes unique to LPS treatment (Figure 4A, Tables S1, S2), whereas 303 genes were uniquely induced by BG treatment (Figure 4A, Table S3). Heat map analysis showed that BG treatment modulated gene expression differently from LPS (Figure 4B). Functional annotation analysis revealed that immune system processes involving both the innate and adaptive immune responses were commonly modulated upon both LPS and BG treatment (Figures 4C,D): these genes include Bcl10, CD86, IL-4, Icam1 (CD54), IL-27, CCL22, and CD14, which facilitates TLR4-mediated responses (Tables S4, S5). Unlike treatment with a normalized amount of LPS, BG treatment significantly modulated Nfkb1 gene expression, which supports the superior immune activation potential of BG. BG treatment was also found to influence a greater variety of pathways and corresponding gene counts than LPS (Figures 4C,D). Interestingly, only LPS treatment modulated the pathway GO:0032496 (response to lipopolysaccharide); BG may contain other components that dampen the LPS pathway response in favor of others (Figures 4C,D). Additionally, BG-induced modulation of Lyst, a lysosomal trafficking regulator, supports DC internalization and processing of BG (Tables S4, S5). Overall, the RNAseq data confirm the superior and broader modulatory ability of BG in comparison to a normalized amount of LPS.
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FIGURE 4. Comparison of differential gene expression profiles of BG- and LPS-treated BMDC. BMDC were treated with BG MOI 5 or a normalized amount of LPS (188 EU/mL) for 2 h before total RNA was extracted and processed for RNA sequencing. (A) Venn diagram shows the differentially expressed gene counts between BG and LPS treatment relative to untreated (UT) controls 2 h post-treatment. 369 and 616 genes were found differentially modulated from untreated (UT) controls in consensus between two independent experiments upon BG and LPS treatment, respectively. 313 genes were found commonly modulated between both treatments, while 56 and 303 genes were BG- and LPS-specific, respectively. (B) Heat map representation of differentially expressed genes for the conditions: BG and LPS relative to UT controls. Color panel above the heat map indicate the three sides of the comparison, i.e., green: significant in BG only, yellow: common in both, and red: significant in LPS only. Legend indicates log2 fold change, where green indicates down-regulation and red, up-regulation relative to UT. (C,D) Bar charts showing total number of genes within manually curated subsets containing immunologically relevant, significant gene terms (fold enrichment ≥ 1.5 and –log10 FDR ≥ 1.0) derived from functional annotation of differentially expressed genes upon BG (C) and LPS (D) treatment relative to UT.




BG Modulates T Cell Proliferation and Differentiation in vitro

The ability of BG to increase the surface expression of co-stimulatory molecules CD80 and CD86 on BMDC, essential for T cell receptor binding, led us to investigate whether BG could promote T cell differentiation and proliferation. A syngeneic mixed lymphocyte reaction (MLR) assay was set up whereby uninfected or M. bovis BCG-infected BMDC were stimulated with OTI or OTII OVA peptide in the presence of BG or a normalized amount of LPS or in the absence of both, before being co-cultured with corresponding transgenic OTI and OTII T cells. T cell differentiation and proliferation, as well as cytokine production in the culture supernatants, were then measured.

Division and proliferation indices indicated that in the OTI system, comparable CD8 T cell proliferation was observed with BG-treated, LPS-treated and untreated BMDC, suggesting that BG treatment did not significantly impact on CD8 T cell proliferation (Figures S1A,B). However, BG treatment of BMDC resulted in a greater proportion of activated CD8 T cells compared to untreated and LPS-treated controls (Figure S1D). Interestingly, compared to untreated control, LPS or BG treatment of BMDC resulted in significantly lower proportion of naive (Figure S1C) as well as CD62L CD44 double positive CD8 T cells (Figure S1E), representative of central memory T cells (also CCR7+). As for cytokine production, OTI T cells co-cultured with BG-treated BMDC produced significantly greater levels of IFNγ and similar levels of IL-12p40 compared to untreated and LPS-treated conditions (Figures S1F,H). Expectedly, IL-4, which is mainly produced by CD4 T cells, was lowly/not detected in all the groups (Figure S1G).

In the OTII system, the division index indicated that BG-treated BMDC induced a greater proportion of proliferating CD4 T cells in both the uninfected and infected contexts compared to untreated controls (Figure 5A). Moreover, BG treatment of infected BMDC resulted in a significantly higher proportion of CD4 T cells to undergo cell division compared to LPS treatment. The extent of proliferation was generally comparable or lower between BG-treated BMDC and the other groups (Figure 5B). Interestingly, BG treatment resulted in reduced proportion of activated CD4 T cells and a greater proportion of CD62L CD44 double positive CD4 T cells compared to untreated controls (Figures 5C–E). In term of cytokine production, similar levels of IL-12p40 were measured in BG-treated and LPS-treated groups (Figure 5H). Furthermore, slightly elevated levels of IFNγ and very low levels of IL-4 were obtained with BG-treated BMDC compared to untreated controls (Figures 5F,G), suggesting that BG treatment of BMDC promotes T cell differentiation into CD4 Th1 lineage.
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FIGURE 5. CD4 T cell proliferation and cytokine production induced by LPS- and BG-treated DC in a mixed lymphocyte reaction. M. bovis BCG-infected or uninfected BMDC were left untreated (UT) (open bars), stimulated with BG (MOI 1 and 5) (black bars) or stimulated with a normalized amount of LPS (23 or 113 EU/mL, respectively) (gray bars) in the presence of OTII OVA peptide for 24 h, before co-culture with transgenic T cells for 96 h. Division and proliferation indices of CD4 (A,B) T cells were derived. Proportion of naïve (CD62L+ CD44−), activated (CD62L− CD44+) and double positive T cells were displayed as percentages of total CD4 T cells (C–E). The levels of IFNγ, IL-4, and IL-12p40 produced after 96 h incubation were measured (F–H). Results are expressed as mean ± SD of technical triplicates and are representative of two independent experiments. Significance values were derived using 1-way ANOVA with Holm-Sidak's multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001); asterisks above bars indicate significance with respect to UT control. Dotted lines denote limit of quantification.


Overall, the data obtained from these MLR experiments demonstrated that BG treatment of BMDC significantly influences the proliferation and/or differentiation of naïve T cells. BG-treated BMDC generally led to greater IFNγ production by both CD4 and CD8 T cells, which suggests that BG treatment may help to control mycobacterial replication more effectively.



BG Treatment Influences the Composition of Lung Immune Cell Populations and Cytokine Production in M. bovis BCG-Infected Mice

The immunostimulatory properties of BG were next examined in vivo. The impact of BG and a normalized dose of LPS on pulmonary cell populations was examined in an established M. bovis BCG infection mouse model in C57BL/6 mice. Starting at day 7 p.i., BG and LPS were administered intratracheally to M. bovis BCG-infected mice once weekly for 4 consecutive weeks. Pulmonary innate immune cell populations were analyzed at 1 day (day 29 p.i.) or 1 week (day 35 p.i.) after the last BG or LPS treatment dose. The number of neutrophils and interstitial macrophages (IM) was significantly higher at both time points in the BG-treated group compared to the other groups, which may suggest that both innate immune cell populations may play a significant role in mycobacteria killing. In contrast, increased levels of Ly6C+ monocytes were seen only at day 29 p.i. (Figures 6A,B,F). Elevated levels of CD11b+ DC, which are typically responsible for T cell activation (51) were also measured 1 day post-BG treatment (Figure 6C). Lung resident CD103+ DC, which acquire apoptotic cells and traffic to the draining lymph nodes (51), also displayed increased levels in BG-treated animals at day 35 p.i. (Figure 6D), which may reflect a greater antigen presentation activity in the lungs of these mice. Levels of resident alveolar macrophages (AM) were also raised at day 35 p.i. upon BG treatment (Figure 6E); this is in line with their role in protection of lung tissue from destruction by inflammatory mediators or damaging oxidative burst and in recruitment of monocyte-derived macrophages (52, 53). Interestingly, treatment with a normalized dose of LPS did not lead to any significant changes in the number of all these innate immune cell populations compared to untreated or vehicle-treated infected mice (Figures 6A–F).
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FIGURE 6. Immune cell populations and cytokine production in lungs from BG-treated vs. LPS-treated M. bovis BCG-infected mice. Adult female C57BL/6 mice were infected intratracheally (IT) with 106 CFU of M. bovis BCG. Starting from day 7 post-infection, mice were administered IT weekly and for 4 consecutive weeks with 106 BG, a normalized amount of LPS (75 EU), vehicle or were left untreated (UT). Lungs were harvested 1 day (day 29 p.i.) or 1 week (day 35 p.i.) after the last dose administered and the myeloid (A–F) and CD4 T cell (G–K) populations were analyzed by flow cytometry. Levels of TNFα, IFNγ, IL-6, IL-10, IL12p40, and IL-12p70 in the lung homogenates (L–O) were determined by ELISA. Results are representative of two independent experiments and data points are shown for each mouse (n = 4–5 mice/group). Significance values were derived using 2-way ANOVA with Holm-Sidak's multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001); asterisks above bars indicate significance with respect to vehicle control. Dotted lines denote limit of quantification. pDC, plasmacytoid DC; AM, alveolar macrophages; IM, interstitial macrophages.


We also analyzed the CD4 and CD8 T cell populations present in the lungs from BG- and LPS-treated M. bovis BCG-infected mice 1 day (day 29 p.i.) or 1 week (day 35 p.i.) after the last treatment dose. The total CD4 T cell count was significantly increased in BG-treated mice 1 week after the last treatment dose, compared to the other treatment groups (Figure 6G). This correlated with an increased number of activated CD4 T cells (Figure 6I), and effector and effector memory CD4 T cells (Figures 6J,K) compared to the other groups. These observations thus showed that BG treatment augmented the number of both short-lived CD4 effectors and transitional CD4 effector memory cells that possess rapid effector functions, including production of IFNγ and IL-4 (54). On the other hand, and consistent with our in vitro observations, BG treatment impacted minimally on the CD8 T cell populations, as evidenced by comparable levels of CD8 T cell subsets across all the infected groups (Figures S2A–E). A mild but significant increase in the number of CD8 effectors was nevertheless observed 1 day after the last BG dose, although this was not sustained after 1 week (Figure S2D). Again, LPS treatment did not significantly affect the CD4 and CD8 T cell populations, underscoring the superior immunostimulatory properties of BG over LPS.

Finally, the levels of key cytokines in the lung homogenates of BG-treated vs. LPS-treated mice were quantified. One day after the last treatment dose (day 29 p.i.), BG-treated animals displayed significantly higher levels of TNFα, IFNγ, IL-6, and IL-12p70 compared to those measured in vehicle-treated and untreated infected mice (Figures 6L–O), supporting the pro-inflammatory effect of BG. In contrast, LPS-treated infected mice did not display enhanced levels of pro-inflammatory cytokines compared to controls. No significant difference was found among the treatment groups for all cytokines tested 1 week after the last treatment dose (day 35 p.i.).



BG Treatment Reduces Lung Bacterial Loads in M. bovis BCG- and Mtb-Infected Mice

We next questioned whether the greater recruitment of immune cells observed in the lungs of BG-treated infected mice correlated with enhanced bacteria killing efficacy. Strikingly, BG-treated mice but not LPS-treated mice displayed significantly lower pulmonary bacterial loads at day 36 post-infection (1 week after the last treatment dose) compared to vehicle and untreated groups (Figure 7A). Both treatments were well-tolerated across all groups, with both BG- and LPS-treated groups displaying a body weight change profile similar to vehicle-treated and untreated groups (Figure S3A). Histological analysis of lung sections examined at day 36 p.i. indicated no significant difference in BG- and LPS-treated animals compared to vehicle and untreated controls, implying that both treatments did not cause overt inflammation, nor did they adversely affect lung architecture (Figure S3B). To further characterize the BG-mediated effects, the bacterial loads were determined at day 14, 21, 28, and 35 p.i. A significant reduction in bacterial loads was observed at day 28 and 35 p.i. in the lungs from BG-treated mice compared to vehicle-treated controls (Figure 7B). Importantly, similar observations were made in Mtb-infected mice whereby a significant reduction in pulmonary bacterial loads was observed at day 28 and 35 p.i. in BG-treated mice (Figure 7C). It is worthy to note that reduction in bacterial burden started to be seen at day 28 p.i., which coincides with the activation of adaptive immunity. This suggests that the effector mechanisms responsible for improved mycobacterial killing involve the adaptive immunity. Interestingly, BG treatment significantly diminished the bacterial load in lymph nodes at day 35 p.i., 1 week after the last BG dose was administered in Mtb-infected mice (Figure 7D), but not in M. bovis BCG-infected ones (data not shown). This observation may suggest that BG immune stimulatory effects are greater in the context of infection with more virulent pathogens that may sensitize the host immunity to additional stimuli. Although the decrease in lung bacterial loads was sustained up to 1 week after the last BG dose (Figures 7B,C), it did not extend beyond 3, 4, and 5 weeks after the last BG dose—day 42, 49, and 56 p.i., respectively (Figure S3C). This latter observation indicates that weekly BG administration is necessary to sustain reduced pulmonary bacterial loads. Additionally, single dose BG treatment administered at day 7 p.i., or at day 21 or 28 p.i. (when adaptive immunity has been activated) did not lead to significantly lower pulmonary bacterial loads at day 35 p.i. (Figure S3D). Neither did 2 weekly BG doses administered at day 21 and 28 p.i. (Figure S3D). These observations thus suggest that a regimen of at least 4 BG weekly doses is necessary to achieve significant reduction in bacterial load.
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FIGURE 7. Effect of BG treatment on lung bacterial loads in M. bovis BCG- and Mtb-infected mice. Adult female C57BL/6 mice were infected intratracheally (IT) with 106 CFU of M. bovis BCG (A,B,E) or 103 CFU Mtb H37Rv (C,D). Treatment was administered as described in the legend of Figure 6. For BG adjunct therapy, infected mice were treated daily with INH (0.05 mg/mL) or thrice weekly with Q203 (10 mg/kg) BDQ (15 mg/kg), DLM (10 mg/kg) or LZD (50 mg/kg) via the oral route, in combination with IT administration of BG as described in the legend of Figure 6. Organs were harvested at day 35 p.i., unless otherwise indicated, and homogenates were plated for CFU enumeration. Data points are shown for each mouse (n = 3–8 mice/group) and M. bovis BCG load (E) is expressed as a percentage of vehicle control. Significance values were derived using 1-way (E) or 2-way (A–D) ANOVA with Holm-Sidak's multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001); asterisks above data points indicate significance with respect to vehicle control. Dotted lines denote percentage of M. bovis BCG load of vehicle control.




BG Treatment Synergizes With Second-Line TB Drugs

Given its potential in reducing mycobacterial load, BG treatment was evaluated in combination with selected anti-TB compounds. Since second-line drugs possess comparatively lower cidal potential and higher toxicity than their first-line counterparts, the potential synergistic killing effect between BG and various second-line agents bedaquiline (BDQ), delamanid (DLM) and linezolid (LZD) was examined in vivo. First-line drug isoniazid (INH), and phase II clinical drug candidate Q203 were also included. Oral dosing regimens were adapted from established drug regimens for each drug (55–57) to achieve a sub-optimal killing in order to observe any synergistic cidal effect when co-treated with BG. The results indicated that lower pulmonary bacterial loads were observed with BDQ + BG and DLM + BG groups compared to drug only-treated groups (Figure 7E). In contrast, BG treatment did not enhance killing efficacy in INH-, Q203-, and LZD-treated mice. Together, the data showed that BG synergizes with at least two second-line TB drugs DLM and BDQ.




DISCUSSION

Our work describes the immunostimulatory properties of BG in the context of mycobacterial infection, and demonstrates that pulmonary delivery of BG helps reduce lung mycobacterial loads. The significant reduction in bacterial loads in the lungs from BG-treated M. bovis BCG- and Mtb-infected mice correlated with increased numbers of key innate (neutrophils, macrophages, dendritic cells) and adaptive (CD4 effector cells) immune cell populations and elevated levels of key Th1 cytokines (TNFα, IFNγ, IL-12p70). Hence, BG treatment has the potential to improve the killing activity of innate immune cells and tip the Th1/Th2 balance toward the more protective Th1 response.

These in vivo observations were consistent with our in vitro data showing that BG effectively activated both macrophages and DC, as evidenced by the increased expression of surface activation markers—CD80/86, CD54, and MHCII—and increased production of TNFα, IL-6, IL-10, and IL-12p40. This finding is in agreement with previous BG stimulation studies conducted on murine BMDC (58), bovine monocyte-derived DC (59), and THP-1 macrophages (60). We also propose that BG may increase the migratory potential of DC through upregulation of CCR7, essential for activation of naïve T cells in the draining lymph nodes. Furthermore, in line with previous studies (45, 59, 61) our MLR experiments showed that BG-treated DC resulted in enhanced CD4 T cell proliferation and differentiation. Unlike previous studies however (38, 41, 45), we failed to observe a significant impact of BG treatment on CD8 T cell proliferation both in vitro and in vivo. Nevertheless, an increased proportion of activated CD8 T cells supports that BG treatment does potentiate CD8 T cells in their effector functions.

Consistent with a previous report (43), BG-activated macrophages were proficient in producing NO, the importance of which has been well-documented in controlling TB infection. iNOS knockout mice were found to be more susceptible to Mtb infection (62). Moreover, in TB patients, RNIs are capable of inactivating essential pathogenic components that limit mycobacterial persistence within the host (63, 64). The strong induction of NO production upon BG treatment may thus help counteract the limited amount of RNI produced during Mtb infection. However, only a moderate and transient reduction in intracellular bacterial loads was seen in M. bovis BCG-infected BMMO treated with BG. Thus, the main mechanism by which BG treatment leads to reduced mycobacterial loads in murine lungs may not predominantly rely on increased NO production. This hypothesis is further supported by the delayed effect of BG treatment on the pulmonary mycobacterial loads in vivo, that was observed only at day 28 and 35 p.i., but not at earlier time points, despite BG treatment commencing at day 7 p.i. Our data thus suggest that BG treatment impacts the adaptive immunity (in particular CD4 T cells) through potentiating innate immune cells (DC and macrophages mainly). The fact that several weekly BG doses were required to observe a significant reduction in the bacterial loads points at trained innate immunity, although this is purely speculative at this stage. Furthermore, the effect was not sustained beyond 1 week after the last BG dose, implying that continued BG dosing is necessary to maintain stimulation of both the innate and adaptive immunity.

Importantly, our work clearly demonstrates that treatment with an equivalent amount of purified LPS that is present in the BG dose could not recapitulate the effects seen with BG treatment. This was especially apparent in vivo, where LPS treatment of M. bovis BCG-infected mice did not influence the lung immune cell populations, cytokine levels and bacterial burden compared to infected controls. Consistently, we demonstrated that BG-induced innate immune activation is only partially TLR4-dependent (with the exception of NO production, which was fully mediated by TLR4), and involved a broader and stronger intracellular signaling response compared to LPS, although the latter observation was not verified at the protein level. The presence of a variety of TLR ligands on BG likely explains the greater immunostimulatory potential of BG over LPS, without overt inflammation.

Additionally, BG treatment enhanced the in vivo bactericidal efficacy of second-line drugs—DLM and BDQ. Such synergistic killing was not observed for INH + BG. A previous study reported that host cell activation by nitrosative stress induces tolerance to first-line drugs, including INH, in Mtb (65). Since BG treatment induces NO production in murine macrophages, it is thus possible that BG-mediated activation of macrophages could compromise the killing efficacy of INH. The lack of improved killing in mice treated with Q203 + BG or LZD + BG may be attributed to the immunomodulatory abilities of these drugs that could hinder and/or counteract those of BG. While this latter hypothesis remains to be experimentally explored, our data indicate that BG treatment is not universally compatible with all anti-TB agents/compounds, but can improve the efficacy of certain second-line agents.

This work paves the way toward the possible use of BG as an adjunct TB immunotherapy, although much work remains to be done. Specifically, it will be very important to confirm our observations in TB models. In addition, the cellular and molecular mechanisms involved in BG-mediated therapeutic effects should be deciphered. Furthermore, as BG production is limited to Gram-negative bacteria (to allow formation of the transmembrane tunnel), it is not possible to produce BG from mycobacteria. However, E. coli BG may be further engineered with mycobacterial antigens expressed on their surface in order to trigger a TB-specific immune response and further enhance the therapeutic potential of BG treatment.
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Alveolar Macrophages play a key role in the development of a robust adaptive immune response against the agent of Tuberculosis (TB), Mycobacterium tuberculosis (M.tb). However, macrophage response is often hampered by the production of IL-10, a potent suppressor of the host immune response. The secretion of IL-10 correlates with TB pathogenesis and persistence in host tissues. Concordantly, inhibition of IL-10 signaling, during BCG vaccination, confers higher protection against M.tb through a sustained Th1 and Th17 responses. Therefore, uncovering host effectors, underlying mycobacteria-induced expression of IL-10, may be beneficial toward the development of IL-10-blocking tools to be used either as adjuvants in preventive vaccination or as adjunct during standard treatment of TB. Here, we investigated the role of FOXO3 transcription factor in mycobacteria-induced secretion of IL-10. We observed that PI3K/Akt/FOXO3 axis regulates IL-10 expression in human macrophages. Knocking down of FOXO3 expression resulted in an increase of IL-10 production in BCG-infected macrophages. The gene reporter assay further confirmed the transcriptional regulation of IL-10 by FOXO3. In silico analysis identified four Forkhead binding motifs on the human IL-10 promoter, from which the typical FOXO3 one at position −203 was the major target as assessed by mutagenesis and CHIP binding assays. Further, we also observed a decrease in gene expression levels of the M1 typical markers (i.e., CD80 and CD86) in SiFOXO3-transfected macrophages while activation of FOXO3 led to the increase in the expression of CD86, MHCI, and MHCII. Finally, co-culture of human lymphocytes with siFOXO3-transfected macrophages, loaded with mycobacterial antigens, showed decreased expression of Th1/Th17 specific markers and a simultaneous increase in expression of IL-4 and IL-10. Taken together, we report for the first time that FOXO3 modulates IL-10 secretion in mycobacteria-infected macrophage, driving their polarization and the subsequent adaptive immune response. This work proposes FOXO3 as a potential target for the development of host-directed strategies for better treatment or prevention of TB.

Keywords: tuberculosis, macrophages, FOXO3, IL-10, M1/Th1


INTRODUCTION

Tuberculosis (TB) remains one of the top causes of death with an estimated 1.4 million deaths and 10.4 million new cases worldwide (1). The global TB burden has increased due to emergence of drug-resistant Mycobacterium tuberculosis (M.tb) strains and the limited protection conferred by M. bovis BCG against pulmonary TB (2). Targeting the host effectors, involved in TB immune response, has been proposed as a viable adjunct therapy for elimination of both drug-sensitive and drug-resistant TB (3) or to enhance the BCG protective efficacy (4). Therefore, there is a critical need to uncover the TB host responsive clues that might lead to the development of novel host-directed approaches for better treatment or prevention of TB.

Macrophages are major innate immune cells, which play key roles in TB infection as an intracellular niche and serve as a first line defense against M.tb infection (5). Phagocytosis of mycobacteria initiates a series of innate and adaptive immune responses to contain the infection (6). Importantly, macrophage-derived cytokines, such as TNF-α, IL-12, and IL-1 family members as well as chemokines and antimicrobial peptides (AMPs) are critical for host anti-mycobacterial defense and shaping the disease progression (7). However, macrophage response is often hampered by the production of IL-10, a potent suppressor of the host immune response, which was reported to be correlated with TB pathogenesis and persistent of infection in humans (8, 9). Several studies have shown that IL-10 plays an important role in shaping the initial immune response and its expression level determines the fate of mycobacterial infections. Indeed, induction of IL-10 by M.tb-infected macrophages and dendritic cells (DC) represents a powerful mechanism of immune evasion (10). It has been reported that M.tb-induced IL-10 secretion interferes with the phago-lysosome fusion, macrophage activation, and resulting in persistence of the invading bacteria (11). It has been shown that IL-10 affects antigen procession and T cells priming by downregulating the expression of the major histocompatibility complex class II, CD80, CD86, and CD11c in BCG-infected macrophages and DC (12, 13). IL-10 also inhibits the production of pro-inflammatory cytokines, and the release of reactive nitrogen and oxygen intermediates by macrophages, thereby leading to a weakened Th1/Th17 and an enhanced Th2 response (7, 14, 15). Likewise, M.tb-induced IL-10 promotes M2 macrophages polarization, which displays dampened anti-mycobacterial response (16).

On the other hand, IL-10 suppression promotes mycobacterial clearance by the host during the early stages of M.tb infection (15). IL-10 deficient mice display an enhanced Th1 immune response to aerosol challenge with M.tb and lower bacterial burden as compared to the wild type mice (17). In concordance, the susceptible mice strains such as the CBA/J express higher levels of IL-10 in chronic infection, while blocking of IL-10 signaling resulted in lower bacterial load and increased mice survival (18). Conversely, the artificial enhancement of IL-10 expression in a resistant mouse strain increased their susceptibility to M.tb infection (19). These studies suggest that IL-10 production is correlated with susceptibility to M.tb and suppression of the protective immune response in mice. In concordance, active TB patients present elevated levels of IL-10 in the lungs serum, sputum and bronchoalveolar lavage fluid (BAL) (20). Moreover, it has been reported that macrophages from TB patients produce higher level of IL-10 than the ones from healthy subjects (8, 21, 22). Likewise, patients with MDR-TB have an altered balance between Th1/Th2 response with decreased Th1 associated cytokines and increased IL-10 secretion (22). High level of IL-10, at the end of treatment in pulmonary TB patients, was also associated with TB recurrence (7), indicating that IL-10 plays an essential role in TB pathogenesis and disease progression. Inhibition of IL-10 signaling, during BCG vaccination, enhances antigen-specific IFN-γ and IL-17 responses and results in better protection against M.tb challenge (23). These findings demonstrate that modulation of IL-10 at the time of vaccination could be crucial for generating long-term protective efficacy against M.tb (24). Therefore, identifying host effectors that regulate mycobacteria induced IL-10 secretion might be useful for the development of host-directed therapy approaches against M.tb.

Previous studies have identified two important signaling cascades that control IL-10 expression in macrophages, the PI3K/Akt/GSK3b and JAK/STAT3 pathways (14). Pharmaceutical inhibition of PI3K/AKT in macrophages impairs IL-10-induced gene expression and IL-10-mediated suppression of LPS-induced pro-inflammatory gene (25). Interestingly, It has been demonstrated that BCG induces IL-10 production through PI3K/AKT signaling while prevention of IL-10 secretion and enhancement of IL-12 production is associated with a decreased Akt phosphorylation (26). In another study, it has been reported that M.tb evades macrophage microbicidal activity by activating the Akt/mTOR/p70S6K pathway, while inhibition of Akt phosphorylation results in reduced M.tb intracellular survival (27).

Forkhead box-O3 (FOXO3) protein is a transcription factor that regulates the expression of multiple genes involved in pathways such as cell-death, cell proliferation, oxidative stress resistance, inflammation, and innate immune homeostasis (28). We have previously reported that BCG-mediated apoptosis of human macrophages relies on FOXO3 activation, which is negatively regulated by the survival pathway PI3K/Akt (29). We demonstrated that BCG infection of macrophages resulted in Akt dephosphorylation and its target FOXO3. The dephosphorylated FOXO3 is subsequently translocated to the nucleus and induced the expression of the pro-apoptotic effectors NOXA and PUMA (29). In concordance, in comparison to healthy controls, low expression of FOXO3 in active TB patients is associated with a defect in monocytes apoptosis (30). The fact that high level of IL-10 expression is also a hallmark of TB pathogenesis (8, 9) suggests FOXO3 as a potential repressor of IL-10 secretion.

Here, we studied whether FOXO3 regulates IL-10 secretion in mycobacteria-infected macrophages and how this regulation would influence the adaptive immune response against mycobacterial infection. We show that FOXO3 inhibits IL-10 secretion in BCG-infected macrophage through the direct binding to and repression of IL-10 promoter, pushing the balance of the immune response toward an M1/Th1 phenotype. These observations suggest FOXO3 as a potential target to develop alternative host-directed approaches for better treatment and prevention of TB.



MATERIALS AND METHODS


Cell Culture

The THP-1 cell line (American Type Culture Collection, ATCC TIB-202) was maintained and cultured as described previously (29). Briefly cells were maintained in RPMI 1640 (Thermo Fisher, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher, USA), 12 mM HEPES, 0.1 mM MEM non-essential amino acids, 1 mM Sodium Pyruvate, and 100 nM penicillin/streptomycin (Life Technologies). THP-1 monocytes were differentiated to macrophages (TDMs) with 20 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, USA) for 48 h. RAW264.7 (ATCC TIB-71) and J774A.1 (ATCC TIB-67) murine macrophage cell lines were also maintained in RPMI medium. Peripheral blood mononuclear cells (PBMCs) were isolated from three healthy volunteers as approved by the institutional ethics committee of Institut Pasteur de Tunis. These donors were negative for any recent infection and had no history of TB. Briefly, cells were differentiated into macrophages derived monocytes (MDMs) and cultured as previously described (29). Macrophages were infected with a single cells suspension of BCG Pasteur strain, at a multiplicity of infection (MOI) of 1:10 for 3 h. The extracellular bacteria was removed by washing twice with 1× PBS and overlaid with medium containing inhibitors for different time points. The drugs were used at the following concentration: Wortmannin (100 nM) (Sigma-Aldrich, USA) or MK-2206 (5 μM) (Selleckchem, USA). It is worth to note that we avoided adding the inhibitors before BCG infection because PI3K/Akt pathway has been shown to control phagocytosis. Supernatants were collected 24 h post-infection and frozen at −20 until use. The cells were harvested 24 h post-infection for western blot or Real-time quantitative RT-PCR (RT-qPCR) analysis.



Cell Toxicity Assay

Cytotoxicity of the inhibitors used in this study was assessed using WST-1 kit (Sigma Aldrich, USA) as per the manufacturer's instructions. Briefly, cells (2.104/well in a 96-well plate) were treated with different concentrations of the inhibitors, or with equivalent volume of vehicle control. Twenty-four hours post treatment, media was removed, substrate was added and plate was further incubated at 37°C for 30 min. The optical density values were determined by a microplate reader at 450 nm and the values were normalized with those of untreated cells. All experiments were carried out in triplicates.



RNA Interference Experiments

TDMs or MDMs were transfected, using the HiPerfect Transfection reagent (Qiagen), with either 100 nM control non-silencing siRNA (SiCT), or with 50 nM FOXO3 siRNAs (siGENOME SMARTpool, Thermo Fisher Scientific) according to the manufacturer's instructions. After 48 h of transfection, cells were infected with M. bovis BCG at an MOI of 1:10. After 24 h of infection, cells were harvested and the knockdown of FOXO3 was verified by both Western blot and RT-qPCR analysis.



Western Blotting

For immunoblot analysis, macrophages were lysed in 1× laemmli buffer and the protein concentration was determined using Bicinchoninic Acid Protein Assay (BCA, Sigma-Aldrich). Equal amounts of protein was separated by electrophoresis on 10% SDS-PAGE gel, transferred to PVDF membrane and subsequently probed with the respective antibodies as per manufacturer recommendations. In the present study, the following primary antibodies were purchased either from Sigma Aldrich, Merck [FKHRL1-D12 (p-FOXO3Thr32), FKHRL-1 (FOXO3), β-actin] or from Cell Signaling Technology, USA (Akt and p-AktSer473). Western blots were quantified by densitometric analysis using Image J software.



Real-Time Quantitative RT-PCR

Total RNAs from treated cells were isolated using RNeasy Micro kit (Qiagen), and the cDNAs were synthesized by reverse transcriptase (RT) using the high capacity cDNA archive random priming kit (Applied Biosystems) according to the manufacturer's recommended protocol. Real-time quantitative PCR was performed using the platinum® Syber Green qPCR Supermix-UDGw/ROX (life technologies). The relative expression of the target genes was calculated using the target threshold cycle value (Ct) and the 2−ΔΔCt method with β-actin and GAPDH as the internal loading controls. The primer sequences used for real time PCR are listed in Tables S1, S2.



ELISA Cytokine Assays

For cytokine assays, supernatants were collected at different time points post BCG infection and used to measure IL-10, TNF-α, IFN-γ, and IL-6 concentrations using ELISA assay kits as per manufacturer recommendations (BD Biosciences).



In silico Analysis and Gene Reporter Assay

To identify putative FOXO3 binding sites, the human IL-10 promoter region spanning from −560 to +1 was analyzed in silico using the MatInspector analysis tool of the Genomatix software (https://www.genomatix.de/online_help/help_matinspector/matinspector_help.html). For reporter assays, the construct pGL3-IL-10, containing the −588 IL-10 promoter sequence upstream of the luciferase transcriptional unit of the pGL3 vector was used. This construct was a gift from John W. Steinke, Asthma and Allergic Diseases Center, Charlottesville VA, USA. Transient transfections into RAW 264.7 macrophages were performed using the Amaxa SF Cell Line 4D-nucleofector Kit (Lonza Köln, Germany) as per manufacturer recommendations. Briefly, 1 × 106 macrophages were washed and resuspended in 20 μl of transfection buffer and mixed with 1 μg of pEGFP vector, encoding for GFP or pEGFP-FOXO3TM construct, encoding for GFP-FOXOTM (constitutive active form of FOXO3 where the three Akt binding sites were mutated) along with the reporter pGL3-IL-10 construct or the pGL3 empty vector). Cells were then transfected using program Raw264.7 on Lonza 4D-nucleofector device. Cells were rapidly transferred to 37°C preheated medium and incubated for 24 h at 37°C, 5% CO2. Twenty-four hours post-transfection, macrophages were either mock-treated or infected with BCG at an MOI of 1:10. After 6 h, macrophages were assessed for viability using Annexin-V staining and the remaining cells were harvested, lysed and luciferase activity was measured using Thermo Scientific Varioscan Flash Plate reader as per manufacturer's recommendations (Promega, Madison, WI, USA). The promoter activities are shown as relative light unit (RLU) and normalized to 100% GFP positive and viable cells (Figure S2) using the following equation:
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Site Directed Mutagenesis of the IL-10 Promoter

The four FOXO3 binding sites in −588 IL-10 promoter construct were mutated using Quick-change XL site directed mutagenesis kit (Agilent technology) as per manufacturer's recommendations. The list of primers used to disrupt FOXO3 motifs mutagenesis is shown in Table S3. The mutant 1, 2, 3, and 4 were constructed by deleting CAC (position −17), GCT (position −203), AAT (position −303), and TTA (position −526), respectively. The effect of each mutation on transcriptional activity of IL-10 promoter was assessed by gene reporter assay as indicated above.



Chromatin Immunoprecipitation (CHIP)

Next, we performed CHIP assay in TDMs using the Chromatin Immunoprecipitation (CHIP) Kit (Millipore) according to the manufacturer's instructions. Briefly, macrophages were infected with BCG at an MOI of 1:10 for 2 h, washed thrice with 1× PBS and overlaid with medium containing 100 nM wortmannin for 2 h to enhance FOXO3 translocation to the nucleus. TDMs were subsequently crosslinked with 1% formaldehyde at 37°C for 10 min and quenched with 0.2 M glycine for 10 min. The crosslinked cells were washed twice and lysed in cell lysis buffer. Subsequently, chromatin was sheared by sonication at 60% power for 10 cycles, 10 s ON/1 min off, to obtain 100–1,000 bp chromatin fragments. For immunoprecipitation, the sheared chromatin was diluted 10 times, precleared with Protein A/G agarose salmon sperm DNA (Millipore) for 30 min at 4°C, then incubated with rabbit anti-FKHRL1 (FOXO3) sc-11351X, Santa cruz Biotechnology) or an equal amount of rabbit anti-IgG (sc-2027, Santa cruz Biotechnology) at 4°C overnight. The Antibody/DNA complexes were co-immunoprecipitated with protein A/G agarose at 4°C for 1 h. The immunoprecipitated DNA was eluted and crosslinking was reversed by incubation at 65°C for 4 h in 5M NaCl. The mix was later incubated with 10 mg/mL of proteinase K at 45°C for 1 h and the DNA from starting (1% input) and immunoprecipitated samples were purified by phenol-chloroform extraction and ethanol precipitation. The resulting pellets were suspended in H2O, quantified and subjected to PCR using primers (F1 5′- CCTCTGCGCACA GAACAGCTG-3′ and R1 5′- CTAACCTCTCTAATAAACTTAG-3′) flanking the FOXO3 binding motif at −203 position.



Effect of FOXO3 on Macrophage Polarization and Adaptive Immune Response

In order to evaluate the effect of FOXO3 on macrophage polarization and adaptive immune response, human monocytes were transfected either with control or with FOXO3 specific siRNA for 48 h before the addition of autologous lymphocytes (purified after depletion of the monocytes from total PBMC) along with the mycobacterial purified protein derivative (PPD). After 96 h, secreted cytokines were quantified in supernatants by ELISA. Further, total RNA was extracted from whole cells and the gene expression profiles of M1/M2/Th1/Th2/Th17 markers were measured by qPCR. In addition, the effect of FOXO3 activation (through Akt inhibition) on macrophage polarization was also assessed in BMDMs. BMDM's were isolated from 6 to 8 weeks old female BALB/c mice as per standard protocols and resuspended in DMEM supplemented with 20% FBS, 20% L929 supernatant medium, 1% L-glutamine, 1% Pen/Strep, 1× MEM, and 1% sodium pyruvate. The BMDM's were incubated for 6 days at 37°C and 5% CO2. For experimental setups, BMDMs were seeded in a 24 well plate at a density of 5 × 105 cells per well, infected with BCG at an MOI of 1:10 and subsequently overlaid with medium without or with 5 μM of MK-2206. Twenty-four hours post infection, BMDMs were harvested, washed and incubated for 10 min with anti-CD16/CD32 to block non-specific antibody binding. Subsequently, cells were stained with anti-CD11b (BV510), anti-CD86 (PEcy7), anti-MHC class II (PB515), anti-MHC class I (BV421) for 30 min at 4°C as per manufacturer's recommendations (BD Biosciences). The antibody-stained cells were washed twice with ice cold 1× PBS, suspended in FACS staining buffer and data was collected using flow cytometry (FACS CantoII, BD Biosciences). The acquired data was analyzed with Flow Jo software.



Statistical Analysis

Statistical analyses and generation of graphs were performed with GraphPad Prism version 7. Data are expressed as the mean ± standard error of the mean (SEM). Comparison between groups was performed by a paired t-test. Differences with a p < 0.05 were considered statistically significant. Data generated using blood samples from the three human volunteers were further analyzed by the one-tailed version of the Mann Whitney test, which is more suited for small-sized samples (31, 32).




RESULTS


PI3K/Akt/FOXO3 Axis Regulates IL-10 Expression in BCG-Infected Macrophages

In macrophages, IL-10 release has been shown to be dependent on PI3k/Akt activation (14). Since FOXO3 is a major target that is directly phosphorylated/inhibited by Akt (33), we sought to investigate whether the pharmacologically inhibition of PI3K/Akt signaling pathway, have an impact on FOXO3 activity and BCG-induced secretion of IL-10. To determine this, we used Wortmannin (Wort), one specific PI3K inhibitor, and MK-2206 (MK), a selective non-ATP-competitive allosteric Akt inhibitor (34). We first assessed the cytotoxicity of both inhibitors on human and murine macrophages using the WST1 test. No significant cytotoxicity was associated with different concentrations of MK-2206 in both TDMs and J774A.1 cells as >90% of both cell lines survived at concentrations lesser or equal to 5 μM (Figure S1). Wort treatment produced significant toxicity only at concentrations above 100 nM in TDMs cells, while, no cytotoxicity was observed in J774A.1 cells following exposure to increasing concentrations of Wort (Figure S1). Hence, for the subsequent experiments we used MK at a concentration of 5 μM and Wort at 100 nM.

We found that treatment of TDMs macrophages with both Wort and MK resulted in Akt dephosphorylation in both BCG-infected and non-infected cells. In concordance with our hypothesis, we also observed that treatment with these drugs resulted in FOXO3 dephosphorylation (Figure 1A), indicating its activation. Interestingly, MK and Wort treatment also induced a significant up-regulation of FOXO3 gene expression level in BCG-infected and non-infected TDMs and J774A.1 macrophages, indicating that PI3K/Akt pathway also inhibits FOXO3 activity by abrogating its transcription (Figure 1B).
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FIGURE 1. The PI3K/Akt axis regulates BCG-induced IL-10 secretion in macrophages. Human TDMs and mice J774A.1 macrophages were mock-treated or infected with BCG at an MOI = 10 for 3 h, washed then treated or not with the PI3K inhibitor, Wortmannin (Wort, 100 nM), or with the Akt inhibitor, MK-2206 (5 μM) for 24 h. (A) Inactivation of PI3k/Akt axis was determined, 24 h post infection/treatment, in whole cell lysate of TDMs by western blotting using the indicated anti-phospho specific antibodies. Total Akt, FOXO3, and β-actin were used as loading controls. Shown are representative images of three independent experiments with similar results. (B) FOXO3 mRNA expression were quantified by qRT-PCR in both TDMs and J774A.1 macrophages. Levels of mRNA were normalized to GAPDH and fold induction was calculated relative to uninfected and untreated cells. (C) Assessment of IL-10 transcription and secretion levels, after the indicated treatments, were quantified by qRT-PCR and sandwich ELISA, respectively. For all panels, results are represented in box and whiskers plot format min to max and are representative of three independent experiments, each one carried out in triplicate. Asterisks indicate statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001).


Concomitantly, RT-qPCR showed that infection of macrophages with BCG increased levels of IL-10 mRNA, which were significantly abrogated upon MK and Wort treatment in both mice and human macrophages (Figure 1C). Consistent with RT-qPCR data, ELISA quantification revealed a significant inhibition (about 90%), by Wort (p < 0.05) and MK (p < 0.001) inhibitors of IL-10 secretion in BCG-infected TDMs. Similar results were obtained in BCG-infected mouse macrophages J774A.1 (Figure 1C).

These observations clearly indicates that PI3K/Akt pathway positively regulates IL-10 expression in BCG-infected macrophages and that such regulation might rely on FOXO3 inhibition. It is worth to note that we have also verified the effect of the PI3K/Akt/FOXO3 axis on the expression of TNF-α, a cytokine that plays a crucial role in TB immune response, and found that neither the used inhibitors nor the FOXO3 silencing had an effect on BCG-induced secretion of TNF-α (Figure S3).

To further investigate the role of FOXO3 on IL-10 expression in mycobacteria-infected macrophages, we transfected human MDMs with a pool of small interfering RNA (siRNA) targeting the endogenous expression of FOXO3. The knockdown efficiency of FOXO3 was confirmed by RT-qPCR and western blotting (Figure 2). We found that silencing of FOXO3 significantly enhanced the BCG-induced transcription of IL-10, compared to the scrambled Si control (SiCT)-transfected cells (Figure 2A), suggesting FOXO3 as an inhibitor of IL-10 transcription. In agreement, we observed an increase of BCG-induced secretion of IL-10 in SiFOXO3-transfected macrophages (Figure 2B). Taken together, these data suggest that FOXO3 negatively regulates IL-10 expression in BCG-infected macrophages.
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FIGURE 2. Knockdown of FOXO3 augments IL-10 expression in BCG-infected human primary macrophages. MDMs were transfected with FOXO3 specific siRNA (SiFOXO3) or with scramble control siRNA (siCT) for 48 h and then infected with BCG for 24 h. (A) Fold induction levels of FOXO3 and IL-10 mRNAs were assessed by RT-qPCR in BCG-infected cells. (B) IL-10 secretion by the indicated treated cells was assessed in the culture supernatants by ELISA. Knocking down of FOXO3 expression was further verified by immunoblotting. Data are shown as box and whiskers (min to max values) and are representative of three independent experiments, each one carried out in triplicate (n = 3, **p < 0.01).




FOXO3 Binds and Inhibits the Transcription From IL-10 Promoter

To evaluate whether IL-10 is subjected to direct transcriptional control by FOXO3, we performed an in silico analysis of the human IL-10 promoter region using the MatInspector program of the Genomatix portal (https://www.genomatix.de/online_help/help_matinspector/matinspector_help.html). Scanning for Forkhead DNA-binding elements (FKHR-DBEs) on the Genomatix-proposed IL-10 promoter sequence revealed three Forkhead putative motifs at positions −17, −303, and −526 and one typical FOXO3-response elements at position −203 (Figure 3A and Table S4). Next, we performed a gene reporter assay to understand FOXO3-mediated regulation of IL-10 promoter activity as described in methods. As shown in Figure 3B, we observed that infection of macrophages with BCG increased the IL-10 promoter activity by ~8.0 folds in comparison with non-infected cells (p = 0.0010). However, overexpression of FOXO3 almost abolished the BCG-induced IL-10 promoter activity in macrophages (Figure 3B, 90% inhibition, p = 0.025). In order to better explore the functionality of FKHR-DBEs and determine which motifs are involved in FOXO3 mediated inhibition of IL-10 promoter activity, we mutated the four putative sites and performed the luciferase assay (Figure 4A). We found that disruption of the FKHR binding elements at site 1 (position−17) and site 3 (position −303) partially elevated the FOXO3-mediated inhibition of IL-10 promoter activity, while the mutation of site 4 (-526) did not affect the inhibition of BCG induced IL-10 promoter activity by FOXO3. However, mutation of the typical FOXO3 motif at Site 2 (position −203) showed almost a total unleash of the FOXO3-mediated inhibition of IL-10 promoter (Figure 4B). These results suggest that FOXO3-mediated down regulation of IL-10 in BCG-infected macrophages mainly occurs through site 2 on which FOXO3 might bind and block the transcription.
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FIGURE 3. FOXO3 inhibits IL-10 promoter activity in BCG-infected macrophages. (A) Schematic representation of the four putative Forkhead DNA-binding elements (FKHR-DBEs) in the proximal region of the human IL-10 promoter (-588), identified by Genomatix algorithm. The sequence in red is a typical FOXO3 binding motif. (B) RAW 264.7 cells were co-transfected with pGL3 plasmid containing the −588 bp IL-10 promoter region fragments plus either the GFP or GFP-FOXO3-TM-encoding vectors. Twenty-four hours later, cells were infected or not with BCG (MOI ~10) for 6 h before measuring the Luciferase activity in GFP positive alive cells. The data correspond to the mean ± SEM and correspond to a one representative of two independent experiments, each one conducted in triplicates (n = 2, **p < 0.01).
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FIGURE 4. FOXO3 binds to IL-10 promoter, inhibiting its transcriptional activity in BCG-infected cells. In order to determine the contribution of each Forkhead DNA-binding element identified in silico, four mutants of IL-10 promoter were generated as indicated in (A). (B) representation of gene reporter assay performed on the wild type IL-10 promoter and the four mutants (Mut1, Mut2, Mut3, Mut4). RAW 264.7 macrophages were transfected with the indicated constructs. Twenty-four hours later, cells were infected or not with BCG and luciferase activity was measured 6 h later in GFP positive alive cells. The data correspond to the mean ± SEM of three different experiments conducted in triplicates. Asterisks indicate statistical significance (n = 3, ** p < 0.01, *** p < 001). (C) TDMs were infected with BCG for 3 h and treated with Wort for additional 2 h. Next, CHIP assay was conducted to verify FOXO3 recruitment to the site −203 of the IL-10 promoter with either anti-FOXO3 Ab (lane 1 and 2) or anti-IgG isotype Ab (lane 3 and 4). Total input of BCG infected and non-infected cells are shown in lanes 5 and 6.


To confirm our observation, we performed CHIP followed by a PCR using two primers flanking the −203 position, as indicated in materials and methods section. The result revealed a strong interaction between FOXO3 and the amplified region containing the motifs at −203 in non-infected cells, while BCG infection displaced FOXO3, releasing IL-10 transcription (Figure 4C). This data correlates with the observed higher basal activity of IL-10 promoter that bears a mutated site 2 (-203) (Figure 4B). Taken together, we demonstrate that FOXO3 transcription factor binds to IL-10 promoter at position −203 and negatively regulates its expression.



FOXO3 Tunes Phenotypic Maturation of Mycobacteria-Infected Macrophages

During the early phase of M.tb infection, the host generates the pro-inflammatory M1 type macrophages, which are associated with protection against the disease (35). As the infection progresses, the pathogen induces the re-polarization of macrophages toward the immunomodulatory M2 phenotype (36). Such transition is driven by high levels of Th2 cytokines such as IL-10 and correlates with disease severity (37). In order to assess the impact of FOXO3-mediated inhibition of IL-10 expression on macrophage phenotype, we quantified the transcription levels of the two typical M1 surface markers CD80 and CD86 in PPD-treated and non-treated human macrophages, as detailed above (Figure S4). We found a significant decrease of the PPD-induced expression of the two studied markers after FOXO3 silencing in human macrophages, compared to the Sicontrol-transfected ones (Figure 5A). Conversely, pharmacological activation of FOXO3 by MK, in BCG-infected and non-infected BMDMs, resulted in the up-regulation of CD86 expression level along with the ones of MHC class II and class I, two presenting molecules and markers of M1 macrophages (Figure 5B). MK treatment has also significantly decreased the expression levels of the typical marker of M2 macrophages, Arg1 (Figure 5C). These data suggest that FOXO3-mediated inhibition of IL-10 enhances the antigen-presenting activity of macrophages and favors their polarization toward the pro-inflammatory M1 phenotype during TB immune response. We then investigated whether FOXO3 mediated inhibition of IL-10 and the subsequent activation of M1 macrophages exert a protective effect against mycobacterial infection. We examined the intracellular burden of BCG in macrophages treated with MK and found that such treatment decreased the intracellular loads of BCG by ~60% as compared to the untreated cells (Figure 5D), suggesting that FOXO3 activation boost the macrophage defense mechanisms against invading mycobacteria.
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FIGURE 5. FOXO3 tunes phenotypic maturation of mycobacteria-infected macrophages. (A) Human monocytes were transfected either with SiCT or SiFOXO3 for 48 h followed by PPD stimulation and incubation with the autologous lymphocytes for 4 days. Whole cells were then collected and tested for the expression levels of CD80 and CD86 by qRT-PCR. Data are presented as box and whiskers graphs (min to max) from three independent experiments (i.e., MDMs from 3 different donors), each one carried out in triplicate (n = 3, **p < 0.001, ***p < 0.0001). (B) Non-infected or BCG-infected BMDMs were treated or not with MK-2206 (5 μM) for 24 h. The expression levels of the M1 phenotype surface markers CD86, MHC-MHC-II, and MHC-I, in CD11b+ cells, were determined by FACS analysis using specific antibodies. FACS analysis was performed on two independent experiments and each sample was run in triplicates (n = 2, *p < 0.05, **p < 0.001, ***p < 0.0001). (C) J774A.1 were mock or infected with BCG at an MOI = 10 for 3 h, washed then treated or not with the Akt inhibitor MK (5 μM) for 24 h. The transcript levels of M2 marker, Arg1, was assessed by RT-PCR. Data are presented as box and whiskers (min to max) and are from two separate experiments, each one carried out in triplicate (n = 2, *p < 0.05). (D) TDMs were infected with BCG at an MOI = 10 for 3 h. Following incubation, cells were treated with Amikacin (200 μg/ml) for 1 h to remove extracellular bacteria. The infected cells were then washed and treated with MK (5 μM) for 4 days. The antibiotic Isonicotinylhydrazide (INH) was used as positive control. Cells were lysed with sterile PBS containing 0.1% triton X100 and 10-fold serial dilutions of lysates were plated on MB7H11 for CFU Enumeration. The Intracellular colony forming units were determined at the indicated time points. UT-D0, untreated at Day 0; UT-D4, untreated at Day 4. Data are shown as box and whiskers (min to max values) and representative of two separate experiments, each one carried out in quadruplets. Asterisks indicate statistical significance (n = 2, ***p < 0.0001).




Silencing of FOXO3 in Macrophages Modulates Th1 Immune Response Against Mycobacterial Infection

Activated M1 macrophages are considered potent effector cells, which promote Th1 immune responses while M2 macrophages have immunoregulatory functions and participate in polarized Th2 immune responses (38–40). We then assessed the impact of FOXO3-mediated regulation of macrophage phenotype on the T cells adaptive immune response. As shown in Figure 6, we found that co-culture of PPD-treated and SiFOXO3-transfected human monocytes with their autologous lymphocytes, generated significantly less IFN-γ mRNA in comparison to monocytes that were transfected with the control SiRNA (p = 0.0030). Quantification of IFN-γ by ELISA further corroborated this result (Figure 6B, p < 0.001). Similarly, the PPD-induced expression of IL-17 gene was significantly reduced when FOXO3 was silenced in monocytes (Figure 6A, p = 0.022). In concordance with reduced levels of Th1 cytokines, a clear reduction in PPD-induced gene expression levels of the Th1 related transcription factors RORγT (p = 0.0074), Tbet (p = 0.004), and GATA3 (p = 0.031) was also observed when FOXO3 level was reduced in presenting monocytes. Conversely, this transcription signature was associated with a significant increase in IL-4 (p = 0.008) and IL-10 (p = 0.020) gene expression levels and a clear reduction in PPD-induced secretion of TNF-α and IL-6 (Figures 6A,B). Overall, these data suggest that FOXO3 inactivation in macrophages enhances IL-10 expression, leading to a modulated M1/Th1 immune response, while active FOXO3 would enhance such immune response against mycobacterial infection, through the inhibition of IL-10 expression in macrophages (Figure 7).
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FIGURE 6. Silencing of FOXO3 in macrophages modulates Th1 immune response against mycobacterial infection. Human monocytes were transfected either with SiCT or SiFOXO3 for 48 h followed by PPD stimulation and incubation with the autologous lymphocytes for 4 days. (A) Cells were then collected and tested for the expression levels of the indicated genes by qRT-PCR. (B) Supernatants were collected and analyzed by ELISA for IFN-γ, TNF-α, IL-10, and IL-6 secretion. The results are shown in box and whiskers (min to max values) from three independent experiments (i.e., MDMs from 3 different donors), each one carried out in triplicate. Asterisks indicate statistical significance (*p < 0.05, **p < 0.001, ***p < 0.0001).
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FIGURE 7. FOXO3, a signaling hub for a protective immune response against mycobacterial infection. In order to compromise host resistance, M.tb predominantly activates the pro-survival pathway PI3K/Akt to inhibit apoptosis and induce IL-10 through FOXO3 inhibition. Activated Akt will then phosphorylate the pro-apoptotic transcription factor FOXO3 at three residues, Thr32, Ser253, and Ser315, leading to its translocation to the cytosol where it is stored as a complex FOXO3/chaperone protein 14-3-3 and/or degraded by the proteasome. However, PI3K/Akt inhibition leads to activation of FOXO3, which will accumulate inside the nucleus and restrict IL-10 secretion through direct binding to its proximal promoter. Inhibition of IL-10 signaling is necessary to restore the anti-mycobacterial capacity of the host and increase the polarization of macrophage toward a proinflammatory M1 phenotype, which is crucial for the shaping of an effective Th1 adaptive response against M.tb pathogenesis. Activation of FOXO3 would also induce the expression of PUMA and NOXA, the two effectors of macrophage apoptosis. Apoptotic bodies charged with mycobacterial antigens will be ingested by the bystander dendritic cells (DC) to better cross-prime T cells. In conclusion, activated FOXO3 in infected macrophages benefit the protection against TB in many ways. (i) Induces apoptosis of infected-macrophages and disrupts the intracellular replication of M.tb within the host. (ii) Inhibits IL-10 and restore the antimicrobial host responses. (iii) Boost the adaptive immune response to M.tb.





DISCUSSION

Macrophages represent the forefront of innate immune defense against M.tb, which response has major impact on the outcome of infection (41). However, M.tb has adopted remarkable strategies to circumvent host defenses. Amongst the many known evasion mechanisms, M.tb indeed triggers rapid induction of the anti-inflammatory cytokine IL-10. Several studies have demonstrated tight association of IL-10 secretion upon M.tb infection with the recurrence of the disease. Therefore, it is quiet important to understand the molecular mechanisms underlying regulation of IL-10 expression in mycobacteria-infected macrophages. In the present study, we describe the role of FOXO3 transcription factor in the regulation of IL-10 expression in mycobacteria-infected macrophages and the impact of such regulation on adaptive immune response.

Here, we first observed that IL-10 expression is positively regulated by the PI3K/Akt pathway in BCG-infected macrophages. Indeed, inhibition of either PI3K or Akt by Wort or MK, respectively abrogated the BCG-induced IL-10 production. Our findings are in accordance with a previous report showing that the inhibition of Porphyromonas gingivalis—mediated activation of the PI3K/Akt pathway results in an abrogation of IL-10 secretion by human monocytes (25). Further, Méndez-samperio et al., have also demonstrated that the strong BCG-induction of IL-10 expression in epithelial cells is dependent on PI3K/Akt activation (42).

FOXO3 is negatively-regulated target of PI3K/Akt pathway and we have previously reported that it is involved in BCG-induced apoptosis of human macrophages (29). Hence, we hypothesized that FOXO3 transcription factor, might act as the suppressor of IL-10 transcription in BCG-infected macrophages. In support of our hypothesis, we found that MK-mediated inhibition of IL-10 secretion was associated with FOXO3 activation at both transcriptional and protein levels. This data correlates with a previous work showing an association between FOXO3 activation and inhibition of IL-10 transcription in monocytes treated with pharmacological inhibition of Akt1/2 (43). In concordance with this, we observed that knocking-down of FOXO3 expression, using specific siRNA, resulted in a significant increase of BCG-induced transcription and secretion of IL-10. This data is in agreement with a previous study that reported a higher expression of IL-10 by neutrophils, monocytes and macrophages from FOXO3−/− mice infected with Salmonella typhimurium, as compared to non-infected mice (44). Moreover, it was shown that T cells from FOXO3−/− mice express higher levels of IL-10 compared to wild type ones (45). Our data also correlate with a previous study on dendritic cells where FOXO1, analog of FOXO3, was found to inhibit LPS induced IL-10 production (46). Moreover, FOXO1 deletion in dendritic cells resulted in reduced DC activation and affected the adaptive immune response to bacterial challenge (47, 48). However, these studies did not investigate the mechanisms by which FOXO3 regulates IL-10 expression. We have then performed an in silico analysis of IL-10 promoter and identified four forkhead potential binding motifs with a typical FOXO3 binding site at −203 position. We further confirmed the negative regulation of IL-10 by FOXO3 using the reporter gene assay and highlighted the crucial role of the motif at −203 position, which directly binds to FOXO3 protein. Altogether, these data clearly show, for the first time, a negative regulation, by FOXO3, of IL-10 production in mycobacteria-infected macrophages through the direct binding to and interference with IL-10 promoter activity.

During disease progression, M.tb induces the re-polarization of macrophages toward the immunomodulatory M2 phenotype (36) through induction of high level of IL-10, leading to a Th2 immune response, which correlates with the severity of the disease (37). In order to assess the impact of FOXO3-mediated inhibition of IL-10 on macrophage polarization, the expression levels of the two typical M1 surface markers CD80 and CD86 was assessed, during progress of the adaptive immune response against mycobacterial antigens. As expected, we found a significant decrease of the expression levels of the two studied markers in PPD-treated and SiFOXO3-transfected macrophages, compared to the Si-control-transfected ones. Conversely, we observed that pharmacological activation of FOXO3, in BCG-infected and non-infected macrophages, resulted in the up-regulation of CD86 expression along with MHC class II and class I, two additional markers of M1 macrophages. These observations suggest that, by inhibiting the IL-10 expression in mycobacteria-infected macrophages, FOXO3 ameliorates the presenting activity and favors the polarization of host macrophages toward the pro-inflammatory M1 phenotype during TB immune response. In concordance, we observed that FOXO3 silencing in monocytes results in the modulation of Th1 related markers and the induction of a Th2 response, against mycobacterial antigens. The only discrepancy we found was the decrease in GATA3 expression associated to the upregulation of IL-4 after FOXO3 silencing in macrophages. This could be explained by the potential regulation of GATA3 transcription by FOXO3. Indeed, a previous study has proposed the positive regulation of GATA3 by FOXO1 (49), an isoform of FOXO3 with which it shares common targets (50, 51).

Taken together, our data suggest that FOXO3 acts as an inducer of a protective M1/Th1 immune response through the negative regulation of IL-10 expression in infected macrophages. Our data correlate with the previous reported protective role of FOXO3 against Salmonella typhimurium (ST) infection. Indeed, FOXO3 signaling inhibited IL-10 secretion with a concomitant induction of inflammatory immune responses in mice infected with ST, leading to the control of the intracellular bacteria (44). Several studies pointed that M.tb successfully engages activators of IL-10 transcription such as STAT3 and ReIB during infection to abolish the protective response mounted by the host and ensures its survival and persistence (11, 52). Our data suggest that M.tb might inactivate FOXO3 as an additional mechanism to enhance IL-10 secretion in order to establish persistent infection in the host. This is in agreement with previous studies that reported an abrogation of FOXO3 expression in active TB patients, compared to healthy controls (30, 53). It has been also shown that an SNP affecting FOXO3 expression was associated with active TB in a dominant inheritance mode (54). Taken together, our study presents a strong evidence that FOXO3 constitutes a major signaling hub that is manipulated by mycobacterial species and that disruption of FOXO3 signaling might affect the regulation of anti-M.tb directed immune response.

In order to compromise host resistance, M.tb predominantly activates the pro-survival pathway PI3K/Akt to inhibit apoptosis and induce IL-10 through FOXO3 inhibition. Activated Akt will then phosphorylate the pro-apoptotic transcription factor FOXO3 at three residues, Thr32, Ser253, and Ser315, leading to its translocation to the cytosol where it is stored as a complex FOXO3/chaperone protein 14-3-3 and/or degraded by the proteasome. However, PI3K/Akt inhibition leads to activation of FOXO3, which will translocate to the nucleus and restrict

IL-10 secretion through direct binding to its proximal promoter. Inhibition of IL-10 signaling is necessary to restore the anti-mycobacterial capacity of the host and increases the polarization of macrophage toward a proinflammatory M1 phenotype, which is crucial for the shaping of an effective Th1 adaptive response against M.tb pathogenesis. Activation of FOXO3 would also induce macrophage apoptosis. Apoptotic bodies charged with mycobacterial antigens will be then ingested by the bystander dendritic cells (DC) to better cross-prime T cells (Figure 7).

The dual functions of FOXO3 as an inducer of macrophage apoptosis and inhibitor of IL-10 secretion, suggest that this factor can be proposed as a new target for host-directed therapy against Tuberculosis. Several commercially available Akt inhibitors, like the used MK2206, act through FOXO3 activation are in pre- and clinical use to treat cancers (55, 56). Based on the results obtained, we suggest that these FOXO3 activators may be used as adjunct to shorten the duration of therapy against drug-resistant TB. This may lead to enhanced repression of IL-10 secretion and higher apoptosis, thereby generating a stronger immune response and a more rapid clearance of M.tb infection. This hypothesis is in agreement with a previous study where authors reported that AKT1 inhibitors prevented intracellular growth of various bacteria including multi drug resistant strains of M.tb (57). In the other hand, targeting FOXO3 would be also useful to augment the efficacy of BCG. Indeed, activation of FOXO3 during vaccination would inhibit the BCG-induced secretion of IL-10 and enhance apoptosis of infected macrophages, leading to a stronger Th1 protective immune response against M.tb (Figure 7).

Overall, we have identified FOXO3 as a transcription factor that tunes the host inflammatory response during mycobacterial infection through the regulation of IL-10 expression. These findings advance our understanding of protective immunity to M.tb by revealing the importance of FOXO3 transcription factor, which deserves further investigation as it may be used as therapeutic/preventive target against TB.
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Bacterial lung infections are major healthcare challenges killing millions of people worldwide and resulting in a huge economic burden. Both basic and clinical research have elucidated host mechanisms that contribute to the bacterial clearance where an indispensable role of immune cells has been established. However, the role of respiratory epithelial cells in bacterial clearance has garnered limited attention due to their weak inflammatory or phagocytic ability compared to immune cells such as macrophages and neutrophils. These studies often underappreciate the fact that epithelial cells are the most abundant cells in the lung, not only serving as building blocks but also providing immune protection throughout the lung. Epithelial cells function either independently to eradicate the pathogen or communicate with immune cells to orchestrate pathogen clearance. The epithelial cells have multiple mechanisms that include mucus production, antimicrobial peptide production, muco-ciliary clearance, and phagocytosis, all of which contribute to their direct antibacterial function. Secretion of cytokines to recruit immune cells and potentiate their antimicrobial activities is a pathway by which the epithelium contributes to bacterial clearance. Successful pathogens outsmart epithelial resistance and find a way to replicate in sufficient numbers to establish infections in the airway or lung epithelial surfaces. In this mini-review, we discuss evidences that establish important roles for epithelial host defense against invading respiratory bacterial pathogens and demonstrate how pathogens outsmart these epithelial immune mechanisms to successfully establish infection. Finally, we discuss briefly how to boost epithelial immunity to improve outcomes in bacterial lung infections.
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EPITHELIAL IMMUNITY IN THE LUNG

The lung surface area of more than 50 m2 consists of epithelial monolayers which cover the upper and lower airways as well as lung alveoli (1). The large epithelial surfaces are continuously exposed to particles, pollutants, and microbes. It is not surprising that the lung epithelium has a well-developed immunity to fend off these microbes. Different subsets of lung epithelium are equipped with their unique antimicrobial mechanisms (2–4). While nasal epithelium is known to secrete large amounts of antimicrobial peptides (AMPs) and type II pneumocytes secrete surfactant proteins, both of these are host protective mechanisms against bacterial infections. Ciliated airway epithelium mechanically removes invading pathogens with the help of mucus secreted by the secretory epithelium. If the epithelium fails to limit the invading pathogens itself, the epithelium signals to seek the help of resident immune cells such as alveolar macrophages or to recruit immune cells to help eradicate the invading pathogen, which often comes at a cost of tissue injury, including to the epithelium (5, 6). Lung epithelium also contributes to the removal of dead inflammatory cells to ensure restoration of lost lung function post infection. However, pathogens have developed multiple mechanisms to avoid various epithelial resistance mechanisms. Respiratory pathogens discussed here include clinically relevant pathogens such as Pseudomonas aeruginosa (infects patients with chronic lung diseases such as cystic fibrosis and COPD) (7), Streptococcus pneumoniae (affects healthy people and causes post-viral bacterial infections) (8), Staphylococcus aureus (major cause of hospital-acquired pneumonia) (9), and Klebsiella pneumoniae (opportunistic pathogen with high antimicrobial resistant) (10).

Antimicrobial functions of the lung epithelium can be divided into two main categories: direct killing and indirect control of lung infections.


Direct Killing

Killing of the invading pathogen is the most effective strategy to remove the invading pathogen, however the primary aim of the epithelium is to survive the infection (Figure 1). To avoid unnecessary inflammatory damage, which may be unavoidable consequence of the pathogen killing, the host epithelium tolerates commensal microbes or colonizing pathogens, which are present at higher density especially in the upper respiratory tract (11). However, an appropriate level of active epithelial immunity is required to maintain the colonization status of these pathogens. Any impairment in the epithelial immunity can lead to infection from colonizing pathogens, as seen during influenza infection, where nasally colonized Streptococcus invades and establishes a lower respiratory tract infection (12). Multiple mechanisms have been attributed to influenza enhanced susceptibility including a damaged epithelial barrier, increased micronutrition due to cell death and decreased surfactant proteins (13). Other colonizing pathogens such as Staphylococcus aureus show similar infecting mechanisms post influenza, where colonizing pathogens are often associated with the disease. The detailed mechanisms of colonization are discussed in other reviews (14). The epithelium has multiple tools to limit the growth of pathogens or to remove them completely from the host.


[image: Figure 1]
FIGURE 1. Pathogen mechanisms to circumvent direct killing of bacteria by lung epithelial cells. (1) Epithelial cells possess phagocytic ability. (2) Bacteria harbor structures to evade epithelial phagocytosis, such as capsular polysaccharides of Klebsiella pneumoniae. (3) Altered phenotypes in pathogens cause chronic infections e.g., small colony variant of Staphylococcus aureus. (4) Pathogens can live inside the lung epithelium e.g., Bordetella or Legionella. (5) Epithelium releases antimicrobial peptides during lung infections, which bind to the pathogen surface and neutralize the pathogen. (6) During inflammation, a large number of proteins are accumulated in the lung. AMPs interact with other proteins and lose their antimicrobial potency. (7) P. aeruginosa elastase breaks down human LL37 in a dose dependent manner. (8) Pathogen recruited neutrophils contribute to the acidity. SPLUNC loses its function in an acidic environment; also, neutrophil elastases can break down SPLUNC. AMPs, antimicrobial proteins and peptides; SPLUNC, short palate lung and nasal epithelium clone 1.



Phagocytosis

Phagocytosis is the main mechanism of bacterial killing used by professional phagocytes such as macrophages and neutrophils. However, epithelial cells also possess significant phagocytic ability, which is often referred to as “internalization” against a wide range of bacterial pathogens (15, 16). There are major differences in the capacity and mechanisms of phagocytosis among the professional phagocytes and epithelial cells. Professional phagocytes like macrophages actively phagocytose the pathogens by recognizing them using its pattern recognition receptors, where antibody mediated opsonization plays a major role in the process (17). On the other hand, epithelial phagocytosis is relatively low and often initiated by the pathogen. Pathogens use two distinct mechanisms to enter the epithelial cells: “zipper” and “trigger” mechanisms (18). In the “zipper” mechanism, pathogen attachment induces rearrangement of actin cytoskeleton and the resultant internalization. In the “trigger” method, the pathogen secretes soluble factors that cause actin fiber rearrangement to form a phagocytic cup and subsequent internalization of the pathogen. However, the epithelium expresses various pattern recognition receptors that actively recognize the invading pathogen and allow them to respond to the pathogen by releasing cytokines and chemokines. A wide range of TLRs and nod like receptors have been detected on lung epithelium on both the surfaces as well as within the cell (19–21). Although epithelial cells have lower phagocytic activity per cell compared to the professional phagocytes, given the number of epithelial cells in the lung compartment and the surface area covered by these cells, their phagocytic activity provides significant contribution to pathogen clearance.

Phagocytosis allows digestion of the bacterial components within the cell and thus limits inflammatory signaling arising from extracellular bacterial killing. Antibiotic induced bacterial killing has been shown to be highly inflammatory (22). Phagocytic ability of the epithelium also helps maintain the homeostatic lung environment, which is disrupted in the aftermath of an infectious injury by an abundance of dead cells and cellular debris from various cells, including the epithelium. Epithelial phagocytosis of apoptotic cells is dependent on small GTPase Rac-1, which allows the epithelium to secrete anti-inflammatory cytokines upon phagocytosis of cell debris to inhibit inflammatory recruitment and restore homeostasis (23).


How pathogens circumvent phagocytic ability

Epithelial-mediated phagocytosis is dependent on various host and pathogen factors. Pathogens often harbor structures on their surface to evade epithelial phagocytosis as seen in Klebsiella, where the amount of capsular polysaccharide is inversely related to epithelial internalization. As expected, bacterial strains lacking capsular polysaccharides are effectively cleared by the lung epithelium (24). Pseudomonas forms multicellular complexes known as biofilms, which are enormous in size, to prevent phagocytosis (25, 26). Avoiding epithelial phagocytosis may even provide Pseudomonas an advantage by dysregulating the inflammatory response and causing systemic sepsis that is detrimental to the host but supports bacterial growth (27). Some pathogens have developed ways to reside within the epithelium, such as Bordetella which uses host tubulin activity to enter the epithelial cells. This entry provides protection not only against antibiotic treatment but also against host antimicrobial peptides (28). Pathogens also avoid fusion with acidic lysosomes, which are filled with enzymes that can lyse the bacterial cell wall by manipulating cellular trafficking. Similarly, highly pathogenic strains of Legionella reside and replicate in the lung epithelium in addition to replicating within macrophages, which are normal targets of Legionella (29). Pathogens also alter their phenotype to adjust themselves within the epithelium to cause chronic infections. A small colony variant of Staphylococcus aureus often persists intracellularly including in the epithelium due to its ability to exert minimal inflammatory response compared to wild type strains (30). These examples demonstrate a wide array of pathogen mechanisms to outsmart epithelial phagocytosis, which contributes to the disease pathogenesis.




Antimicrobial Proteins and Peptides (AMPs)

The lung epithelium is a primary source of many AMPs released during lung infection. AMPs are charged peptides that can bind to the pathogen surface and kill them. These AMPs are separate from complement pathways, which primarily “tag” the pathogen to be identified by professional phagocytes, although some evidences of direct killing of pathogens by complements has been reported (31).

Defensins are a group of AMPs, of which β-defensins are almost exclusively secreted by the lung epithelium (32). Inflammatory cytokines produced during infection can lead to the release of AMPs (33, 34). The role of AMPs has been well established whereby they kill a wide range of pathogens including E. coli, Pseudomonas and Haemophilus influenzae in a salt dependent manner (34, 35). These antibacterial effects are confirmed in a mouse model of H. influenzae, where β-defensin deficiency impaired bacterial clearance (36). Over-expression of β-defensin 2 in a porcine model has been shown to increase the clearance of Actinobacillus pleuropneumoniae (37).

Cathelicidins, another important epithelial AMPs, are cleaved into their mature form LL37. Unlike β-defensins, only a single cathelicidin peptide has been found in the lungs of various species, including humans. The positively charged LL37 is secreted by lung epithelial cells (38) and has bactericidal activity against a variety of lung pathogens such as P. aeruginosa and S. aureus (39, 40). Besides direct antibacterial activity, LL37 also promotes bacterial phagocytosis in macrophages (41), indicating AMPs serve as important communicators between the epithelial and immune cells.

More recently, short palate lung and nasal epithelium clone 1 (SPLUNC) has been identified as an important AMP expressed in the upper airways and has a binding affinity for lipopolysaccharides (LPS) (42). SPLUNC has been shown to protect mice from infection with respiratory pathogens such as P. aeruginosa and Mycoplasma (43, 44). Furthermore, this study demonstrated that there might be a positive feedback mechanism between various AMPs since deficiency of SPLUNC1 led to decreased expression in LL37.


How pathogens evade AMP mediated death

Successful pathogens often develop strategies to overcome AMP-mediated host defense. These strategies include cleavage of AMPs by secreted proteases such as aureolysin and V8 protease from S. aureus (45). P. aeruginosa elastase can effectively break down LL37 (46) and SPLUNC (47). Given the wide substrate range, it is very likely that various AMPs are susceptible to host neutrophil elastase mediated cleavage and subsequent loss of antibacterial activity, as neutrophil elastase levels are significantly increased during bacterial infections (48).

During inflammation, a large number of host and pathogen proteins/products are accumulated in the lung airspace. Given the charged nature of AMPs, they easily interact with other charged molecules and lose their antimicrobial potency (49). Pathogens also modulate the lung environment to decrease the toxicity of AMPs. For example, the antimicrobial properties of SPLUNC are lost in the airways in cystic fibrosis due to its acidic environment. Pathogens can directly create an acidic environment by changing their metabolic activity or by recruiting metabolically active immune cells such as neutrophils (50).

Pathogens also shed components that actively bind to AMPs and prevent their binding to the bacterial surface to avoid AMP mediated toxicity. LPS, a part of the bacterial outer membrane in gram negative pathogens, are shed during infection. β-defensin binds to LPS and blocks its signaling. At the same time, LPS effectively block the antimicrobial activity of AMPs by direct binding (51). The capsule polysaccharide from K. pneumoniae has been shown to act as a bacterial decoy for AMPs secreted by the host to abrogate antimicrobial capacity (52).




Indirect Control of Lung Infections

Despite having well-developed mechanisms to prevent bacterial invasion, the epithelium often fails to completely eradicate the pathogens. In these situations, the epithelium often collaborates with other cells to ensure proper removal of invading pathogens. In cases where removing the pathogen completely seems impossible, the epithelium ensures that the infection remains localized and does not spread systemically. To perform these indirect functions, the epithelium communicates with other cells either by direct contact or by releasing soluble factors like cytokines and chemokines. Mechanisms of indirect pathogens control include the following: (see Figure 2).


[image: Figure 2]
FIGURE 2. Pathogen tactics to avoid indirect killing during lung infections. (1) Lung epithelium secrete cytokines and chemokines to recruit immune cells in the lung. (2) Klebsiella inhibits the activation of NFkB and MAPK pathway by promoting the expression of ubiquitinating enzyme CYLD in lung epithelial cells. (3) Gram positive pathogens break down host hyaluronan. (4) Streptococcus cleaves and inactivates IL-8. (5) Chlamydia targets TRAF3 in the epithelial cells. (6) Pseudomonas aeruginosa inhibits ciliary beat function. (7) Macrophages and dendritic cells carry TB from the lung to secondary lymphoid organs. (8) Pathogens induce damage to lung cells or to the extracellular matrix. IL-8, interleukin-8; NFkB, nuclear factor kappa B; MAPK, mitogen activated protein kinase; TRAF3, TNF receptor-associated factor 3.



Recruitment of Immune Cells

If the lung epithelium fails to control the growth of invading pathogens, it recruits immune cells to participate in the bacterial removal process. To sense pathogen, pattern recognition receptors are expressed on both apical and basolateral surfaces of the epithelium (20). Upon recognition of the pathogens, these cells secrete cytokines and chemokines to increase the expression of complementary adhesion molecules on the vascular endothelium and immune cells. The epithelium itself also expresses adhesion molecules such as ICAM-1 and VCAM1 (53) to facilitate the recruitment of immune cells in the lung. Epithelial-macrophage interactions can further amplify the secretion of cytokines to mount a robust inflammatory response; for example, epithelial release of CXCL8 can be enhanced by incubation with macrophages or macrophage supernatants (54). Upon recruitment, immune cells eliminate the pathogens by phagocytosis or extracellular killing by neutrophils and macrophage extracellular traps (55–57). Immune cells are highly effective in pathogen clearance but may cause lung injury by proteolytic enzymes contained within the immune cells. Upon pathogen clearance, the epithelium also contributes to clearance of the infiltrated immune cells. Conventionally, macrophages have been credited to clear the dead cells present in the lung post inflammatory response; however, recent studies have also implicated important roles of the lung epithelium in clearing the dead cells and cellular debris from the lung and preventing persistent inflammation (58). Blocking epithelial phagocytosis by inducible mutation of small GTPase Rac1 leads to persistent lung inflammation (23).



How pathogens blunt inflammatory responses

As inflammation is essential for effective clearance of invading bacterial pathogens, the pathogens can evade this inflammation by either suppressing the inflammatory response or by causing excessive inflammatory response. K. pneumoniae lung infections often induce very limited early inflammatory response, and it successfully disseminates across organs before inducing a robust inflammatory response (59). Klebsiella inhibits the activation of NFkB and MAPK pathway by promoting the expression of ubiquitinating enzyme CYLD in lung epithelial cells (60). Streptococcus secretes hyaluronidases that break down host hyaluronan into small components that inhibit not only inflammatory host hyaluronan fragments but also other TLR ligands such as LPS (61). Epithelial cells can recognize the pathogens and secrete IL-8, which is a potent chemokine in the lungs (62). Streptococcus species that cause aggressive disseminating disease have developed mechanisms by which they can cleave and inactivate IL-8 to blunt the inflammatory response through cell envelope proteinase (63). Chlamydia pneumoniae manipulates epithelial immunity by targeting TRAF3 in the epithelial cells and thus impairing TRAF3 mediated immunity (64). In contrast, some pathogens can use the presence of inflammatory cytokines as growth factors and survive excessive inflammation (65).




Prevent Bacterial Dissemination

The lung epithelium is a continuous barrier between the environment and circulation. This barrier ensures that pathogens in the lung do not achieve access to the circulation. Pathogens often strive to reach the blood circulation, likely due to the high amount of nutrients present in the blood. It is well documented that systemic spread of lung infection results in higher mortality compared to localized lung infection (66, 67).

The tight junctions between the lung epithelium are maintained by various junction proteins such as occludin family members and ZO-1 (68). Various enhancements in the lung epithelium increases the effectiveness of the barrier. These include muco-ciliary clearance in the upper airways (69) and surfactant proteins secreted by type II pneumocytes, which can promote bacterial killing including Klebsiella (70). Together these physical and biochemical structures ensure that lung infections do not extend outside the lung compartment.


How pathogens circumvent the epithelial immunity to disseminate

Ciliary beat function serves as one of the first physical defenses to prevent the pathogen from reaching the lung and subsequently causing systemic infection. It has been shown that virulence factors from P. aeruginosa can significantly inhibit ciliary beat, possibly allowing the bacteria to stick to the lung epithelium (71). Despite maintaining the uniform monolayer with sealed tight junctions, the epithelium provides regulated passage to immune cells such as those recruited during infections. This passage is provided by expression of complementary adhesion molecules on both immune and epithelial cells (72). Pathogens often take advantage of this host mechanism to spread by hiding within the immune cells. Antigen presenting cells such as macrophages and dendritic cells are well known to sense the pathogen and leave the lung compartment to present the antigen to lymphoid organs. However, recent evidence suggests that neutrophils also leave the lung and return to the bone marrow through the circulation once the inflammation is resolved (73). Macrophages and dendritic cells are believed to carry Mycobacteria tuberculosis from the lung to secondary lymphoid organs such as spleen (74). Other mechanisms of bacterial dissemination across the lung epithelium such as “ejectosomes” observed in amoeba have not yet been described in mammals (75). Pathogens also use TLR pathways to downregulate expression of tight junction protein claudins 7 and 10, which are essential to maintain intercellular junctions (76). Inhibition of claudins allows the pathogen to escape the lung by increasing epithelial permeability and causing systemic disease.

Various pathogens also induce damage to the lung structure by either directly killing epithelial cells or by digesting the extracellular matrix. These effects can be directly caused by pathogens or by pathogen induced host responses (77). P. aeruginosa has been shown to inject Exos, a potent toxin, using its type III secretion system to induce localized epithelial cell death to facilitate bacterial dissemination (78). Pore forming toxins secreted by a wide range of pathogens have also been shown to cause necroptotic cell death in the lung epithelium (79). Damage to the lung epithelium by other exposures such as hyperoxia or exposure to environmental particles increases the bacterial dissemination for P. aeruginosa (80). M. tuberculosis can directly cause epithelial death by secreting virulence factors such as ESAT6, leading to its dissemination (81).






BOOSTING EPITHELIAL IMMUNITY

Antibiotics remain the current first line therapy for bacterial infections, but their efficacy is being challenged with current rising of antimicrobial resistance (82). Given the urgency, it is essential to develop alternatives to treat lung infections. As the epithelium provides important host defense, it is logical to boost their function to improve outcomes during infections. Boosting the epithelial host defense can provide an important immunomodulatory strategy, especially in patients who have either a limited number of immune cells (genetic or acquired immunodeficiency, chemotherapy), a defect in immunity derived particularly from defects in the lung epithelium (such as CF), a recipient of lung transplant (where immunosuppression is required to prevent lung rejection) or those with extremes of the age. Boosting epithelial immunity can not only prevent the collateral damage that can be caused by recruited immune cells but also circumvent the need to remove the immune cells from tissue once the invading bacteria is cleared.

A large number of mouse studies have demonstrated the usefulness of promoting epithelial resistance to help the host clear the invading pathogens. These strategies involve stimulation with TLR ligands. These include single reagents such as flagellin (for TLR5) (83), poly I:C (84), aminoalkyl glucosaminide phosphate (synthetic TLR4 ligand) (85), CpG ODN (TLR 9 ligand) (86) or a combination of two or more ligands such as Pam2CSK4 + ODNM62 (87). Possible mechanisms of this trained immunity include early recruitment of immune cells (88) and promoting epithelial resistance by epigenetic changes (89) or promoting reactive oxygen species production (90).

Although these strategies have been highly successful in the mouse models, their use in susceptible human populations still needs to be confirmed. Major challenges in their success remain to be their tolerability in subjects and their provision of sufficient protection in the lungs against these infections.

In summary, the epithelium provides an array of host defense mechanisms to prevent and control bacterial lung infections. However, pathogens often circumvent these mechanisms to establish successful infections. Our aim should be to improve the epithelial host defense to boost host immunity and improve survival in lung infections.
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Pf bacteriophage are temperate phages that infect the bacterium Pseudomonas aeruginosa, a major cause of chronic lung infections in cystic fibrosis (CF) and other settings. Pf and other temperate phages have evolved complex, mutualistic relationships with their bacterial hosts that impact both bacterial phenotypes and chronic infection. We and others have reported that Pf phages are a virulence factor that promote the pathogenesis of P. aeruginosa infections in animal models and are associated with worse skin and lung infections in humans. Here we review the biology of Pf phage and what is known about its contributions to pathogenesis and clinical disease. First, we review the structure, genetics, and epidemiology of Pf phage. Next, we address the diverse and surprising ways that Pf phages contribute to P. aeruginosa phenotypes including effects on biofilm formation, antibiotic resistance, and motility. Then, we cover data indicating that Pf phages suppress mammalian immunity at sites of bacterial infection. Finally, we discuss recent literature implicating Pf in chronic P. aeruginosa infections in CF and other settings. Together, these reports suggest that Pf bacteriophage have direct effects on P. aeruginosa infections and that temperate phages are an exciting frontier in microbiology, immunology, and human health.
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INTRODUCTION

Pseud omonas aeruginosa (Pa) is a major human pathogen associated with chronic infections in wounds, burns, and nosocomial settings (1–5). Pa is responsible for extensive mortality and billions of dollars in health care costs (6–8). In recognition of this, Pa was recently listed as a critical priority pathogen by the World health Organization (WHO) (9).

Pa infections are highly problematic in cystic fibrosis (CF), an inherited disease associated with defective ion transport and the accumulation of thick, tenacious airway secretions. Individuals with CF are prone to chronic pulmonary infections that over time lead to poor lung function and increased mortality (10, 11).

Pa is particularly pathogenic in CF because of its ability to form robust biofilms (12–18). These are slimy conglomerates of polymers and microbial communities that allow Pa to colonize airways and other surfaces (19). Pa biofilms are especially tenacious and, once established, very difficult to clear.

Many antibiotics have limited penetration through biofilms (20, 21). Hence, bacteria encased within biofilms are able to tolerate antibiotic concentrations hundreds or thousands of times higher than planktonic bacteria (12, 22–24). Over time, this favors the emergence of antibiotic resistant bacteria (19, 25) and the predominance of multi-drug resistant (MDR) strains (15, 20, 26, 27). Individuals with CF are often infected with Pa strains that are resistant to whole classes of anti-pseudomonal antibiotics (28–30), including all oral antibiotic options (15, 31). Pa biofilms are also often composed of a heterogeneous bacterial population that includes individuals that are less susceptible to antibiotics, such as metabolically dormant persister cells (32).

Pa biofilms also contribute to immune evasion by defying phagocytic engulfment (33–38). Robust biofilm formation by Pa contributes to physical impedance of phagocytosis (39, 40) and biofilm polymers also have properties that contribute to immune evasion, including antagonism of complement-mediated opsonization [(35, 37, 41)]. Pa also resists efficient bacterial clearance by neutrophil extracellular traps (NETs) (42–44). These are networks of DNA and other polymers released from lysed neutrophils that entrap and destroy bacteria (45, 46). The ability to resist NET-mediated killing (NETosis) is highly strain dependent (42, 43). In the CF airway, ongoing robust immune activation and impaired bacterial clearance perpetuate a vicious cycle of inflammation (47–52).

In light of these effects on antibiotic tolerance and immune evasion, there is great interest in identifying novel biomarkers, virulence factors, and therapeutic targets associated with Pa biofilm infections.

Pf bacteriophages, filamentous Inoviruses produced by Pa (53, 54), have emerged as a new front in the fight against Pa biofilm infections. Here, we review the diverse and surprising ways that Pf phages contribute to the pathogenesis of chronic Pa infections in CF and other settings. First, we review the structure, genetics, and epidemiology of Pf phage. Next, we address how Pf phages contribute to Pa phenotypes including effects on biofilm formation, antibiotic resistance, and motility. Then, we examine data indicating that Pf modulates mammalian immunity at sites of bacterial infection. Finally, we discuss recent literature implicating Pf in chronic Pa infections in CF and other settings. The goal of this work is to provide a comprehensive and integrated resource for those interested in Pf biology and in phage contributions to bacterial pathogenesis.



Pa AND Pf BACTERIOPHAGES

Pf phages are Inoviruses, a genus of temperate, non-enveloped filamentous viruses. Inoviruses are broadly distributed across all biomes and infect both Gram-positive and Gram-negative bacterial species, and even some Archaea (54). While all lytic phage obligately lyse their bacterial hosts during propagation and most other lysogenic phage typically lyse their bacterial host at some point during their lifecycle, Inoviruses are unique in their ability to establish chronic infection cycles where virions are continuously extruded from the bacterial cell envelope without lysis (55).

Inoviruses like Pf are among the better characterized bacteriophages due to their extensive use in research and industry. Inoviruses are amenable to genetic manipulation and some species, such as M13 (Escherichia coli) are widely used in biotechnological applications, such as phage display (56) and as drug carriers (57). Pf phages are also a model system for studying the molecular mechanisms of nucleoprotein assembly and membrane transport (58–68).

In this section, we discuss Pf phage structure, genetics, and lifecycle. We then address the prevalence and diversity of Pf phages amongst Pa clinical isolates.


Pf Virion Structure

Pf virions are ~6–7 nm in diameter and vary in length from ~0.8–2 μm, depending on the strain and genome size in question. Like all Inoviruses, Pf virions are composed of thousands of copies of a single major coat protein (p8, CoaB in Pf) with minor coat proteins at either end involved in phage assembly and host recognition (Figure 1) (70–72). Structurally, Inoviruses can be subdivided into two classes based on helical symmetry. Class I Inoviruses are highly symmetrical and include species, such as Fd and M13, which infect Escherichia coli. Class II Inoviruses have a twisted, helical symmetry and include Pf phages (73).


[image: Figure 1]
FIGURE 1. Structure of the Pf1 virion. (A) Ribbon diagram with Van der Waals surface representation of a portion of the assembled Pf1 virion (PDBID: 1PFI) showing the helical arrangement of CoaB subunits around the P-form ssDNA viral genome. Subunit surface opacity is decreased along the length of the capsid to highlight the alpha-helical secondary structure of CoaB and the unique conformation of the DNA. Amino acids are colored according to charge, with positively-charged residues in blue, negatively-charged residues in red, and neutral residues in gray. (B) Space-filling model of a single CoaB subunit bound to a stretch of cytosines. Arg44 and Lys45 are situated on either side of the DNA backbone and act to stabilize it through electrostatic interactions. (C) Cross-sectional view of five CoaB subunits situated around the packaged viral genome. Amino acids are colored by charge as in (B). Image adapted from reference (69).


Pf phages package a single-stranded circular DNA genome. While most viruses package their genetic material into the smallest conformation possible, Inoviruses like Pf package their genome in the most extended conformation possible. The orientation of the packaged ssDNA Pf phage genome is also unusual; the genome is packaged in a P DNA confirmation where the DNA bases are inverted and pointing outwards with the C-terminus of CoaB capsid proteins reaching through the bases to stabilize the backbones of the anti-parallel DNA strands (Figure 1) (74).

Pf virions are relatively stiff filaments with a long persistence length and an overall negative charge density comparable to dsDNA (75). At sufficiently high concentrations, Pf phages, like other filamentous viruses, spontaneously align and assemble liquid crystalline structures (76). The uniform length, diameter, and charge density has made Pf and other Inoviruses a popular model system to study the soft matter physics of colloidal liquid crystals (77) and an effective tool to measure dipolar couplings in NMR structure determinations (78, 79). We discuss how the ability of Pf phages to assemble liquid crystalline structures in biofilms and airway secretions impacts Pa infection pathogenesis in a subsequent section below.



Pf Genome Structure

Pf phages have a conserved core genome structure encoding genes necessary for DNA replication, virion assembly, and morphogenesis. This is typically present in Pa as a prophage integrated into the bacterial chromosome (80). For this review, we refer to Pf gene names and numbers that correspond to the Pf4 prophage integrated into the chromosome of the reference strain Pa PAO1 (PA0715–PA0729) (Figure 2).


[image: Figure 2]
FIGURE 2. Regulation of Pf replication decisions. The Pf4 prophage from P. aeruginosa strain PAO1 is shown. Colored genes correspond to the core Pf genome while gray genes are accessory genes that are variable from strain to strain (see Figure 4 for more details). Pf4r (i.e., the c repressor) maintains lysogeny by repressing the excisionase xisF4. XisF4 promotes transcription of an operon encoding both the replication initiation protein PA0727 and integrase IntF. The transcriptional regulator OxyR suppresses pf4r while the global histone-nucleosome-like transcriptional regulators MvaT and MvaU suppress xisF4. Figure 3 details events in the Pf lifecycle, such as genome replication and assembly of new virions.


Characterized Pf genes in the core genome include xisF4 (excisionase), c repressor gene (pf4r), PA0720 (single-stranded DNA binding protein), PA0723 (coaB, major coat protein), PA0724 (coaA, minor coat protein), PA0726 (morphogenesis protein), PA0727 (replication initiation protein), and PA0728 (intF, integrase). The functions of these genes are discussed in more detail below. The function of other genes in the Pf core genome remain to be characterized.

Accessory genes flank the core Pf genome (Figure 2) and are known as morons (they add more genes on) (81). While the functions of Pf phage morons are not well-characterized, other phage morons have been shown to reduce virulence factor production and inhibit Pa motility (82). Due to the presence of these accessory genes, the overall size of the Pf genome is variable amongst different Pf strains, ranging from ~7–12 kb.



The Pf Life Cycle

The events around initial infection of bacteria with Inoviruses has been reasonably well-characterized. Pf virions initiate infection by adsorbing to the tip of type IV pili, an extracellular appendage that mediates twitching motility in Pa (Figure 3) (83). Adsorption is mediated by the minor coat protein CoaA (PA0724), which is located on the end of the virion. The adsorbed virion is then drawn into the periplasm as the pili retracts where the phage coat protein CoaA contacts the secondary receptor TolA (72). TolA is part of the highly conserved Tol-Pal system that controls membrane integrity and invagination during cell division and is constitutively expressed and readily available for Pf phages to leverage to infect the host cell. CoaB capsid proteins are then drawn off the phage ssDNA genome and retained in the inner membrane while the ssDNA Pf genome is deposited into the cytoplasm. The ssDNA genome is then converted into a circular dsDNA replicative form (RF) by host enzymes and the RF serves as a template for transcription of phage genes.


[image: Figure 3]
FIGURE 3. The Pf life cycle. Pf infection is initiated when the minor coat protein p3 (PA0724) binds to type IV pili. Pilus retraction draws the phage into the periplasm where p3 binds the secondary receptor TolA. As the phage moves through the inner membrane, the major coat protein CoaB is removed and deposited in the inner membrane. The ssDNA genome is converted into a dsDNA replicative form (RF) and is either integrated into the host chromosome (lysogeny) or used to initiate a chronic infection. The phage initiator protein (IP, PA0727) and host enzymes (DNA polymerase III and UvrD) create additional copies of RF and the ssDNA infective form (IF) via rolling-circle replication. Newly-produced ssDNA molecules are then coated with protein p5 (PA0720) and targeted to the inner membrane where CoaB, which has been inserted into the inner membrane by the hist Sec/YidC machinery, replaces p5 as the virus is extruded through the cell envelope.


At this point, the phage must decide whether it will initiate a chronic infection and produce progeny virions or initiate a lysogenic lifecycle and integrate into the bacterial chromosome as a prophage (80). If conditions favor Pf entering a lysogenic lifecycle after infecting a naïve bacterial host, the RF can be integrated into the bacterial chromosome as a prophage by the Pf-encoded site-specific tyrosine recombinase IntF (84).

Recent work has shed light on the molecular details for how Pf phages maintain lysogeny or initiate a chronic infection cycle. Like other phages, Pf phages respond to host stress. For example, Pf5 replication is strongly induced when the substrate binding protein DppA1 (involved in peptide utilization) is inactivated (85). Although the mechanism is not known, it is thought that Pf5 senses nutrient limitation of its host through DppA1 and in response, initiates the chronic infection cycle. Given the importance of Pf phages for Pa biofilm formation and pathogenesis discussed below, the further characterization of factors that drive production of Pf phages is likely to be an area of active research.

Pf phages, like several other phages, also respond to oxidative stress. When Pa is exposed to H2O2, cysteine residues in the OxyR transcriptional regulator are oxidized (86). Oxidized OxyR then binds to the Pf4 prophage between PA0716 and PA0719 (86). The binding of OxyR to this site likely suppresses the c repressor gene pf4r, which maintains lysogeny and confers immunity to superinfection by exogenous Pf virions. Pf4r promotes lysogeny and superinfection exclusion by repressing transcription of the Pf excisionase gene xisF4 (84) (Figure 2).

When pf4r is suppressed, as it is by OxyR, or when sufficiently high titers of infecting Pf virions overwhelm Pf4r, as may happen during superinfection, XisF4 is free to promote the transcription of the operon encoding the replication initiator protein (PA0727) and IntF (84). The initiator protein binds to RF DNA at the origin of replication, recruits the host helicase UvrD and DNA polymerase III, and initiates rolling circle replication (87). Rolling circle replication not only produces new copies of the dsDNA RF, but also new ssDNA Pf genomes. The newly synthesized ssDNA genomes are quickly coated by numerous copies of the single stranded-binding protein PA0720, stabilizing and protecting the ssDNA species until it can be packaged into a new virion.

While the RF and ssDNA pools expand in the bacterial cytoplasm, structural Pf proteins, such as CoaB are produced. CoaB is translated with an N-terminal leader peptide that targets the CoaB preprotein to the inner membrane. After CoaB is inserted in the inner membrane in the correct orientation, it is processed into its mature form by host Sec/YidC enzymes (88). CoaB monomers interact with membrane-associated morphogenesis machinery (which likely includes the morphogenesis protein PA0726) to package the ssDNA Pf genome. As CoaB is incorporated into the growing virion, PA0720 is displaced and the nascent phage particle is extruded through the cell envelope (Figure 3).



Superinfection of Pa by Pf Phages

Once extruded from the host cell, Pf virions likely encounter a host that is already lysogenized by a Pf prophage. This is especially true when bacterial densities are high, as they are in biofilms. Superinfection occurs when exogenous Pf virions successfully infect a bacterial cell already lysogenized by Pf. Even though Pf (and other Inoviruses) can replicate without lysing their bacterial host, Pf superinfection can result in bacterial lysis. At present it is unclear how Pf superinfection causes bacterial lysis. It is possible that during superinfection more Pf virions are produced than an individual host cell can handle. For example, CoaB monomers or other Pf proteins could accumulate in the inner membrane to sufficiently high levels such that the cytoplasmic membrane is destabilized.

Superinfection by Pf phages plays important roles in Pa biofilm development. Evaluation of the within-population genetic diversity of Pa PAO1 during biofilm formation revealed that the Pf4 population diversified at an evolutionary rate comparable to RNA viruses, far faster than the rest of the genome (89). In conjunction with the diversification of the Pf4 population, titers of superinfective Pf4 virions as high as 1011 plaque forming units per milliliter of biofilm effluent were observed. Interestingly, all mutations in Pf4 were within or upstream of the c repressor gene pf4r, suggesting that superinfective Pf phages lose the ability to self-regulate their replication. Lastly, the study by McElroy et al. also found that mutations in type IV pili genes also accumulated in Pa biofilm populations, most likely in response to selective pressures exerted by the expansion of the Pf phage population (89).

Pa can suppress Pf phage through the histone-like nucleoid-structuring (H-NS) proteins MvaT and MvaU (83). MvaT and MvaU are global regulators of gene expression and coordinately suppress AT-rich elements in the Pa genome (90). The Pa genome is G-C-rich (~66% GC content) and MvaT and MvaU offer a mechanism for Pa to incorporate xenogenic DNA (such as phages and other horizontally acquired genetic material with a relatively high AT-content) into its genome in a regulated way. Because MvaT and MvaU regulate the same target genes, Pa can tolerate the loss of either mvaT or mvaU; however, inactivation of both mvaT and mvaU is lethal to Pa (90). A transposon mutagenesis study discovered that the conditional depletion of MvaT in a ΔmvaU background induced Pf4 replication that resulted in the death of Pa (83). That study also demonstrated that Pf4 uses type IV pili as a cell surface receptor to initiate infection. Interestingly, when type IV pili were inactivated by deleting the pilY gene, depletion of MvaT in a ΔmvaU background was tolerated, even though the Pf4 prophage was induced and infectious Pf4 virions were produced (83). This observation indicates that superinfection was required to cause cell death.

These observations are consistent with a model where within Pa biofilms, populations of Pf phages with inactivated c repressor genes expand and Pf virions are produced in abundance. These virions could then superinfect Pa at a sufficiently high multiplicity of infection to overwhelm the superinfection exclusion mechanism mediated by Pf4r proteins produced by the resident Pf prophage. Under these conditions, individuals with type IV pili mutations would be selected for as they would be resistant to Pf superinfection.



Pf Diversity and Prevalence Amongst Pa Isolates

Routine whole genome sequencing of Pa isolates has revealed that Pf prophages are prevalent amongst Pa isolates. In one study, out of 241 Pa strains, ~60% were lysogenized by Pf (80). Of 2,226 genomes available through the Pseudomonas Genome Database (91), 52% encoded a Pf prophage (92). A phylogenetic analysis of Pf prophage sequences revealed that most known Pf prophages encode their own integrase intF (Figure 4). However, Pf1, the first Pf strain isolated in 1966 (95), does not encode an intact integrase and replicates episomally (it cannot enter a lysogenic lifecycle). Strains of Pf that do not integrate into the bacterial chromosome would not be detected by whole genome sequencing. Therefore, the prevalence of Pf phages amongst Pa isolates is likely underestimated.
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FIGURE 4. Phylogenic analysis of Pf prophages. (A) Forty representative full-length Pf prophage instances were manually collected from the Pseudomonas Genome Database (91). Two DNA sequences encoding Protein III (PA0724) from Inovirus strains M13 and CUS-1 (E. coli) were added to serve as an outgroup for phylogenetic rooting. A multiple sequence alignment of these viral sequences was produced using MAFFT (93) (v7.215, default parameters), then manually trimmed to include only the well-aligned region containing Pf phage core proteins. A maximum-likelihood estimate of the strain phylogeny was produced with FastTree (94) (v2.1.3, default parameters), and visualized with FigTree (v1.4.4). (B) Representative full-length Pf prophage sequences were manually collected from the Pseudomonas Genome Database. Strain Pf4 was used as a reference; open reading frames identified in other Pf strains were color-coded based on genome location relative to Pf4. Gray genes indicate variable moron sequences (see text) outside of the core Pf genome.


Many Pf prophages integrate into bacterial tRNA genes, as is true with other temperate phages (96). For example, the Pf4 prophage infecting Pa strain PAO1 integrates into the tRNA-Gly gene PA0729.1. It is worth noting that the subline strain MPAO1 harbors both Pf4 and a second similar Pf prophage designated Pf6 integrated into the tRNA-Met gene PA4673.1 (97). Another example is Pf7, which is integrated into the tRNA-Met gene PSPA7_5361 in Pa strain PA7. Some Pf strains, however, integrate into other genomic locations. Strain Pf5, which infects Pa strain PA14, integrates between the C32 tRNA thiolase (PA14_48870) and dnaJ (PA14_49040). Other Pf prophages integrate into a homologous site in other strains of Pa including Pf-LES, which infects Pa epidemic strain LES58 (80) and an unclassified Pf strain infecting Pa strain 19660 (91).

We have observed that several strains of Pa are infected by multiple Pf prophages. This is in contrast to many species of phages (e.g., lambda) where, due to superinfection exclusion mechanisms, a preexisting phage prevents secondary infections by the same or closely related phage. As noted above, MPAO1 harbors both Pf4 and Pf6. Other strains, such as Pa B10W harbors three Pf prophages. Two of the three Pf prophages integrated into the B10W chromosome are genetically distinct from each other (Figure 4) indicating that the Pf prophages of BW10 were obtained from distinct infections by different strains of Pf phages along with potential duplications of the same Pf prophage. Given the roles Pf phages play in biofilm formation and infection pathogenesis (see below), it would be interesting to compare the fitness of Pa strains lysogenized by a single Pf prophage compared to strains lysogenized with several Pf phages.




Pf EFFECTS ON Pa PHENOTYPES AND FITNESS

Infection of the CF airway with Pa starts with planktonic (free living), variants often originating from the environment. Over time, as bacteria adapt to the CF airway, they environment, they form a biofilm (98). In this section we address the contribution of Pf phages to Pa biofilm formation and to other phenotypes involved in Pa pathogenicity.


Pf Phages and Small Colony Variant (SCV) Morphology

In Pa PAO1 biofilms, bacterial cells shed from the biofilm display a small colony variant (SCV) morphology after they are grown on solid agar (99–101). The production of SCVs is correlated with the emergence of superinfective Pf4 phage. SCVs revert back to a “fuzzy” wild-type colony morphology after subculture in Pf phage-free lysogeny broth (101), indicating that the SCV morphology is a phenotypic response to Pf superinfection and not due to heritable mutations. Because Pf superinfection both suppresses type IV pili-mediated twitching motility and induces a severe growth lag in Pa, it is possible that the SCV morphology associated with chronic Pf infection is a result of reduced growth coupled to inhibited twitching motility. The emergence of SCVs from Pa biofilms appears to be variable amongst Pa strains—Pa PA14 biofilms do not shed cells that form SCVs even though Pf5 virions were present at high densities in PA14 biofilms (102). The underlying mechanism for this discrepancy is unknown, but it may relate to the different integration sites of Pf4 and Pf5 and/or the different moron genes encoded by Pf4 and Pf5 (Figure 4B).



Pf Phages and Pa Biofilm Formation

Upregulation of Pf phage genes are a common feature of Pa biofilms, as found in a metanalysis of transcriptional data from Pa biofilms grown under various laboratory settings (103). In addition to gene expression data, Pa biofilms grown under different conditions (dripflow, chemostat, colony biofilms, etc.), are all associated with the production of abundant superinfective Pf phages at titers as high as 1011 PFU/ml (89, 99, 100, 104). Furthermore, semiviscous (105) and anaerobic conditions (106) that mimic environments in biofilms and in late-stage CF-airways were found to induce Pf phages, although the mechanisms behind these induction cues are unknown. Collectively, these observations indicate that Pf phages are consistently induced in Pa biofilms, raising the possibility that Pf phages play important roles in biofilm formation. Indeed, Pf phages contribute to Pa biofilms in diverse and surprising ways.

The formation of a biofilm is initiated by bacterial attachment to a surface followed by the formation of microcolonies (107). As microcolonies differentiate and grow, voids form in the middle of these microcolonies that are created by cell lysis (100). Cell lysis is accompanied by the release of DNA into the extracellular space (eDNA), which adds structural integrity to the biofilm (108). The presence of superinfective Pf phages in the biofilm effluent correlates with cell lysis and eDNA release prior to the dispersion phase of the biofilm lifecycle (109, 110) (Figure 5). To this point, when Pf4 prophage was deleted from the Pa PAO1 chromosome, bacterial lysis and eDNA release were not observed (99). Bacterial lysis and eDNA release caused by superinfective Pf phages appears to be a regulated process; the two-component regulator BfmR was reported to suppress Pf phage-mediated cell lysis through PhdA (PA0691), an antitoxin homolog in the Phd (prevent-host-death) family of proteins (111). Deleting bfmR caused the premature induction of superinfective Pf phages, increased bacterial lysis and eDNA release, phenotypes opposite to the ΔPf4 prophage mutant. It is possible that PhdA induces Pf replication by interacting with the ParE plasmid stabilization system encoded by Pf4 (Figure 4B) (110). However, experimental evidence for this interaction is lacking.
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FIGURE 5. Pf phages contribute to biofilm formation. During the early stages of biofilm formation, Pf phages promote bacterial adhesion to surfaces. During later stages, Pf phages serve as structural components in the biofilm matrix where they promote tolerance to desiccation and cationic antimicrobials. Superinfection by Pf phages (see text) promotes differentiation of the biofilm by inducing bacterial lysis in a subpopulation of cells deep within the biofilm.


The presence of Pf phages is also associated with phenotypes linked to the pathogenicity of Pa biofilms (Figure 5). Expectorated sputum from CF patients infected by Pa contain ~106-109 Pf virions per ml (92, 101). Filamentous Pf phages can dramatically increase the viscosity of CF airway polymers, such as mucin and DNA (92, 101). Furthermore, Pf phage-producing biofilms are more adherent to surfaces compared to Pa not producing Pf virions (92, 99–101). Thus, Pf virions could benefit Pa infecting CF airways by reducing bacterial clearance from the lung. Consistent with this idea, Pa superinfected by Pf established a non-invasive infection phenotype in a mouse model of pneumonia and did not disseminate from the lung whereas Pa not producing Pf virions disseminated to distal tissues, suggesting that Pf phages contribute to the establishment of conditions that promote localized chronic infection (112). Other filamentous phages, such as MDAΦ that infects Neisseria meningitidis likewise promotes adhesion to epithelial cells promoting host colonization (113). Thus, filamentous phages may play key roles in host colonization and infection initiation in various bacterial infections.

Rice et al. demonstrated that biofilms formed by the Pf phage-deficient mutant ΔPf4 were more sensitive to disruption by the detergent SDS relative to the parental strain Pa PAO1 lysogenized by Pf4 (99), suggesting that filamentous Pf phages contribute to the structural integrity of biofilms. As discussed above, Pf phages are stiff, negatively charged filaments that spontaneously assemble liquid crystalline structures. Our previous work revealed that Pf virions accumulate in the biofilm matrix where they spontaneously align and give the biofilm matrix liquid crystalline properties (101, 114). Bacteria living in a liquid crystalline biofilm matrix were resistant to desiccation, possibly because the highly ordered liquid crystalline matrix was better able to retain water compared to non-crystalline matrices. Furthermore, the negative charge carried by Pf phages facilitates the binding and sequestration of cationic aminoglycoside antibiotics and cationic antimicrobial peptides (92, 101). This binding capacity was enhanced when Pf phages were in the liquid crystalline phase, allowing Pa to tolerate otherwise lethal doses of cationic antibiotics (101, 114). In clinical settings, tolerance to antimicrobials could promote the emergence of individuals with fixed antibiotic resistance, thus limiting treatment options and promoting chronic infection. Indeed, filamentous bacteriophages are associated with chronic Pa lung infections and antibiotic resistance in CF (92). Because all Inoviruses are composed of acidic coat proteins, filamentous bacteriophages may be an overlooked structural component of the biofilm matrix in other bacterial species.

Other ways that Pf phages could benefit Pa biofilms is by excluding susceptible strains (104). Consistent with this, recent work demonstrates that Pa isolates collected from older CF patients tend to be lysogenized by Pf compared to isolates collected earlier in disease (92). This observation raises the possibility that Pa strains not harboring Pf prophages may be replaced by strains lysogenized by Pf as the disease progresses to later stages. Future studies investigating the role of Pf phages in the establishment and maintenance of Pa lineages in chronic CF airway infections may provide insight into how Pa dominates CF airway infections.




Pf EFFECTS ON MAMMALIAN IMMUNITY

There is increasing interest in the impact of phages on human immunology. This trend parallels the resurgence of efforts to develop phage therapies to treat chronic/multidrug-resistant bacterial infections (115, 116) as well as the rapid expansion of research into endogenous phages residing on and within the human host (117–119). Much of this work has focused on CF and the viral pathogens of Pa (120, 121).

In this section, we discuss what is known about Pf and its impact on mammalian immunity. First, we discuss Pf and its impact on phagocytosis and bacterial clearance. Next, we address Pf effects on cytokine production and the inflammatory milieu. Finally, we discuss how Pf biology relates to what is known about mammalian immunity and other endogenous and exogenous phages and highlight the outstanding questions around these interactions.


Pf Effects on Bacterial Clearance by Phagocytes

The ability of Pa to establish residency and persist in the human lung is dependent upon the bacterium's efficacy at evading innate immune attacks, particularly neutrophil- and alveolar macrophage-mediated anti-bactericidal defenses (122–126). Pa must also contend with multiple pattern-recognition receptors (PRRs) including Toll-like receptors 4 (TLR4), 5 (TLR5), and 9 (TLR9) that recognize bacterial pathogen-associated molecular patterns (PAMP) molecules including lipopolysaccharide (LPS) (127, 128), flagellin (128, 129), and DNA containing CpG motifs (130), respectively. PAMP-mediated stimulation of phagocytosis is the primary host defense against Pa infection, as evidenced by the fact that both animal models and people with defects in phagocytic cell function are highly susceptible to Pa infection (125, 131, 132).

Pa possess a diverse set of virulence factors that impede phagocytosis by both neutrophils and macrophages (38, 133). Many of these factors impact the machinery of phagocytosis, including inflammatory cytokine production, cellular recruitment, and bacterial engulfment (38, 134, 135). These effects on phagocytic clearance contribute to Pa immune evasion and persistence within infected tissues (136).

We recently reported that Pf directly inhibits phagocytosis and bacterial clearance (137). Pf causes a significant decrease in the number of Pa phagocytosed by murine-derived dendritic cells (DC), macrophages, and human U937-derived and primary macrophages (137). Additionally, murine phagocytes exposed to Pf4 phagocytosed fewer dead E. coli particles compared to saline controls, indicating that the inhibitory effects of Pf on phagocytosis are not limited to engulfment of Pa (137).

Pf phage also influence bacterial phenotypes in ways that are likely to prevent efficient phagocytosis. As discussed above, some strains of Pf phage contribute to the emergence of SCV strains (99, 110) which are known to drive exopolysaccharide-dependent resistance to macrophage phagocytosis (138). Furthermore, Pf contributions to biofilm formation, adhesiveness, and increased polymer viscosity could be expected to interfere with phagocytosis given that biofilms formed by Pa and other organisms are known to prevent opsonization and engulfment of the bacteria within (38, 139–141). Finally, the same structural attributes that promote liquid crystal assembly by Pf phages also drives bacterial aggregation (142) and loss of motility (112), features associated with diminished phagocytosis (135). We discuss reduced phagocytic uptake of bacteria through the lens of CF in later sections.



Pf Effects on Cytokine Production and the Inflammatory Milieu

Inflammatory cytokines are critical to host immune clearance of Pa. It is well-established that TNF in particular plays a crucial role in stimulating phagocytosis (143, 144) and in polarizing macrophages toward an M1 phenotype associated with efficient bacterial clearance.

We recently reported that Pf phages are associated with decreased cellular production of TNF (137). These effects were associated with enhanced type 1 interferon levels. Consistent with a critical role for TNF in bacterial clearance, we observed that supplemental TNF could correct Pf effects on phagocytosis and bacterial clearance in vivo (137). Pf also suppressed the production of other cytokines and chemokines important for bacterial clearance, including CXCL1 and IL-17. Conversely, Pf increased production of IL-12 and type 1 interferon (112, 137). Fd phage, an Inovirus that infects E. coli, did not affect TNFa production or phagocytosis (137). The differences in the immunomodulatory properties of Pf and fd phages is unclear, but may relate to differences in coat protein/virion structure or amino acid composition.

Pf-dependent modulation of cytokine production by immune cells was associated with intracellular uptake of Pf phage. We reported that Pf is taken up by human and mouse macrophages, B cells, and dendritic cells within endosomal vesicles. These results are consistent with reports that other phages are internalized by mammalian cells, though those reports mostly implicated phagocytosis rather than endocytosis (145, 146). Further, there are indications that large numbers of phages are directionally transcytosed across epithelial layers into system circulation (147), raising the possibility that phages regularly modulate immune responses and impact human health and disease.

We observed that intracellular Pf phage reduce TNF production by triggering the viral pattern recognition receptor TLR3. In bone-marrow derived macrophages (BMDMs) from TLR2−/−, TLR9−/−, and MyD88−/− mice, Pf phage reduced TNF upon LPS stimulation, but in TRIF−/−, TLR3−/−, and IFNAR−/− BMDMs, Pf phage had no significant effect on TNF production (137).

Pf also impacts the polarization of macrophages in the inflammatory milieu. Pa PAO1 superinfected with Pf4 caused decreased expression of genes associated with pro-inflammatory M1 macrophage polarization, including Nos2, IL-12, and IFN-g; along with increased expression of cytokines associated with anti-inflammatory M2 macrophage polarization, including IL-10, Nos1, and Arg1 (112, 148). Together with the aforementioned effects on cytokine production, these data indicate that internalization of Pf phages triggers anti-viral pattern recognition receptors that antagonize antibacterial immunity (Figure 6).
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FIGURE 6. Pf phages trigger viral pathogen recognition pathways leading to reduced phagocytosis. Phagocytosis is the major way that Pa infections are cleared by the immune system. In the absence of Pf phages, Pa-derived LPS is recognized by TLR4 on the surface of alveolar macrophages (1A), triggering NFkB activation and pro-inflammatory cytokine production (1B). TNF, a major pro-inflammatory effector, is secreted as a result (1C). This drives Pa phagocytosis by alveolar macrophages, leading to bacterial clearance (1D). In the presence of a Pa strain that produces Pf phages, phage particles are internalized in endosomes (2A), triggering TLR3 activation and production of interferons (2B). IFNα/β binds IFNAR on the cell surface (2C) and negatively regulates pro-inflammatory cytokine production, decreasing TNF secretion (2D). This results in decreased phagocytic engulfment of Pa (2E). Together, this supports a model where intracellular Pf phage triggers viral pattern recognition pathways that antagonize bacterial clearance.




The Emerging Picture of Phage/Immune Interactions

While our review here has focused on Pf phage, there is a growing body of literature on phage/immune interactions, primarily in the context of phage therapy. Much of that work is outside of the scope of this review and there are several recent, excellent summaries of that research (149–151). Nonetheless, it is worth addressing the commonalities and differences of this larger body of work in relation to Pf phages.

The finding that Pf suppresses phagocytosis contrasts with reports that lytic phages promote phagocytosis and interact synergistically with phagocytes (152–156). There are also suggestions that some species of phage may promote the opsonization of bacteria by adhering to the bacterial surface and acting as a target for antibody binding (157). In addition, there are reports that phages may be induced when their bacterial host is phagocytosed, lysing the bacteria and promoting clearance (149, 158). Together, these data suggest that lytic phages may promote opposite effects on bacterial clearance compared to Pf. The mechanistic basis for the differences and similarities seen between lytic and lysogenic phages is unclear, particularly since lytic phage are also internalized by eukaryotic cells (159). However, there are recent examples; enteric Caudovirales phages (tailed phages that package linear dsDNA) initially purified for therapeutic use were found to stimulate increased production of pro-inflammatory cytokines (119). In the context of inflammatory bowel diseases, these phages directly exacerbated disease. While further, direct comparisons are needed, these distinctions could be important for the future prospects of lytic phage therapy.

While the impact on bacterial clearance may differ, the impact of cytokine production and the inflammatory milieu appears to be more similar. Studies with lytic phage have generally reported similar, anti-inflammatory effects in vitro (160–162) as well as in vivo (163, 164). In particular, lytic phage may also dampen the inflammatory effects of LPS and other bacterial products (165, 166). This stands in contrast to some data implicating other, endogenous eukaryotic viruses in chronic inflammation (167) and, it has been theorized, in protection against pathogenic viral infections (168).




THE IMPACT OF Pf PHAGE ON Pa INFECTIONS IN CF AND OTHER SETTINGS

Recent reports have implicated Pf phage in clinical outcomes associated with Pa infections. Here, we discuss this literature and the potential role of Pf phage in CF lung infections. First, we discuss the links between Pf and clinical outcomes in CF. Next, we discuss the development of vaccines that target Pf to prevent infections with Pa and the implications of our work on lytic phage therapy. Finally, we address the relevance of our work on filamentous phage to studies on the lung microbiome.


Pf Phage in CF Airway Infections

CF is a genetic disease where the cystic fibrosis transmembrane conductance regulator (CFTR) gene is mutated. In healthy individuals, the CFTR protein is expressed highly on the apical surface of epithelial cells. In people with CF, CFTR is absent or dysfunctional leading to an imbalance of chloride secretion and sodium absorption which causes dehydration of the airway surface (169–171). Without well-hydrated airway surface liquid, impaired ciliary beating and mucous transport lead to mucus stasis and buildup of viscous mucous in the airways. This in turn sets off a vicious cycle of bacterial infection and neutrophil dominated inflammation, resulting in severe and progressive obstructive pulmonary disease with significant morbidity and mortality (172, 173).

Lung disease in CF begins early in life with recurrent and chronic bacterial infections (172, 174). As the disease progresses, the airways of most patients with CF become colonized by Pa (175). In its early stages, Pa is intermittently recovered in respiratory cultures, before progressing to a chronic state (176, 177). By adulthood, nearly 60% of CF patients have chronic Pa infections (178, 179). Over time, Pa becomes a driving force in clinical outcomes in CF lung infections. Chronic endobronchial infection with Pa is associated with poor lung function, increased frequency of symptomatic episodes of pulmonary exacerbation, and increased mortality (180–183). While Pa eradication antibiotic protocols are now standard of care, success is unfortunately variable and not sustained (184, 185).

We recently identified an association between chronic Pa infections in CF patients and Pf phage. In 474 samples collected from a cohort of 34 Danish CF patients infected with Pa, we found that 44.5% were positive for Pf phage (92). In a cross-sectional study of 58 Pa positive CF patients followed at the Stanford CF Clinic, 36% were Pf phage positive. In this cohort, detection of Pf phage was associated with older age, advanced lung disease, worse disease exacerbations, and antibiotic resistance (92). As additional evidence for the damaging effects of these altered responses, we also observed a correlation between the presence of Pf in sputum and the activity of the neutrophil enzyme Elastase (186), a known marker of airway destruction and bronchiectasis in CF. Further, we found that immune dysfunction correlates of the presence of Pf with sputum cytokine profiling revealing higher levels of IL12p70 and lower levels of ENA78, RESISTIN and TRAIL (186). These changes suggest disrupted immune function in response to infection (187–192). Broadly speaking, these data are consistent with the enhanced virulence associated with Pf production in a mouse model of Pa lung infection and with reports by ourselves and others describing contributions of Pf to chronic infection phenotypes (99, 101, 110, 112).

The effects of Pf on clinical outcomes were also associated with an increased rate of genetically-encoded antibiotic resistance to several anti-pseudomonal antibiotics—particularly aztreonam, amikacin, and meropenem. These same antibiotics were also sequestered by Pf phage in vitro whereas ciprofloxacin was not (92) (Figure 7). This raises the intriguing possibility that over time, treatment with these antibiotics favors the acquisition of Pf(+) strains of Pa. Consistent with this, we observed that only 1 of 11 pediatric patients in our cohort was Pf(+), whereas 20 of 46 adult patients were (92). Further, 10 of 10 CF patients who underwent lung transplantation were Pf(+) (101). In light of these data, we have proposed that Pa strains that produce Pf phage may have a selective advantage and be disproportionately represented in the lungs of older patients with CF. These data also suggest that it may be possible to use the presence of Pf phage to inform antibiotic choices.
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FIGURE 7. Pf phages contribute to the pathogenesis of Pa airway infections in CF. The thick mucus coating the airways in a CF lung facilitates colonization with Pa and other bacterial pathogens. Even in the absence of Pf phages, Pa forms tenacious biofilms which protect bacterial cells from phagosomal clearance and resist penetration by antibiotics (A). However, Pf phages when present organize the polymer-rich biofilm into crystalline, higher order structures (B), This drives sputum viscosity, adhesiveness, and resistance to desiccation. It also enhances the antibiotic tolerance and immune evasion of bacterial colonies within biofilms, thereby contributing to increased bacterial burden. In this way Pf phages enhance the pathogenesis of Pa airway infections in CF.


These findings in Pa-infected CF patients echo the results of our recent investigations into the role of Pf phages in Pa chronic wound infections. In a prospective cohort study of 113 patients with wound infections we found that Pa was detected in 37 patients and that 25 of these (68%) were positive for Pf phage. Pf(+) strains of Pa were more likely than Pf(−) strains to be present in chronic wounds (137).

Together, these data suggest that Pf phages may contribute to clinical outcomes in Pa infections in CF as well as in other clinical contexts.



The Development of Therapies That Target Pf Phages to Prevent Pa Infections

An effective vaccine against Pa would represent an important component in our armamentarium against this deadly bacterium. To date, there are no FDA approved vaccines for the prevention of Pa infections, though several are in various stages of development (193). Most of the vaccine candidates that have been evaluated have been against major components of Pa itself, including LPS, exopolysaccharides, extracellular and outer membrane proteins, flagella, or pili (193). Given the prevalence of Pf amongst Pa clinical isolates and its contribution to immune evasion and biofilm formation (92, 137), Pf represents an attractive and novel target for immunization against Pa.

The ability of antibodies to neutralize bacteriophages has been described and phage neutralizing antibodies have been detected in the sera of several species (151, 194, 195). Studies of sera from patients receiving phage therapy against Staphylococcus aureus showed the production of antibodies against the phages in question (196). In a different study, sera collected from healthy individuals contained neutralizing antibodies against naturally occurring bacteriophage (151, 197). On the other hand, other studies did not find evidence of phage targeted antibodies in phage therapy recipients (198). It may be that some phage are more antigenic than others in certain hosts, though the lack of standardized methodologies for these studies may also be a factor underlying these heterogenous results.

Our recent work demonstrated that immunization against Pf provided protection against Pa infections in mice. Immunization was performed using a peptide derived from the CoaB coat protein of Pf phage conjugated to the carrier protein keyhole limpet hemocyanin (KLH). Mice vaccinated with this novel formulation were able to clear Pa infection challenges more often than unvaccinated mice. Similar rates of clearance were obtained in the setting of passive immunization with monoclonal antibodies developed against the CoaB peptide. Further, anti-CoaB monoclonal antibodies (mAB) were effective in promoting opsonization of Pa (137). These data suggest that Pf phage is a potential candidate for a preventative vaccine against Pa.

Much work remains to be done before such vaccines could become a realistic possibility. In particular, the effectiveness of this strategy against clinical isolates, it's specificity for Pa, and a detailed mechanism of action in regards to how it promotes bacterial clearance will all be necessary. Nonetheless, the prospect of such a vaccine is enticing. It is tempting to consider that this could be administered to individuals diagnosed with CF before they develop chronic Pa infections. Similarly, individuals with diabetes could be immunized before they develop their first Pa wound infection.



The Relevance of Pf Studies for Lytic Phage Therapy

With the rising prevalence of antibiotic-resistant bacteria, novel approaches to deal with bacterial infections are an urgent need (199). Phage therapy is the application of bacteria-specific viruses to combat uncontrolled and undesired bacteria, such as those associated with infectious disease (200). Phage therapy for Pa infections has more than 50 years of history but there is a recent resurgence of interest in this approach (201–203). There are several potential advantages of phage therapy that make it an appealing alternative or adjunct to conventional antibiotics. These include the lytic activity of the phages, auto dosing, low inherent toxicity, minimal disruption of normal flora, narrower potential for inducing resistance, lack of cross-resistance with antibiotics, rapid discovery, formulation and application versatility, and effects on biofilm clearance (204). There nonetheless remain many potential issues that need to be addressed, including demonstrations of safety and efficacy in double-blinded, case controlled clinical trials.

One important potential consideration is the nature of the immunological response induced by phages. As briefly summarized above, there are some suggestions that phage-mediated effects on the inflammatory milieu are generally well-tolerated without major side effects [(119, 137, 151, 155, 161, 205)]. However, this remains to be examined in a rigorous and systematic manner, ideally in the context of parallel evaluations of safety and efficacy. A better understanding of the interactions of phage—host—human interactions will provide valuable insight into predicting the outcome of phage therapy (151).

Data on filamentous, lysogenic phage are of unclear relevance for phage therapy studies. As noted above, diverse phage seem to be have broadly non-inflammatory effects. However, to our knowledge lytic phage have not been reported to be directly immune suppressive in the way that Pf phages are reported to be. Indeed, there are reasons to think that the effects of lytic vs. temperate phage on local immunity may prove to be quite distinct. Not only are the viruses in question different genetically and phenotypically, but lytic phage are likely to be encountered in the context of bacterial detritus from lysed cells whereas Pf phage may not. It is also unclear to what extent different phage are taken up intracellularly or trigger viral PRRs. Clearly the comparative effects of different phage is an important question for future research. In the meantime, in the absence of evidence, we favor a cautious approach to extrapolating results from work on Pf phages to other phages.



Pf Phages in the Context of the Larger Lung Phageome

The virome is increasingly recognized as an integral part of the human microbiome, interacting with other members of the microbial community to shape host phenotypes (206). Bacteriophages make up a majority of this virome (207), but their impact on the larger microbial community within the lung and on lung health remain understudied. New sequencing methods have made metagenomics a more affordable and reliable approach to doing so (208) but substantial technical barriers remain (209, 210).

The lung phageome may be distinct in different disease states. One study suggested that in healthy individuals, the composition of the sputum phageome is highly heterogenous and may reflect organisms in inhaled air or oral flora. In contrast, the sputum phageome of in CF individuals was highly similar (211, 212). Given recent findings regarding microbial heterogeneity within different lung regions of CF patients (213), it may be important to revisit the question of the lung phageome with more in depth sampling regimens. Nonetheless, this common footprint is remarkable. It may be that selective bacterial growth conditions lead to common, relatively stable microbial community compositions over time (212, 214) with metabolic activities that reflect host characteristics (211, 214, 215). Supporting this idea, Willner et al. found that the viral community in the lungs of a CF patient's non-CF spouse shared taxonomy with the CF virome but had the metabolic profile of a non-CF virome (211).

The contributions of Pf phages to the overall lung microbiome are undefined but potentially substantial. The impact of Pf phages on biofilm formation, antibiotic sequestration, virulence factors, and modulation of immunity described above are likely to influence not only Pa phenotypes but also the overall ecology of the lung.

Pf phages can also affect the flow of resources within the biofilm. We reported that Pf phages impact the growth of fungal organisms, specifically Aspergillus and Candida. As noted above, Pf phages bind to free iron through charge-based interactions, much in the same way that they sequester antibiotics, and this deprives fungi of this critical resource (216, 217). We also reported that Pf phages change the material properties of biofilms, making them far more viscous (101). In addition to increasing the tenacity and thickness of CF sputum, this is also likely to impact the movement and distribution of microbes within the biofilm. It seems probable that we are only scratching the surface of the ways in which Pf phages may influence microbial ecology.

Future studies of the lung microbiome in Pf(+) and Pf(−) subjects are likely to be highly informative. The integrated, simultaneous study of both bacterial and phage communities, including prophages and their induction (218) will be important.




CONCLUDING REMARKS AND AREAS FOR FUTURE INVESTIGATION

Several themes emerge from this review. The relationship between Pf phages and Pa appears to be highly evolved and is clearly an important factor in Pa fitness. Despite the substantial energetic cost of producing so many phage particles, Pf phages are nonetheless common among Pa strains in multiple contexts, including in the CF lung.

Pf phage also contribute to Pa pathogenesis in multiple models, tissues, and human disease contexts. In the context of CF lung infections, Pf phages contribute to the impaired bacterial clearance and heightened inflammation that are characteristic of the disease. It seems likely that Pf contributions to antibiotic tolerance are a major driver in this setting. However, Pf effects on biofilm formation, antibiotic tolerance, microbial ecology, and immune modulation may be important as well.

It may be possible to exploit this biology for therapeutic gain. The anti-Pf vaccine discussed here is the clearest example of this. However, other applications are also possible. For example, the presence of Pf phages may also have potential to inform antibiotic treatment regimens. Manipulating the relationships between bacterial pathogens and their phages may also be an exciting therapeutic frontier.

Much about Pf phage biology remains unknown. While Pf phages are relatively well-characterized compared to most other phages, much remains unknown about their biology. In particular, the function of many Pf phage genes, the factors that govern Pf production, and the impact of Pf phages on Pa virulence factors are all promising areas of study that are likely to play important roles in Pa pathogenesis.

While the molecular details of the Pf lifecycle are reasonably well-defined, many questions remain regarding how the Pf lifecycle intersects with the functioning of their bacterial host. One obvious gap in our knowledge is the function of the uncharacterized genes in the core Pf genome. Another understudied aspect of Pf biology is their ability to bind not only cationic antimicrobials, but also multivalent cations like iron (75, 216, 217). Iron is a limiting nutrient at infection sites and the ability of Pf phages to bind and sequester this essential nutrient may have important implications in infection pathogenesis. Lastly, the ability of these filamentous phages to assemble liquid crystals in the extracellular environment likely has implications for the host-pathogen interactions.

The evolutionary origins of phage/mammalian host interactions are unclear. Recent work revealed that the (cGAS)-STING pathway, an innate antiviral defense mechanism in animals, has evolutionary roots with bacterial anti-phage defense mechanisms (219). Thus, phages may be triggering ancient highly conserved immune responses in animal cells. It seems unlikely that Pf phage evolved to manipulate mammalian immunity, given that mammals are not a natural host for Pa. Instead, it may be that these effects of Pf on animal immune systems enable Pa to likewise avoid predation by phagocytic predators, such as amoeba in the environment. Similar effects on amoeba predation have been hypothesized for other Pa factors that impact mammalian phagocytosis, including exotoxins, alginate secretion, and the regulation of motility (136).

The relationship between Pf and Pa may also be dynamic and in flux. Bacteria-phage relationships can evolve from parasitic interactions to mutualistic relationships over time with the most extreme examples giving rise to new bacterial functions. Examples include the type VI secretion system (220) and pyocins (221) of Pa. The Pf prophage may likewise eventually evolve from an independent virus into a bacterial operon encoding a filamentous structural element of the extracellular biofilm matrix that also has immunomodulatory properties.

Many outstanding questions remain to be addressed in regards to the impact of phage on mammalian immunity. Inoviruses like Pf are widespread amongst bacteria (54) and it is unclear whether the immune effects outlined here for Pf are present in association with other filamentous phage. There are some hints that this may be the case. M13 filamentous phages produced by E. coli can be internalized in vivo (222) and in vitro (223). As mentioned above, a filamentous phage (MDAφ) produced by N. meningitidis may likewise increase host-cell colonization, bacterial aggregation, and virulence (113). Given the extensive heterogeneity between and even within Inoviruses (54), it seems likely that here again further investigation will reveal substantial differences.

Relatively little is known about adaptive immune responses to Pf and other phages. Most studies suggest that humoral immunity (antibodies) against phage exists and is rapidly induced upon exposure to phage (194, 196, 197, 224, 225); the impact of these on phage therapy is an active area of investigation and may be particularly important for phage therapy (226).

In summary, Pf phages are an exciting frontier in microbiology, immunology, and human health. Further investigations are likely to yield additional insights into both Pa pathogenesis as well as novel therapeutic and prophylactic treatments.
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Streptococcus pneumoniae is the main bacterial cause of respiratory infections in children and the elderly worldwide. Serotype replacement is a frequent phenomenon after the introduction of conjugated vaccines, with emerging serotypes 22F and 33F as frequent non-PCV13 serotypes in children and adults in North America and other countries. Characterization of mechanisms involved in evasion of the host immune response by these serotypes is of great importance in public health because they are included in the future conjugated vaccines PCV15 and PCV20. One of the main strategies of S. pneumoniae to persistently colonize and causes infection is biofilm formation. In this study, we have evaluated the influence of capsule polysaccharide in biofilm formation and immune evasion by using clinical isolates from different sources and isogenic strains with capsules from prevalent serotypes. Since the introduction of PCV13 in Spain in the year 2010, isolates of serotypes 22F and 33F are rising among risk populations. The predominant circulating genotypes are ST43322F and ST71733F, being CC433 in 22F and CC717 in 33F the main clonal complexes in Spain. The use of clinical isolates of different origin, demonstrated that pediatric isolates of serotypes 22F and 33F formed better biofilms than adult isolates and this was statistically significant. This phenotype was greater in clinical isolates from blood origin compared to those from cerebrospinal fluid, pleural fluid and otitis. Opsonophagocytosis assays showed that serotype 22F and 33F were recognized by the PSGL-1 receptor on leukocytes, although serotype 22F, was more resistant than serotype 33F to phagocytosis killing and more lethal in a mouse sepsis model. Overall, the emergence of additional PCV15 serotypes, especially 22F, could be associated to an enhanced ability to divert the host immune response that markedly increased in a biofilm state. Our findings demonstrate that pediatric isolates of 22F and 33F, that form better biofilm than isolates from adults, could have an advantage to colonize the nasopharynx of children and therefore, be important in carriage and subsequent dissemination to the elderly. The increased ability of serotype 22F to avoid the host immune response, might explain the emergence of this serotype in the last years.

Keywords: Streptococcus pneumoniae, PCV-pneumococcal conjugate vaccine, biofilms, serotype 22F, serotype 33F, PSGL-1


INTRODUCTION

Streptococcus pneumoniae, also termed pneumococcus, colonizes asymptomatically the human nasopharynx although the bacterium has the capacity to reach the lower respiratory tract (LRT) producing pneumonia and disseminate producing invasive pneumococcal disease (IPD) (Bogaert et al., 2004). The burden of disease caused by this microorganism is of great relevance because is the major etiologic agent of community acquired pneumonia, non-epidemic meningitis and a frequent cause of bacterial sepsis (Bogaert et al., 2004). As a result, this devastating pathogen is responsible for high morbidity and mortality rates worldwide affecting mainly the children under the age of 5 years and adults older than 65 years. Indeed, nearly 2.38 million deaths are caused by LRT infections, being S. pneumoniae the major etiologic agent of these alarming rates (GBD 2016 Lower Respiratory Infections Collaborators, 2018). As a consequence, LRT infections are the sixth mortality cause for all ages and the first cause of death among children under 5 years old (GBD 2016 Lower Respiratory Infections Collaborators, 2018). While the use of available antibiotics is the best option to treat pneumococcal infections once they are established, the emergence of multidrug resistant strains can jeopardize the outcome of the infection in many cases (Aguinagalde et al., 2015; Azarian et al., 2018).

Prophylactic measures based on the administration of pneumococcal vaccines in children and adults, seems to be the best strategy to control the development of IPD and pneumonia and reduce the impact of antimicrobial resistance (Moore et al., 2015; Atkins et al., 2018; Wahl et al., 2018). In children under 2 years old, there are currently two vaccines available, a 10-valent conjugate vaccine (PCV10) and a 13-valent conjugate vaccine (PCV13). The use of PCV10 has decreased the burden of disease caused by serotypes covered in the vaccine but several countries using this vaccine have reported the emergence of non-PCV10 serotypes such as 19A after its introduction (Savulescu et al., 2017; Cassiolato et al., 2018; Rinta-Kokko et al., 2018). PCV13 has shown to be effective in children who were the main target for this vaccine but also has shown herd effects for the elderly population (Mackenzie et al., 2016). In adults, the 23-valent polysaccharide vaccine (PPV23) can be used to prevent IPD although its effectiveness against pneumonia is controversial (Huss et al., 2009; Andrews et al., 2012; Russell et al., 2015; Tin Tin Htar et al., 2017). The use of PCV13 has been shown to be effective avoiding IPD and pneumonia in the elderly population (Bonten et al., 2015; McLaughlin et al., 2018). The main limitation of these vaccines is that serotype replacement is a frequent phenomenon that occurs after the massive use of these vaccines based on capsular polysaccharides due to the wide antigenic variability of this bacterium with up to 99 serotypes described so far and emergence of virulent clones with vaccine-escape capsule (Brueggemann et al., 2007; Domenech et al., 2018). To target the emergence of non-vaccine types producing pneumococcal infection, a 15-valent conjugate vaccine (PCV15) including serotypes covered by PCV13 plus serotypes 22F and 33F is in clinical phase III with the advantage of inducing a higher title of antibodies against serotype 3 (Greenberg et al., 2018; Stacey et al., 2019). In addition, a 20-valent conjugate vaccine (PPV20) that contains serotypes in PCV15 plus serotypes 8, 10A, 12F, 11A, and 15B is also in clinical trials studies (Thompson et al., 2019).

The emergence of many of these serotypes in certain countries after the use of current PCVs is one of the main reasons for including these additional serotypes in newer conjugate vaccines. In United States, serotypes 22F and 33F were the main cause of IPD among non-PCV13 in children under 5 years old and adults ≥65 years (Moore et al., 2015). In Europe, several countries have shown the rise of non-PCV13 serotypes in children and adults including serotypes covered by PCV15 and PCV20 (Aguinagalde et al., 2015; Savulescu et al., 2017; Ladhani et al., 2018). Nevertheless, one aspect that is poorly investigated before the introduction of new conjugate vaccines is the pathogenic capacity of these additional serotypes.

It is been known that biofilm formation in S. pneumoniae provides the bacterium an advantage in terms of virulence because it increases the resistance to antimicrobial drugs and enhances the ability to avoid the host immune response (Donlan and Costerton, 2002; Domenech et al., 2013). For instance, serotypes 11A and 35B, which are serotypes frequently associated to multidrug resistance, are good biofilm formers (Domenech et al., 2015). Biofilm formation is a critical aspect from the pathogenesis perspective because S. pneumoniae has been reported to form biofilms in the upper respiratory tract (Wu et al., 2017; Iverson et al., 2019; Silva and Sillankorva, 2019) and nasopharyngeal colonization is the initial step in this process and the prerequisite for developing IPD (Bogaert et al., 2004). Interestingly, active infection is also associated to pneumococcal biofilms in meningitis by binding to brain microvascular endothelial cells and in persistent respiratory infection affecting patients with cystic fibrosis or chronic obstructive pulmonary disease (COPD) (Orihuela et al., 2009; Vidal et al., 2013; Vandevelde et al., 2014; Dennis et al., 2018). In the biofilm state, pneumococcal cells express the PspC protein in a higher extent, and this protein is the bacterial ligand associated to the recruitment of factor H and therefore to the cleavage of the C3 complement system protein deposited on the bacterial surface (Domenech et al., 2013). This is interesting in terms of virulence because when pneumococcal cells are released from the biofilm producing dissemination to the LRT, the bloodstream or crossing the blood brain barrier producing meningitis, these colonies express higher levels of the virulence factor PspC increasing the potential for IPD (Yuste et al., 2010).

In contrast to Neisseria meningitidis, bactericidal activity by the membrane attack complex of the complement system plays a minor role against S. pneumoniae and killing by professional phagocytes in the presence or not of specific antibodies, is the most efficacy mechanism to fight the pneumococcal infection (Standish and Weiser, 2009). For this reason opsonophagocytosis killing assays (OPKA) are the best parameter to measure the functional opsonic activity of antibodies to S. pneumoniae when a new vaccine is tested (Greenberg et al., 2018; Stacey et al., 2019; Thompson et al., 2019). Hence, investigating these aspects will contribute to increase the knowledge about the potential of non-vaccine serotypes to produce infection in the host. Differences in the recognition of pneumococcal serotypes by specific components of the host immune response may explain the prevalence of certain serotypes causing IPD (Hyams et al., 2011). In this sense, the human P-selectin glycoprotein ligand 1 is a novel receptor for S. pneumoniae that contributes to protection against IPD by controlling the severity of the infection (Ramos-Sevillano et al., 2016). This receptor is present on leukocytes that recognizes the pneumococcal capsular polysaccharide and the main autolytic enzyme of the bacterium (the amidase LytA) increasing the phagocytosis process (Ramos-Sevillano et al., 2016). Differences in the interaction of different pneumococcal capsules with PSGL-1 might explain the higher burden of disease caused by certain serotypes of S. pneumoniae (Ramos-Sevillano et al., 2016).

In this study, we have evaluated the impact of current vaccine strategies in the epidemiology of serotypes 22F and 33F during the period 2009–2018 including the circulating genotypes that cause IPD among these serotypes. In addition, we have characterized the ability of serotypes 22F and 33F to form biofilms and their capacity to avoid the phagocytosis process and produce infection because they are important aspects that are missing for these additional serotypes covered in the new PCV15. For comparison purposes, we also included pneumococcal serotypes that are prevalent in IPD and/or because they are associated to multidrug resistance.



MATERIALS AND METHODS


Strains, Media and Genetic Transformation

The pneumococcal strains of the different serotypes used in this study are listed in Table 1. The Spanish Pneumococcal Reference Lab (SPRL) receives the IPD cases from hospitals located at all the Spanish regions through a passive surveillance system with minimal required information accompanying isolates (hospital and city, sample, age of the patient and date of isolation). The SPRL notifies annually to the European Center for Disease Control (ECDC) all the IPD cases received following a passive surveillance system that cover 80% of the national level according to estimates by the National Center for Epidemiology reported to ECDC (ECDC, 2018). Unfortunately, vaccine coverage data is not available and that is the reason that effectiveness of the different vaccines cannot be included in this study. Initially, PCV7 coverage based on vaccine sales was low, but its use increased from 2002 onward with reported vaccine coverage below 50% before 2006 and missing data on PCV coverage at national level in further years (Fenoll et al., 2015).


TABLE 1. Strains of S. pneumoniae used in this studya.

[image: Table 1]All pneumococcal strains were grown in C medium supplemented (C+Y medium) or in Mueller Hinton agar supplemented with 5% defibrinated sheep blood (Becton Dickinson GmbH; Heidelberg, Germany). Bacterial growth was monitored by measuring the absorbance at 550 nm (A550). S. pneumoniae was transformed with chromosomal DNA by treating pre-competent cells with 100 ng/ml of synthetic competence-stimulating pheromone 1 at 37°C for 10 min to induce competence, followed by incubation at 30°C during DNA uptake. Encapsulated transformants of strain M11 were enriched by successive transfers of the transformed culture to C medium containing 0.08% bovine serum albumin, and supplemented with 0.5 μl/ml of anti-R antiserum before plating (Mollerach et al., 1998; Domenech et al., 2015). Anti-R (antisomatic) antiserum contains group-specific agglutinins, which, at the proper dilution, agglutinate only non-encapsulated pneumococci. In this study, we have used isogenic mutants in CPS in order to reduce the influence of genetic variability within the strains. To confirm the absence of mutations in other parts of the genome, we used two independent transformants of each serotype with not differences in the phenotype. Based on this, only one transformed strain of each serotype was further studied for the rest of the experiments. The selection of pneumococcal isolates for immune response characterization and biofilm formation was randomly chosen. We selected five clinical isolates from each source (20 clinical isolates of serotype 22F and another 20 clinical isolates of serotype 33F) from different geographical locations in Spain (Table 1). Moreover, we did biofilm formation trials in parallel with clinical strains of the serotypes studied as control.



S. pneumoniae Typification

In addition to strains showed in Table 1, we included the clinical isolates of serotypes 22F and 33F received at the Spanish Pneumococcal Reference Laboratory (SPRL) since 2009 to analyze the evolution of IPD caused by both serotypes in Spain. We considered IPD clinical isolates those isolated from sterile sites. Serotyping was performed by Quellung reaction, dot blot assay (Fenoll et al., 2015) using specific antisera from the Statens Serum Institut (Copenhagen, Denmark) and/or by molecular capsular sequence typing methodology (Elberse et al., 2011).

Multilocus sequence typing (MLST) was determined with the tools provided by the MLST website1. Data were analyzed using Lasergene®SeqMan Pro (DNAStar, Madison, WI, United States). Sequence types (STs) were identified based on the allelic profiles of seven housekeeping genes (aroE, ddl, gdh, gki, recP, spi, and xpt). We used the eBURST tool to determine the clonal complex (CC) (Feil et al., 2004). STs were considered from the same CC if they demonstrated ≥5 MLST allele numbers in common.



Biofilm Formation Assay

Biofilm formation assays were performed following the methodology previously described (Domenech et al., 2015) and it was determined by the ability of cells to adhere to the walls and base of 96-well, flat-bottomed polystyrene microtiter dishes (Falcon 353072, Corning Incorporated, New York, NY, United States). Unless stated otherwise, cells were grown in C+Y medium to an A550 of ≈0.5–0.6, sedimented by centrifugation, resuspended in an equal volume of the indicated pre-warmed medium, diluted 1/100, and then dispensed 200 μl per well. After 5 h of incubation at 34°C, the A595 was determined using Tecan Infinite F200 (Tecan Group Ltd., Switzerland). The biofilm formed was stained with 0.2% crystal violet (Sigma-Aldrich) and rinsed three times with distilled water to remove non-adherent bacteria. Biofilm formation was quantified solubilizing the biofilm in 95% ethanol (200 μl per well) and measuring the A595.



Phagocytosis of S. pneumoniae Biofilms and Planktonic Cultures

Experiments investigating human neutrophil phagocytosis were performed by OPKA using HL-60 cells (CCL-240; ATCC) differentiated to granulocytes (Domenech et al., 2013). The presence of complement receptors on HL-60 granulocytes has been previously documented and therefore expression of CD11b (iC3b receptor and CR3 α-chain), a marker of granulocytic differentiation, was measured prior to phagocytic assays to confirm the presence of the receptor (Ramos-Sevillano et al., 2016). After the incubation process at 34°C (previously described in biofilm formation), bacterial cultures growing as biofilms in microtiter plates or the planktonic cultures in tubes were washed with fresh C medium and resuspended in Hank’s buffered salt solution (HBSS) in the presence of calcium and magnesium ions. Biofilm disaggregation was performed by gently pipetting and slow vortexing before the opsonization process to avoid possible bias by morphological differences between the two growing stages. The number of biofilm-forming CFU was determined by viable counts of bacteria and a similar number of planktonic cells were used in each phagocytosis assay. OPKA were performed using 105 HL-60 cells and 2.5 × 102 CFU of S. pneumoniae strains (MOI of 400 HL-60:1 S. pneumoniae) that were previously opsonized for 1 h with 1/20 of rabbit serum in the case of planktonic cultures, and 20 min with 1/5 of rabbit serum in the case of biofilm cultures. First, the corresponding bacterial suspensions (10 μl) were added to microtiter round bottom polystyrene plates (Nunclon Delta Surface; Themo Fisher Scientific) containing 10 μl of rabbit serum diluted 1/20 or 1/5 in phosphate-buffered saline (PBS, pH 7.0) previously described (Domenech et al., 2013). After incubation at 37°C with shaking (150 rpm) to allow opsonization by the different serum components, HL-60 cells were added and the plate was incubated at 37°C with shaking (150 rpm) for 45 min. The mixture was plated on blood agar plates for bacterial counts determination and results were expressed as bacterial killing. Blood agar plates were incubated at 37°C with 5% CO2 during 24 h for determinate viable cells.



Phagocytosis Mediated by PSGL-1 Receptor

To analyze the function of the PSGL-1 receptor in recognizing the CPS of the new emerging serotypes 22F and 33F, and isogenic strains expressing different CPS, we followed the methodology previously described (Ramos-Sevillano et al., 2016). To block PSGL-1, HL-60 cells were incubated for 1 h at 37°C with 25 μg/ml of the KPL-1 antibody (mouse antihuman PSGL-1; MBL) or IgG isotype control (mouse anti-human IgG; Novus Biologicals). The phagocytosis killing assays were performed in the absence of rabbit serum using a proportion of 105 HL-60 cells with the PSGL-1 receptor either active or blocked and 2.5 × 102 CFU of S. pneumoniae. Then, as mentioned above, we plated on blood agar plates serial dilutions of culture for bacterial counts determination. Results were expressed normalizing CFU/ml to percentage of phagocytosis using the IgG isotype control as the 100%.



Mouse Model of S. pneumoniae Sepsis

Experimental procedures involving mice were performed at Instituto de Salud Carlos III (ISCIII) conforming to the Spanish government legislation (RD 53/2013, ECC/566/2015) and European Community regulations (2010/63/EU). C57BL/6 male mice (8–12 weeks old) weighing about 20 g were bred by the ISCIII animal facility. Animal procedures followed the guidelines of the Bioethical and Animal Welfare Committee of ISCIII that reviewed and approved protocols (CBA PA 52-2011-v2 and PROEX 218/15). Studies investigating pneumococcal sepsis were performed using groups of five mice and infected as previously described (Ramos-Sevillano et al., 2016). Briefly, for sepsis, mice were challenged with 2 × 107 CFU/mouse for P244, P017, 1407/18, 1000/18, 1833/18, and 1950/18 strains (Table 1) (in a volume of 200 μl) by the intraperitoneal route. Bacterial levels in blood, from the tail vein, were determined from every infected mouse at 24 h. The lower limit of detection was 102 CFU/ml. Results were expressed as Log10 CFU/ml of bacteria recovered from the blood and survival curves were determined after 7 days of follow up.



Statistical Analysis

Data represent results obtained from repeated independent experiments, each one conducted as a triplicate, representing at least three replicates. Statistical analysis was performed by using two-tailed Student’s t-test. The log-rank (Mantel-Cox) test was used for survival curves. Incidence rates were calculated considering the number of cases divided by the population using data provided by the Spanish National Institute of Statistics. Serotype trends were obtained by comparing the rates of the current situation (2017–2018) vs. the rates of different periods by calculating relative risks (IRR) with 95% confidence intervals through Poisson regression models. We included the pre-PCV13 period (2009), the early PCV13 effect (2010–2012) and the middle PCV13 period (2013–2016) when this vaccine was included in the pediatric calendar at national level at the end of 2016. Statistical analyses for epidemiological data were analyzed using Stata v.14. GraphPad InStat version 8.0 (GraphPad Software, San Diego, CA) was used for the rest of analysis. Differences were considered statistically significant with ∗P < 0.05 and highly significant with ∗∗P < 0.01 and ∗∗∗P < 0.001.



RESULTS


Evolution of Invasive Pneumococcal Disease by Serotypes 22F and 33F in Spain

The epidemiological situation of IPD cases by clinical isolates of serotypes 22F and 33F was investigated during the last 10 years including 2009 which is the pre-PCV13 year and 2018 which is the last year when epidemiological data is fully registered in Spain.

The data contain cases, proportion among all IPD cases and incidences by these two serotypes. Incidences were calculated considering the number of cases divided by the population using data provided by the Spanish National Institute of Statistics. Incidence rate ratios with 95% confidence intervals were estimated to compare the current situation (2017–2018) vs. different periods including the pre-PCV13 period (2009), the early PCV13 effect (2010–2012) and the middle PCV13 period (2013–2016) when this vaccine was included in the pediatric calendar at national level at the end of 2016.

In children, IPD cases by serotype 22F showed a similar trend until 2016 (6 cases in 2009 vs. 8 cases in 2016) which is the year when PCV13 was introduced at the national pediatric vaccination calendar (Figure 1A). However, since 2016 we observed a continuous rise with 13 cases in 2017 and 16 cases in 2018 or 29 cases in the last epidemiological period 2017–2018 showing the emerging of this serotype in children (Figure 1). The proportion of IPD cases by serotype 22F was 1.08% in 2009 and 6.23% in 2018 confirming that this serotype is rising and increasing its proportion over total serotypes in the pediatric population. IPD cases by serotype 33F in children show a moderate rise during the last 10 years when comparing 2009 vs. 2018 increasing from 6 cases in 2009 to 8 cases in 2018 and 13 cases for the last 2 years (Figure 1). Incidence rate ratios (IRR) for serotype 22F demonstrate an increasing trend (IRR 2.38; 95% CI 0.99–5.74 for the period 2017–2018 vs. 2009, IRR 1.82; 95% CI 1.06–3.12 for 2017–2018 vs. 2010–2012, and IRR 1.88; 95% CI 1.13–3.11 for 2017–2018 vs. 2013–2016 (Table 2). However, for serotype 33F the situation is relatively stable in the last 10 years (IRR 1.07; 95% CI 0.41–2.81 for the period 2017–2018 vs. 2009, IRR 0.98; 95% CI 0.49–1.97 for 2017–2018 vs. 2010–2012, IRR 0.90; 95% CI 0.47–1.73 for 2017–2018 vs. 2013–2016 (Table 2). Overall, our results suggest that serotype 22F is more prevalent in Spanish children than serotype 33F with a more pronounced effect in the last 2 years concurring with the introduction of PCV13 in the national immunization pediatric calendar.


[image: image]

FIGURE 1. Trends in IPD incidence due to serotypes 22F and 33F producing IPD episodes in the pediatric population during the period 2009–2018 in Spain. (A) Number of IPD cases. (B) Incidence of IPD cases. Green line with dots is the evolution of serotype 22F whereas red line with squares is the evolution of serotype 33F.



TABLE 2. Number of cases and incidence of IPD in 2017–2018 compared to 2009 (pre-vaccine period), 2010–2012 (early effect after private use of PCV13 in Spanish children), and 2013–2016 (middle effect after PCV13 introduction).

[image: Table 2]In adults of all ages, serotypes 22F and 33F show an increase of 52% (64 cases vs. 132 cases) and 48% (26 cases vs. 50 cases), respectively, when the pre-PCV13 period (year 2009) is compared to the last year 2018 (Figure 2). Hence, incidence by serotype 22F increased from 0.17 cases per 100000 in 2009 to 0.24 cases per 100000 in 2013–2016 and 0.32 cases per 100000 in 2017–2018. Incidence rate ratios show that serotype 22F rapidly increase after PCV13 was introduced in Spain with a constant increasing trend until 2018 (IRR 1.95; 95% CI 1.48–2.56 for 2017–2018 vs. 2009, IRR 1.39; 95% CI 1.17–1.65 for 2017–2018 vs. 2010–2012 and IRR 1.37; 95% CI 1.16–1.61 for 2017–2018 vs. 2013–2016) (Table 2). For serotype 33F, a similar pattern was observed after the introduction of PCV13 (IRR 1.70; 95% CI 1.10–2.64 for 2017–2018 vs. 2009, IRR 1.86; 95% CI 1.36–2.54 for 2017–2018 vs. 2010–2012 and IRR 1.41; 95% CI 1.15–1.74 for 2017–2018 vs. 2013–2016) (Table 2). In adults 18–64 years old, only serotype 22F increased since the introduction of PCV13 from 0.09 cases per 100000 in 2009 to 0.16 cases per 100000 in 2017–2018 (IRR 1.82; 95% CI 1.18–2.78). For adults ≥65 years, an increased in the incidence of both serotypes has been observed comparing 2009 and 2017–2018 (IRR 1.83; 95% CI 1.28–2.62 for serotype 22F and IRR 2.00; 95% CI 1.1–3.64 for serotype 33F). Hence, these data demonstrate that both serotypes 22F and 33F are emerging in adults being serotype 22F one of the most prevalent in 2018 for Spanish adults ≥65 years (3rd cause of IPD) whereas serotype 33F is the 16th cause of IPD in this age group (unpublished data from our laboratory).
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FIGURE 2. Trends in IPD incidence due to serotypes 22F and 33F producing IPD episodes in adults during the period 2009–2018 in Spain. (A) Number of IPD cases of serotype 22F. (B) Incidence of IPD cases of serotype 22F. (C) Number of IPD cases of serotype 33F. (D) Incidence of IPD cases of serotype 33F. Black line with triangles is the evolution in adults of all ages. Green line with dots is the evolution in adults 18–64 years. Red line with squares is the evolution in adults ≥65 years.




Genetic Analysis of Circulating Clones Among Clinical Isolates of Serotypes 22F and 33F

Genetic diversity of clinical isolates of serotypes 22F and 33F producing IPD in Spain was assessed by MLST. We chose the year 2018 to know the circulating genotypes of 22F and 33F because is an early time-point after the introduction of PCV13 in the pediatric calendar by the end of 2016 and even in the adult calendar of certain Spanish regions. In Spain, PCV7 was mainly used in private market and low selection pressure is expected.

Isolates of serotype 22F contained five different sequence types being ST433 the most frequent with up to 58% of the isolates belonging to this sequence type (Table 3). These genotypes were grouped into three different clonal complexes although CC433 was associated to 71% of the isolates of serotype 22F (Table 3). Isolates of serotype 33F also had five different genotypes being ST717 the most popular containing 71% of the strains, followed by ST 13320 with 18% of the isolates (Table 3). In contrast to serotype 22F, isolates of serotype 33F showed a less variable diversity in terms of clonal complexes with CC717 being the most frequent with up to 93% of the strains (Table 3). Overall, clinical isolates of serotypes 22F and 33F that are producing the majority of the IPD cases in the Spanish population seem to be very conserved with ST433 and ST717 being the most frequent genotypes among 22F and 33F, respectively (Table 3).


TABLE 3. Genotype and clonal complex distribution of S. pneumoniae 22F and 33F clinical isolates from the year 2018.

[image: Table 3]


Pneumococcal Biofilms of Serotypes 22F y 33F From Different Sources

Figure 3 shows the biofilm formation capacity of clinical isolates of serotypes 22F (Figure 3A) and 33F (Figure 3B) from four different sources: blood, cerebrospinal fluid (CSF), pleural fluid (PF) and otic (Table 1). We also wanted to detect if there were differences in biofilm formation when the clinical isolate was either pediatric or adult (except for an adult clinical isolate of serotype 33F from otitis, which could not be tested). As biofilm formation controls, we used the non-encapsulated S. pneumoniae M11 strain, and isogenic mutants containing the genetic background of strain M11 and the capsules of serotypes 22F (P244) or 33F (P017). One clinical isolate of each serotype and origin were analyzed in detail. Although pneumococci of every serotype tested produced less biofilm than the non-encapsulated strain M11, significant differences were noted in the biofilm formation capacity of several pairs of clinical strains of the same serotype. The pediatric isolates formed greater biofilm than adult isolates, this difference being statistically significant in the case of clinical isolates from blood and otitis of serotype 22F (Figure 3A) and from blood and CSF of serotype 33F (Figure 3B). We also observed that there are clinical isolates of serotypes 22F or 33F that formed more or less biofilm than the isogenic transformant P244 or P017 (Figure 3). These results confirm previous observations indicating that the genetic background, and not only the CPS, modulates pneumococcal attachment to the artificial substrate (Moscoso et al., 2006; Domenech et al., 2014, 2015).


[image: image]

FIGURE 3. Biofilm formation of pediatric and adult clinical isolates from four different origins. (A) Represents clinical isolates of serotype 22F (B). Represents clinical isolates of serotypes 33F. M11, non-encapsulated strain; P244, 22F isogenic transformant; P017, 33F isogenic transformant; P, pediatric isolates; A, adult isolates; CSF, cerebrospinal fluid; PF, pleural fluid. Black bars represent growth and pattern or pattern-less bars represent biofilm formation. All data were normalized to the A595 CV blanks. Error bars represent standard deviations, and asterisks mark results that are statistically significant (two-tailed Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001).


Comparing globally all the results of biofilm formation of pediatric isolates with those from adults (Figure 4A), biofilm formation was greater in clinical isolates of pediatric origin being statistically significant (∗∗∗P < 0.001). In Figure 3, we observed that, clinical pediatric isolates from blood were the best biofilm formers than isolates from the others sources (CSF, PF, otic) regardless of the serotype analyzed. In addition, if we compare a higher number of pediatric isolates from blood with adult isolates of each serotype (Figure 4B), we observed again, that pediatric blood isolates formed better biofilms than adult isolates and this phenotype was serotype-independent.


[image: image]

FIGURE 4. Analysis of biofilm formation of pediatric and adult clinical isolates. (A) Represents the comparison between adult and pediatric clinical isolates from four different origins: 22F (left) and 33F (right). (B) Represents the comparison between 8 additional adult and pediatric clinical isolates from blood: 22F (left) and 33F (right). M11, non-encapsulated strain; P244, 22F isogenic transformant; P017, 33F isogenic transformant. Black bars represent growth and white or color bars represent biofilm formation. All data were normalized to the A595 CV blanks. Error bars represent standard deviations, and asterisks mark results that are statistically significant (two-tailed Student’s t-test: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).


Comparison of ST and clonal complexes with biofilm formation based on the clinical origin of the isolates does not allow establishing a possible relationship between the genotype of the strain (Table 1 and Figures 3, 4), biofilm formation capacity and the origin of the sample.



Opsonophagocytosis of Different Serotypes With the Same Genetic Background Growing as Planktonic or Biofilms Cultures

To explore the potential of different serotypes to avoid the opsonophagocytosis process by human neutrophils which could explain differences in the burden of disease at the epidemiological level, isogenic transformants of M11 strain were used (Figure 5). For this study, PCV13 serotypes such as 3 and 19A and non-PCV13/PCV15 serotypes such as 8, 11A and 24F were included based in their high prevalence rates of these serotypes causing IPD in Europe (Fenoll et al., 2015). Serotype 11A is an emerging multidrug resistant phenotype and a good biofilm former (Aguinagalde et al., 2015; Domenech et al., 2015), whereas serotypes 22F and 33F contained in PCV15 were included for comparison purposes.


[image: image]

FIGURE 5. Influence of different CPS in the evasion of opsonophagocytosis. (A) Bacterial survival of control strain M11 expressing different CPS and grown as a planktonic culture. (B) Bacterial survival of control strain M11 expressing different CPS and grown as a biofilm. Error bars represent standard deviations, and asterisks mark results that are statistically significant (two-tailed Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001).


The use of the M11 strain for constructing all the isogenic transformants, being the CPS as the only difference among the strains, is the best strategy to assess variations in the phagocytosis process mediated by the CPS and not by differences related to the genetic background of the strains. OPKA was measured using bacteria growing as planktonic culture or biofilms.

In planktonic cultures, the analysis of the two most frequent PCV13 serotypes, confirmed that isolate with CPS of type 3 was more resistant to the phagocytosis than the isolate expressing serotype 19A proving than the CPS of serotype 3 conferred more resistance to the phagocytosis than the capsule of type 19A (∗∗∗P < 0.001) (Figure 5A). The two new additional serotypes included in PCV15 showed a different pattern of recognition by the phagocytic cells. The capsule 22F was more resistant to the phagocytosis process than the capsule 33F (∗∗∗P < 0.001) (Figure 5A). These results may explain why serotype 22F is more frequent causing IPD in children and adults than serotype 33F (Figures 1, 2). Strains expressing the CPS of types 8 and 11A had the most resistant phenotype whereas the strain with the CPS of type 24F was phagocytosed as the same level than the CPS of 19A (Figure 5A).

In biofilm cultures, the strain expressing serotype 3 was more resistant to the phagocytosis process than serotype 19A upholding the marked resistant level of serotype 3 to the phagocytosis (Figure 5B, ∗∗∗P < 0.001). Among the two additional serotypes included in PCV15, the strain expressing the CPS of serotype 22F was more resistant to phagocytosis than the strain of serotype 33F suggesting that serotype 22F may have an enhanced ability to colonize and produce persistent infection associated to biofilms than serotype 33F (Figure 5B). The strain with the CPS of type 8 had a similar pattern of phagocytosis evasion than the strain expressing the serotype 19A (Figure 5B). Finally, serotypes 11A and 24F avoided very efficiently the phagocytosis in comparison to the control strain (Figure 5B).



Evasion of Phagocytosis by Clinical Isolates of Serotypes 22F and 33F From Children and Adults

In this study, we analyzed the recognition of pneumococcal serotypes 22F and 33F by phagocytic cells using clinical isolates from blood obtained from children and adults with IPD and grown as planktonic or biofilms (Figure 6). For serotype 22F, no differences were found between pediatric or adult isolates suggesting that this serotype may affect both target populations at a similar level and therefore, it may be useful to vaccinate children and adults against serotype 22F (Figure 6). In the case of serotype 33F, a higher resistance level to phagocytosis was observed in the pediatric isolate grown as planktonic culture (Figure 6A) whereas no differences were observed between isolates as biofilms (Figure 6B), suggesting that children may be more susceptible to IPD by this serotype.
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FIGURE 6. Evasion of opsonophagocytosis of 22F and 33F clinical isolates. (A) Bacterial survival of clinical strains from pediatric (P) and adult (A) patients and grown as a planktonic culture. (B) Bacterial survival of clinical strains from pediatric (P) and adult (A) patients and grown as a biofilm. Error bars represent standard deviations, and asterisks mark results that are statistically significant (two-tailed Student’s t-test: ***P < 0.001).




Role of PSGL-1 Receptor in the Phagocytosis of Prevalent Pneumococcal Serotypes Included or Not in Conjugate Vaccines

The interaction of pneumococcal serotypes with the PSGL-1 receptor was studied in the absence of serum to avoid any effect on phagocytosis by serum-mediated receptors such as complement receptors. In the absence of pneumococcal capsule (control strain M11), we did not observe any difference on phagocytosis independently of the functionality of the PSGL-1 receptor, confirming that the capsule is necessary for the PSGL-1 mediated phagocytosis (Figure 7). For serotypes 3 and 19A, blocking of PSGL-1 by treatment with KPL1 antibody, increased the viability of bacterial cells, confirming that PSGL-1 recognizes pneumococcal CPS of types 3 and 19A inducing phagocytosis (Figure 7). Similar results were obtained for the additional serotypes included in PCV15 and for serotype 8 as inhibition of PSGL-1 receptor on human neutrophils by KPL1 allowed greater levels of viable bacteria of these serotypes, demonstrating that this receptor is important for the phagocytosis of serotypes 22F, 33F and 8 (Figure 7). However, uptake of serotypes 11A and 24F remained similar in the presence or absence of PSGL-1 (Figure 7) suggesting that these two serotypes are not recognized by this receptor which may explain the emergence of these two serotypes causing IPD cases in the last years.
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FIGURE 7. Phagocytosis mediated by PSGL-1 receptor. Results represent bacterial survival of control strain M11 expressing different CPS and grown as a planktonic culture. Phagocytic cells were incubated with an IgG isotype negative control that does not block PSGL-1 (black bars), whereas cells exposed to the KPL-1 antibody had the PSGL-1 blocked (hatched bars). Error bars represent standard deviations, and asterisks mark results that are statistically significant (two-tailed Student’s t-test: ***P < 0.001).




Virulence of Isolates of Serotypes 22Fand 33F in a Mouse Sepsis Model of Infection

Infection assays using the isogenic transformants of M11 strain expressing the CPS of type 22F (P244) or 33F (P017) confirmed that the CPS of serotype 22F confers a higher invasive capacity than the CPS of serotype 33F as in these two strains the genetic background is the same and the only difference is the CPS expressed (Figure 8). The M11 strain expressing 22F had a higher ability to replicate in blood (Figure 8A) and lethality was increased compared to M11 with CPS of type 33F (Figure 8B). This finding is consistent with the epidemiological results mentioned above showing that serotype 22F is more prevalent than serotype 33F in IPD in Spain. When clinical isolates of both serotypes were analyzed, we found that serotype 22F is very lethal regardless of the origin of the strain, killing all the mice within the first 30 h (Figure 8). However, in serotype 33F, the replication in blood of the pediatric isolate was markedly higher compared to the adult isolate (Figure 8A) showing a marked lethality (Figure 8C) which explains the higher resistance to the phagocytosis of this strain in the planktonic cultures (Figure 6A).
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FIGURE 8. Virulence of isolates of serotypes 22F and 33F in a sepsis model of infection. (A) Colony counts expressed as Log10 CFU/ml from the blood of mice infected with M11 strain expressing serotype 22F (P244) or serotype 33F (P017) or with clinical isolates of serotypes 22F or 33F from pediatric origin (P) or adult origin (A). (B) Survival curves of P244 vs. P017 strains. (C) Survival curves of clinical isolates of serotype 33F from pediatric origin (P) or adult (A). Error bars represent standard deviations, and asterisks mark results that are statistically significant (two-tailed Student’s t-test: *P < 0.05; ***P < 0.001 for bacterial counts; and Log-rank test *P < 0.05; **P < 0.01 for survival curves).




DISCUSSION

The effectiveness of current pneumococcal conjugate vaccines against targeted serotypes has been very successful decreasing the burden of disease caused by these serotypes, although unfortunately some countries have reported an increase of IPD cases by certain non-vaccine types in recent years (Feikin et al., 2013; Savulescu et al., 2017; Ladhani et al., 2018; Lewnard and Hanage, 2019). This is the case for serotypes 22F and 33F with different countries reporting increased rates in children and adults after PCV13 (Kaplan et al., 2013; Pichon et al., 2013; Moore et al., 2015; Golden et al., 2016; Balsells et al., 2017; Cui et al., 2017). Serotypes 22F and 33F are also important in terms of quality adjusted life years (QALY) as they caused the highest QALY loss among non-PCV13 serotypes in children (van Hoek et al., 2012). In Spain, our data show an increase of IPD cases for serotype 22F in children and adults and a moderate increase for serotype 33F mainly in adults which is consistent with the situation of other countries worldwide described above. Interestingly, serotype 22F significantly increased not only in adults up to 64 years old but also in adults ≥65 years old between 2009 and the 2017–2018 period (IRR 1.82; 95% CI 1.18–2.78 and IRR 1.83; 95% CI 1.28–2.62, respectively), whereas serotype 33F only increased significantly in the population ≥65 years (IRR 2.00; 95% CI 1.1–3.64). The higher trend to infect adults regardless the age in the case of serotype 22F may explain why this serotype is increasing at a higher proportion than serotype 33F in other countries (Golden et al., 2016; Ladhani et al., 2018). The clonal spread of pneumococcal population allows the dissemination of hypervirulent clones and multidrug resistant genotypes that may contribute to the expansion of certain serotypes and genotypes (Brueggemann and Spratt, 2003; Ardanuy et al., 2014; Aguinagalde et al., 2015; Azarian et al., 2018). Our data demonstrate that genotype ST433 is the most frequent cause of IPD among clinical isolates of serotype 22F in Spain. This is consistent with results from other countries for this serotype causing IPD (Golden et al., 2016) although it also has been found associated to nasopharyngeal carriage (Sa-Leao et al., 2011). For serotype 33F, our results show up to five different genotypes whereas isolates of this serotype from other countries show a more clonal diversity with up to eight different genotypes (Golden et al., 2018). In addition, the majority of the clinical isolates of serotype 33F that are circulating in Spain, belonged to the genotype ST717, which is different to the situation in other countries such as Canada where ST100 is the most frequent cause of IPD for serotype 33F (Golden et al., 2016).

The use of isogenic transformants to make comparisons of biofilm formation is very useful to avoid differences of each clinical isolate (Domenech et al., 2014, 2015), since biofilm formation is a multifactorial process (Domenech et al., 2013). Hence, to analyze the influence of the CPS, the most reasonable thing would be to use bacterial lines with the same genetic background. Biofilm formation is a tool that can help to predict the clinical impact and emergence of new serotypes that colonize the nasopharynx after the introduction of new vaccines (Domenech et al., 2014). These authors observed that serotype 19A was an excellent biofilm former with a marked capacity of nasopharyngeal colonization (Domenech et al., 2014). This ability to form thick biofilms can contribute to the pathogenesis process of serotype 19A, explaining why is one of the most predominant PCV13 serotypes in IPD (Domenech et al., 2014; Fenoll et al., 2015; Ladhani et al., 2018). A similar approach can be useful to explain the emergence of serotype 11A because is also a good biofilm former and is associated to multidrug resistance (Aguinagalde et al., 2015; Domenech et al., 2015). Serotypes 8 and 3, despite forming little biofilm, remain two of the most important serotypes in IPD, with serotype 8 being the most predominant in Europe and the second in Spain, which shows that biofilm formation is not the only factor to take into account when determining the clinical impact of serotypes and their future impact on the incidence of the disease. S. pneumoniae isolates of serotypes 22F and 33F, which were found both in carriage and causing IPD, and which are potentially highly invasive (Yildirim et al., 2010), failed to produce substantial amounts of biofilms in vitro. We observed the formation of pneumococcal biofilm for clinical strains expressing capsules of types 22F or 33F although in the majority of the cases it was weak in agreement with previous observations using isogenic transformants with CPS 22F and 33F (Domenech et al., 2015). The biofilm levels of the control strain M11 in our study are lower than those found in the study by Domenech et al., mentioned above, but this aspect does not affect the findings of the manuscript as we used the same M11 strain to construct the isogenic mutants. The use of different brands of multiwell plates, cristal violet, and a different multiplate reader may have contributed to the variations of absorbance values. In our study, the formation of biofilm does not explain the increase in IPD by serotypes 22F and 33F, since being bad biofilm formers, an expected phenotype that was already described in previous work (Domenech et al., 2015), they should not be very frequent in IPD. However, considering that colonization of the nasopharynx is a multifactorial process and that although the capsule is a prerequisite for the virulence of the microorganism, there are numerous virulence factors that also contribute to the pathogenesis of IPD and for serotypes 22F and 33F may be playing a predominant role (Geno et al., 2015). The CPS, determines the pneumococcal surface charge, and this aspect influences colonization, because negatively charged surfaces are associated with increased colonization (Weinberger et al., 2009). Most pneumococcal capsules are anionic and most pneumococcal clinical isolates have negative charge (Geno et al., 2015; Morais et al., 2018). This anionic charge helps preventing clearance by the mucus and helps repelling phagocytosis. There are many examples of capsule-negative strains that colonize the nasopharynx and also cause disease, such as serotype 19A, which is a good biofilm former in vitro (Domenech et al., 2014), colonizes efficiently the human nasopharynx (Adler et al., 2019) and is one of the main PCV13 serotypes causing IPD. In addition, anionic charge of the capsule does not seem to be an impediment to colonize the upper respiratory tract and produce IPD, but there are capsule-negative serotypes that are good biofilm formers such as 35B and capsule-negative serotypes that are bad biofilm formers such as 24F (Domenech et al., 2015). This phenomenon would explain that serotype 22F is more prevalent in the population, since due to the structure of its CPS its net charge is negative whereas the CPS of 33F is neutral (Geno et al., 2015). These differences in the CPS charge on 22F could contribute to a better colonizing phenotype, and could explain why there is a greater burden of disease due to serotype 22F compared to 33F.

The heterogeneity in biofilm formation using clinical isolates of this study is not surprising, since it confirms evidence published before, where the genetic background and not only the CPS modulate the adhesion of the pneumococcus and formation of a biofilm on an artificial substrate (Moscoso et al., 2006; Domenech et al., 2009, 2014). The novelty of this work, resides in the differences found between pediatric biofilms and adult biofilms, more precisely, the tendency of pediatric isolates to form greater biofilms. These results are compatible with the fact that the pediatric population is the largest carrier of pneumococcus with up to 20–40% of asymptomatic colonization in healthy children (Chaguza et al., 2019) suggesting that pneumococcal isolates can modulate its ability to interact with the nasopharyngeal epithelium by a mechanism related to increased activation of intrinsic factors associated with biofilm formation. The source of the strain (pediatric or adult) is certainly not the only difference between the phenotype of the strains and although the genotype did not contribute to our results, other unrelated factors may be affecting.

Resolution of IPD is finely regulated by the efficient recognition and clearance of S. pneumoniae by professional phagocytes (Standish and Weiser, 2009; van der Poll and Opal, 2009). The pneumococcal CPS that surrounds the bacterium and it is used to determine the serotype, is the most well-established virulence factor, although the genetic background also contributes significantly to the pathogenesis process (Hyams et al., 2011; McAllister et al., 2011). Our study using strains with the same genetic background but expressing different CPS, demonstrates that the strain with capsule of type 3 was more resistant to the phagocytosis process that the strain expressing the capsule 19A. This is interesting because serotype 3 remains as one of the most frequent causes of IPD in adults worldwide (Moore et al., 2015; Ladhani et al., 2018). The higher resistant phenotype conferred by the capsule of type 3 may be due to the higher size and even abundance of the CPS expressed on these strains (Choi et al., 2015). Among the two additional serotypes covered by PCV15, the strain expressing the CPS of type 22F was more resistant to the phagocytosis and much more virulent in a mouse sepsis model than the strain of serotype 33F. This is consistent with the epidemiological data presented in our study showing a higher burden of disease caused by serotype 22F and may explain why in other countries, serotype 22F is also more prevalent than serotype 33F (Moore et al., 2015; Golden et al., 2016; Ladhani et al., 2018). In bacteria growing as biofilms, strains expressing the CPS of type 3, 11A and 24F were among the most resistant strains to be phagocytosed. This is interesting as serotype 3 remains as major cause of pneumonia in adults (Menéndez et al., 2017) and in patients with COPD, serotypes 3 and 11A are among the most prevalent (Shoji et al., 2018). In addition, serotype 24F is more prone to cause meningitis, showing an increase in clinical severity (Balsells et al., 2018) which could be associated to the increase resistant pattern to phagocytosis when replicating as a biofilm.

The repertoire of cellular receptors involved in the phagocytosis of invading pathogens is critical for the outcome of the infection. PSGL-1 on leukocytes plays a critical role in host defense against pneumococcal infection. As a consequence of pathogen-recognition by PSGL-1, pneumococcal strains are efficiently phagocytosed and killed intracellularly, reducing bacterial replication and dissemination in the host, contributing therefore, to control the severity of the IPD process (Ramos-Sevillano et al., 2016). Our results show that PSGL-1 receptor is important for the phagocytosis of different serotypes including the additional serotypes covered by PCV15. However, for serotypes 11A and 24F, cells expressing PSGL-1 did not kill efficiently these particular serotypes suggesting that strains expressing these two CPS, may have an increased ability to produce IPD. This is consistent with the emergence of amoxicillin-resistant variants of serotype 11A with genotype ST6521 that avoid efficiently the phagocytosis process and are good biofilm formers (Aguinagalde et al., 2015) and with the increased severity of infection by isolates of serotype 24F (Balsells et al., 2018).

Overall, the results of this study may be of relevance to understand critical aspects of the pathogenesis process such as biofilm formation and interaction with phagocytes by prevalent serotypes including the additional serotypes covered by the new PCV15. Surveillance studies and characterization of emergent pneumococcal strains remains necessary in order to explain what features lead to the success of individual serotypes and genotypes.
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A limited number of pulmonary pathogens are able to evade normal mucosal defenses to establish acute infection and then adapt to cause chronic pneumonias. Pathogens, such as Pseudomonas aeruginosa or Staphylococcus aureus, are typically associated with infection in patients with underlying pulmonary disease or damage, such as cystic fibrosis (CF) or chronic obstructive pulmonary disease (COPD). To establish infection, bacteria express a well-defined set of so-called virulence factors that facilitate colonization and activate an immune response, gene products that have been identified in murine models. Less well-understood are the adaptive changes that occur over time in vivo, enabling the organisms to evade innate and adaptive immune clearance mechanisms. These colonizers proliferate, generating a population sufficient to provide selection for mutants, such as small colony variants and mucoid variants, that are optimized for long term infection. Such host-adapted strains have evolved in response to selective pressure such as antibiotics and the recruitment of phagocytes at sites of infection and their release of signaling metabolites (e.g., succinate). These metabolites can potentially function as substrates for bacterial growth and but also generate oxidant stress. Whole genome sequencing and quantified expression of selected genes have helped to explain how P. aeruginosa and S. aureus adapt to the presence of these metabolites over the course of in vivo infection. The serial isolation of clonally related strains from patients with cystic fibrosis has provided the opportunity to identify bacterial metabolic pathways that are altered under this immune pressure, such as the anti-oxidant glyoxylate and pentose phosphate pathways, routes contributing to the generation of biofilms. These metabolic pathways and biofilm itself enable the organisms to dissipate oxidant stress, while providing protection from phagocytosis. Stimulation of host immune signaling metabolites by these pathogens drives bacterial adaptation and promotes their persistence in the airways. The inherent metabolic flexibility of P. aeruginosa and S. aureus is a major factor in their success as pulmonary pathogens.
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INTRODUCTION

Pseudomonas aeruginosa and Staphylococcus aureus are major respiratory pathogens that activate airway inflammation to produce pneumonia. These pathogens express a number of specific virulence determinants that can directly damage host tissues. They also activate host inflammation that contributes to the damage via the release of proteases and ROS by recruited immune cells. Such opportunistic pathogens are common in the environment and when inadvertently inhaled are usually cleared by normal mucociliary function. An excessive inflammatory response and/or and especially virulent organisms result in the fulminant acute pneumonias with high mortality, as described for the toxin-producing methicillin-resistant S. aureus (MRSA) (1) and P. aeruginosa (2). More commonly, these pathogens adapt to the milieu within the airway and cause a more chronic infection. In individuals with genetic or acquired respiratory dysfunction, such as in cystic fibrosis (CF) and chronic obstructive pulmonary disease (COPD), these bacteria are able to colonize the respiratory tract, adapt to the milieu of the airway by altering their metabolic activity and through the selection of mutants that have enhanced fitness in the presence of inflammatory products and metabolites. Both S. aureus and P. aeruginosa undergo a gradual adaptation to the human airway, resulting in the production of biofilms that thwart opsonization by antibody or complement, inhibit phagocytosis, and create a barrier for antibiotic penetration. Although the mechanisms used by these pathogens to attach to the lung parenchyma and the genetics of their subsequent biofilm formation are well-known, exactly what triggers this adaptation remains less clear. In this review we discuss how P. aeruginosa and S. aureus have evolved mechanisms to adapt to the airway environment to cause acute and chronic lung infections.



ACQUISITION OF P. AERUGINOSA FROM THE ENVIRONMENT

P. aeruginosa are highly versatile opportunists with a large genome and tremendous metabolic flexibility (3). These organisms normally reside in an aquatic environment, in streams, soil, plants and readily contaminate hospital paraphernalia. P. aeruginosa enjoys genetic adaptability and readily acquires novel genes in response to selective pressure, such as those conferring antimicrobial resistance determinants as well as altering expression of its own gene products, such as its chromosomal β-lactamase ampC, as a response to antibiotics in the environment. This genetic flexibility has led to multi-drug resistance and designation by the CDC and WHO as an exceptionally important human pathogen (4). Within its large genome, P. aeruginosa retains numerous genes that are activated specifically in response to contact with eukaryotic hosts, and alter expression of numerous metabolic and secreted proteins. Some of these changes in gene expression are in direct response to host immune pressure, either to avoid phagocytic clearance or to exploit and respond to immune cell products.

The pathogenesis of airway infection by P. aeruginosa has been well-studied, driven in part by the unusual association of this specific pathogen with cystic fibrosis (5), infecting over 75% of CF patients and contributing substantially to their pulmonary disease (6). The longitudinal study of P. aeruginosa strains from CF patients over decades has provided a wealth of information detailing the geno-phenotypic adaptation of these organisms to the human lung and has been highly relevant to the pathogenesis of other airway opportunists. The organisms inadvertently inhaled from a contaminated environment express a number of gene products to initiate infection: flagella for bacterial motility, pili for attachment, siderophores to trap iron and micronutrients as well as proteases and toxins that generate substrates for bacterial growth (5). Each of these has associated immunogenicity and is recognized by a specific pattern recognition receptor that initiates host airway inflammation. Substantially different genes are activated later in vivo in response to the local milieu in the airway, particularly the presence of immunometabolites.



INNATE IMMUNE RESPONSES TO P. AERUGINOSA


LPS Induces the Release of Succinate, Activation of Inflammasomes, and IL-1β

LPS, lipopolysaccharide or endotoxin, is a major component of P. aeruginosa that activates immune signaling (7). Upon recognition of LPS by toll-like receptor 4 (TLR4), resident alveolar macrophages and neutrophils increase glycolysis, succinate oxidation and generation of reactive oxidative species (ROS) (8–10) (Figure 1A). When primed by LPS, mitochondria shunt succinate into the cytoplasm, which inhibits prolyl-hydroxylase activity (PHD) and enable the stabilization of HIF-1α (11) (Figure 1A). HIF-1α, in turn, induces expression of pro-IL-1β mRNA (8, 11). This transcript is translated into the inactive pro-IL-1β form, which by the action of caspases is cleaved. Mature IL-1β is then released into the extracellular milieu where it activates local and surveilling phagocytes that sense and increase their bactericidal activities.
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FIGURE 1. The mitochondrial PTEN-succinate axis promotes P. aeruginosa airway infection. (A) Once interacting with surface TLR4 receptor, P. aeruginosa LPS triggers inflammation. Mitochondria become depolarized producing ROS and succinate (yellow circles). This is a tightly regulated process by the CFTR-PTEN complex, which signals through Akt and PI3Kγ/δ to suppress LPS-TLR4-driven inflammation. Succinate leaked into the cytoplasm inhibits PHD, which activates HIF-1α to induce production of pro-IL-1β. In parallel, P. aeruginosa release soluble LPS in the cytoplasm, flagellin or inject T3SS toxins. These activate different inflammasomes, priming caspases and cleavage of pro-IL-1β to produce IL-1β. Gasdermin D form pores in the cell membrane releasing mature IL-1β and causing cell death. Once extracellular, IL-1β induces recruitment of more immune cells to clear infection. (B) Laboratory and P. aeruginosa clinical strains derived from acutely infected patients (e.g., ICU) are more immunostimulatory than host-adapted isolates, such as in CF. (C) The immunosignaling metabolite succinate induces crc-dependent polysaccharide production by repressing glucose catabolism in P. aeruginosa. Extracellular ROS and surface contact also induce c-di-GMP generation, which promotes the synthesis of Pel, Psl and alginate and biofilm production. The pro-gluconeogenic glyoxylate shunt pathway contributes with extracellular polysaccharides production by shunting carbon atoms into glucose synthesis. (D) Insufficient CFTR-PTEN interaction induces excessive succinate release (yellow circles) by immune cells and P. aeruginosa airway adaptation. In healthy individuals (upper panel), the CFTR-PTEN complex regulates the oxidative state of mitochondria. In cystic fibrosis patients (lower panel), lack of membrane CFTR-PTEN induces mitochondrial deregulation, producing ROS and more succinate release. Cytoplasmic succinate is excreted into the extracellular milieu feeding P. aeruginosa. Succinate-stressed P. aeruginosa upregulate anti-oxidant genes, causing metabolic adaptation, extracellular polysaccharide synthesis (color lines) and biofilm production. Biofilm-producing P. aeruginosa attach to the airway parenchyma, which protects them from phagocytes, antibiotics and antibodies.


These immune responses are generated by inflammasome activation. Inflammasomes are complexes of multiple proteins that function together to transduce the signals provided by K+ fluxes, specific microbial gene products or DNA into the activation of pro-caspases (12). While the NLRC4 inflammasome recognizes P. aeruginosa type 3 secretion system (T3SS) toxins and flagellin monomers, NLRP3 senses cytoplasmic LPS (13–15). Through the activity of caspase-1, the substrate gasdermin D is cleaved and produces membrane pores resulting in a form of cell death termed pyroptosis and the leakage of intracellular contents, such as metabolites and cytokines such as IL-1β (16). The activation of local and recruited macrophages while important in initiating the clearance of P. aeruginosa also generates an environment with large amounts of the metabolic byproducts ROS and succinate.

Although the activation of the inflammasome and IL-1β release are major components of the host reaction to P. aeruginosa infection, the bacteria appear to thrive despite this response. Mice deficient for IL-1β receptor (IL-1R) or lacking the caspases that produce mature IL-1β exhibit decreased airway bacterial burden (17, 18). These findings suggest that these organisms have mechanisms to adapt to ROS and/or they can metabolize the succinate released from the macrophages, supporting ongoing proliferation despite host efforts of clearance through phagocytosis. Among a large number of carbon sources, succinate is a preferred substrate for P. aeruginosa metabolism (19–22).



Macrophage Release of Succinate Promotes Inflammation

Succinate in the airway promotes inflammation through several mechanisms. The release of succinate from LPS-activated macrophages not only contributes to HIF-1α and IL-1β production, it also generates ROS from its own oxidation by succinate dehydrogenase (SDH) (8). ROS can damage DNA in both the host and pathogen, increasing mutation rates and the selection of variants.

Mitochondrial and cytoplasmic succinate are released into the extracellular space by cell death or by active membrane transporters of the SCL13 family (23, 24). Once extracellular, succinate signals back through its SUNCR1 receptor (also known as GPR91), which boosts IL-1β production by activated phagocytes (25). How specifically the IL-1β-IL-1R signaling favors P. aeruginosa pulmonary infection is under active investigation. Substantial IL-1β release and induction of phagocyte pyroptosis may cause diminished bacterial engulfment and killing, facilitating extracellular bacterial proliferation. Constant IL-1β production in the site of infection is associated with more recruitment of pro-oxidant neutrophils, which can cause local tissue damage and cell dysfunction. IL-1β signaling, tissue fibrosis and activation of chronic mechanisms of cell repair (26, 27) are pathways associated with P. aeruginosa infection, as seen in CF and COPD. In vitro macrophages studies with the intracellular pathogen Mycobacterium tuberculosis have shown that IL-1β-IL-1R signaling restricts intracellular bacterial proliferation by inducing glycolysis (28). P. aeruginosa seems to evade this pathway, as it escapes from intracellular killing by inducing IL-1β-mediated autophagy (29), changes associated with reduced glycolysis (30). These studies suggest that pulmonary Gram-negative pathogens have evolved different intracellular survival mechanisms to exploit IL-1β signaling to cause disease. Thus, a major component of the innate immune response to P. aeruginosa, namely the release of succinate and IL-1β, may actually have beneficial consequences for these bacteria by forcing them to adapt and survive. Accumulating data suggest that host immunometabolites have a central role in the adaptation of virulent P. aeruginosa to enable chronic airway infection, as commonly seen in COPD and CF.



P. aeruginosa Type Three Toxins Target Host Defenses

In addition to LPS, there are many other P. aeruginosa gene products that activate innate immune signaling. The T3SS toxins are expressed by organisms initiating infection and have been specifically associated with fulminant pneumonia (2). The T3SS has been closely linked to the pathogenesis of acute pneumonia and the secreted virulence proteins termed effectors have multiple mechanisms that interrupt normal host metabolism, barrier and immune functions. Following pilin-mediated attachment, T3SS toxins such as exoenzyme S (ExoS) function to alter the polarization of the epithelial cell, subverting the actin cytoskeleton and perturbing epithelial tight junctions to enable bacterial invasion (31). ExoS, along with ExoT are synthetized as a bacterial response to exogenous oxidative stress and suppress neutrophil function by in turn inhibiting anti-bacterial ROS production. Both toxins affect Ras and PI3K, two key cell regulators involved in glycolysis and the generation of energy (32, 33) and cytoskeleton dynamics (34). ExoS ADP-ribosylates the signaling protein Ras, impairing its interaction with PI3K and the complex required to generate ROS by phagocytic NADPH-oxidase. ExoT also reduces PI3K function by ADP-ribosylation contributing to the deactivation of neutrophils. Thus, the activities of these toxins reflect a general theme that P. aeruginosa itself alters host metabolic activity which, in turn, enhances their ability to persist in the lung.

The T3SS toxins also inhibit epithelial repair, a process that diverts host metabolic functions. ExoT deregulates cell cytokinesis (35), a key process to repair damaged tissue that entails cytoskeleton remodeling and requires a substantial ATP expenditure derived from glycolysis (36). In addition to harboring an ADP-ribosyltransferase function in its C-terminus, ExoT is bifunctional and contains a GTPase-activating domain in its N-terminal portion. ExoT targets RhoA using its GTPase domain and syntaxin-2 using its ADP-ribosyltransferase domain in epithelial cells, cytoskeleton-coupled factors that direct early and late cytokinesis, respectively. Negative effects of ExoS and ExoT on pulmonary integrity not only affect epithelial cells, but also neutrophils, which undergo apoptosis following ExoT intoxication. The toxic effects of both factors are related to mitochondrial disruption as well-given that epithelial cells treated with ExoT and ExoS-producing P. aeruginosa strains display enrichment of Bax and Bim proteins in the mitochondrial outer-membrane, which triggers membrane instability, cytochrome C release into the cytosol and activation of pro-apoptotic caspases 9 and 3 (37).

ExoU, a patatin-like phosphatase, and ExoY also belong to the family of T3SS effectors secreted by P. aeruginosa during initial infection and their expression has been linked to mortality in ICU infections (2). When translocated into its target cell, ExoU displays a strong phospholipase A2-like activity, process that interferes with immune surveillance. When injected into neutrophils, ExoU induces cell death, suppressing local activity of host defenses (38). ExoU-mediated neutrophil eradication favors extracellular bacterial replication, making ExoU a key determinant for initial infection (39). ExoU is highly immunostimulatory, triggering epithelial cell proinflammatory signaling which contributes to ongoing lung damage by inducing more neutrophil recruitment, cell death and debris (40–42). ExoY, predicted to display adenylate cyclase activity within host cells, interacts with F-actin filaments to synthesize various cyclic nucleotide monophosphates (43). The intricate role between adenylate cyclase and cytoskeleton dynamics are well-described in tissue repair (44), suggesting that ExoY might also disrupt airway parenchymal barrier function by targeting cell division and viability.

Active production of ExoS, ExoT, ExoU, and ExoY is regulated in part by ArtR, a novel and unique ABC ATPase recently discovered in P. aeruginosa (45). ArtR represses T3SS activities, as seen by overexpression of ExoS, ExoT, and ExoY in artR knockout strains. ArtR also downregulates the expression of ExsA, a member of the AraC-type DNA binding protein and transcriptional inducer of type III effectors. The relationship between type III secretion and a soluble ATPase regulator indicates a direct connection between bacterial bioenergetics and the production of virulence determinants that promote inflammation, cell death and immune deregulation.

In clinical studies analyzing the expression of T3SS by P. aeruginosa, between 75 to 90% of strains associated with acute pneumonia and fatalities displayed functional type III secretion systems. Of these, approximately two-thirds secreted ExoS, one-third secreted ExoU, and nearly all secrete ExoT (46, 47). In contrast, a study of 56 CF patients chronically infected with P. aeruginosa only 12% had isolates that secreted ExoS, ExoT but not ExoU (48). When compared with environmental, urine, endotracheal, blood and wound specimens, only CF sputum isolates of P. aeruginosa downregulated the expression of specific T3SS products (49). These studies clearly indicate that specific families of P. aeruginosa gene products, such as the effectors of the T3SS, are expressed at different times during the course of infection. Of note, downregulation of the T3SS in P. aeruginosa has been associated with upregulation of a different secretion machinery called the type six secretion system (T6SS) which promotes adaptation to the airway environment and chronicity (50). Strategies to block the T3SS toxins while likely effective for acute pneumonia, are unlikely to disrupt established infection as occurs in CF.



P. aeruginosa Adaptation to Immunometabolites—Formation of Biofilms in Response to Oxidant Stress

In contrast to the potent immunostimulatory capabilities seen in the clinical isolates of P. aeruginosa isolated from acute infections, typical of environmental and laboratory strains of P. aeruginosa, chronic isolates have acquired a very different immunogenic profile (Figure 1B). These clinical isolates have substantial decreases in the expression of components that activate the inflammasome, such as flagella, T3SS, and LPS, while up-regulating the expression of the extracellular polysaccharides that function as oxidant traps (51, 52). Similar findings have been found with other patient cohorts, where isolates from chronically infected patients with CF fail to induce inflammasome activation or IL-1β secretion due to LPS mutations or changes in T3SS toxin expression (53). The ability to follow longitudinal isolates of P. aeruginosa from CF patients provides insights into the process of bacterial adaptation to the inflamed airway. P. aeruginosa, either isolated from CF patients or simply grown in high succinate in vitro, have a conserved pattern of metabolic adaptation that helps them deal with the oxidant stress generated by obligate succinate metabolism.

Succinate metabolism causes sufficient oxidant stimulus to drive P. aeruginosa metabolic adaptation and biofilm production (54). By inducing crc-directed catabolite repression on glucose metabolism, succinate promotes glucose diversion into extracellular polysaccharides production (Figure 1C). ROS itself, as well as surface contact and its detection by WspR, are potent stimuli for the production of the master biofilm regulator cyclic-di-GMP (c-di-GMP), which drives synthesis of extracellular and anti-oxidant polysaccharides (55–57). ROS production contributes to bacterial stress, generating mutants better able to produce these biofilms (58). The diversion of a substantial amount of energy consumption to the production of extracellular polysaccharides imposes a metabolic cost upon the organism. Numerous features of biofilms enhance the persistence of bacteria that generate extracellular polysaccharides. The bacteria fall into a low replicative rate, a metabolic state that protects them against antibiotics that target bacterial division as mechanism of action. Adjacent bacteria form glycan-glycan interactions, developing a community of antibiotic resistant organisms able to evade phagocytosis. This biofilm metabolic program is much more restricted than the one used by planktonic bacteria, shutting-off ATP-dependent flagellar motility until becoming sessile (59, 60). Non-motile P. aeruginosa interact and form molecular bridges with nearby surfaces and other bacilli. Available succinate is preferentially consumed as regulated by the catabolite repressor locus crc, which obligates P. aeruginosa to consume succinate before any other carbon source present in the environment (21). While restricting flagellar swimming, crc-directed succinate assimilation augments twitching motility by P. aeruginosa, changes that favor bacteria-surface interactions and biofilm development (19, 20). The repression crc exerts on glucose catabolism leads P. aeruginosa to produce energy mainly from succinate oxidation, dedicating glucose monomers to the copious synthesis of extracellular polysaccharides (Figure 1C).

P. aeruginosa can form several distinct biopolymers that form biofilm. Alginate, a complex of O-acetylated D-mannuronate and its C5′ epimer L-guluronic acid, is responsible for the mucoid phenotype of P. aeruginosa typically isolated from patients with CF. Psl and Pel are associated with biofilm formation in many clinical settings, including pneumonias and CF. Psl is made of D-mannose, L-rhamnose, and D-glucose residues (51). Although Pel structures have been less studied, preliminary studies indicate that Pel is formed by acetylated galactosamine and glucosamine sugars (52). These polysaccharides act as traps for oxidant molecules, protecting P. aeruginosa from membrane and protein damage induced by activated phagocytes.

High levels of succinate are sufficient to stimulate the upregulation of P. aeruginosa algD, the gene that synthetizes the alginate precursor GDP-mannuronate (61, 62). Mucoid and small colony variants (SCV) of P. aeruginosa recovered from the CF airway display increased levels of algD that is induced by succinate (6, 54, 63–66). The biosynthesis of the precursors of the exopolysaccharides are supported through the glyoxylate shunt, an alternative to the TCA cycle that generates less oxidant stress and is upregulated in succinate-exposed P. aeruginosa. In P. aeruginosa, the glyoxylate shunt is controlled by aceA and glcB, two genes that produce glyoxylate first and then malate and succinate, respectively. The glyoxylate shunt saves two carbon atoms that are normally lost as CO2 during the TCA cycle, which are put back into circulation as malate and succinate. Malate is a gluconeogenic precursor that replenishes the bacterial cytoplasm with glucose, a precursor for the extracellular polysaccharides (Figure 1C). Succinate, is an additional glyoxylate shunt byproduct, that sustains oxidative metabolism, causing a feedback response to increase the generation of pro-biofilm mutants by upregulating the same glyoxylate shunt and by generating mutations in the DNA. The oxidative metabolism of succinate accumulated in the airway both fuels P. aeruginosa proliferation and drives adaptive changes to mitigate the accompanying generation of oxidants.



Succinate Is Increased in Inflammation and in CF

The release of succinate by activated macrophages is a central component of the innate immune response to LPS in general and to P. aeruginosa specifically. Although succinate release is a consequence of excessive inflammation and a likely factor in many airway infections, it is a favored substrate for P. aeruginosa metabolism, preferentially utilized before other substrates (19, 21, 22, 67). The overwhelming predilection of P. aeruginosa for succinate utilization helps to explain the increased susceptibility of the CF airway for this specific pathogen, and not other opportunists that are not similarly hard wired to consume succinate before all other substrates (22). Associated with the diminished abundance of CFTR in epithelial and immune cell membranes, there is also decreased PTEN, the phosphatase and tensin homologue deleted on chromosome 10 (68). For normal PTEN function it must be tethered to CFTR at the cell membrane. PTEN regulates class I PI3Kα/β activity. As PTEN counterbalances PI3K activity, it is a central regulator of cellular metabolism. Impaired PTEN function, as occurs when there is insufficient binding to CFTR, results in the accumulation of succinate (54, 69, 70) (Figure 1D). Thus, infection in the CF airway generates even greater amounts of succinate than in normal hosts.

Not only does PTEN regulate cellular proliferation, it also induces the anti-inflammatory function of Akt and the PI3Kγ/δ subunits in phagocytes (68, 71, 72). These are proteins located in the inner leaflet of the plasma membrane during LPS-TLR4 interaction. In CF cells, the lack of the CFTR-PTEN interaction unleashes the inflammatory response, increasing NF-kB and NLRP3 activation and resulting in increased production of IL-1β and succinate (54, 68–70) (Figure 1A). PTEN deficiency in mitochondrial membranes further impairs P. aeruginosa killing and ultimately its clearance from the murine airway (68). The milieu of the CF airway, with decreased CFTR-PTEN interaction, increased succinate and oxidant generation provide an environment that favors P. aeruginosa proliferation and generates selective pressure for the organisms best suited for this environment, those protected from oxidants by their formation of biofilm (Figure 1D).



LPS Changes in Host-Adapted P. aeruginosa

Analysis of the genotypic and phenotypic changes found in P. aeruginosa strains isolated from chronic pulmonary infections provides important insights into the tremendous versatility of these strains. Host adapted bacteria alter the expression of major structural components. LPS is consistently downregulated or altered in P. aeruginosa from CF patients (5). Strains from chronically infected CF patients have shorter O-antigen branches compared with control laboratory strains (73), changes predicted to have an impact on the host inflammatory response (74, 75). These isolates display reduced lateral LPS ramifications, and accumulate mutations in genes that produce these changes. In P. aeruginosa, LPS is synthetized by several operons involved in assembly, trafficking, and anchoring of LPS on the outer-membrane (76, 77).

LPS on the cell surface provides membrane stability (78). The process of LPS exposure is well-regulated and mediated by a set of periplasmic and outer-membrane transporters within the Lpt family of proteins. LptD, the last transporter that exposes mature LPS on the cell surface (77), has been shown to be reduced and mutated in CF P. aeruginosa isolates (54). This has repercussions in terms of immune-activation, as LPS-deficient strains fail to induce IL-1β production and succinate release from phagocytes. As the organisms are already in a succinate-replete environment in the inflamed CF airway, positive selection for strains that do not further add to the abundance of succinate and the oxidants associated with its metabolism may help to explain the predominance of the LPS mutant strains. Similarly, selection for mutants or variants lacking immunogenic pathogen-associated molecular patterns (PAMPs), the T3SS effectors, and flagella would also substantially decrease inflammasome activation, IL-1β and further succinate release.



P. aeruginosa Modulate Host Immune Signaling

The analysis of gene expression changes in P. aeruginosa over the course of infection in CF, as compared with acute pneumonias has provided numerous insights into the pathogen-host dynamics. The milieu of the CF airway, with high succinate and abundant carbon sources for bacterial growth provides ample opportunity for P. aeruginosa colonization and adaptation, despite the presence of an immune system that functions normally in other sites. As the recruitment of phagocytes, their activation by bacterial LPS and other PAMPs induces the release of immunometabolites, such host responses drive the selection of highly adapted opportunists from the airway microbiome. These host-adapted strains suppress the expression of genes that further fuel the release of succinate, and increase the expression of extracellular polysaccharides (biofilm) to dissipate oxidant stress. In a hospital setting, with antimicrobial pressure and impaired mucociliary clearance in many hospitalized patients, these factors create conditions that favor the selection of P. aeruginosa and other opportunists with the metabolic flexibility to proliferate, despite the presence of an apparently robust immune response.




STAPHYLOCOCCUS AUREUS CAUSE ACUTE AND CHRONIC INFECTION

In contrast to P. aeruginosa, S. aureus are both a ubiquitous component of the commensal flora and a major cause of acute pneumonia and chronic airway infection. S. aureus colonize the nose in 30–40% of individuals but can cause serious infection by using numerous virulence factors and mechanisms to subvert or evade the immune system. Similar to P. aeruginosa, S. aureus, particularly methicillin-resistant strains including USA300 LAC that were especially prevalent a decade ago, are an important cause of severe acute pneumonia (79). The toxins produced by S. aureus, such as α-hemolysin (Hla) and PVL (Panton Valentine Leukocidin) contribute to the necrotizing pneumonias. Although substantial efforts in infection prevention and control have helped to decrease the incidence of those severe pneumonias, S. aureus strains, both sensitive and resistant to methicillin (MSSA and MRSA), are still frequently associated with airway infection, most often with a less fulminant course. S. aureus remain a major pathogen in COPD and especially in CF, where they are associated with chronic airway infection and are at least as common as P. aeruginosa (80, 81).



SELECTION OF SCVS IN CLINICAL SETTINGS

A clinically important adaptive change to the lung by S. aureus is the selection of small colony variants (SCVs) from chronically infected tissues (82). SCVs were first characterized by Proctor et al. (83) as phenotypically distinct from other S. aureus colonies, often with pinpoint colony size that is overlooked in clinical microbiology laboratories. Although suggested to have diminished expression of toxin genes, this may not necessarily be the case in vivo whereby the SCVs can revert to the WT phenotype due to availability of components they are auxotrophic for (84). SCVs have a variety of mutations typically in genes associated with electron transport chain components such as menadione, and heme (82). As a result, SCVs often have altered metabolism from normal colony variants, with decreased tricarboxylic acid (TCA cycle) activity and oxidative phosphorylation (OXPHOS) and increased glycolysis to meet their energy requirements (85). SCVs are often found within host cells or in biofilms, where they are protected from antibiotics, antibodies, complement activation, and phagocytes (Figure 2A). Clinical studies in CF patients indicate that their recovery correlates with poor outcomes (86), likely influenced by the antimicrobial resistance of these variants and their ability to evade immune clearance mechanisms.


[image: Figure 2]
FIGURE 2. Metabolic adaptation by S. aureus. (A) S. aureus acquire mutations in genes associated with terminal electron transport chain components resulting in the formation of small colony variants (SCVs) that display reduced metabolism. The decrease in TCA cycle activity from SCVs results in lower electrochemical gradient which is required for the uptake of aminoglycosides, thus rendering SCVs antibiotic resistant. In addition to their metabolic adaptation, SCVs evade the host immune system by intracellular survival and have increased biofilm forming ability that protects from oxidative stress. S. aureus also undergo bacterial metabolic remodeling resulting in population heterogeneity following internalization by bronchial epithelial cells. One bacterial subset replicates and induces host cell death and the other slows down its growth rate, relying on the catabolism of amino acids such as glutamate to supply oxaloacetate by fueling the TCA cycle and gluconeogenesis (red arrows). S. aureus also acquire mutations in the gene csl2 that results in enhanced cardiolipin synthesis and reduced phosphatidyl glycerol, thereby altering bacterial membrane composition and impairing antibiotic penetration. The reduction in phosphatidylglycerol also leads to inhibition of neutrophil chemotaxis. (B) S. aureus SCVs, such as those auxotrophic for heme, adapt to local fumarate accumulation by overexpressing fumC to degrade it. This helps sustain glycolysis given the role of fumarate as a glycolytic inhibitor. Fumarate degradation is also detrimental to the host and abrogates trained immunity, promoting recurrent infections.




S. AUREUS EVADE INFLAMMASOME—MEDIATED CLEARANCE AND INDUCE NECROPTOSIS

S. aureus are typically considered an extracellular Gram-positive pathogen. However, these pathogens can also persist within host cells, either epithelial, endothelial or immune cells. The intracellular niche provides protection for staphylococci from some antibiotics, antibody and complement, inducing the host to utilize alternative clearance mechanisms. The induction of host cell death is often beneficial as it eliminates the intracellular niche of the pathogen and triggers an innate immune response. Bacterial pathogens can either evade host cell death or benefit from it. Like P. aeruginosa, S. aureus activate the NLRP3 inflammasome using several virulence factors including pore-forming toxins and phenol-soluble modulins (PSMs) (87). This normally results in pyroptotic host cell death and the release of IL-1β and bacterial clearance in the skin (88). However, NLRP3 inflammasome signaling does not clear staphylococci from the lungs of infected mice given that WT and Nlrp3−/− mice had similar bacterial burdens following S. aureus intratracheal infection (89). S. aureus-induced NLRP3 inflammasome activation via Hla toxin prevents staphylococcal clearance by recruiting mitochondria away from phagosomes containing internalized S. aureus (90). In the absence of the close association of mitochondria from internalized staphylococci, macrophages were unable to effectively kill S. aureus. Staphyloccocal killing by co-localization with mitochondria was mediated by altered electron transport chain activity leading to ROS production, endosomal acidification and local caspase-1 activation (90).

S. aureus, like P. aeruginosa, undergo adaptive changes in vivo, such as the selection of SCVs. While suspected of deficient toxin production, the SCVs nonetheless induce robust immune signaling (84). S. aureus and even the S. aureus SCVs induce necroptosis, a caspase-independent mechanism of programmed cell death. Necroptosis is induced by the phosphorylation of the mixed lineage kinase domain-like (MLKL) protein by receptor-interacting protein kinase 3 (RIPK3) resulting in MLKL oligomerization at the plasma membrane and pore formation. Necroptosis does not efficiently clear the staphylococcal infection caused by either WT or SCV strains. A similar intracellular bacterial burden was recovered following infection of bone marrow-derived macrophages (BMDMs) from WT mice and Mlkl−/− mice that are unable to initiate necroptosis (84, 91). Furthermore, necroptosis contributes to the persistence of SCVs in a mouse model of infection; SCVs failed to establish infection in Mlkl−/− mice compared to WT mice, suggesting that necroptosis actually facilitates ongoing infection by SCVs at the expense of the integrity of the host (84). Whether this is also the case in a mouse model of pulmonary infection remains to be determined. However, S. aureus SCV induction of host cell death through necroptosis clearly enables the microorganisms to persist, at the expense of the integrity of the host.



S. AUREUS BIOFILM FORMATION FUNCTIONS IN THE EVASION OF INNATE CLEARANCE MECHANISMS

Wild type strains of S. aureus have multiple adaptive strategies to enhance persistence in the respiratory tract. S. aureus readily form bacterial communities encased in biofilms, a form of protection from antibiotics, antibodies, complement activation and phagocytic clearance as well as from oxidative stress. While staphylococcal biofilms are most commonly associated with infection of indwelling intravascular devices, these Gram-positive bacteria form biofilms within the airways. From the initial stages of deposition in the airway spaces, the organisms clump together forming tight bacterial clusters that are not readily dispersed (92). S. aureus biofilm formation can be induced via distinct pathways including via extracellular polysaccharides or the accumulation of extracellular DNA (eDNA) and proteins (93). S. aureus contain two gene clusters encoding enzymes essential for two distinct polysaccharides including the polysaccharide intercellular adhesin (PIA) encoded by the icaADBC operon (94, 95) and the capsular polysaccharide (CP) encoded by the cap operon (96). S. aureus from CF patients have been shown to be primarily positive for PIA and negative for CP (97). A link between S. aureus metabolic activity and subsequent biofilm formation was suggested by the observation that the mitochondrial metabolite fumarate promotes biofilm formation in clinical isolates from CF patients in vitro (98). However, the mechanism of action for this metabolite-driven bacterial adaptation has not yet been determined.

Biofilm formation provides substantial protection against phagocytic clearance. Neutrophils are essential in clearing S. aureus via the oxidative burst and through formation of antimicrobial neutrophil extracellular traps (NETs). Unlike planktonic S. aureus, sessile staphylococci in biofilms remain viable even after exposure to neutrophils. Of the many mechanisms to evade bacterial killing conferred by biofilm, is the elimination of neutrophils via the release of the toxins PVL and HlgAB that induce formation of NETs (99). Whilst NETs are effective at clearing planktonic bacteria, the high concentrations of NETs produced during biofilm formation instead cause neutrophil necrosis, preventing bacterial clearance (99). Macrophages, particularly the classically activated M1 macrophages, also help clear staphylococcal infections via the production of nitric oxide and ROS. Staphylococcal biofilms skew macrophage responses towards an anti-inflammatory state M2 to evade macrophage-induced killing (100). Thus, it seems likely that staphylococcal biofilm formation impacts host metabolism and the efficiency of immune clearance mechanisms that are operative in the airways.



GENOMIC CHANGES IN CLINICAL ISOLATES OF S. AUREUS FROM PERSISTENT INFECTION

Molecular epidemiology studies have been tremendously important in tracking S. aureus epidemiology, and especially the global outbreaks of MRSA infection (101, 102). Less well-studied are the changes that occur in clones that have adapted to specific sites of infection, as these can occur at the genomic, proteomic, or metabolic levels. Several studies of clinical S. aureus strains isolated from pneumonia, in normal hosts as well as in CF patients, indicate mutations in the agr locus (103). The agr locus divergently regulates expression of S. aureus toxins, including Hla and several others (104) and surface proteins, the microbial surface components recognizing adhesive matrix molecules (MSCRAMMS), including protein A (105). Hla is critical in the pathogenesis of acute pneumonia, targeting A Disintegrin and Metalloprotease 10 (ADAM-10) and initiating invasive infection (106). Hla is one of several staphylococcal pore-forming toxins, capable of inducing K+ efflux and activating the NLRP3 inflammasome (89) to stimulate caspase-1 activation and IL-1β release. As S. aureus accumulate, agr functions in quorum sensing through the activity of small RNAs and increases Hla expression while decreasing the production of surface proteins that interact with host immune cells, such as protein A which binds both the Fc component of IgGs and the TNF receptor (107). In clinical isolates, agr dysfunction is associated with decreased expression of toxins, immunosuppression and staphylococcal adaptive changes to the lung.



S. AUREUS ACTIVATE AND RESPOND TO HOST METABOLISM

Genomic studies indicate that the same colonizing bacteria can cause invasive infection, indicating that host-associated factors trigger the expression of genes that promote active infection, as opposed to passive colonization. The bacteria recovered from invasive infections, such as those isolated from blood or lower airways, can also regulate their gene expression to cause chronic instead of fulminant pneumonia. While the staphylococcal genes associated with the regulation of the numerous gene products that activate host immune responses, such as agr, sar, and many others are well-characterized, much less well-understood are the host signals that trigger global changes in gene expression that promote chronic colonization vs. invasive infection. The natural history of S. aureus infection in CF provides an opportunity to understand how S. aureus changes its transcriptional program to cause chronic infection. Analysis of gene expression in longitudinal isolates of S. aureus from CF patients illustrates patterns that, like P. aeruginosa, indicate a process of adaptation to host immunometabolites and ROS (98). Just as immune cells alter their metabolism upon microbial stimulation, S. aureus alters its metabolic activity, often benefiting from the metabolic reprogramming of the immune cells.



METABOLIC ADAPTATION OF S. AUREUS TO THE LUNG

One of the strategies employed by S. aureus to adapt within the human host is bacterial metabolic remodeling which is driven by the host response to infection. Following invasion of human bronchial epithelial cells, S. aureus adapt to the intracellular environment. Internalized bacteria display population heterogeneity with one bacterial subset replicating and eventually causing host cell death whilst another subset persists by reducing growth rates (Figure 2A) (108). In order to survive and persist, the latter subset increases fermentation and amino acid catabolism, upregulating enzymes including 2-oxoglutarate dehydrogenase (SucA), succinyl coenzyme-A synthetase (SucC), succinate dehydrogenase (SdhA), and fumarase/fumarate hydratase (FumC), which are involved in the TCA cycle activity (Figure 2A, red arrows). Other changes include increased levels of phosphoenolpyruvate (PEP) carboxykinase (PckA) involved in gluconeogenesis (108). Of note, the upregulation of these enzymes was previously shown to be important particularly in glutamate catabolism to supply intermediates such as oxaloacetate, α-ketoglutarate and succinyl-coenzyme-A and subsequently gluconeogenesis via PckA when glucose is depleted (Figure 2A) (109). This is consistent with the repression of amino acid catabolism by glucose and the inability of S. aureus to utilize short chain fatty acids as carbon sources, owing to the lack of β-oxidation and glyoxylate shunt pathways (109). Thus, it is important to recognize that patterns of S. aureus metabolism established under controlled laboratory conditions, are unlikely to accurately simulate the abundance of multiple carbon sources within the human airway. Attempts to mimic the complex milieu of the infected CF airway with “artificial sputum” provide mucins and DNA to a complex mix of amino acids and other carbon sources (110). However, even this media lacks the contribution of the immune cell metabolites and ROS that are likely to influence S. aureus metabolism.



METABOLIC COMPETITION BETWEEN HOST AND S. AUREUS

While S. aureus infecting the airway are adapting to the local environment, a similar process of metabolic adaptation occurs in host cells. In response to internalized staphylococci, human bronchial epithelial cells increase glucose uptake and catabolism, as well as amino acid utilization (108). These metabolic changes observed in bronchial epithelial cells upon S. aureus infection are reminiscent of other studies using HeLa cells and more physiologically relevant cell types, such as bone marrow-derived macrophages (BMDMs) (111) and human primary keratinocytes (112). During staphylococcal infection, HeLa cells and murine BMDMs upregulate glycolysis and glutaminolysis (111). This creates a starvation response that induces autophagy in the host cell (111). However, autophagy provides both host and pathogen with nutrients that fuel bacterial proliferation.

S. aureus infection imposes a metabolic stress on host epithelial cells by competing for glucose and O2, which results in the activation of HIF-1α and glycolysis, as well as the many genes that are activated by this transcription factor including IL-1β (112). The S. aureus SCVs are especially dependent upon glycolysis, as they often lack terminal components of the electron transport chain. These SCVs associated with chronic infection substantially upregulate glycolysis in human keratinocytes and THP-1 macrophage-like immune cells (84), indicating that a hallmark of S. aureus infection is the induction of glucose metabolism in epithelial and immune cells. Several studies indicate that metabolically active S. aureus strains compete with the host for glucose to induce signaling, as opposed to non-viable organisms (112, 113), which unveils a metabolic mechanism of immune deregulation. These studies illustrate the importance of using viable bacteria for studies of host-pathogen interactions, as the metabolic signaling by both host and pathogen greatly affects immune responses.



SCV-INDUCED FUMARATE DEGRADATION INHIBITS TRAINED IMMUNITY

An example of the importance of bacterial as well as host metabolic activity in pathogenesis is the observation that S. aureus from clinical settings, including the SCVs, have significantly increased fumC activity, up to 10,000-fold as compared to a USA300 MRSA control strain (84). The ability to degrade fumarate has several benefits for the bacteria. In addition to limiting the accumulation of fumarate, which itself inhibits glycolysis (114), fumarate induces epigenetic changes in macrophages that are associated with trained immunity (115). Trained immunity refers to the increased non-specific protection against a secondary infection at the site of the primary challenge. Fumarate inhibits KDM5 histone demethylases, promoting histone modifications such as H3K4me3, at promoters of proinflammatory cytokines, serving to enhance transcription upon secondary insult (115). The importance of fumC expression in the persistence of SCV infection has been illustrated using a prototypic SCV, ΔhemB mutant that is auxotrophic for hemin (84), as well as by using S. aureus clinical isolates which also showed 1,000–100,000-fold fumC upregulation (84, 116). Fumarate catabolism correlated with the inhibition of protection from a secondary staphylococcal challenge in a mouse model of skin infection (116) and increased fumC activity by SCVs resulted in lower levels of fumarate during infection of human macrophage-like cells (THP-1 cells) and peripheral blood mononuclear cells (PBMCs) (84). MRSA isolated from chronically infected CF patients also exhibit significantly elevated fumC activity, consistent with a shared response to the host (98). The observation that S. aureus SCVs blunt immune memory development by depleting fumarate from the environment (Figure 2B) supports the idea of dynamic metabolic competition between host and pathogen.



METABOLIC CHANGES ASSOCIATED WITH S. AUREUS RESPIRATORY INFECTION

In addition to data accrued from laboratory constructed S. aureus mutants and murine models of infection, numerous adaptive changes in S. aureus have been identified in clinical isolates. The longitudinal sampling of S. aureus strains from a CF patient provides the opportunity to follow how these bacteria change in response to the conditions in the host airway. A study of CF patients with MRSA infection demonstrated that these strains undergo substantial metabolic adaptive changes, without changes in immunogenicity (98). These host-adapted strains were as immunostimulatory when incubated with human airway epithelial cells or macrophage cell lines in vitro, as were wild type virulent USA300 MRSA strains (98). Although genomic analyses revealed several polymorphisms in expected genes as compared with control USA300 LAC, upregulation of specific metabolic pathways such as the increased fumC expression was observed (98). The key role of fumarate assimilation was further confirmed, as fumC deletion from S. aureus resulted in reduced colonization from murine lungs, indicating the importance of fumarate catabolism in pulmonary colonization (98). These high fumC-expressing host-adapted strains also displayed abundant biofilm formation, suggesting that by consuming fumarate they not only limited the development of immune memory, as described above, but also improved community lifestyle. In addition to increasing fumC, other metabolic changes seen in S. aureus isolates from a completely different study stemmed from several non-synonymous mutations in other metabolic genes, particularly loci involved in amino acid and carbohydrate metabolism (117). This host-adapted strain from long-standing infection in CF also exhibited increased biofilm formation, changes that correlated with acquisition of stop codon mutations in the master regulator agr (117). The progressive acquisition of mutations in metabolic genes and upregulation of fumC observed in S. aureus isolates suggest a continual adaptation to the metabolites produced by immune and epithelial cells, changes that also favor biofilm development.



S. AUREUS METABOLIC ADAPTATION PROMOTES ANTIBIOTIC RESISTANCE

S. aureus adaptation to the host also includes the selection of antibiotic resistant strains in response to ongoing therapy. The acquisition of antibiotic resistance genes may or may not include a metabolic cost in fitness for the organisms. Isolation of S. aureus strains resistant to antibiotics, such as the cyclic lipopeptide and bacterial cell membrane disruptor daptomycin, are a major health concern. Recently, it has been shown that daptomycin-resistance is produced by single point mutations in the gene csl2, which codes for a cardiolipin synthase resulting in enhanced cardiolipin synthesis and reduced phosphatidylglycerol (118). This metabolic alteration resulted in changes in the bacterial membrane structure impairing daptomycin penetration and membrane disruption. Associated with these changes was the induction of a thwarted immune response, as strains with reduced phosphatidylglycerol promoted less neutrophil chemotaxis (Figure 2A). Antibiotic resistance, especially to aminoglycosides, is also exemplified by SCVs. While aminoglycosides are not first line agents for staphylococcal infection, they are frequently used in combination with cell wall active agents, and as preventative/prophylactic therapy in CF. Patients with long-term exposure to aminoglycosides have been shown to develop SCVs. The reduced susceptibility of SCVs to antibiotics is multifactorial: their intracellular location may protect them from the inhibitory concentrations, and their slow growth rate could reduce their susceptibility by non-specific mechanisms including reduced expression of pharmacological targets. Anaerobic metabolism prevents the uptake of aminoglycosides and along with reduced growth rates, OXPHOS activity and electrochemical gradients, SCVs in particular are protected from the bactericidal effects of these antibiotics (119, 120).



CONCLUSIONS

P. aeruginosa and S. aureus are highly successful pulmonary pathogens that are able to undergo adaptive changes to first colonize mucosal surfaces, elude mucociliary clearance to cause acute infection, and then adapt to the metabolic demands of the airway to establish chronic infection. These organisms have substantial metabolic flexibility to adapt to the environment within the host often by acquiring mutations or by changing their transcriptional profiles. While the phenotypic changes associated with adaptation to the lung, such as the expression of extracellular polysaccharides, loss of motility, or selection of small colony variants are readily apparent, most of the other adaptive changes are not. Vaccination or even therapeutic strategies to target these organisms must first consider if the intent is the prevention of colonization or suppression of organisms that have already undergone substantial adaptation to persist in the airways.

Whereas the downstream effect of these adaptive changes to establish chronic infections has been thoroughly studied, what drives these changes is less well-understood. Indeed, recent studies are focusing on the metabolic cross-talk between the host cell and the pathogen as well as the response of the pathogen to a milieu that is often filled with immunosignaling metabolites. Despite the abundance of immunometabolites, further studies are required to better understand their role in bacterial pathogenicity in physiologically relevant settings.
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SHIP-1 is an inositol phosphatase that hydrolyzes phosphatidylinositol 3-kinase (PI3K) products and negatively regulates protein kinase B (Akt) activity, thereby modulating a variety of cellular processes in mammals. However, the role of SHIP-1 in bacterial-induced sepsis is largely unknown. Here, we show that SHIP-1 regulates inflammatory responses during Gram-negative bacterium Pseudomonas aeruginosa infection. We found that infected-SHIP-1−/− mice exhibited decreased survival rates, increased inflammatory responses, and susceptibility owing to elevated expression of PI3K than wild-type (WT) mice. Inhibiting SHIP-1 via siRNA silencing resulted in lipid raft aggregates, aggravated oxidative damage, and bacterial burden in macrophages after PAO1 infection. Mechanistically, SHIP-1 deficiency augmented phosphorylation of PI3K and nuclear transcription of signal transducer and activator of transcription 5 (STAT5) to induce the expression of Trib1, which is critical for differentiation of M2 but not M1 macrophages. These findings reveal a previously unrecognized role of SHIP-1 in inflammatory responses and macrophage homeostasis during P. aeruginosa infection through a PI3K/Akt–STAT5–Trib1 axis.
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INTRODUCTION

The Src homology 2-containing inositol 5-phosphatase, SHIP-1, is a 145-kDa protein highly expressed in hematopoietic cells (1). SHIP-1 negatively regulates phosphatidylinositol 3-kinase (PI3K) activity through hydrolysis of the 5′-phosphate from the PI3K lipid product phosphatidylinositol 3,4,5-triphosphate [PI (3,4,5) P3] to phosphatidylinositol (3,4)-bisphosphate (PI (3,4) P2) (2). The PI3K–Akt pathway affects a spectrum of cellular functions including metabolism, growth, proliferation, survival, and adhesion (3). Mast cells and macrophages, which are essential for the negative regulation of type II immune responses to drive lung spontaneous inflammation and injury, are over-activated in SHIP-1−/− mice after Candida albicans infection (4). Pulmonary inflammation and M2-polarized macrophages were greatly exacerbated in SHIP-1−/− BALB/c mice (5). Other studies have also found that bacteria utilize lipid rafts to evade immune defense, indicating complex and intertwined signaling circuits in host defense (6, 7). Evaluating interactions between SHIP-1 and lipid rafts may help to understand their role in innate immunity during bacterial infection.

Macrophages, as an important component of the immune system to phagocytize and clear pathogens, are related to the control of inflammation (8). Macrophages are mainly composed of two functional subtypes, M1 and M2 (8, 9). Classically activated macrophages (M1) play a major role in defense against bacteria and viruses by activating inflammatory signaling pathways through secreting pro-inflammatory cytokines (IFN-γ, IL-1, IL-6, IL-12, IL-23, and TNFα) (10). Alternatively activated macrophages (M2) are activated by IL-4 and IL-13 and participate in tissue remodeling and fibrosis by regulation of anti-inflammatory response signal production through secreting IL-10 and TGF-β (11, 12). M2/M1 macrophage polarization is essential for maintaining macrophage phagocytosis and immune function (13, 14). Signal transducer and activator of transcription 5 (STAT5), which plays a critical role in the development of the hematopoietic system, can dominate the function of multiple cytokines by regulating the transcription of distinct target genes (15). Studies have shown that increased STAT5 activity in SHIP−/− mice may play a key role in promoting M2 macrophage polarization (16). The M2 phenotype is suppressed when STAT5(−/−) BM cells are used in response to IL-3 and granulocyte-macrophage colony-stimulating factor (GM-CSF) stimuli, which can skew murine macrophage progenitors toward an M2 phenotype in the absence of SHIP (17, 18). Tribbles homolog 1 (Trib1), as a member of the mammalian Tribbles homolog pseudokinase family, has been shown to be critical for the differentiation of tissue residence of M2-like macrophages (19). Trib1 induced macrophages to express M2 phenotype markers in prostate cancer (20), whereas Trib1 deficiency attenuated the expression of M2-marker genes upon IL-4 stimulation (21). M2 macrophages exhibited a selective depletion after myocardial infarction in Trib1−/− mice compared with wild-type (WT) mice (22). To date, no studies of the effects of Trib1, SHIP-1, and STAT5 on inflammatory response and subsequent sepsis induced by Pseudomonas aeruginosa infection have been reported.

Pseudomonas aeruginosa, an opportunistic bacterium, can infect almost any human organs and is particularly prevalent in immunocompromised individuals, such as patients with HIV-1, tuberculosis infection, cancer, and cystic fibrosis (23, 24). Whereas, antibiotic-resistant strains of PAO1 expand at an alarming pace, the development of effective anti-infectious measures including new antibiotics, chemical drugs, and vaccines has been disappointingly slow. SHIP is essential for endotoxin tolerance by suppressing the generation of M1 macrophages (25), suggesting that SHIP-1 is key for lung immune balance and suppression of inflammation disorders by controlling macrophage function. Nevertheless, the underlying mechanism of SHIP-1 for modulating macrophage function and inflammatory response remains largely elusive in bacterial infection. We herein studied the role of SHIP-1 in PAO1-induced cytokine responses and the underlying molecular mechanisms using SHIP-1−/− mice. Our research shows that SHIP-1 deficiency sabotaged phagocytosis by macrophages and M2 polarization by activating phosphorylation of PI3K/Akt and STAT5 to induce the expression of Trib1, which is critical for the differentiation of M2 as opposed to M1 macrophages. These findings reveal that SHIP-1 plays important roles in regulating macrophage differentiation and inflammatory responses following P. aeruginosa infection.



MATERIALS AND METHODS


Animals

SHIP-1−/− mice were graciously provided by Dr. Chris Baran of the Ohio State University and were backcrossed with the background C57BL/6N mice for seven generations (26). C57BL/6N mice (6–8 weeks) were purchased from the Harlan Laboratory. Both male and female were used and randomly grouped for assays (age of mice ranged from 6 to 8 weeks, body weight 22 ± 3 g) for both SHIP-1−/− mice and C57BL/6N mice. The mouse experiments have been approved by the University of North Dakota Institutional Animal Care and Use Committee (IACUC) and were performed following National Institutes of Health (NIH) guidelines. Mice were anesthetized using 45 mg/kg of ketamine and instilled intranasally with 2 × 107 colony-forming units (CFUs) of PAO1. The animals were dissected when they were moribund. Thereafter, bronchoalveolar lavage fluid (BALF) was performed, and the trachea and lung were excised for homogenization or inflated with 50% optical coherence tomography (OCT) in saline or 10% formalin fixation in phosphate-buffered saline (PBS) (27).



Cells

Murine alveolar macrophages (MH-S) cells were obtained from American Type Culture Collection (ATCC, Manassas, VA) and maintained following the manufacturer's instructions (28). Primary mouse alveolar macrophages (AM) cells and BALF were isolated by bronchoalveolar lavage as previously described (29). The AM obtained from lavage was centrifuged, and the precipitation (containing AM) was resuspended in Roswell Park Memorial Institute (RPMI) 1,640 medium containing 10% newborn bovine serum (HyClone Laboratories, Logan, UT), 100 U/ml of penicillin, and 100 g/ml of streptomycin (Life Technologies, Rockville, MD) and incubated in a 5% CO2 incubator. For confocal studies, the MH-S cells were seeded on glass-bottomed dishes in order to enhance adherence.



Bacterial Strains

WT strain PAO1 was a gift from Steve Lory (Department of Molecular Genetics, Harvard Medical School). Green fluorescent protein (GFP)–PAO1 was obtained from Gerald Pier (Channing Laboratory, Harvard Medical School) and Dr. Shawn Lewenza (University of Calgary). Pseudomonas aeruginosa PAO1 Xen 41(PAO1 Xen 41) expressing bioluminescence was bought from PerkinElmer Caliper (Waltham, MA). Previous studies have shown that the virulence of these bacteria is consistent with that of PAO1 (30).



Infection Experiments

Bacteria were grown overnight in Luria–Bertani (LB) broth at 37°C with shaking. Then, the bacteria were pelleted by centrifugation at 5,000 g and resuspended in 10 ml of fresh LB broth. The mid-logarithmic phase of bacteria is determined by measuring the OD600 nm, and density was adjusted to OD600 = 0.5–0.6 (to ensure the same vitality) (1 OD = 1 × 109 cells/ml). Mammalian cells were counted and were washed once with PBS after overnight culture in RPMI 1,640 medium with 10% fetal bovine serum and changed to serum-free and antibiotic-free media immediately before infection. Cells were infected with 20 times the amount of bacteria (the amount of bacteria/the amount of cells = 20:1) for indicated time points; mice were infected with PAO1 (2 × 107 CFU/mouse) (31).



Bacterial Burden Assay

BALF obtained from mice was diluted to different gradients in PBS, and lung tissue was homogenized with PBS. They then were spread on LB dishes to evenly distribute bacteria. The dishes were cultured in a 37°C incubator overnight, and colonies were counted. Each experiment was performed in triplicates.



Cell Transfection

MH-S cells were transfected with SHIP-1 small interference RNA, STAT5 siRNA (sc-29496, Santa Cruz), and TRRB-1 siRNA (sc-154620, Santa Cruz) using Lipofectamine 3,000 reagent (Invitrogen, Carlsbad, CA) in serum-free RPMI 1640 medium following the manufacturer's instructions. The knockout efficiency was detected by western blotting after 48-h transfection.



Western Blotting

Following transfection and/or infection, the MH-S cells were lysed in radio-immunoprecipitation assay (RIPA) buffer containing a protease inhibitor cocktail (Thermo Fisher, Waltham, MA). The lysates were boiled for 10 min after adding loading dye. Equal amounts of each sample (30 μl) were loaded onto 10% sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis and electrophoresed to resolve proteins. The proteins were then transferred to nitrocellulose membranes (Santa Cruz) and blocked for 2 h at room temperature using 5% non-fat dry milk buffer in TBST. The membranes were then incubated with the first antibodies diluted 1:1,000 in 1% non-fat milk blocking buffer overnight at 4°C. After being washed four times with washing buffer, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody (Amersham, St Louis, MO) diluted 1:2,000 for 2 h at room temperature. Signals were detected using enhanced chemiluminescence detection kit (SuperSignal West Pico, Pierce, Rockford, IL). Mouse monoclonal Abs against GAPDH (sc-29496), β-actin (sc-29496), Trib1 (sc-393536), STAT5 (sc-7442), p-STAT5 (sc-101806), SHIP-1 (sc-8425), NF-κB p50 (SC-372), p-NF-κB p50 (sc-271908), IL-4 (SC-32242), and IL-10 (SC-36585) were bought from Santa Cruz. p-Akt (4046s), Akt (2920s), TNF-α (11948S), IL-6 (12912S), IL-1β (12507S), and arginase-1 (93668) were purchased from Cell Signaling Technologies.



RNA Isolation and Real-Time Quantitative PCR Analysis

RNA was extracted from lung tissues by using TRIzol reagent (Invitrogen) and were reverse transcribed into DNA by using the reverse transcriptase kits (Invitrogen). For gene detection, real-time quantitative PCR reaction (RT-PCR) was performed using iTaq Universal SYBR Green Supermix (Bio-Rad), and the PCR primers used in the article are listed in Supplemental Table 1.



Nitroblue Tetrazolium Assay

This assay was used to determine the production of superoxide anion in phagocytic cells. BALF cells were obtained from WT mice and SHIP−/−mice, then were grown in a 96-well plate in serum-containing medium at 37°C for 4 h, washed three times with PBS buffer, and subsequently infected with PAO1 for 2 h; and 1 μg/ml of nitroblue tetrazolium (NBT) dye (Sigma) was added to each well. The cells were incubated at 37°C for 1 h or until the color developed. The dye was yellow and gave a blue color formazan product upon reduction by superoxide. The reaction was terminated by adding 100 μl of stop solution (10% DMSO; 10% SDS in 50 mM HEPES buffer). The plate was left at room temperature overnight for complete dissolution of formazan product and read at 560-nm absorbance using a multiscan plate reader to quantify the dye conversion. Triplicates were done for each sample and control. Background was corrected by using blanks containing dye alone (32).



Quantitative Polymorphonuclear Neutrophils by HEMA-3 Staining

The infiltration level of polymorphonuclear neutrophils (PMNs) in the serum was used to assess the degree of inflammatory response as previously described (33). The animal blood was obtained by cardiac blood sampling on the sacrificed mouse and was stained on the smear by HEMA-3 staining (23-122929, Thermo Fisher), quantified by light microscopy at 400 × final magnification.



Dihydrodichlorofluorescein Diacetate Assay

Dihydrodichlorofluorescein diacetate (H2DCF-DA) dye (Molecular Probes, Carlsbad, CA) does not normally fluoresce but emits green fluorescence upon reaction with cellular superoxides. AM cells were obtained from WT mice and SHIP−/− mice and were grown in a 96-well plate in serum-containing medium at 37°C for 4 h, washed three times with PBS buffer, and subsequently infected with PAO1 for 2 h; and an equal amount of dye was added. The plate fluorescence was measured by fluorescence plate reader (BioTek, Winooski, VT) after 1 h incubation using 485-nm excitation and 528-nm emission filter.



3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to assess the viability of cells. Mice were anesthetized using 45 mg/kg of ketamine and instilled intranasally with 2 × 107 CFUs of PAO1 for 12 h. AM cells were obtained from infected mice and processed as above; 1 μg/ml of MTT dye was added to each well. The cells were incubated at 37°C for 1 h or until the color change occurred. The dye was reduced to form a purple formazan product inside living cells. Stop solution was added to dissolve the formazan product and quantified by absorbance measurement at 560 nm using a spectrometer plate reader.



Myeloperoxidase Assay

The myeloperoxidase (MPO) assay was performed as follows. Mice were anesthetized using 45 mg/kg of ketamine and instilled intranasally with 2 × 107 CFUs of PAO1 for 12 h. Lung tissues were obtained from infected mice and homogenized in 50 mM of hexadecyltrimethylammonium bromide, 50 mM of KH2PO4, pH 6.0, 0.5 mM of EDTA at 1 ml/100 mg of tissue and centrifuged for 15 min at 12,000 rpm at 4°C. Supernatants were decanted, and 100 μl of reaction buffer (0.167 mg/ml of O-dianisidine, 50 mM of KH2PO4, pH 6.0, and 0.0005% mM H2O2) was added to 100 μl of sample. Absorbance was read at 460 nm in 2-min intervals. Duplicates were done for each sample and control.



Lipid Peroxidation Assay

Malondialdehyde is an end product of the lipid peroxidation and was measured using a colorimetric assay (Calbiochem, Billerica, MA) according to the manufacturer's instructions. Mice were anesthetized using 45 mg/kg of ketamine and instilled intranasally with 2 × 107 CFUs of PAO1 for 12 h. Lung tissue was obtained from infected mice and homogenized in 62.5 mM of Tris–HCl (pH 6.8) supplemented with complete mini protease inhibitor (Roche Diagnostics, Indianapolis, IN) in equal protein amounts. Duplicates were done for each sample and control.



Phagocytosis Assays

Elimination of bacteria depends on many factors such as the phagocytosis of macrophages, which is closely related to macrophage polarization (34). GFP–PAO1 strain was used to determine the phagocytosis after infecting MH-S cell for 2 h and washing three times for PBS to remove the surface attached bacteria. The amounts of bacteria were counted by using bacterial burden assay. The amounts of intracellular bacteria were also determined by immunofluorescence, and cell nuclei were stained with DAPI. Then the amounts of intracellular bacteria (GFP–PAO1) were captured under the confocal microscope (Carl Zeiss, White Plains, NY).



Measurement of Inflammatory Cytokines

Cytokine concentrations were measured by an ELISA kit (eBioscience Co, Invitrogen, San Diego, CA). TNF-α (88-7324-22), IL-1β (88-7013-22), and IL-6 (BMS603-2) were used to represent inflammatory M1 macrophage markers and IL-10 (88-7105-22), IL-4 (BMS613), and TGF-β1 (BMS608-4) for M2 macrophage markers. Ninety-six-well plates (Corning Costar 9018) were coated with 100 μl/well of capture antibody in coating buffer and incubated overnight at 4°C. Cytokine concentrations were determined with corresponding detection horseradish peroxidase (HRP)-conjugated antibodies. Optical absorbance was read at 450 nm and analyzed (30).



Immunostaining

MH-S cells were grown either on coverslips in a 24-well plate or in glass-bottomed dishes (MatTek, Ashland, MA). For immunostaining, the cells were fixed in 4% paraformaldehyde and permeabilized with 0.5% Triton X-100 in PBS, then incubated with primary Abs at a 1:500 dilution in PBS for 1 h in the dark at room temperature, and then washed three times with PBS buffer. After incubation with the appropriate fluorescein-conjugated secondary Abs, DAPI (Sigma-Aldrich) was used to stain the nucleus for 10 min in the dark at room temperature. The coverslips were mounted on slides with VECTASHIELD mounting medium. The cholera toxin B (CTB) chain containing fluorescein (C34777, Thermo Fisher) was used to track lipid rafts, and arginase-1 (red, M2 type macrophage marker) (93668, CST) and TNF-α (green, M1 type macrophage marker) were visualized using indirect immunostaining. The images were captured on Zeiss Meta 510 confocal microscope (Carl Zeiss).



Flow Cytometry

MH-S cells were washed three times with PBS, and then the cells were centrifuged for 5 min in 1,500 rpm and resuspended in 500 μl of PBS. The untreated groups of cells were separately added with 0.5 μl of PBS, fluorescein isothiocyanate (FITC), and phycoerythrin (PE), which were used for calibration parameters. Other groups of cells were separately added 200 μl of CD38 antibody with PE (1:1,000 in PBS). Cells were incubated in the dark for 30 min at room temperature, washed two times with PBS, and then resuspended in 1 ml of PBS. Early growth response protein 2 (Egr2) was marked by Staining Intracellular Antigens for Flow Cytometry kit following the user guidelines provided by the company (00-5521-00, Thermo Fisher Scientific). The cells were filtered by using a 40-μm filter, and the macrophage type was tested by flow cytometry. M1 macrophages were marked by CD38 with FITC fluorescence (11038181, Thermo Fisher); and M2 macrophages were marked by early growth response protein 2 (Egr2) with PE fluorescence (12669182, Thermo Fisher) (35, 36). The percentages of M1 and M2 were recorded by flow cytometry. The ratio of M1 to M2 was calculated using the percentages of M1 divided by the percentages of M2.



In vivo Imaging

C57BL/6N and SHIP knockout mice were infected with bioluminescence-generating PAO1 (Xen 41) for 12 h, anesthetized by ketamine, and then imaged under an IVIS XRII system following the company's instructions (PerkinElmer-Caliper).



Statistical Analysis

All experiments were repeated at least three times. Data were presented as mean ± standard error of the mean (SEM). Statistical analysis was performed with GraphPad (GraphPad Software, La Jolla, CA) using one-way ANOVA plus Tukey post hoc test, and statistically significant differences are indicated as *p < 0.05 and **p < 0.01 (37).




RESULTS


SHIP-1-/- Mice Exhibited Increased Susceptibility and Severe Lung Injury After PAO1 Infection

To explore the roles of SHIP-1 in PAO1 infection, we challenged SHIP-1−/− and WT mice (on C57BL/6N background) with PAO1 (2 × 107 CFU/mouse) and performed a survival assay (uninfected group mice as control). We found that SHIP-1−/− mice exhibited markedly increased susceptibility to infection (approximately 66.7% SHIP-1−/− mice died within 48 h after infection, but just 16.7% WT mice died at this time point (Figure 1A). The outcome was presented with a Kaplan–Meier survival curve (p = 0.043). Lung injury dramatically increased in SHIP-1−/− mice compared with WT mice (Figure 1B). To better monitor the difference between SHIP-1−/− and WT mice, we set out to gauge the in vivo dynamics of infection with a bioluminescence bacterial strain Xen 41 (Figure 1C). This strain is derived from PAO1 and showed intense bioluminescence on both a dish and an Eppendorf tube (Figure S1A). We found a susceptible phenotype in SHIP-1−/− mice, compared with WT mice, with faster bacterial diffusion in the lung after instilling Xen 41 to mouse lungs for 12 h (Figure 1C). Importantly, the amount of Xen 41 in the lung and BALF were increased in the SHIP−/− mice as detected by CFU assay (Figures 1D,E). Concomitantly, we isolated alveolar macrophages (AM) to detect their viability after 12-h PAO1 infection in mice (Figure 1F). The viability of AM cells that were obtained from SHIP-1−/− mice was significantly reduced. Overall results suggest that SHIP-1 may be required for host defense against PAO1 infection in acute pneumonia models.
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FIGURE 1. SHIP-1−/− mice show increased susceptibility to PAO1 infection and severe disease. (A) Survival curves of SHIP-1−/− and wild-type (WT) mice infected by PAO1 with 2 × 107 colony-forming units (CFUs) per mouse. The survival test is represented by Kaplan–Meier survival curves (95% confidence interval, n = 6 for each group, p = 0.043). (B) Increased alveolar ruptures, thickened alveolar walls, and inflammatory cell infiltration were evaluated by H&E staining infected for 12 h. Arrows indicate the intensity of inflammation and disease progression. (C) Lung images were obtained using the bioluminescence in an IVIS XRII system after infection. Data are shown as mean ± SEM of three independent experiments. Bacterial burdens in the lungs (D) and bronchoalveolar lavage fluid (BALF) (E) were determined after PAO1 infection for 12 h. (F) Cell viability of AM were evaluated through the MTT assay after infection PAO1 for 2 h (data are displayed as mean ± SEM and are representative of three mice evaluated in each group, one-way ANOVA with Tukey post hoc test in (D–F); *p < 0.05, **p < 0.01).




SHIP-1 Deficiency Aggravated Lipid Aggregates, Oxidative Damage, and Bacterial Dissemination Upon PAO1 Infection

We previously found that Lyn and membrane rafts were involved in phagocytosis and disease progression during Pseudomonas aeruginosa infection (6). To investigate the involvement of lipid rafts in the SHIP-1 model, we transfected AM cells with SHIP-1 siRNA (knocking down confirmed by western blotting) and then infected the cells with GFP–PAO1 at 20:1 of multiplicity of infection (MOI) to track lipid rafts using CTB conjugated with Alexa Fluor™ 594. Lipid rafts aggregates were also evaluated using lipid rafts blocker MβCD, which significantly disrupted lipid raft platforms. Our data showed that aggregates significantly increased in SHIP-1 siRNA cells compared with negative control cells (Figure 2A). Furthermore, WT mice and SHIP-1−/− mice were anesthetized using 45 mg/kg of ketamine and instilled intranasally with 2 × 107 CFUs of PAO1 for 12 h; the lipid peroxidation was measured in the lung (Figure 2B), liver (Figure S2A), and spleen (Figure S2B). The oxidation state of the tissue and increased recruitment of PMNs and MPO activity are well-recognized for indicating the endpoints of acute lung injury (38, 39). To further assess the damage of lung tissue in SHIP-1−/− mice, the amount of reactive oxygen species (ROS) released and cellular superoxide was measured by using NBT (Figure 2C) and H2DCF assay (Figure 2D). Simultaneously, MPO activity and the amount of PMN infiltration into the blood smear were quantified using MPO Activity Assay Kit (ab105136, Cambridge, MA, USA) in the lung (Figure 2E), liver (Figure S2C), and spleen (Figure S2D) and by HEMA-3 staining assay (Figure 2F). Collectively, these data suggest that PAO1 SHIP-1 deficiency or knockdown aggregated lipid accumulation, oxidative damage, and bacterial dissemination after PAO1 infection.
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FIGURE 2. SHIP-1 deficiency aggravates lipid raft aggregation, oxidative damage, and bacterial dissemination after PAO1 infection. (A) MH-S cells were transfected with SHIP-1 siRNA (or negative control siRNA) for 48 h or treated with lipid raft blocker MβCD at 10 mM, then infected with green fluorescent protein (GFP)–PAO1 for 30 min, and stained with lipid raft marker (TRITC-labeled cholera toxin B, CTB-red) at 1/10,000 dilution; images were captured using microscope and assessed using ImageJ software on the basis of minimal 100 cells; arrows indicate the extent of lipid raft aggregation. (B) Peroxidation product was measured by a colorimetric assay in the lung tissue lysate. (C) Superoxide production in bronchoalveolar lavage fluid (BALF) cells significantly increased in PAO1-infected SHIP-1−/− mice compared with WT mice using the nitroblue tetrazolium (NBT) assay (1 mg/ml) at 560-nm absorbance. (D) Oxidative stress was increased in SHIP-1−/− AM cells as determined by the H2DCF fluorescence assay (5 μM) at 488 nm. (E) Myeloperoxidase (MPO) was measured from the lungs of SHIP−/− mice as compared with WT mice. (F) Polymorphonuclear neutrophils (PMNs) were significantly increased in infected SHIP-1−/− mice compared with WT mice (the data are mean ± SEM and are representative of three independent experiments, one-way ANOVA with Tukey post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001).




SHIP-1 Deficiency Impeded Phagocytosis of Macrophages and Induced M2 Polarization

Macrophage phagocytosis is important for the immune response (40). To determine the impact of SHIP-1 on phagocytosis, CFU assay and immunofluorescence were performed in MH-S by using GFP–PAO1, which can be directly detected through confocal with a green fluorescent signal and has the same virulence as PAO1 (Figures 3A,B), which showed decreased phagocytosis in SHIP-1 siRNA-transfected MH-S cells. The ratio of proinflammatory (M1) to anti-inflammatory (M2) phenotypes often determines the immune response intensity (41). Appropriate polarization is essential to maintain the inflammatory balance and phagocytosis in response to different external environments (42, 43). Therefore, we believe that may be related to SHIP deficiency-induced macrophage polarization after PAO1 infection. To further analyze the role of macrophage polarization in infected SHIP-1−/− mice, we assessed macrophage types by ELISA (Figure 3C), western blotting (Figure 3D), and immunofluorescence (Figure 3E) using macrophage M1 markers (TNF-α, IL-1β, and IL-6) and M2 markers (IL-10, IL-4, arginase-1, and TGF-β1). Studies have shown that the ratio of CD38 and Egr2 (early growth response protein 2) can be used to characterize types of macrophage. M1 macrophages were labeled by CD38 with FITC fluorescence, and M2 macrophages were stained by Egr2 with PE fluorescence (35). The ratio of M2/M1 was determined by flow cytometry (Figure 3F). Our data displayed that M1 phenotype inflammatory factors were elevated in PAO1-infected MH-S cells (both PAO1-infected group and SHIP deficiency's PAO1 infected group). SHIP deficiency elicited a large number of expressions of the M2 phenotype inflammatory factors. Collectively, these findings imply that SHIP-1 deficiency hampered phagocytosis of macrophages, which may be associated with M2 polarization aggravation.
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FIGURE 3. SHIP-1 deficiency disrupts phagocytosis and M2 polarization. MH-S cells were transfected with SHIP-1 siRNA or negative siRNA for 48 h, followed by PAO1 infection for 2 h (uninfected group MH-S cells as control), knockout efficiency was detected by western blotting (Figure S3). (A) Phagocytosis in MH-S cells was measured by colony-forming units (CFU). (B) The number of bacteria engulfed by macrophages was observed by immunofluorescence by using green fluorescent protein (GFP)–PAO1, which can be directly detected through confocal with a green fluorescent signal and has the same virulence as PAO1 in MH-S cells. (C) The expression levels of inflammatory factors related to M1 macrophage markers (IL-6, INF-γ, and TNF-α) and M2 macrophage markers (IL-10, IL-4, and TGF-β1) were analyzed by ELISA in MH-S cells. (D) M1 macrophage type markers (TNF-α, IL-6, and IL-1β) and M2 macrophage markers (IL-10, IL-4, and arginase-1) were analyzed by western blotting in MH-S cells. (E) Representative M1 macrophages marker (TNF-α) and M2 macrophages marker (arginase-1) were analyzed by immunofluorescence in MH-S cells. (F) The percentage of M2 macrophages to M1 macrophages was analyzed by CD38/Egr2 by flow cytometry in MH-S cells (the data are mean ± SEM and are representative of three independent experiments, one-way ANOVA with Tukey post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001).




SHIP-1 Deficiency Deucedly Activated Phosphorylation of PI3K/Akt–STAT5–Trib1 Circuit After PAO1 Infection

To further characterize the critical role of SHIP-1 and macrophage polarization during bacterial infection, we performed qPCR microarray to screen the genes that are involved in macrophage function and phagocytosis after transfection of SHIP siRNA and control siRNA in PAO1 infected MH-S cells (Figure 4A) (gene primers are shown in Table S1). We found that expression of STAT5 and Trib1 was significantly increased. STAT5, a transcription factor, has been shown to be related with regulation of M2 macrophage programming (16). Trib1 is also critical for the differentiation and tissue residence of M2-like macrophages (19). Therefore, we posit that STAT5 and Tribbles homolog 1 (Trib1) may play a crucial role in SHIP deficiency-associated impairment of macrophage phagocytosis and aggravating M2 polarization. Next, phosphorylation of STAT5 nuclear translocation is determined by immunofluorescence (Figure 4B); and PI3K, STAT5, and Trib1 protein levels were analyzed by western blotting (Figure 4C). These results revealed that SHIP-1 knockdown activated nuclear transfer of phosphorylation of STAT5, indicating a PI3K/Akt–STAT5–Trib1 circuit in PAO1-infected MH-S cells. We also found that Trib1 was significantly reduced after transfecting MH-S cells with STAT5 siRNA (Figure 4D). These findings demonstrate that SHIP-1 knockdown induced macrophage polarization, which is likely to be regulated by the PI3K/Akt–STAT5–Trib1 signal pathway.
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FIGURE 4. SHIP-1 deficiency elevates phosphorylation of PI3K/Akt–STAT5–Trib1 after PAO1 infection in mice. MH-S cells were transfected with SHIP-1 siRNA or negative siRNA for 48 h, followed by PAO1 infection for 2 h (uninfected group MH-S cells as control); knockout efficiency was detected by western blotting (see Figure S3). (A) Sixty genes associated with macrophage function and phagocytosis were screened by qPCR. Relative expression of groups was normalized by the relative expression of housekeeping gene. The ratio of the relative expression of SHIP-1 siRNA to negative siRNA was counted. Heat maps are used to indicate differential expression of genes; each color of A1–E12 represents the expression level of a single gene. The corresponding gene names and primers are listed in Supplemental Table 1; yellow dots indicate increased expression of gene, and blue dots indicate decreased expression of genes in scatter plot (more than a 2-fold change and p < 0.05 by Student's t-test). (B) The phosphorylated STAT5 in the nucleus was analyzed by immunofluorescence. (C) Western blotting shows the activated PI3K/Akt–STAT5–Trib1 signaling proteins circuit of SHIP-1 siRNA in MH-S cells compared with control. (D) Western blotting shows reduced expression of Trib1 in STAT5 siRNA cells compared with controls (the data are mean ± SEM and are representative of two independent experiments, Student's t-test in (B), one-way ANOVA with Tukey post hoc test in (C,D), *p < 0.05, **p < 0.01, ***p < 0.001).




Suppression of STAT5 Expression Reduced Polarization of M2 Macrophages and Impaired Phagocytosis

Previous studies have shown that M2 macrophage polarization is related to SHIP-1 deficiency and activation of STAT5 (16). To verify whether M2 macrophage polarization was regulated via activated STAT5, we evaluated the phagocytosis of macrophages by CFU and immunofluorescence after suppression of STAT5 expression using RNAi (Figures 5A,B) and found that MH-S cells with STAT5 siRNA transfection had increased phagocytosis. Moreover, the polarization of M2 macrophages was significantly decreased in STAT5 siRNA-transfected MH-S cells with PAO1 infection as measured by ELISA (Figure 5C), western blotting (Figure 5D), immunofluorescence (Figure 5E), and flow cytometry (Figure 5F). These results indicated that suppression of STAT5 expression reversed the over-activated M2 macrophage polarization and impaired phagocytosis that was mediated by hyperactivation of the PI3K/Akt–STAT5–Trib1 signal pathway due to SHIP-1 deficiency. Consistently, these findings demonstrate that activated STAT5 is involved in the process of M2 macrophage polarization.
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FIGURE 5. Suppression of STAT5 expression improves polarization of M2 macrophages to impair phagocytosis. MH-S cells were transfected with STAT5 siRNA or negative siRNA for 48 h, followed by PAO1 infection for 2 h (uninfected group MH-S cells as control); knockout efficiency was detected by western blotting (see Figure S3). (A) Phagocytosis by MH-S was measured by colony-forming unit (CFU). (B) Immunofluorescence was performed to reveal the number of green fluorescent protein (GFP)–PAO1 engulfed by macrophages. (C) Markers of M1 macrophages (IL-6, INF-γ, and TNF-α) and M2 macrophages (IL-10, IL-4, and TGF-β1) were analyzed by ELISA. (D) M1 macrophage markers (TNF-α, IL-6, and IL-1β) and M2 macrophage markers (IL-10, IL-4, and arginase-1) were quantified by western blotting. (E) Typical marker for M1 (TNF-α) and M2 (arginase-1) was analyzed by immunofluorescence. (F) The ratio of M2 macrophages to M1 macrophages was measured using CD38 and Egr2 antibody by flow cytometry (the data are mean ± SEM and are representative of three independent experiments, one-way ANOVA with Tukey post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001).




Trib1 Played Critical Roles in Polarization of M2-Like Macrophages and Phagocytosis

Trib1 has the potential to be regulated by MAPK and Akt signaling because it contains a unique pseudokinase C-tail, which can be targeted by MAPKK/MEK family. Importantly, it also contains a pseudokinase domain that can be modulated by Akt signaling (44). Research has shown that Trib1-deficient (Trib1−/−) mice exhibited elevated phagocytic capacity and reduced M2-polarized macrophages in bone marrow-derived macrophages (BMDMs) (21). To clarify whether the excessive activation of Trib1 influences macrophage function, we evaluated the phagocytosis of macrophages by CFU (Figure 6A) and immunofluorescence (Figure 6B) after transfection of Trib1 siRNA into MH-S cells. We found that the phagocytosis of macrophages was increased after Trib1 RNAi. Furthermore, M1 and M2 macrophage-related markers were determined by ELISA (Figure 6C), western blotting (Figure 6D), immunofluorescence (Figure 6E), and flow cytometry (Figure 6F). Consistently, our data indicate that suppression of Trib1 expression reversed the over-activated M2 macrophage polarization and impaired phagocytosis that was mediated by hyperactivation of the PI3K/Akt–STAT5–Trib1 signal pathway due to SHIP-1 deficiency. Collectively, these data strongly support that SHIP-1 regulates phagocytosis and M2 polarization through the PI3K/Akt–STAT5–Trib1 circuit (Figure 7).
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FIGURE 6. Trib1 regulates polarization of M2-like macrophages. MH-S cells were transfected with Trib1 siRNA or negative siRNA for 48 h, followed by PAO1 infection for 2 h (uninfected group MH-S cells as control); knockout efficiency was detected by western blotting (Figure S3). (A) Phagocytosis was measured by colony-forming unit (CFU). (B) Immunofluorescence was used to show the number of intracellular green fluorescent protein (GFP)–PAO1. (C) ELISA determining the expression of M1 macrophage markers (IL-6, INF-γ, and TNF-α) and M2 macrophage markers (IL-10, IL-4, and TGF-β1). (D) Western blotting analyzing the expression of M1 macrophage markers (TNF-α, IL-6, and IL-1β) and M2 macrophages markers (IL-10, IL-4, and arginase-1). (E) TNF-α for M1 macrophage marker and arginase-1 for M2 macrophage marker analyzed by immunofluorescence. (F) The relative expression levels of M1 macrophages (CD38) and M2 macrophages (Egr2) were detected by flow cytometry. (The data are mean ± SEM and are representative of three independent experiments, one-way ANOVA with Tukey post hoc test, *p < 0.05, **p < 0.01, ***p < 0.01).
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FIGURE 7. Schematic illustration of the signaling pathways for SHIP-1 regulating phagocytosis and M2 polarization through the Akt–STAT5–Trib1 circuit. Infected macrophages inhibit the overexpression of PI3K by SHIP-1, preventing hyperactivation of STAT5, and Trib1, which is critical for maintaining the polarization balance of macrophages and resistance to bacteria by secreting diverse inflammatory factors and regulating phagocytosis. Depletion of SHIP-1 triggers the excessive activation of PI3K/Akt–STAT5–Trib1 signal pathway, causing macrophage polarization imbalance to superabundant switch to M2. M1 macrophage markers (TNF-α, IL-6, and IL-1β) and M2 macrophage markers (IL-10, IL-4, and arginase-1) were used to evaluate macrophage polarization. Both defect in phagocytosis and dysregulated cytokine production may cause the aggravated infection. Ultimately, impaired phagocytosis of macrophages leads to the expansion of infection.





DISCUSSION

In this study, we investigated the role of SHIP-1 in PAO1 infection using SHIP-1−/− mice, which showed increased susceptibility and worsened infectious disease. Similarly, SHIP-1 deficiency aggravated lipid raft aggregates, oxidative damage, and bacterial dissemination. Importantly, our data elaborated a new mechanism that SHIP-1 deficiency activates PI3K/Akt–STAT5–Trib1 signal pathway to regulate phagocytosis of macrophages and promote M2-like polarization.

Previous studies have shown that SHIP-1 is an important regulator of immune cell function through the negative regulation of the PI3K–Akt pathway (45). SHIP-1−/− mice exhibited a myeloproliferative response, indicating that an increase of macrophages or monocytes was due to enhanced proliferation and survival of their progenitors (25, 46). SHIP-1−/− mice may have spontaneous inflammation in the lung, suggesting that SHIP-1 may be an important negative regulator of inflammatory responses (47). We evaluated the survival of SHIP-1−/− mice and lung injury. Our results demonstrate that SHIP-1−/− mice showed increased susceptibility and severe lung injury after PAO1 infection. These results indicate that SHIP-1 is essential for resistance to bacterial infection. Lipid rafts play important roles in innate and adaptive immunity by recruiting cellular signaling modifiers for T-cell activation, phagocytosis, and so on (48). The integrity of lipid rafts is implicated to be essential for LPS cellular activation owing to the presence of CD14, chemokine receptor 4, and toll-like receptor 4 on lipid microdomains of cell membrane following LPS stimulation (49). LPS stimulation can lead to lipid raft mobilization around SHIP-1, followed by activation of MAPK and release of TNF-α (50). Although the regulation of PI3K-Akt is not fully understood, our study reveals that gram-negative bacterial-mediated SHIP-1 mobilization to lipid rafts is related to PI3K-Akt (50, 51). Lipid rafts dynamic refers to the microdomain formation when membrane lipids and proteins intermingle, which may be a signal for cells to respond to acute infections. Our results showed that SHIP-1-deficient mice exhibited faster bacterial dissemination. Moreover, the penetration of PMN is increased in the lungs and increased ROS secretion that aggravates lung injury. Collectively, these observations indicate that SHIP-1 is critically involved in host inflammatory responses in Pseudomonas aeruginosa infection.

Macrophages are a type of white blood cells located in tissues derived from monocyte (52). Their main function is to phagocytize pathogens and activate lymphocytes or other immune cells to respond to pathogens, which is vital for innate immunity and adaptive immunity (53). Macrophages are divided into two subtypes according to their functions: proinflammatory M1 macrophages and anti-inflammatory M2 macrophages (54). The function of macrophages is regulated by multiple signaling pathways (55). Macrophage polarization is a process to adapt different functional programs in response to the signals from their microenvironment (42). We revealed that SHIP-1−/− mice displayed skewed M2 macrophages, which are hyporesponsive to proinflammatory stimuli and associated with tissue remodeling, wound healing, Th2 immunity promotion, and debris clearing, indicating that SHIP-1 is a negative regulator of M2 (56). SHIP-1−/− mice have the tendency to spontaneously develop chronic lung diseases with myeloid cell infiltration and macrophage subpopulation accumulation, and the number of M2 usually increased after infection (57, 58). However, the molecular mechanism of SHIP-1-mediated macrophage polarization during P. aeruginosa infection is still largely unclear. We evaluated the role of macrophage polarization and phagocytosis in SHIP-1 knockdown MH-S cells, and our results demonstrated that SHIP-1 deficiency impaired phagocytosis and M2 polarization. Trib1 proteins have also been reported to regulate the inflammation and macrophage polarization by activating MAPK (59, 60). We found that Trib1 is critically involved in macrophage polarization and phagocytosis by suppression of Trib1 expression in MH-S cells. These results indicate that SHIP-1 regulates M2 macrophage polarization and phagocytic function by activating the Akt–STAT5–Trib1 axis.

In summary, we have investigated the role of SHIP-1 in PAO1-challenged SHIP-1−/− mice and identified SHIP-1 as a negative regulator of inflammatory responses through a PI3K/Akt–STAT5–Trib1 circuit. The aggravated infectious phenotype is involved in macrophage polarization and phagocytosis following SHIP-1 deletion. Overall, this particular phenotype results from release of various proinflammatory cytokines that can be inhibited by SHIP-1. Mechanistically, SHIP-1 deficiency activates phosphorylation of PI3K and regulates STAT5 nuclear transcription to induce the expression of Trib1. These findings reveal that SHIP-1 plays important roles in regulating inflammatory responses and macrophage function during P. aeruginosa infection through the PI3K/Akt–STAT5–Trib1 axis. Our research is the first demonstration that SHIP can indirectly regulate the expression of Trib1 through altering STAT5 activation to mediate the function of macrophages, which may provide significant insight into development of novel therapeutics to conquer bacterial infection. These studies may have some limitations, as we have not gone back to investigate the M1/M2 polarization in cell-specific manners in SHIP-1−/− mice. In addition, studies with additional time points besides 12 (mice) and 2 h (cells) would provide holistic and dynamic mechanisms for strengthening our newly discovered role of SHIP-1. Hence, further study is warranted to understand how the M2 polarization caused by the SHIP deficiency in animals will affect the susceptibility to this bacterium in SHIP-1−/− mice.
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Forkhead box (FOX) proteins are transcriptional factors that regulate various cellular processes. This minireview provides an overview of FOXA2 functions, with a special emphasis on the regulation airway mucus homeostasis in both healthy and diseased lungs. FOXA2 plays crucial roles during lung morphogenesis, surfactant protein production, goblet cell differentiation and mucin expression. In healthy airways, FOXA2 exerts a tight control over goblet cell development and mucin biosynthesis. However, in diseased airways, microbial infections and proinflammatory responses deplete FOXA2 expression, resulting in uncontrolled goblet cell hyperplasia and metaplasia, mucus hypersecretion, and impaired mucociliary clearance of pathogens. Furthermore, accumulated mucus clogs the airways and creates a niche environment for persistent microbial colonization and infection, leading to acute exacerbation and deterioration of pulmonary function in patients with chronic lung diseases. Various studies have shown that FOXA2 inhibition is mediated through induction of antagonistic EGFR and IL-13R-STAT6 signaling pathways as well as through posttranslational modifications induced by microbial infections. An improved understanding of how bacterial pathogens inactivate FOXA2 may pave the way for developing therapeutics that preserve the protein's function, which in turn, will improve the mucus status and mucociliary clearance of pathogens, reduce microbial-mediated acute exacerbation and restore lung function in patients with chronic lung diseases.
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INTRODUCTION

The Forkhead (fox) genes encode evolutionarily-conserved transcriptional regulators characterized by a winged-helix DNA-binding domain (DBD), called the forkhead box. Members of the FOX family have divergent roles, including embryonic development, cell survival, proliferation, differentiation, and energy homeostasis (1). Initially discovered in Drosophila melanogaster, a mutation in the fox gene generated a homeotic transformation of foregut into head that originates the nomenclature “forked head” (2). Over 100 FOX members have been identified, with 50 human fox genes cataloged into 19 subgroups from FOXA to FOXS (3). The FOXA subclass was the first discovered in mammals (4).



STRUCTURE AND FUNCTION OF FOXA2

FOXA1, FOXA2, and FOXA3 were originally identified in rat liver, the so-called hepatocyte nuclear factor 3 (HNF3)-α, -β, and -γ, respectively (4). The conserved domains of FOXA2 were originally analyzed (2), and the DBD was found to be the most evolutionarily conserved among the FOXA members, with an unique AKT/PKB phosphorylation site at the threonine (Thr)156 (5). The DBD of FOXA is structurally similar to H1/H5 linker histones capable of unwinding chromatin, which enables the recruitment of other transcriptional cofactors to the promoter (6, 7). The C-terminus of FOXA interacts with histones H3/H4 within nucleosome to support the opening of chromatin by the DBD (8). FOXA members regulate the expression of target genes by displacing histones from chromatin and serving as transcription factors at the enhancer region of the promotor (9, 10).



MODULATION OF FOXA2 ACTIVITY BY POST-TRANSLATIONAL MODIFICATIONS

FOXA transcription factors are abundantly expressed in liver and regulate metabolic homeostasis (4). During hypoglycemia, low plasma insulin activates FOXA2 to elevate the transcription of genes encoding metabolic enzymes involved in fatty acid oxidation and ketogenesis, supplying energy for gluconeogenesis and maintaining brain function, respectively. However, excess blood glucose elevates plasma insulin, which inactivates FOXA2 and decreases the expression of enzymes involved in gluconeogenesis (11, 12). This is supported by studies that show inactivation of hepatic FOXA2 in hyperinsulinemic ob/ob and db/db mice and in diet-induced obese mice (13). Insulin promotes nuclear export of FOXA2 through AKT-mediated phosphorylation at Thr156 (Figures 1A,B) (5). Cells expressing the phosphorylation-deficient FOXA2-T156A are unresponsive to insulin-induced AKT, resulting in constitutive nuclear localization. Interestingly, DNA-binding ability of FOXA2 is not altered by insulin and phosphorylation-deficiency, suggesting that phosphorylation at Thr156 does not regulate transcriptional activity. Further study indicates that in the presence of insulin, phosphorylation at Thr156 inactivates transcriptional function and induces nuclear exclusion of FOXA2. Nuclear export of FOXA2 is dependent upon nuclear export factor CRM1, which recognizes the leucin-rich NES consensus sequence LX2,3(L/I/V/F/M)X2,3LX(L/I) within amino acids 106-111 (LSPSLS) of FOXA2 (14). In contrast, others have reported that FOXA2 is constitutively localized to the nucleus, independent of the metabolic conditions (15, 16). The aforementioned discrepancies might be caused by distinct experimental conditions, including differences in transgenic obese mouse strains, feeding conditions, and immortalized hepatic cell lines. Subsequently, it was revealed that FOXA2 function could be modulated by IKKα-mediated phosphorylation on Ser107/111 (Figure 1A) (17). Both Thr156 and Ser107/111 residues are located within the nuclear localization signal domain and the nuclear export signal domain, respectively (Figure 1A), implying that phosphorylation of these residues dictates subcellular localization of FOXA2 (14).
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FIGURE 1. Structural and functional characteristics of FOXA2 in association with posttranslational modification. (A) Schematic diagram of FOXA2 (adapted from J Biol Chem 2009, 284:24816-24; and Mol Cell Biol 1992, 12:3723-3732). Diagram shows functional domains of FOXA2. Colorized circles indicate post-translationally modified amino acid residues which alter FOXA2 functions. TA, transactivation domain; NES, nuclear export signal; NLS, Nuclear localization signal; DBD, DNA binding domain; K, lysine; S, serine; T, threonine. (B) Regulation of transcriptional activity and stability of FOXA2 by posttranslational modifications. Acetylation by P300 allows FOXA2 to be functionally active. In contrast, SIRT1 deacetylates FOXA2, leading to nuclear export via AKT and IKKα-mediated phosphorylation, and subsequently, ubiquitination and degradation. Sumoylation enhances the stability of nuclear FOXA2, which is diminished by ubiquitination, resulting in FOXA2 degradation.


Acetylation and deacetylation also compete to modulate the transcriptional activity of FOXA2. Insulin induces the SIRT1 deacetylase to deacetylate Lys259 on FOXA2 (Figure 1A), which attenuates target gene expression and increases export from the nuclei in hepatocytes. In contrast, glucagon induces FOXA2 acetylation through P300 acetyltransferase, which leads to nuclear accumulation and increased expression of target genes (12). The acetylation-deficient FOXA2-K259R has attenuated DNA binding ability, and is sequestered to the cytoplasm for degradation. As discussed above, FOXA2-T156A is sequestered in the nucleus; however, hepatic cells transfected with FOXA2-T156A-K259R exhibit similar phenotype to those transfected with FOXA2-K259R, suggesting that acetylation/deacetylation diminish phosphorylation event, and therefore, confer a dominant phenotype (12). Interestingly, it has been reported that during nutrient-deprivation, deacetylation by SIRT1 only attenuates FOXA2's transcriptional activity but not its nuclear export for degradation by the proteasome (11).

Sumoylation and ubiquitination also compete for maintenance and degradation of FOXA2 (18) Sumoylation of the Lys6 by PIAS stabilizes FOXA2's transcriptional activity. In contrast, polyubiquitination facilitates FOXA2 degradation by proteasome. Sumoylation-resistance FOXA2-K6R is more susceptible to ubiquitination and rapid degradation, suggesting that additional lysine residues might be ubiquitinated. Notably, although sumoylation increases both stability and transcriptional activity of FOXA2, nuclear localization is not affected.



ROLE OF FOXA2 IN LUNG DEVELOPMENT AND HOMEOSTASIS

FOXA2 is required for lung development. During mouse embryogenesis, FOXA2 is initially expressed in the primitive streak and in the node on embryonic day 6.5 (E6.5), inducing gastrulation. By E7.5, FOXA2 is highly expressed in both mesoderm and endoderm, and thereafter, persistently expressed throughout development and in adult endoderm-derived tissues, including the lung (19). After E10-E11, lung morphogenesis is facilitated by the spatiotemporal expression of FOXA2 restricted to respiratory epithelium. By E12.5, mouse embryo develops conducting airways and alveolar epithelial cells, and forms lung buds during late embryonic development (20). In contrast, FOXA2 null mouse embryo shows lethality on E11-E12, with severe defects in all three germ layers before the initiation of lung morphogenesis (21). The conditional loss of FOXA2 on E12.5 disrupts branching formation and airway epithelial cell differentiation, resulting in the dilation of distal airways. In addition, postnatal (PN) lungs of foxa1 null allele and lung epithelium-specific foxa2 depleted mice (foxa1−/−/foxa2Δ/Δ) exhibit regressed formation of alveolar and peripheral lung saccules by PN day 3 (PN3), and extensive airspace enlargement with mucin glycoprotein overexpression by PN10–PN20 (20).

In postnatal lungs, FOXA2 is constitutively expressed in subsets of respiratory epithelial cells and transcriptional controlled genes encoding club cell specific protein CC10 (22), surfactant proteins (SP) (23), thyroid transcription factor-1 (TTF-1) (24), and mucins MUC5AC and MUC5B (25, 26). Pulmonary surfactant is composed of 90% phospholipids and 10% proteins, including SP-A, SP-B, SP-C, and SP-D secreted by the type II alveolar cells and non-ciliated terminal bronchiolar Club cells. Together with phospholipids, SP-B and SP-C provide critical surface tension-lowering properties that reduce the work of breathing and maintain airspace patency. FOXA2Δ/Δ mice show significantly reduced SP-B expression with deteriorating respiratory distress syndrome (27). In contrast to upregulation of CC10, SFTPB, and TTF-1, FOXA2 represses the transcription of mucin genes. Conditional deletion of FOXA2 in the mouse respiratory epithelium causes airspace enlargement, goblet cell hyperplasia, increased mucin expression and neutrophil infiltration (25). Collectively, the aforementioned studies indicate crucial roles of FOXA2 in regulating embryonic lung development and postnatal lung homeostasis.



FOXA2 AND MUCUS HOMEOSTASIS

The apical surface of healthy airways is covered by the airway surface liquid (ASL) composed of mucin glycoproteins, antimicrobial peptides and proteins, innate immune cells, signaling molecules, and enzymes (28). ASL is bilayer, with the periciliary layer sandwiched between the top mucus gel layer and the bottom airway epithelium, forming the “gel-on-brush” structure (29) (Figure 2A). The periciliary layer is filled with hydrogel that provides space for ciliary beating and supports mucociliary clearance. Within the mobile mucus layer, MUC5AC and MUC5B are the predominant mucins that provide viscosity and gel-forming properties to mucus, trapping inhaled pathogens and irritants. Mucins also keep moisture in the airway epithelium (30), which help to maintain the periciliary layer and mucociliary clearance. MUC5AC is produced by the goblet cells while MUC5B is expressed in submucosal glands of trachea and bronchi, and in surface secretory cells throughout the airway down to the level of preterminal bronchioles (31, 32). MUC5AC-overexpressing mice are more resistant to PR8/H1N1 influenza virus (33). Similarly, MUC5B-deficient mice are more susceptible to lung infection with increased mortality caused by ensuing bacteremia (34).
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FIGURE 2. Induction of mucus hypersecretion by P. aeruginosa pyocyanin. (A) Composition of mucus layers in heathy and diseased airways. (B) P. aeruginosa and its virulence factors, especially pyocyanin, stimulate excessive ROS, chemokines and cytokines and, ligands that activate IL-4R/IL-13R-STAT6-SPDEF, and EGFR-AKT/ERK1/2-mediated signaling pathways. Both kinase cascades converged to inhibit FOXA2, resulting in over proliferation and differentiation of airway epithelial (ciliated and club) cells to mucus-secreting goblet cells. Excessive mucus and failure in the clearance exacerbates airway obstruction and microbial colonization and infection.


FOXA2 deficiency causes pulmonary eosinophilia, recruitment of inflammatory immune cells and upregulation of IL-4, IL-13, IL-33, CCL-17, and CCL-20 that promote Th2 cell differentiation, goblet cell hyperplasia and metaplasia, and mucus hypersecretion (25, 35). These suggest that FOXA2 regulates airway mucus homeostasis by counteracting the effects of IL-4 and IL-13 (36, 37). Metaplastic effects of IL-4 and IL-13 are mediated through the STAT6 (35) and its downstream effector SPDEF (25, 38, 39). MUC5Ac and MUC5B expression is dependent on SPDEF (38, 40). IL-13-stimulated airway epithelial cells show decreased FOXA2 transcript, a process mediated by SPDEF (41). Conditional induction of SPDEF within transgenic mouse airways downregulates the foxa2 gene, resulting in goblet cell hyperplasia (39). These findings indicate that FOXA2 and SPDEF compete to regulate the expression of MUC5AC and MUC5B.

Th2 cytokines also amplify the mucus-inducing EGFR signaling, which is highly activated in cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD) and asthma (42, 43). In response to IL-4, IL-5, and IL-13, bronchial epithelial and immune cells produce ligands (EGF, TGF-α, amphiregulin) that induce EGFR in an autocrine manner (41, 44–46), which subsequently, activates the downstream cRAF-MEK-ERK and PI3K-AKT signaling cascades that inhibit FOXA2 and increase MUC5AC and MUC5B production (47). Interestingly, these pathways have distinct effects, with PI3K-AKT augments cell proliferation while cRAF-MEK-ERK directly enhances goblet cell metaplasia and mucin synthesis (48).

Notch signaling regulates cell-cell communication and differentiation of airway basal cells into secretory and ciliated cells (49). Both Notch1 and Notch2 are required for goblet cell development (50, 51). Interestingly, Notch ligands promotes goblet cell metaplasia independent of the IL-13R-STAT6 axis. It is unknown if Notch induction depletes FOXA2 expression during goblet cell development in diseased airways.

Interestingly, MUC5B gene transcription is differentially-regulated by FOXA2. Inhibition of FOXA2 by bacterial pathogens elevates MUC5B expression (26, 52–54). In contrast, FOXA2 positively regulates MUC5B expression in both idiopathic pulmonary fibrosis (55) and asthma (56), most likely caused by polymorphism in the MUC5B promoter (57). Additionally, inhibition of FOXA2 by IL-13 results in different inhibitory kinetics on MUC5B expression in the air-liquid interface (ALI) culture of airway cells vs. in mouse lungs (41), suggesting that additional mediators may modulate mucin production in an intact lung. Collectively, these findings suggest that regulatory activity of FOXA2 on MUC5B may vary, depending on disease context and additional interacting factors.



FOXA2 INACTIVATION BY RESPIRATORY BACTERIAL PATHOGENS

As previously discussed, excessive mucus causes airway obstruction, narrowing and airflow limitation in chronic lung diseases. Significantly, FOXA2 expression is depleted in airways of patients with bronchopulmonary dysplasia, bronchiectasis (25), and asthma (58). Cigarette smoking, the most important etiologic agent in COPD, directly suppress FOXA2 expression (59). Accumulated mucus allows microbes to thrive, resulting in persistent inflammation, acute exacerbation (60), and lung function impairment (61), with increased morbidity, and mortality (62). Among the bacterial pathogens, Staphylococcus aureus and Pseudomonas aeruginosa (PA) are the most important in young CF patients, but in adulthood, PA predominates (63). Chlamydophila pneumoniae and Mycoplasma pneumoniae are the most important in asthma induction and acute exacerbation (64). Streptococcus pneumoniae, Haemophilus influenza, and Moraxella catarrhalis are the most common in COPD. However, in advanced stages of COPD, PA, M. pneumoniae, H. parainfluenzae, and Klebsiella pneumoniae predominate. Acquisition of PA increases episodes of acute exacerbation, especially in COPD patients who received antibiotics and those who require mechanical ventilation. Significantly, a subset of these patients becomes chronically-infected with PA (65).

For the remainder of this review, we will focus on the FOXA2 inactivation by PA (Figures 2A,B). PA forms biofilms in the mucus-rich environments and becomes more resistant to antibiotics and phagocytic clearance. PA virulence factors, including pyocyanin (26, 52, 66, 67), LPS (68), flagellin (69, 70), alginate (71) and protease (72) induce mucus overproduction.

Among these aforementioned virulence factors, the tricyclic phenazine pyocyanin, is the most robust mucus inducer (73). Pyocyanin is zwittwerionic, which ionizes at physiological pH, penetrates cell membrane, and increases both intracellular reactive oxygen species (ROS) and nitrogen species (RNS) (74–76). Redox cycling of pyocyanin with intracellular electron donors and acceptors generates ROS/RNS (76, 77). Persistent oxidative stress causes dysfunction of ion pumps, antioxidant proteins and cellular reducing agents, resulting in cytotoxicity (78, 79).

Pyocyanin is important for lung infections (80) and recoverable at 0.1 mM concentrations from both COPD and CF sputa (81). Additionally, the levels of pyocyanin within sputa negatively-correlates with the function of CF lungs (82). Pyocyanin interferes with ciliary beating and mucus transport (81), induces bronchoconstriction (83), and decreases mucus velocity (84, 85). Mouse lungs chronically-exposed to pyocyanin develop goblet cell hyperplasia and metaplasia, peribronchial fibrosis, and alveolar airspace destruction, accompanied by polarization from initially a Th1 response toward a Th2 response dominated by IL-4 and IL-13 secreted by activated macrophages and CD4+ T cells, with concomitant influx of neutrophils (52, 66). Many of these pathological features resemble the airways of FOXA2-deficient mice (25). Further studies in the both primary and immortalized human airway cells and in mice demonstrate that pyocyanin depletes FOXA2 expression by activating antagonistic EGFR-PI3K-AKT, EGFR-MEK-ERK and IL-13R-STAT6-SPDEF pathways, resulting in goblet cell hyperplasia and metaplasia and excessive mucins (52, 66). Additionally, pyocyanin activates EGFR directly through ROS or indirectly by inducing the release of proinflammatory cytokines and EGFR ligands from airway cells (86). ROS/RNS generated by pyocyanin post-translationally modify FOXA2 and reduce its binding affinity to the MUC5B promoter. Glutathione restores the expression of FOXA2, which inhibits the transcription of MUC5AC and MUC5B (26). Collectively, these results suggest that pyocyanin inactivates FOXA2 through EGFR-PI3K-AKT, EGFR-MEK-ERK, and IL-13R-STAT6-SPDEF signaling, and post-translational modification of FOXA2.

As for the remaining PA virulence factors, LPS activates the Src-dependent Ras-p38MAPK-pp90rsk pathway, leading to mucin overproduction (68). Flagellum binds asialoGM1 and induces a signaling cascade, leading to cleavage of PIP2 by PLC, formation of IP3, Ca2+ mobilization, phosphorylation of ERK1/2, and finally, transcription of the MUC2 gene (70). Flagellum also activates mucin biosynthesis through the NF-κB induced by TLR5-IL-8 signaling (69). The mechanisms underlying mucin induction by exoproteases (72), alginate (71), and their association to FOXA2 inactivation remain uncharacterized.

FOXA2 appears to be an evolutionally-conserved target of inactivation. Besides PA, we have shown that M. pneumoniae inactivates FOXA2 by inducing both STAT3-STAT6 and EGFR signaling, resulting in overexpression of airway mucins (53). Additional evidences are found in canine species. Because of genetic predisposition and exposure to environmental pollutants and infectious agents, older dogs, especially of smaller breeds, develop lung diseases similar to those in humans. Our recent study in dogs with COPD and chronic bronchitis indicate that infection by PA and Bordetella bronchiseptica, and by viral-bacterial combination activate the antagonistic STAT6 and EGFR signaling to inhibit FOXA2, resulting in goblet cell hyperplasia and metaplasia and mucus hypersecretion (16).



SUMMARY

Although many aspects of mucus biology have been explored as therapeutic targets, few drugs are available because of inefficacy and adverse effects (87). Despite its importance, FOXA2 has not been targeted for the development of novel mucoregulators, perhaps due to the complexity in gene regulation, post-translational modifications, and toxicity associated with its regulation of multiple cellular processes. Recently, the peptide ADEL (Ala-Asp-Glu-Leu) was found to relieve bacterial-mediated inflammation and improve lung function while boosting FOXA2 expression (88). Additionally, GLP-1 analogs were shown to reduce mortality and improve lung function in mice with acute obstructive lung disease (89). Our latest results indicate that the GLP-1 analog Exenatide restores FOXA2-regulated airway mucus homeostasis through the GLP1R-PKA-PPARγ-phosphatase signaling, by dephosphorylating key kinases within both STAT6 and EGFR cascades (90). Some factors need to be considered before repurposing the GLP-1 analogs. Systemically-administered GLP-1 analogs could suppress appetite (91). Because patients with muco-obstructive diseases (e.g., CF, COPD) commonly experience inappetence, and in the case of CF patients, nutrient malabsorption (92, 93), GLP-1 analogs may adversely impact the health status of these patients. To minimize systemic toxicity, direct aerosolization should be considered. Also, co-prescribing steroids and appetite stimulants with GLP-1 analogs may boost positive outcome. Finally, detailed mechanistic characterization of how these drugs restore FOXA2 function may lead to new methods of controlling excessive mucus, lowering bacterial burden and improving the quality of life in patients with chronic lung diseases.
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Unique Roles for Streptococcus pneumoniae Phosphodiesterase 2 in Cyclic di-AMP Catabolism and Macrophage Responses
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Cyclic di-AMP (c-di-AMP) is an important signaling molecule for pneumococci, and as a uniquely prokaryotic product it can be recognized by mammalian cells as a danger signal that triggers innate immunity. Roles of c-di-AMP in directing host responses during pneumococcal infection are only beginning to be defined. We hypothesized that pneumococci with defective c-di-AMP catabolism due to phosphodiesterase deletions could illuminate roles of c-di-AMP in mediating host responses to pneumococcal infection. Pneumococci deficient in phosphodiesterase 2 (Pde2) stimulated a rapid induction of interferon β (IFNβ) expression that was exaggerated in comparison to that induced by wild type (WT) bacteria or bacteria deficient in phosphodiesterase 1. This IFNβ burst was elicited in mouse and human macrophage-like cell lines as well as in primary alveolar macrophages collected from mice with pneumococcal pneumonia. Macrophage hyperactivation by Pde2-deficient pneumococci led to rapid cell death. STING and cGAS were essential for the excessive IFNβ induction, which also required phagocytosis of bacteria and triggered the phosphorylation of IRF3 and IRF7 transcription factors. The select effects of Pde2 deletion were products of a unique role of this enzyme in c-di-AMP catabolism when pneumococci were grown on solid substrate conditions designed to enhance virulence. Because pneumococci with elevated c-di-AMP drive aberrant innate immune responses from macrophages involving hyperactivation of STING, excessive IFNβ expression, and rapid cytotoxicity, we surmise that c-di-AMP is pivotal for directing innate immunity and host-pathogen interactions during pneumococcal pneumonia.
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INTRODUCTION

Pneumonia is a leading cause of morbidity and mortality worldwide (1). Children under 5 and adults over 60 years of age have the greatest risk of developing pneumonia (2). The most common bacterial cause of community acquired pneumonia is the gram-positive extracellular bacterium, Streptococcus pneumoniae (pneumococcus). Pneumococcus can colonize the nasopharynx asymptomatically, or it can cause diseases such as otitis media, bacteremia, or meningitis, in addition to pneumonia (3). Despite advances with pneumococcal vaccines, infections with non-vaccine serotypes remain important (4). A better understanding of the pathogen and the host immune response may help develop novel prophylactics and therapeutics to lower the disease burden caused by S. pneumoniae.

In the lungs, alveolar macrophages are among the first lines of immune defense (5). Multiple receptors on the surface of macrophages recognize bacteria, leading to phagocytosis and the expression of cytokines and chemokines. During pneumococcal pneumonia, NF-κB activation in macrophages is required to rapidly ramp up cytokine expression andneutrophil recruitment (6). Cytokines such as TNFα, IL-1, CXCL2, and IFNβ are produced by macrophages to elicit lung immunity (5). TNFα, IL-1, and CXCL2 all contribute to neutrophil-mediated killing of pneumococcus in the lungs (7, 8). IFNβ and its receptor IFNAR1 help mediate resistance against pneumococcal infection by decreasing nasal colonization (9), enhancing compartmentalization of bacteria within the infected respiratory tract (10), and increasing lung epithelial cell resilience against the infectious and inflammatory challenges of pneumonia (11). However, excessive or inappropriate type I interferon signaling compromises immune defense and predisposes the host to pneumococcal pneumonia (12–14). The induction of IFNβ by pneumococcus is mediated via a pathway in which the endoplasmic reticulum transmembrane protein STimulator of Interferon Genes (STING) triggers the TANK Binding Kinase 1 (TBK1) to activate the transcription factor interferon regulatory factor 3 (IRF3) (9, 15). STING is an adaptor molecule and receptor for cyclic dinucleotides in the cytosol including the bacterial metabolites cyclic di-GMP and cyclic di-AMP (c-di-AMP), as well as the mammalian-derived cyclic GMP-AMP (cGAMP) produced by the cyclic GMP-AMP synthase (cGAS) enzyme (16–18). Induction of IFNβ by pneumococcus requires both STING and cGAS (19), which was interpreted as evidence that pneumococcal DNA but not pneumococcal c-di-AMP triggers STING-dependent IFNβ induction (19). However, a cGAS-STING complex is essential to IFNβ induction by purified c-di-AMP (20), which could contribute to the requirement for cGAS in pneumococcus-induced signaling. Specific effects of pneumococcal c-di-AMP on macrophage responses remain to be demonstrated.

The roles of c-di-AMP in bacteria are diverse and include potassium transport, resistance to cell wall stress, peptidoglycan homeostasis, biofilm formation, and modulating the cellular size of the bacteria (21–25). Pneumococcus generates c-di-AMP using a diadenylate cyclase, CdaA (26). c-di-AMP is degraded in pneumococcus by two phosphodiesterase enzymes, Phosphodiesterase 1 (Pde1) and Pde2 (26). Pde1 converts c-di-AMP to 5′-phosphoadenylyl-adenosine (pApA), while Pde2 is capable of catabolizing both c-di-AMP and pApA, in each case resulting in AMP as a product. Deletion of one or both of the phosphodiesterase enzymes impairs c-di-AMP catabolism, increasing its concentrations in the mutant pneumococci (26). The effects of pneumococcal c-di-AMP metabolism on host-pathogen interactions are largely unclear. We hypothesized that pneumococci deficient in the phosphodiesterase enzymes degrading c-di-AMP could illuminate macrophage pathways involved in innate immune responses to bacterial cyclic dinucleotides during infection.



RESULTS


Elevated Macrophage NF-κB Responses to Phosphodiesterase-Mutant Pneumococci

Macrophage NF-κB is important to pneumococcal infection of the lung. During pneumococcal pneumonia, NF-κB RelA in macrophages is crucial for early cytokine expression, neutrophil recruitment, and lung defense (6). Macrophage activation of NF-κB is heterogeneous across clinical isolates, and lower NF-κB activators cause more severe lung infection in mouse models and associate with more severe pneumonia in human patients (27). To determine whether variations in c-di-AMP levels may influence the magnitude of macrophage NF-κB activation, we compared macrophage responses to 4 pneumococcal strains: a wild type (WT) strain and strains in which one (Δpde1 or Δpde2) or both (Δpde1Δpde2) c-di-AMP-catabolizing enzymes were deleted, all in the isogenic D39 genetic background (26). Macrophage NF-κB activity was quantified using a mouse macrophage-like RAW264.7 cell line that was stably transduced to express firefly luciferase driven by tandem NF-κB binding sites (27, 28). All three pneumococcal phosphodiesterase mutants significantly increased NF-κB activity compared to the WT strain (Figure 1A). The different mutant strains had similar effects on macrophage NF-κB activation (Figure 1A). To determine if this influenced cytokine expression, we quantified TNFα and IL-1β induction. TNFα mRNA levels were significantly elevated after infection with the phosphodiesterase-deficient pneumococci, with comparable effects noted for all the mutant bacteria (Figure 1B). At the protein level, TNFα was elevated in cell culture supernatants which included bacteria, with those containing Δpde2 or Δpde1Δpde2 pneumococci reaching statistical significance (mean ± SEM concentrations of 1790 ± 264, 2390 ± 157, 2370 ± 173, 2580 ± 108, and 2620 ± 37 in cultures containing no, WT, Δpde1, Δpde2, or Δpde1Δpde2 pneumococci, respectively, from N = 3 independent experiments; P values compared to the no pneumococci group of 0.11, 0.12, 0.03, and 0.02, respectively, using one-way ANOVA and the Sidak post hoc test). IL-1β mRNA induction showed a similar trend but had more variability and did not reach statistical significance (Figure 1C). IL-1β protein was not detectable by ELISA in any culture supernatants at this 2-h time-point. Altogether, these data reveal that phosphodiesterase enzymes are determinants of macrophage innate immune responses to pneumococcus, and loss of the pneumococcal enzymes that catabolize c-di-AMP increases NF-κB activity.
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FIGURE 1. Phosphodiesterase mutations increase pneumococcus-induced NF-κB activity. (A) Relative NF-κB-mediated gene expression was measured using a mouse macrophage-like RAW264.7 cell line which had been stably transduced with a firefly luciferase transgene responsive to NF-κB. Cultures were infected 2 h with the indicated bacteria, and luciferase values were quantified using a luminometer and expressed relative to LPS positive control wells run in parallel (N = 9 experiments). (B) Relative induction of TNFα mRNA was measured in RAW264.7 cell cultures infected 2 h with the indicated bacteria. TNFα mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells infected by WT bacteria (N = 3 experiments). (C) Relative induction of IL-1β mRNA was measured in RAW264.7 cell cultures infected 2 h with the indicated bacteria. IL-1β mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells infected by WT bacteria (N = 3 experiments). Throughout panels, asterisk (*) indicates P < 0.05 compared to WT.




Mixed Macrophage IFNβ Responses to the Phosphodiesterase Mutants

The innate immune response most directly responsive to c-di-AMP is type I IFN induction (29). To investigate if pneumococcal c-di-AMP could be a modulator of type I interferon responses, RAW264.7 macrophage-like cells were infected with the phosphodiesterase mutants and mRNA was collected so that IFNβ expression could be measured. We expected one of three outcomes: consistently elevated IFNβ responses across the mutant pneumococci, matching the observations with NF-κB activity (Figure 1); a ramping up of IFNβ responses with peak levels after infection by the double mutant Δpde1Δpde2 strain, based on how c-di-AMP content in pneumococci increase due to phosphodiesterase mutations (26); or no effect of phosphodiesterase mutation, based on the postulate that pneumococcal DNA but not c-di-AMP drives IFNβ responses (19). Surprisingly, macrophage IFNβ responses matched none of these expectations. Instead, only macrophages infected with the Δpde2 mutant bacteria displayed enhanced levels of IFNβ after 2 h of infection (Figure 2A). In contrast to Δpde2 pneumococci, neither Δpde1 nor Δpde1Δpde2 pneumococci stimulated this burst of type I IFN expression. To determine whether this was a peculiarity of IFNβ alone, we measured another gene in this activation pathway. CXCL10 is also transcribed by the IRF3 transcription factor which STING activates (30, 31). Like IFNβ, CXCL10 expression was only elevated by phosphodiesterase mutation when pde2 alone was targeted, not after infection with the Δpde1 or Δpde1Δpde2 pneumococci (Figure 2B). These results suggest, for the first time to our knowledge, that the two phosphodiesterase enzymes in S. pneumoniae have distinct and non-overlapping roles relating to infection and immunity.
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FIGURE 2. Phosphodiesterase 2 mutation in pneumococcus elicits a distinctive burst of IFNβ expression from macrophages. (A) Relative induction of IFNβ mRNA was measured in mouse macrophage-like RAW264.7 cell cultures infected 2 h with the indicated bacteria. Mouse IFNβ mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells infected by WT bacteria (N = 3 experiments). (B) Relative induction of mouse CXCL10 mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells infected by WT bacteria (N = 3 experiments). (C) Relative induction of IFNβ mRNA was measured in human THP-1 cell cultures that were matured to macrophage-like phenotypes using PMA before being infected 2 h with the indicated bacteria. Human IFNβ mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells infected by WT bacteria (N = 6 experiments). (D) Relative induction of IFNβ mRNA was measured in mouse alveolar macrophages collected by bronchoalveolar lavage 3 h after in vivo infection of mice by intratracheal instillation with the indicated bacteria. Mouse IFNβ mRNA in these cells collected from infected lungs was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells collected from mice infected by WT bacteria (N = 11–16 mice per group, over 4 experiments). Throughout panels, asterisk (*) indicates P < 0.05 compared to WT.


In order to determine whether these results were robust and generalizable, we tested for macrophage IFNβ induction using a cell line from a different species (human instead of mouse) and using primary cells during an in vivo infection (alveolar macrophages collected from pneumonic lungs, instead of the RAW264.7 cell line in culture). Although the magnitude of response from human THP-1 cells was modest compared to mouse RAW264.7 cells, the relative effects of the different bacterial strains were similar across the different cell lines and species, showing increased IFNβ induction in response to Δpde2 bacteria compared to any and all other bacterial strains examined (Figure 2C). Thus, human and mouse cells share this distinctive response to Δpde2 mutant pneumococci. Mice were infected with pneumococci in their lungs, and bronchoalveolar lavage cells were collected after 3 h of in vivo infection (before neutrophil recruitment into the air spaces). IFNβ expression was measured in these cells using qRT-PCR, and the Δpde2 mutants showed significantly greater IFNβ induction than any of the other strains, which all behaved similar to each other (Figure 2D). Thus, the selective effects of mutation in phosphodiesterase 2 extend beyond in vitro cell lines and apply to primary alveolar macrophages from pneumonia experiments in vivo.



Outcome of Infection With the Phosphodiesterase Mutants

We measured IFNβ protein in supernatants from infected RAW264.7 cells, expecting to see increased cytokine accumulation in cultures of the Δpde2 mutant infections compared to other bacteria. Cultures included living bacteria for 2 h, after which antibiotics wree provided to restore sterility to the cell cultures. All the bacteria stimulated IFNβ production, but over time the Δpde2 mutant infections stimulated significantly less IFNβ compared to the WT pneumococci (Figure 3A). This protein result after 12 or more hours of infection was the opposite of the early mRNA induction measured after 2–3 h of infection (Figure 2). This led us to question whether macrophage cultures infected with the Δpde2 mutant bacteria might deteriorate over time. We assessed macrophage viability after stimulation with the different strains of pneumococci using an LDH assay for cellular necrosis (Figure 3B). Again, there was a unique phenotype in macrophages infected with phosphodiesterase 2 mutant bacteria. By 8 h, more than 80% of the cultured cells were already dead when infected with the Δpde2 bacteria, whereas other strains exhibited only limited cytotoxicity at this time-point. Thus, the unique phenotypic responses of macrophages to Δpde2 mutant pneumococci includes rapid cytotoxicity. We therefore focused attention on early responses to infection with these mutants.
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FIGURE 3. Outcome of infection is dictated by pneumococcal phosphodiesterase 2. (A) Time-course of IFNβ protein accumulation in the supernatant was measured in mouse macrophage-like RAW264.7 cell cultures infected with the indicated bacteria. Mouse IFNβ concentration was measured using ELISA (N = 3 experiments). (B) Time-course of cell death was measured in mouse macrophage-like RAW264.7 cell cultures infected with the indicated bacteria. Concentration of the cytosolic enzyme lactate dehydrogenase (LDH) was measured using a commercially available cytotoxicity assay kit, and expressed relative to concentrations measured after cells were completely lysed by detergent (N = 3 experiments). Throughout panels, asterisk (*) indicates P < 0.05 compared to WT.




Signaling Requirements for Exaggerated IFN Responses From the Phosphodiesterase Mutants

We endeavored to elucidate the pathway by which Δpde2 mutant bacteria led to an elevated IFNβ burst. To determine if phagocytic uptake is involved, RAW264.7 cells were pretreated with the actin polymerization inhibitor cytochalasin D before infection with pneumococcus. Inhibition of actin polymerization prevented the burst of IFNβ expression after 2 h of infection by the Δpde2 mutant bacteria (Figure 4A). All strains, particularly the Δpde2 mutant, had diminished IFNβ expression, suggesting that phagocytosis is essential for the rapid and strong IFNβ induction by pde2-deficient bacteria. To determine roles of phagolysosomal fusion and acidification, we pretreated RAW264.7 cells with phagolysosome inhibitors. Bafilomycin A1, which inhibits vacuolar H+-ATPases and disrupts phagolysosome acidification and fusion, completely prevented IFNβ induction by the Δpde2 mutant bacteria (Figure 4B). Chloroquine and ammonium chloride (NH4Cl), lysosomotropic agents that can raise vacuolar pH without affecting fusion events, had more modest effects (Figure 4B). The profound effects of cytochalasin D and bafilomycin A1 on IFNβ induction suggest that Δpde2 mutant pneumococci stimulate macrophages after their phagocytosis and phagosomal processing.
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FIGURE 4. The induction of IFNβ by phosphodiesterase 2 mutant pneumococci requires phagocytosis. (A) Relative induction of IFNβ mRNA was measured in mouse macrophage-like RAW264.7 cell cultures infected 2 h with the indicated bacteria in the presence or absence of cytochalasin D as a means of inhibiting actin polymerization (N = 3 experiments). (B) Relative induction of IFNβ mRNA was measured in mouse macrophage-like RAW264.7 cell cultures infected 2 h with the indicated bacteria in the presence or absence of the indicated inhibitors pf phagosomal processing (N = 3 experiments). For both panels, mouse IFNβ mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells infected by WT bacteria. For both panels, asterisk (*) indicates P < 0.05 compared to vehicle.


The canonical pathway by which pneumococcus and c-di-AMP stimulate IFNβ expression is via STING-mediated activation of IRF3 and IRF7 (29). The early phosphorylation of IRF3 and IRF7 was particularly triggered by infection with the pde2 mutant (Figure 5A), implicating this pathway in the select responses of macrophages to these Δpde2 bacteria. To determine if STING was required for IFNβ induction by Pde2-deficient pneumococci, responses were compared between control RAW264.7 cells and STING-deficient RAW264.7 cells. The strong induction of IFNβ by Δpde2 mutants was abrogated by the absence of STING (Figure 5B). In contrast to IFNβ induction, cell death induced by pde2-deficient bacteria was not abrogated by STING deficiency (P = 0.15 from unpaired Student t-test on 3 independent experiments; 57 ± 6 and 51 ± 3 percent LDH after 24 h in STING-deficient and control RAW264.7 cells, respectively), dissociating these outcomes and suggesting that this bacteria-induced cell death may not require excessive IFNβ expression. The STING-dependent IFNβ induction was corroborated with independent experiments in which STING expression was knocked down by shRNA in human THP-1 cells. STING knock down inhibited IFNβ induction by the Δpde2 mutant pneumococci (Figure 5C). The STING-mediated induction of IFNβ stimulated by c-di-AMP requires cGAS (20). In parallel studies of human THP-1 macrophages in which cGAS was targeted by shRNA, induction of IFNβ mRNA by Δpde2 mutant pneumococci was reduced by cGAS knock down as effectively as the knock down of STING (Figure 5C). Altogether, these results implicate the cGAS-STING and IRF3/IRF7 pathways that mediate IFNβ induction by purified c-di-AMP (20) as underlying mechanisms of the distinctive responses of macrophages to Δpde2 mutant pneumococci.
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FIGURE 5. IFNβ expression elicited by phosphodiesterase 2 mutant pneumococci is mediated by the STING-cGAS-IRF3-IRF7 signaling pathway. (A) Relative contents of phosphorylated IRF3 and phosphorylated IRF7 protein were measured using immunoblot in cell lysates from mouse macrophage-like RAW264.7 cell cultures infected 2 h with the indicated bacteria. Relative contents of total IRF3 and IRF7 were measured for comparison, as well as GAPDH for loading control (image shown was from one experiment, representative of 2 independent experiments). (B) Relative induction of IFNβ mRNA was measured in parallel cultures of mouse macrophage-like RAW264.7 cells, one of which was deficient in STING due to gene targeting. Cultures were infected for 2 h with the indicated bacteria. Mouse IFNβ mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells infected by WT bacteria (N = 3 experiments). Asterisk (*) indicates P < 0.05 compared to WT. (C) Relative induction of IFNβ mRNA was measured in parallel cultures of human THP-1 cell cultures that were stably transduced with lentiviruses encoding shRNA that was non-targeting (NT) or which targeted STING or cGAS. THP-1 cells were matured to macrophage-like phenotypes using PMA before being infected 2 h with the indicated bacteria. Human IFNβ mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the uninfected cells transduced with NT shRNA (N = 5 experiments). Asterisk (*) indicates P < 0.05 compared to WT bacteria in cells transduced by the same shRNA, and hashtag (#) indicates P < 0.05 compared to NT shRNA-transduced cells infected by same bacteria.




Dinucleotides Connecting the Phosphodiesterase Mutants to IFNβ Induction

Although the pathways activated in macrophages by pde2-deficient pneumococci matched those induced by c-di-AMP, the Δpde2 mutant pneumococci were not expected to have higher levels of c-di-AMP than the other mutant strains, based on prior analyses (26). We considered whether Pde2 could have unique roles in bacteria that lead to different types of metabolites accumulating. Based on the different substrate specificities of the pneumococcal phosphodiesterases (26), the pde2 deletion could result in the buildup of pApA in ways that the Δpde1 or Δpde1Δpde2 mutants would not. To investigate whether excessive pApA could be a contributing factor to the burst of IFNβ expression in macrophages, we tested whether the pApA dinucleotide metabolite could stimulate macrophage IFNβ expression either alone or in combination with c-di-AMP. The pApA metabolite did not stimulate IFNβ expression at doses sufficient for c-di-AMP to do so (Figure 6A). Furthermore, no synergistic effects were seen when pApA was added to c-di-AMP (Figure 6A). These results do not support a role for pApA in either stimulating or exacerbating macrophage IFNβ expression.
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FIGURE 6. Dinucleotides involved in the distinctive effects of phosphodiesterase 2 mutant pneumococci. (A) Relative induction of IFNβ mRNA was measured in human THP-1 cell cultures that were matured to macrophage-like phenotypes using PMA before being stimulated 2 h with the indicated dinucleotides at a final concentration of 30 μg/ml. Human IFNβ mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the unstimulated cells (N = 3 experiments). Asterisk (*) indicates P < 0.05 compared to unstimulated cells. (B) Relative induction of IFNβ mRNA was measured in mouse macrophage-like RAW264.7 cell cultures infected 2 h with the indicated bacteria that were cllected after growth in roth culture instead of on blood agar plates. Mouse IFNβ mRNA was measured and normalized to 18S rRNA using qPCR, and expressed relative to the cells infected by WT bacteria (N = 3 experiments). (C) Relative c-di-AMP content was measured in pneumococcal cultures that were grown as used throughout experiments (except for in B), on inverted tryptic soy agar plates containing 5% sheep’s blood and in a 5% CO2 environment. Cyclic di-AMP was measured using a competitive ELISA (N = 4 experiments) and normalized to the bacterial density at a given optical density (OD). Asterisk (*) indicates P < 0.05 compared to other bacterial strains. “ns” indicates not significant (P > 0.05).


Next, we considered whether the distinct responses of Δpde2 mutants could be due to unanticipated effects of phosphodiesterase mutations on c-di-AMP content in these bacteria. Previous studies of these pneumococcal strains reveal increased c-di-AMP in the Δpde1 and Δpde2 strains, with the greatest increase in the Δpde1Δpde2 double mutants (26). We assumed those effects of phosphodiesterase mutations would apply to bacteria in the present studies. However, the present studies involved bacteria grown on blood agar plates in humidified 5% CO2 environments, designed to enrich for virulence, whereas the prior studies were of bacteria grown in liquid broth and room air. Bacterial growth conditions can influence gene expression and metabolism (32, 33). Unlike with plate-grown bacteria, broth-grown Δpde2 mutants did not elicit a stronger induction of IFNβ mRNA compared to WT bacteria (Figure 6B), suggesting that mode of growth influences the phenotypes of bacteria and their interactions with macrophages. To investigate effects of the phosphodiesterase mutations on c-di-AMP content in bacteria as grown throughout the current studies (Figures 1–5), we measured relative c-di-AMP levels using an ELISA (34) in pneumococci that were grown on blood agar plates. Under these conditions, WT pneumococci did not have detectable c-di-AMP (Figure 6C). Similarly, the Δpde1 mutant grew with c-di-AMP levels remaining beneath the detection limit (Figure 6C). However, the Δpde2 and Δpde1Δpde2 double mutants accumulated c-di-AMP, with by far the greatest amounts in the Δpde2 single mutant bacteria (Figure 6C). These data suggest that growth conditions may have substantial effects on c-di-AMP metabolism, and that pneumococcal Pde2 has especially important roles in limiting c-di-AMP during the more biofilm-like and virulence-enhancing growth conditions used here. In conjunction with the prior data revealing distinct IFNβ responses from the Δpde2 mutant bacteria, these data strongly support the interpretation that macrophage responses are directly influenced by c-di-AMP levels in pneumococcus during infection.



DISCUSSION

This study suggests that the pneumococcal phosphodiesterase 2 enzyme has distinct and prominent roles in dictating bacterial c-di-AMP content and macrophage innate immunity. Deletion of the phosphodiesterase 2 gene resulted in multiple phenotypes that were not seen with other phosphodiesterase mutants, including pronounced c-di-AMP accumulation. In macrophages, the pde2-mutant pneumococci induced a rapid and strong induction of IFNβ and cytotoxicity, neither of which was observed after macrophage interactions with other pneumococci. These results were robust, observed in vitro with mouse and human cell lines as well as in vivo with primary murine alveolar macrophages. These data highlight a previously unappreciated complexity in how pneumococcal phosphodiesterase enzymes regulate c-di-AMP metabolism in bacteria and immunity in mammals.

It was unexpected that the pde2-mutant but not the pde1-mutant bacteria would substantially increase c-di-AMP levels in pneumococci grown as cultured here. These data suggest that when cultured on blood agar plates in a 5% CO2 environment, pde2 is especially important for catabolizing c-di-AMP. It was further curious that the compound deletion of pde2 with pde1 had less pronounced effects, suggesting that other c-di-AMP regulatory mechanisms (24, 25) may compensate to diminish c-di-AMP levels when both of these 2 phosphodiesterase enzymes are absent from pneumococci. The present results with pneumococcus grown on solid media (a more biofilm-like condition) contrast with prior studies of these bacteria grown in a strictly planktonic liquid broth culture (26), suggesting that c-di-AMP metabolism varies across types of bacterial growth. This is plausible given the many roles c-di-AMP plays in bacterial physiology, including evidence that c-di-AMP itself helps determine planktonic vs. biofilm organization in streptococci (22, 35–38). Some virulence factors, like pneumolysin which can induce macrophage cytotoxicity as observed here, are more strongly expressed in biofilm-like growth states of pneumococci (32, 33). During infection, pneumococci transition between biofilm and planktonic phenotypes, and genetically identical pneumococci exhibit markedly different behaviors and transcriptomes in different anatomical sites involving planktonic or biofilm growth (33). In addition, there are different selection pressures on the pneumococcal phosphodiesterase enzymes that catabolize c-di-AMP across infected sites within a host, leading to the emergence of pneumococci with different phosphodiesterase gene mutations in different anatomic sites within infected individuals (39). Altogether, these data suggest strikingly dynamic roles of pneumococcal phosphodiesterases with impacts on c-di-AMP metabolism, pneumococcal phenotype, and infection that are highly context-dependent.

Macrophage signaling in response to c-di-AMP in the context of bacterial infection is incompletely understood. The steps involved in macrophage responses to extracellular cyclic dinucleotides (including c-di-AMP) are different from the pathways by which macrophages respond to cyclic dinucleotides delivered directly into the cytoplasm (20). Notably, extracellular cyclic dinucleotides require phagocytosis and phagosomal acidification before they can gain access to the cytosol (20). The membrane folate antiporter SLC19A1 mediates the transport of c-di-AMP across the membrane from phagosome lumen into cytosol (40). In the cytosol, c-di-AMP is recognized by a cGAS-STING complex which forms a signaling platform that leads to phosphorylation of IRF transcription factors (41). Our studies suggest similar pathways for c-di-AMP signaling during live bacterial infections. The triggering of IFNβ expression by pde2-mutant bacteria was prevented by an inhibitor of phagocytosis or of phagosome acidification, by cGAS knockdown, and by STING deficiency or knockdown. These results are consistent with a model in which macrophages ingest bacteria and bacteria-derived c-di-AMP into acidic phagosomes where the bacteria are degraded and c-di-AMP is released into the phagosomal lumen. Transport of c-di-AMP across the membrane into the cytosol then allows signaling via STING and cGAS to activate IRF3- and IRF7-mediated transcription of the gene for IFNβ.

The effects of pde2 deletion on c-di-AMP metabolism in an in vivo infection would be multifactorial. Most importantly, the dysregulation of c-di-AMP metabolism due to phosphodiesterase deletion(s) can be disastrous for pneumococcal physiology, rendering them much more sensitive to diverse stresses including heat, osmotic shock, or UV radiation (26). They grow more slowly, exhibit altered morphology, and display reduced virulence (26, 42). Thus, such bacteria may be less fit or even incapable of effectively establishing infection. However, altered macrophage responses can also impact infection. Increased type I interferons can have complex effects during pneumococcal pneumonia. For example, type I IFN in pneumococcus infected lungs can induce Sectm1 in lung epithelial cells to recruit neutrophils (43), which augments host defense but increases lung injury risk. Type I IFN signaling to the respiratory epithelium also helps to maintain a vigorous and resilient mucosal barrier against invasive pneumococcal disease (9–11). In contrast to this epithelial resilience, excessive IFNβ induced by Salmonella or inflammatory stimuli can kill macrophages by necroptosis (44, 45). In the present studies, the early IFNβ burst but not the later cell death triggered by Pde2-deficient pneumococci required STING, suggesting that excessive IFNβ might not be necessary for the cell death due to this strain of bacteria. Although the Pde2-deficient and c-di-AMP-rich pneumococci rapidly caused macrophage necrosis, the mode of cell death was not defined. Macrophage death can be detrimental during pneumonia in many ways (5). Across pneumococcal strains, those that more rapidly induce necroptosis tend to be more virulent in the lung (27), suggesting this mode of cell death to be a maladaptive pathway during pneumococcal pneumonia. In contrast, macrophage cell death by apoptosis appears to be a healthy response to pneumococcal infcetion, since specifically preventing macrophage apoptosis results in more severe lung infections (46). Pneumococcus-induced macrophage death is a complicated but important contributor to pneumonia outcomes. More research is needed to understand the natural variations in phosphodiesterase enzymes and c-di-AMP metabolism among pneumococci in the community and how these variations may influence cell death pathways including necroptosis, apoptosis, and more.

Finally, it was curious that all deletions of phosphodiesterase enzymes (pde1, pde2, or both) caused similar changes in macrophage NF-κB activity, including downstream cytokines like TNFα. Unlike the macrophage IRF phosphorylation, IFNβ induction, and cytotoxicity, macrophage NF-κB activity, and TNFα induction appear to dissociate from the bacterial c-di-AMP content. This could possibly result from non-canonical STING-dependent pathways through which DNA triggers NF-κB (47). These data suggest that some effects of phosphodiesterase enzymes in pneumococcus may be independent from their role in modulating c-di-AMP, implying novel substrates of pneumococcal phosphodiesterases yet to be identified.

The Pde2 enzyme appears to have distinct roles in c-di-AMP metabolism in pneumococci, which vary across growth conditions and perhaps infection settings. Loss of pneumococcal Pde2 function can profoundly elevate c-di-AMP and skew macrophage responses, including a dysregulated burst of IFNβ expression followed quickly by cell death. These results suggest that c-di-AMP in pneumococci is a pivotal factor driving innate immune responses in infection. Pneumococcal c-di-AMP may influence pneumonia and invasive pneumococcal disease. Additional studies should elucidate further the roles of phosphodiesterase 2 in bacterial physiology and host immune responses to pneumococcus.



MATERIALS AND METHODS


Bacteria Strains and Growth Conditions

The strains of S. pneumoniae used here have been described in detail (23, 26). Unless otherwise specified, bacteria were grown for 10–15 h at 37°C in a 5% CO2 environment on inverted tryptic soy agar plates containing 5% sheep blood before being suspended in serum-free and antibiotic-free media to the desired optical density as a means of estimating concentration. For broth-grown bacteria, pneumococci were grown for 8 h in Todd Hewitt Broth with 0.5% Yeast extract (THY) as preculture, and preculture aliquots were used to seed planktonic cultures grown in THY for 6 h to ensure log-phase growth of all bacteria. Bacterial concentrations were initially estimated using optical density and then confirmed post hoc using serial dilution CFU assays.



Cell Culture and Infection

For growth and maintenance, RAW264.7 cells (ATCC) were cultured at 37°C with 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10% heat inactivated fetal bovine serum (Gibco), 100 IU of penicillin/mL, and 100 μg/mL of streptomycin. STING-deficient RAW264.7 cells (RAW-Lucia ISG-KO-STING cells; Invivogen) were maintained in the same media with Zeocin supplementation at 200 ug/mL. THP-1 Scrambled, STING knockdown, and cGAS knockdown cells were generated by transducing THP-1 cells with lentiviral vectors expressing shRNA targeting a scrambled sequence (48), STING (48), or cGAS (Sigma, TRCN0000149984), and maintained in RPMI 1640 (Gibco) supplemented with 10% heat inactivated fetal bovine serum (Gibco), 100 IU of penicillin/mL, 100 μg/mL of streptomycin, and 2ug/mL of puromycin, and incubated at 37°C with 5% CO2. For differentiation of THP-1 cells into a macrophage state, cells were resuspended in culture medium containing 100 nM phorbol myristate acetate (PMA, Sigma) for 24 h. Macrophages were lifted using Versene (Gibco) and replated for infection. For dinucleotide stimulation, pApA and c-di-AMP were purchased (InvivoGen) and added to PMA-matured THP-1 cells to a final concentration of 30 μg/ml. In infection experiments, cells were cultured in antibiotic-free media and S. pneumoniae were added at a dose of 107 colony forming units (CFU) per well for 2 h at 37°C with 5% CO2. Indicated experiments included a 30-min preincubation with 2 μM cytochalasin D (Life Technologies), 200 nM bafilomycin A1 (Sigma), 50 μM chloroquine (Sigma), or 5 mM ammonium chloride (Sigma). None of the bacterial strains increased CFU/ml over 2 h in cell culture; while there was a possible trend for living Δpde2 and Δpde1Δpde2 mutants to decrease more than WT (suggesting poor stress responses), this did not reach statistical significance (P = 0.10 across groups in one-way ANOVA). For cell culture infection experiments lasting longer than 2 h, the antibiotic-free media was replaced with antibiotic-containing media after 2 h of culture with live bacteria. Studies with the NFκB-luciferase reporter RA264.7 cell line were performed as previously reported (27, 28).



RNA Preparation and qRT-PCR

Total RNA was isolated with TRIzol reagent (Invitrogen) and Direct-zol RNA Kit (Zymo). qRT-PCR was performed using the RNA-to-Ct kit (Life Technologies) with the following primers and probes – mouse IFNβ: forward 5′-ACAGCCCTCTCCATCAACTATAA-3′, reverse 5′-CATCTT CTCCGTCATCTCCAT-3′, probe 5′-FAM-AGCTCCAGC/ZEN/TCCAAGAA-3′; mouse TNFα: forward 5′-TCATACCAG GAGAAAGTCAACCTC-3′, reverse 5′-TGGAAGACTCCT CCCAGGTATATG-3′, probe 5′-FAM-TGCCGTCAA/ZEN/GAGCCCCTG-3′; mouse IL-1β: forward 5′-GCCACCTTTTGA CAGTGATGA-3′, reverse 5′-GATGTGCTGCTGCCGAGA TT-3′, probe 5′-FAM-CTGCTTCCA/ZEN/AACCTTTGA-3′; mouse CXCL10: forward 5′-GGCCATAGGGAAGCTTGAA AT-3′, reverse 5′-GACATCTCTGCTCATCATTCTTT-3′, probe 5′-FAM-ATCGTGGCA/ZEN/ATGATCTCA-3′; mouse 18S ribosomal RNA: forward 5′-ATTCGAACGTCTGCCCTAT CA-3′, reverse 5′-GTCACCCGTGGTCACCATG-3′, probe 5′-FAM-TCGATGGTA/ZEN/GTCGCCGTG-3′. TaqMan Gene Expression Assays for human IFNβ were purchased from Applied Biosystems.



Murine Model of Pneumococcal Pneumonia

C57BL/6 mice were purchased from Jackson Laboratory and housed in a pathogen free environment with access to food and water ad libitum. Mice were anesthetized using intraperitoneal injection of ketamine (50 mg/kg) and xylazine (5 mg/kg) and the trachea was surgically exposed. A 50 μL volume containing 107 CFU of S. pneumoniae of specified strains (or saline vehicle as negative control) was intratracheally instilled via angiocatheter into the left lobe. Three hours after infection, mice were euthanized and the lungs were lavaged with 10 mL of phosphate buffered saline (PBS). Bronchoalveolar lavage cells were isolated by centrifugation and used as sources for RNA purification.



Enzyme Linked Immunosorbent Assay (ELISA)

Cytokine levels of IFNβ were measured in a sandwich ELISA using rat anti-mouse IFNβ mAb (ab24324; Abcam) for capture, rabbit anti-mouse IFNβ polyclonal Ab (32400-1; PBL Biomedical Laboratories) for detection, HRP-conjugated donkey anti-rabbit IgG (711-036-152; Jackson ImmunoResearch Laboratories), and recombinant mouse IFNβ standard (12400-1; PBL Biomedical Laboratories). The detection limit of the IFNβ ELISA was 130 pg/ml. Cytokine levels of TNFα and IL-1β were determined using ELISA kits from R&D systems.



Cell Death Assays

Cell death was measured by supernatant lactate dehydrogenase (LDH) using the Cytotox 96 Non-Radioactive Cytotoxicity Assay (Promega).



Measurement of c-di-AMP

Bacterial strains were grown overnight on tryptic soy agar plates with 5% sheep blood at 37°C with 5% CO2. S. pneumoniae were suspended in DMEM to an OD620 of 0.4. After centrifugation of 6-ml aliquots, the bacterial pellets were resuspended in 500 μL 50 mM Tris–HCl pH 8.0 and lysed by sonication, followed by heating for 10 min at 95°C. Quantities of c-di-AMP were measured in the lysates using a competitive ELISA, as described (34). The amount of c-di-AMP was normalized to the bacterial density recorded at OD620.



Statistics

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software). Data were presented as mean and standard error of the mean (SEM). All data were analyzed by one-way or two-way analysis of variance (ANOVA) with Sidak or Dunnett tests to correct for multiple comparisons. Values were log-transformed prior to analyses if they did not pass the F test for equal variance. Differences with p < 0.05 were considered statistically significant.
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Production of Neutrophil Extracellular Traps Contributes to the Pathogenesis of Francisella tularemia
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Francisella tularensis(Ft) is a highly virulent, intracellular Gram-negative bacterial pathogen. Acute Ft infection by aerosol route causes pneumonic tularemia, characterized by nodular hemorrhagic lesions, neutrophil-predominant influx, necrotic debris, fibrin deposition, and severe alveolitis. Ft suppresses activity of neutrophils by impairing their respiratory burst and phagocytic activity. However, the fate of the massive numbers of neutrophils recruited to the infection site is unclear. Here, we show that Ft infection resulted in prominent induction of neutrophil extracellular traps (NETs) within damaged lungs of mice infected with the live attenuated vaccine strain of Ft(Ft-LVS), as well as in the lungs of domestic cats and rabbits naturally infected with Ft. Further, Ft-LVS infection increased lung myeloperoxidase (MPO) activity, which mediates histone protein degradation during NETosis and anchors chromatin scaffolds in NETs. In addition, Ft infection also induced expression of peptidylarginine deiminase 4, an enzyme that causes citrullination of histones during formation of NETs. The released NETs were found largely attached to the alveolar epithelium, and disrupted the thin alveolar epithelial barrier. Furthermore, Ft infection induced a concentration-dependent release of NETs from neutrophils in vitro. Pharmacological blocking of MPO reduced Ft-induced NETs release, whereas addition of H2O2 (a substrate of MPO) significantly augmented NETs release, thus indicating a critical role of MPO in Ft-induced NETs. Although immunofluorescence and electron microscopy revealed that NETs could efficiently trap Ft bacteria, NETs failed to exert bactericidal effects. Taken together, these findings suggest that NETs exacerbate tissue damage in pulmonary Ft infection, and that targeting NETosis may offer novel therapeutic interventions in alleviating Ft-induced tissue damage.
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INTRODUCTION

Francisella tularensis(Ft) is a zoonotic, intracellular bacterial pathogen, known to cause the disease tularemia that affects major organs including lungs, liver, and spleen (1–3). Ft can transmit by direct skin contact or through mucosal, respiratory or gastrointestinal tract routes. The aerosol route of Ft infection causes pneumonic tularemia, a severe form of the disease with high fatality rates (4–6). Several studies support that aggravated immune response with massive neutrophils influx contribute to host tissue destruction and pathophysiology in Ft infection (7–9). Together with necrotic debris and bacteria, excessive neutrophils recruitment clogs the bronchioles and alveolar airspaces, results in granuloma formation (7, 10–12). It has been reported that induction of matrix metalloproteinase 9 (MMP 9) aggravates neutrophil influx and mortality in Ft infection and that mice lacking MMP 9 gene (MMP 9 –/–) exhibit diminished neutrophils recruitment and improved survival in both vaccine strain of Ft (Ft-LVS) and also highly virulent Type A strain (SchuS4) infections (13). Although these findings implicate massive neutrophil influx in the pathogenesis of Ft infection, the fate of these neutrophils at the infection site is unknown. Further, mechanisms of how these infiltrated neutrophils contribute to Ft pathophysiology remain largely unexplored.

Both neutrophils and macrophages are targets for Ft infection (14, 15). Several studies have demonstrated that Ft parasitizes inside the neutrophils and disrupts their antimicrobial defense by suppressing neutrophil respiratory burst (15, 16). One proposed mechanism is that Ft inhibits assembly of NADPH oxidase enzyme complex, which is required for reactive oxygen species (ROS) generation, and by inhibiting neutrophil respiratory burst, it escapes from phagosomal lysis (17). Neutrophils are terminally differentiated and short-lived cells which undergo constitutive apoptosis. Ft infection has been shown to prolong their lifespan by inhibiting apoptotic signaling mechanism (18). Previous in vitro studies on Ft-neutrophil interactions have implicated in implicated impaired neutrophil function in vitro, but the activation status of the pulmonary sequestered neutrophils is unclear. Emerging evidence supports a potential role of excessive neutrophil influx, their activation and NETosis in the pathophysiology of various bacterial and viral diseases (19–23). NETs were initially discovered for their role in bacterial killing (24). However, we found that presence of excessive NETs in Streptococcus pneumoniae (S. pneumoniae) superinfection following influenza infection in mice does not reduce bacterial load, but augmented bacterial burden and aggravated pathology (19). During NETs formation, the released chromatin strands are decorated with toxic proteins such as histones, MPO and neutrophil elastase (NE), which contribute to host pathology (24). We have previously reported NETs embroiled with thin alveolar-capillary surfaces of the lungs during severe influenza and S. pneumoniae superinfection following influenza which mediate cytotoxic effects in alveolar epithelial and endothelial cells (19, 25). Further, our recent studies have identified extracellular histones as major mediators in NETs-induced tissue damage and organ failure (23).

Although massive neutrophil influx is implicated in Ft pathophysiology, there are hitherto no in vivo reports on NETs induction or their role in tissue damage during Ft infection. In the present study, we characterized the induction of NETs in Ft-LVS infected mice. Further, accumulation of NETs was also evaluated in clinically diagnosed Ft-positive domestic cats and rabbits. Our findings revealed induction of extensive NETs during Ft infection. We also found induction of NETosis, when mouse neutrophils were infected with Ft-LVS in vitro. The NETs induction was found to be dependent on MPO activity. Although Ft was found trapped in NETs during infection, NETs failed to show bactericidal effects against Francisella. These studies indicate that NETs release contributes to the lung pathology in Ft infection.



MATERIALS AND METHODS


Bacteria, Animals, and Ethics Approval

Live attenuated vaccine strain of Francisella tularensis LVS (Ft-LVS); and Ft-LVS-GFP (GFP labeled) American Type Culture Collection (ATCC, VA) were provided by Dr. Jerry Malayer. The bacteria were cultured on chocolate agar plates at 37°C in a 5% CO2incubator. For bacterial counts, a serial 10-fold dilutions were made from a single colony in phosphate buffered saline (PBS) and colony forming units (CFU) were determined. For preparation of formalin-killed bacteria, the bacteria were incubated with 4% neutral buffered formalin for 1 h at 37°C and washed with PBS to remove formalin. BALB/c mice (6–8 weeks old) were used in this study. The animals were housed in microisolator cages in a BSL-2 animal facility. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Oklahoma State University (protocol number VM-17-36) and were performed in strict accordance with their recommendations.



Ft-Infected Clinical Samples

Severely ill domestic rabbits (n = 4) and cats (n = 3) were brought to the Oklahoma State University veterinary clinic with symptoms of high fever, diarrhea, nasal blood discharge, lethargy and respiratory complications. Animals were euthanized and performed necropsy analysis at Oklahoma Animal Disease and Diagnostic Laboratory (OADDL). Routine RT-PCR analysis on liver and spleen specimens identified Francisella positive infection. For histopathologic and NETs immunostaining analysis, lungs and liver tissues were fixed in neutral buffered formalin and embedded in paraffin. Uninfected rabbit lungs and liver samples (n = 3) were used as controls in this study.



Mice Infections

For all infections, animals were anesthetized with a mixture of ketamine (7.5 mg/kg) and xylazine (0.1 mg/kg) by intraperitoneal injection. The mice were then intranasally challenged with a lethal dose of about 1000 CFU of Ft-LVS in 50 μl diluted in sterile phosphate-buffered saline (PBS). Mock-inoculated control mice received equal volumes of PBS. The actual dose of the bacteria was confirmed by plating onto chocolate-agar and CFU were determined after 72 h. N = 5–7 mice were used in each group. Animals were monitored for clinical signs of weight loss, lethargy, and respiratory distress.



Histopathology Analysis

Following infection, mice were euthanized at 5 dpi, as infected animals exhibited severe clinical signs of illness with lethargy and respiratory distress. Lungs and other organs including liver, spleen, and heart were fixed in 4% formalin as described previously (23). Whole lungs from control and infected animals were fixed by the intratracheal instillation of 4% neutral-buffered formalin at 25-cm water gauge pressure and embedded in paraffin. In another set of experiments, lungs were lavaged with equal volumes of PBS as described earlier and bronchoalveolar lavage fluids were used to determine NETs release (25). A Semi-quantitative histology scores based on the lesions in the lungs, including tissue necrosis, lymphoid necrosis, Pyknotic debris, inflammation (neutrophil/macrophage/lymphocytes), alveolar damage, interstitial pneumonia, bronchopneumonia, nodular and hemorrhagic lesions, and accumulations of necrotic debris were analyzed by board certified pathologists in a blinded manner (23). For liver, scoring was based on tissue necrosis, lymphoid necrosis, Pyknotic debris, discrete/non-discrete granuloma formation and composition of degenerative, and non-degenerative neutrophil infiltrations. Histology scores were given as 0,No lesions; 1, Mild lesions; 2, Moderate lesions; and 3, Marked lesions. Similarly, pathologic analysis of lungs and liver sections from domestic Ft-positive cats, rabbits and uninfected rabbits were analyzed and scored in a blinded manner.



Bacterial Burden

A portion of the lung was homogenized in sterile PBS using mortar-pestle. The homogenate was centrifuged at 100 × g for 10 min. A Serial 10-fold dilutions of the supernatants were prepared in sterile PBS. A 10-μl aliquots of serially diluted supernatants were plated onto chocolate-agar and quantification of the colonies was performed after 72 h incubation at 37°C as described above. The results were expressed as log10 CFU/milligram protein.



Immunohistochemistry Analysis

Mock or Ft-infected mouse lungs and liver samples were cut into 4-μm thick section and immunohistochemistry performed to detect NET release using antibodies against citH3 and MPO as described previously (26). Briefly, lung and liver sections were deparaffinized in xylene, permeabilized with 0.5% Triton X-100, and blocked with 3% fetal bovine serum. The sections were then incubated at 4°C overnight with 1:400 dilutions of primary antibodies, i.e., mouse anti–citH3 (Abcam, MA) or anti-MPO (Abcam, MA). After washing thrice with PBS, the slides were incubated with 1:500 dilutions of secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 546 (Molecular Probes, Eugene, OR, United States) at room temperature for 1 h. The slides were washed thrice with PBS, mounted in medium containing DAPI (Vector Laboratories, Burlingame, CA, United States) and examined using an Olympus fluorescence microscope. Similarly, Ft-positive domestic cats and rabbits and control rabbits were evaluated for induction of NETs formation in their lung and liver sections by immunostaining using anti-citH3 (Abcam, MA) and monoclonal anti-MPO antibodies (Abcam, MA).

For visualizing alveolar damage during Ft infection, mock, and Ft-infected mouse lung tissue sections were stained with primary antibodies against alveolar type I epithelial membrane marker (T1α, 1: 500, DSHB, University of Iowa, IA) and citH3 (1:400, Abcam, MA) and incubated overnight at 4°C. Lung sections were then labeled with secondary Alexa Fluor antibodies as described above.



Western Blot Analysis in the Cell-Free BAL Fluids

For collection of BAL, both mock infected and Ft-LVS infected mouse lungs were lavaged with equal volumes of phosphate buffered saline. The recovery of lavage fluids was more than 90% in all samples. All the western blots were carried out by loading equal volumes of BAL from control and infected animals. The samples were further centrifuged at 4000 rpm for 15 min to obtain cell-free BAL. For western blot analysis, equal volumes of BAL samples from control, infected and treatment groups were loaded, as described in our previous publications (26). The BAL fluids were analyzed for extracellular histones (H2A or H2B, 1:1000, Abcam, MA) and modified histones (citH3, 1:1000, Abcam, MA) by western blot as described previously (26). Lung injury was assessed by T1-α (1:1000, DSHB, University of Iowa). The release of peptidylarginine deiminase 4 (PAD4, 1:200, Santa Cruz, CA, United States) in the BAL was an indication of active NETosis during Ft infection. Densitometry on western blots carried out using Image J software (National Institutes of Health).



Measurement MPO Activity

MPO activity in the lung homogenates from mock infected, and Ft infected mice was performed as described previously (17). The MPO activity was determined using the formula: units/mg protein = ΔOD/minute × 45.1, expressed as U/mg protein lung (27). One unit of the enzyme is defined as the amount that consumes 1 μmol of H2O2 per minute.



Ft-Neutrophil Interaction Induces NETs in vitro

Mouse blood was collected in sodium citrate. Neutrophils were isolated as by MACS neutrophil isolation kit (Miltenyi Biotec Inc, CA) using Ly6G antibodies through a positive selection as described previously (25). The neutrophils purity was > 90%, determined by modified Giemsa staining. For Ft-neutrophil interaction, neutrophils were seeded at the density of 1 × 105 cells onto poly-D-lysine coated 12 mm size coverslips, placed in 24 well culture plates. For determining NETs induction during Ft-neutrophil interaction, Ft-LVS was added to the neutrophils at MOI of 10:1, 20:1, 30:1, 50:1, and 100:1 diluted in DMEM medium (Gibco, Invitrogen, CA) containing 1% mouse serum, for 4 h at 37°C in a 5% CO2incubator. Neutrophils cultured without bacteria were used as control. To determine if viable Ft was required for NETs induction, neutrophils were incubated with formalin-killed Ft-LVS for 4 h. The NETs released were visualized using DAPI (nuclear dye) under fluorescence microscope at 400× magnification. Released NETs were also validated using NETs marker, lactoferrin (1:400, Sigma, MO) and immunocytochemistry was performed (26). We evaluated at least 5 fields on each slide to quantify the total positive cells showing NETs.



Scanning Electron Microscopy

Mouse neutrophils, isolated as described above, were cultured on to 12-mm coverslips, infected with Ft-LVS (1:20), and incubated for 4 h. Cells were fixed in 2.5% glutaraldehyde for 2 h and washed in 0.2 M Cacodylate buffer three times and stored at 4°C overnight. Samples were then post-fixed for 1 h in aqueous 1% osmium tetroxide, and washed three times in Cacodylate buffer. Cells were dehydrated through a graded ethanol series (50, 60, 70, 90, and 95%) and washed three times with absolute ethanol. Finally the samples were chemically dehydrated using hexamethyldisilazane, and air-dried. Dried cells were mounted onto aluminum stubs, grounded with silver paint, and then sputter coated with 3.5 nm gold. Samples were viewed in a FEI Quanta 600 FEG scanning electron microscope. For positive release of NETs, we stimulated neutrophils with Phorbol 12-myristate 13-acetate (PMA, 20 nM).



Effect of MPO Inhibitor or NADPH Oxidase Inhibitor or Hydrogen Peroxide (H2O2) on Ft-Induced NETs

Ft infection has been shown to inhibit ROS generation by inhibiting NADPH oxidase activity within 60 min (15). We previously demonstrated that NETs generation is induced by redox enzymes such as MPO and superoxide dismutase (SOD) (19). To determine the role of MPO in Ft-infected neutrophils (1:20 MOI) were incubated with or without a MPO inhibitor 4-aminobenzoic acid hydrazide (4-ABAH, 100 μM) or H2O2, a MPO substrate (180 μM). NETs release was observed after 4 h. Ft-mediated NADPH oxidase inhibition was reported until 60 min after infection (15). Since NETs were observed after 4 h and to test whether Ft-induced NETs release is independent of NADPH oxidase activity, Ft-infected neutrophils were incubated in the presence of Diphenyleneiodonium (DPI, 10 μM) to completely block NADPH oxidase activity and the release of NETs evaluated after 4 h. PMA at 20 nM concentration was used as a positive control for NETs induction. These experiments were repeated three times. A total of 5 fields were counted for NETs positive staining and expressed as the percentage of total NETs-positive cells in different conditions.



Microbicidal Activity of NETs

To determine if NETs have bactericidal activity against Francisella, mouse neutrophils were isolated as described above. Neutrophils were seeded onto poly-D-lysine coated coverslips as described above and incubated with Francisella at 20:1 ratio dilution. After infection, cultures were lysed with freeze/thaw cycles and 0.1% Triton-X 100 in PBS for 3 min. Neutrophil lysates were serially diluted in PBS and plated onto chocolate agar plates for bacterial counts. For control, Francisella seeded without neutrophils was used. Surviving colonies were counted after 72 h. Further, to examine if NETs induced during infection trap the Ft bacteria, neutrophils were infected with Ft-LVS-GFP. At 3 h post infection, cells were stained with DAPI. Bright field and green and blue fluorescence images were captured at 1000× using Olympus fluorescence microscope.



Impact of Antibiotic Ciprofloxacin Treatment on NETosis in vitro

To assess impact of antibiotic treatment on NETosis, mouse neutrophils were infected with Ft-LVS (1:20 MOI) and incubated with ciprofloxacin (10and 20 μg/ml) prepared in sterile PBS. After 4 h, cells were stained with nuclear dye, DAPI and determined NETs release was determined as described above. To assess if ciprofloxacin has direct impact on NETosis, neutrophils were pre-incubated with 20 μg/ml ciprofloxacin for 20 min, followed by stimulation with PMA (20 nM). NETs release was evaluated after 4 h.



Effect of Treatment Ciprofloxacin Treatment on Ft-LVS Infection in Mice

To further assess impact of ciprofloxacin on NETosis during Ft infection in mice, BALB/c mice were infected with 1000 CFU of Ft-LVS. Ciprofloxacin (30 mg/kg) was administered orally starting at 48 h post infection, twice daily and given for 3 days. Animals were sacrificed at 5 days post infection. Lungs were lavaged with equal volumes of PBS and NETosis was analyzed by evaluating BAL for released H2A, citH3 and PAD4 levels by western blot analysis as described above.



Statistical Analyses

All the data were expressed as the means ± SE. Statistical analyses were performed using Student’s t-test or analysis of variance (ANOVA) using Excel or GraphPad Prism 7 software. A value of p < 0.05 was considered statistically significant.



RESULTS


Ft Infection in Mice Induces Widespread NETosis and Accumulation of Extracellular Histones

BALB/C mice were infected intranasally with 103 CFU of Ft-LVS or PBS (for mock infection) and euthanized at 5 dpi. Histopathology and release of NETs were evaluated by H&E staining, immunohistochemistry and western blot analysis. Mock-infected mouse lungs and liver did not show any pathologic lesions (Figures 1A,C). Ft-infected mouse lungs displayed widespread nodular hemorrhagic lesions with massive degenerative and non-degenerative neutrophilic influx, necrotic debris and fibrin deposition (Figure 1B). The liver tissue from Ft-infected mice displayed mild hepatic necrosis with degenerative neutrophil infiltrations (Figure 1D). A semi-quantitative lung pathology scoring revealed significant pathology in Ft infected mice (Figure 1E). Intriguingly, prominent NETs release appeared individually or bundled within the areas of tissue damage, predominantly within nodular regions that were filled with neutrophils (Figure 1F). Owing to the processing and thin sectioning of fixed tissue, the release of NETs frequently appeared as elongated extensions with cellular origin or condensed small chromatin extensions from the neutrophils on H&E staining (Figure 1F). To validate the released NETs, we performed immunostaining that revealed the presence of citH3 and MPO co-localizing or appearing in the same cell depending on the status of the cells undergoing NETosis. The released NETs prominently appear within the affected regions of the lungs (Figure 1G). Prominent NETs release was observed in necrotic regions with discrete neutrophilic inflammations in the liver (Supplementary Figure S1). Mock-infected lungs did not show any staining for presence of citH3 or MPO (Figure 1H). To further validate the release of NETs in Ft infection, we performed western blot analysis of the BAL fluids collected from mock and Ft infected mice. Accumulation of histones (H2B) and modified histones (citH3, indicative of NETs release) was measured by western blot analysis (Figure 1I). Lungs were lavaged with equal volumes of PBS and the BAL densitometry analysis has shown significant accumulation of both extracellular histones and NETs in Ft infected lungs (Figure 1J). Ft infection of neutrophils has been shown to impair neutrophil activity and respiratory burst in vitro (15). To assess whether Ft infected lungs also exhibit impaired neutrophil activity in vivo, we measured lung MPO activities in mock and Ft infected mice. Interestingly, we found a fivefold increase in lung MPO activity (units per mg protein) in the lung homogenates of Ft infected mice (Figure 1K), thus indicating massive neutrophil influx.
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FIGURE 1. In vivo evidence for NETs formation during Ft infection in mice. Paraffin-embedded lung tissues from mice challenged with lethal Ft-LVS were stained with hematoxylin-eosin or by immunofluorescence at 5 days post infection. (A,B) Mock-infected and Ft-LVS infected mouse lungs. Ft-LVS infected lungs displayed nodular hemorrhagic lesions with severe alveolar destruction and dense neutrophil influx (asterisk). (C,D) Histopathology of mock and Ft-LVS infected mouse liver. Liver displays hepatic necrosis with degenerative neutrophil infiltrations (asterisk) AV- alveoli; BR-bronchioles.(E)Semi-quantitative scoring of lung histopathology from control and Ft-LVS infected mice. (F) Extensive induction of NETs was detected in the alveoli (black arrow heads), within severely affected areas of infected lungs. (G,H) Immunostaining for NETs identified by co-localization of DNA (blue) with citrullinated H3 (citH3, red) and neutrophil granule marker MPO (green). Insert shows co-localization of citH3 with MPO, indicative of NETs release by lung neutrophils. (I)Detection of released NETs and extracellular histones in the BAL fluids by Western blot analysis. All the western blots were carried out by loading equal volumes of BAL from control and infected animals. (J) Densitometry analyses of histones H2B, and citH3. Control (Con) or Ft-LVS infected mice. (K) MPO activity in lung homogenates from control and infected mice. White arrows indicate NETs formation. Results are expressed as means ± SE. N = 5 in each group. Student’s t-test was performed for comparing CitH3, H2B, and MPO densitometry values between control and Ft-LVS infected mice and p value of <0.05 was considered as significant. Scale bars: 40 μm (A); 20 μm (C–D). ∗∗ depicts P < 0.01, ∗∗∗ depicts P < 0.001 vs. control.




The Released NETs Entangle With Alveolar Epithelium That Displays Membrane Disruption and Alveolar Damage

We have demonstrated earlier that the close attachment of NETs contribute significant cytopathic effect on alveolar epithelium and endothelium in influenza and Streptococcus pneumoniae superinfection following influenza challenge in mice (19). Ft bacteria interact with both type I and type II cells and induces cytotoxicity in type II cells, but not type I cells (28). To assess whether NETs interact with alveolar epithelium and trigger alveolitis, we evaluated less damaged areas showing normal alveolar architecture by histopathology and immunostaining analysis. As shown in Figure 2A, mock-infected mouse lungs displayed normal alveoli (black arrow) and immunostaining with Type I alveolar epithelial membrane marker, T1α that appears as continuous staining (Figure 2C, white arrow) on the membrane, as 95% of alveoli are covered with alveolar type I epithelium. Upon Ft infection, the released NETs show widespread attachment to the alveolar epithelium (Figure 2B, arrow head), which exhibited disrupted alveoli (Figures 2B,D asterisk). The areas that are adjacent to nodular regions appear normal with intact epithelial membrane staining (arrow). To further validate alveolar epithelial damage, we evaluated western blot and immunostaining for T1 α (a membrane protein of alveolar type I cell), which was significantly increased in infected mice (Figures 2E,F). These results indicate that the released NETs could contribute to collateral alveolar injury, which may exacerbate pathophysiology in Ft infection.
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FIGURE 2. In vivo accumulation of NETs within the damaged lungs and evidence for alveolar epithelial injury.(A) Mock-infected mice displayed normal alveolar structures (black arrow). (B) Ft-LVS infected mouse lungs on H&E staining showed released NETs (arrow head) attached onto the alveolus that shows disrupted epithelium (asterisk). (C) Mock-infected lungs show typical continuous staining for T1α on type I alveolar epithelium (white arrow). (D) Ft-LVS infected mouse lungs displayed disrupted alveolar epithelium (asterisk) upon close interaction with NETs (citH3 positive staining, red). Other areas of alveoli show normal epithelium shown as continuous staining for T1α (white arrow). DNA (blue) with citH3 (red), and T1α (green). White arrows indicate T1α staining and asterisks indicate damaged alveolar epithelial lining. (E) Western blot analysis for the release of T1α by analysis in BAL fluids. All the western blots were carried out by loading equal volumes of BAL from control and infected animals. (F) Densitometry analysis for T1α indicates significant alveolar epithelial injury in Ft infection. Results are expressed as means ± SE. Student’s t-test was performed for comparing T1α densitometry values between control and Ft-LVS infected mice.N = 5 mice per group. Scale bars: 20 μm. ∗∗ depicts P < 0.01 vs. control.




Ft Infected Domestic Cats and Rabbits Exhibit Severe Lung Pathology Associated With Extensive NETs Release

Severely ill domestic rabbits and cats with symptoms of high fever, lethargy, respiratory complications, diarrhea, and nasal blood discharge were brought to the Oklahoma State University veterinary clinic. Animals were euthanized, subjected to necropsy analysis, and Ft infection was confirmed by real-time PCR analysis of liver and spleen samples. We have included uninfected rabbit lung and live samples as controls. No pathologic lesions were observed in the lungs and liver samples collected from uninfected rabbits (Figures 3A,C). Histopathologic analysis of rabbit lungs revealed typical nodular and hemorrhagic lesions in Ft-positive rabbits (Figure 3B, asterisk). Necrotic foci were composed of degenerated neutrophils accompanied by cellular debris, abundant fibrin. In liver, hepatic architecture was multifocally effaced by discrete foci of coagulative necrosis of the liver (Figure 3D, asterisk). The necrotic foci consisted of dead, numerous non-degenerate and degenerate neutrophils, eosinophilic hepatocytes, and histiocytes (Kupffer cells). Three uninfected rabbits were included as controls in this study. Pathologic lesions in Ft-positive cats were similar to rabbits with widespread typical nodular and hemorrhagic lesions in the lungs; which often display discrete foci of necrosis and neutrophilic infiltrates (Figure 3E). The liver tissue was effaced by discrete foci of coagulative necrosis. The necrotic foci were comprised of dead, eosinophilic hepatocytes, numerous non-degenerate and degenerate neutrophils, and sparse hemorrhage and some fibrin strands (Figure 3F). Total histopathologic scores between control and Ft-positive rabbits are shown in Figure 3G. Intriguingly, prominent NETosis was observed in lung and liver tissue of both Ft-positive rabbits and cats. Histopathology analysis also showed NETs, which appeared as elongated extensions with cellular origin by H&E staining (Figure 3H). Immunostaining analysis for identification of NETs revealed prominent NETs in Ft-positive rabbit lungs, but not in uninfected rabbit lungs (Figure 3I). Prominent NETs appeared within the liver granulomas with discrete neutrophilic necrosis (Supplementary Figure S2) of Ft-positive rabbits. Control rabbit lungs did not show any staining for citH3 and MPO (Figure 3J).
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FIGURE 3. Evidence for the induction of NETosis in Ft-positive rabbits and cats. (A,B)H&E images of lung, and liver samples from control rabbits. Severe alveolar damage and neutrophil influx (asterisk). (C,D) Ft-positive rabbits hepatic degeneration and dense neutrophil influx (asterisk) and (E,F) Ft-positive cats. Degeneration and dense neutrophil influx in the cat lung and liver (asterisk). (G) Semi-quantitative histopathology scores of control (Con) and Ft-positive rabbit lungs. (H) Extensive induction of NETs was detected within the alveoli (black arrow heads) within severely affected areas of the rabbit lungs. (I,J) Immunostaining for NETs formation in infected lungs. NETs were identified by co-localization of DNA (blue) with citH3 (red) and neutrophil granule marker MPO (green). Insert shows co-localization of citH3 with MPO indication of NETs release by lung neutrophils. N = 4 Ft-positive rabbits; 3 Ft-positive cats and 3 uninfected rabbits. Student’s t-test was performed for comparing T1α densitometry values between control and Ft-LVS infected rabbits.Results are expressed as means ± SE. Scale bars: 20 μm. ∗∗P < 0.01 vs. control.




Ft Induces NETs, Which Is Dependent on MOI of Infection in vitro

Mouse neutrophils were infected with different MOI (1:10, 1:20, 1:30, 1:50, and 1:100) of Ft for 4 h. The released NETs were identified by staining with DAPI (nuclear dye) to identify NETs. Ft infection induced NETs release by 4 h (Figure 4A) and NETs induction was enhanced with the increase in MOI of Ft infection (Figure 4B). However, at MOI of 1: 100 significant number of neutrophils exhibited disintegrated nuclei (Figure 4A, asterisk), but decrease in NETs release. The released NETs were confirmed by immunostaining analysis using a NETs marker, lactoferrin, which appeared as “beads on a string” staining on released NETs (Figure 4C). We have earlier found that released NETs trap bacteria in the extracellular environment (19, 29). To assess if NETs released during Ft infection interact with bacteria, we infected neutrophils with Ft-LVS-GFP, i.e. GFP-labeled bacteria. As shown in Figures 5A–D, the ingested bacteria were trapped in the NETs releasing from the neutrophils and bacteria were also present in the cytoplasm of the infected cell. These studies indicate that NETs occur during active ingestion of the bacteria. Although NETs appeared to trap the bacteria, we did not find bactericidal effects of NETs (Figure 5E). To further validate these results, we have performed scanning electron microscopy to identify Ft-LVS interaction with released NETs. We observed clusters or single bacterial cell attached to the NETs chromatin strands or trapped in NETs (Figures 5F–I). We have also included SEM of NETs released by neutrophils stimulated with Phorbol 12-myristate 13-acetate (PMA) (Figure 5J).
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FIGURE 4. Ft-infection induces NETosis in vitro. (A)Neutrophils were infected with different MOI of the Ft-LVS (1:10, 1:20, 1:30, 1:50, and 1:100) and NETs induction evaluated after 4 h by staining with DAPI, a nuclear dye (white arrow heads).(B) Significant induction of NETs release was observed upon Ft-LVS infection and NETs formation increased with the increase in MOI. (C) NETs release was validated using lactoferrin, which appeared as “green beads on strand” staining on chromatin fibers (white arrow). The values are average of three independent experiments. Results are expressed as means ± SE. Scale bars: 20 μm. One-way ANOVA with Tukey’s multiple comparison was analyzed. ∗∗ depicts P < 0.01 and ∗∗∗ depicts P < 0.001vs. uninfected control.
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FIGURE 5. NETs trap Ft-LVS bacteria, but fails to kill. To test whether NETs trap Ft bacteria, murine neutrophils were infected with green fluorescence protein (GFP) labelled Ft bacteria, Ft-LVS-GFP at MOI of 1:20. (A–D) Immunostaining analysis clearly demonstrates trapping ofFt-LVS-GFP bacteria in NETs. Red arrow shows Ft trapped in NETs. Red open arrow shows Ft in the cytoplasm. (E) However, no differences in CFU were found in the presence of NETs. (F–I) Scanning electron microscopy of NETs formed during Ft infection. (J) Positive control of NETs induction when neutrophils were stimulated with PMA. BF–bright field image. White arrow – bacteria attached to NETs. Arrow head – cluster of free bacteria not attached to NETs. The values are average of three independent experiments. Scale Bar for A–D = 20 μm; Scale Bar for F–J = 1 μm. Results are expressed as means ± SE.




Active Bacterial Infection Required for NETs Formation

Earlier studies have shown that live bacterial infection is required for inhibition of phagocytic activity and formalin killed bacteria fails to prolong neutrophil life span or to delay apoptotic death in neutrophils. To assess whether live bacterial infection is essential for induction of NETosis, formalin killed Ft-LVS was incubated with neutrophils. The formalin-killed bacteria (FK-Ft-LVS) did not induce NETs, thus suggesting that NETosis is an active mechanism that requires bacterial phagocytosis by neutrophils. NETs induction by PMA showed significant induction of NETosis (Figure 6).
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FIGURE 6. Ft induced NETosis is dependent on MPO activity. Neutrophils were infected with Ft-LVS (1:20 MOI) and NETs induction evaluated by immunostaining for lactoferrin and counter stained with DAPI. Ft-induced NETosis require active bacterial infection. To test this, Ft-LVS was killed with formalin. Formalin killed (FK), FK-Ft-LVS fail to induce NETosis. Activation of MPO with its substrate, H2O2 significantly enhanced NETs release, while pharmacological blocking of MPO activity with 4-ABAH significantly inhibited Ft-LVS induced NETosis. Similarly, blocking NADPH oxidase with DPI did not show any difference compared to neutrophils infected with Ft-LVS alone infected neutrophils. PMA stimulation was used as positive control. One-way ANOVA with Tukey’s multiple comparison was analyzed. ∗P < 0.05 vs. control; #P < 0.05 and ∗∗P < 0.001 vs.Ft-LVS.




Ft-Induced NETs Is Dependent on MPO Activity

NADPH oxidase activity is required for generation of ROS during NETosis. Since Ft inhibits NADPH oxidase activity, we hypothesized a possibility for NADPH oxidase-independent NETs release during Ft infection. MPO and neutrophil elastase released from azurophilic granules anchor chromatin scaffolds in NETs, and mediate histone degradation during NETs formation (30, 31). Since we found significant induction of MPO activity in Ft-infected lungs, we asked whether MPO is critical in Ft-induced NETs formation. To test this, mouse neutrophils were infected with Ft in the presence or absence of pharmacological blocker of MPO (4-ABAH). Blocking with 4-ABAH significantly inhibited NETs release (Figure 6). To assess if induction of MPO activity potentiates NETosis, Ft infected neutrophils were incubated in the presence of a MPO substrate, H2O2. Interestingly, the addition of H2O2 significantly increased NETs release, thus indicating that activation of MPO potentiates NETs generation. To further assess NADPH oxidase independence in Ft induced NETs, neutrophils were incubated in the presence of NADPH oxidase inhibitor to completely abolish the NADPH oxidase activity. The addition of NADPH oxidase inhibitor also induces NETs release similar to Ft-alone group, suggesting that Ft-induced NETosis is NADPH oxidase independent. These findings indicate that MPO activity is critical in the release of NETs during Ft infection.



Effect of Antibiotic Ciprofloxacin on NETosis in vivo and in vitro

To assess impact of antibiotic treatment on NETosis, Ft infected neutrophils were incubated with different concentrations of ciprofloxacin. Significant decrease in NETs formation was observed compared to Ft infection (Figure 7A). To determine if ciprofloxacin has direct impact on NETosis, neutrophils were incubated with ciprofloxacin and stimulated with PMA. Ciprofloxacin incubation reduced PMA-induced NETs (Figure 7B). To further assess impact of ciprofloxacin on NETosis during Ft infection in mice, infected mice were treated with ciprofloxacin and analyzed for NETs release by western blot analysis. The antibiotic significantly abrogated NETs induction and release of extracellular histones, as evident by decreased H2A and citH3 levels (Figures 7C–E). Further ciprofloxacin treatment also reduced lung PAD4 levels (Figures 7C,F), thus indicating that antibiotic treatment significantly suppressed NETosis in vivo.
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FIGURE 7. Impact of ciprofloxacin on NETosis in vitro and in vivo. (A) Murine neutrophils were infected with Ft-LVS at 1:20 MOI in the presence of ciprofloxacin (10 and 20 μg/ml). The release of NETs was determined. (B) Effect of ciprofloxacin on PMA-induced NETosis. (C) Western blot analysis for the release of H2A, citH3, and PAD4 in BAL fluids of infected (103 CFU of Ft-LVS) and ciprofloxacin (30 mg/kg) treated BALB/c mice at 5 days post infection. All the western blots were carried out by loading equal volumes of BAL from control and infected animals. (D–F) Densitometry analysis of H2A, citH3 and PAD4 (n = 4). (A,B) The values are average of three independent experiments. Results are expressed as means ± SE. Student’s t-test was performed for comparing T1α densitometry values between control and Ft-LVS infected mice and p value of <0.05 was considered as significant. ∗P < 0.05, vs.Ft-LVS or PMA, ∗∗∗P < 0.001 vs.Ft-LVS.




DISCUSSION

Our findings demonstrate that Ft infection triggers NETosis both in vivo and in vitro. The released NETs prominently appeared in the lungs and liver of Ft-LVS infected mice, and in clinically diagnosed Ft-positive domestic cats and rabbits. Although aggravated neutrophil influx has been associated with in host tissue injury in severe Ft infections, their role in Ft pathophysiology is not completely understood. Our findings reveal that neutrophils recruited at infection site exhibit high MPO activity and undergo NETopathic cell death during active Ft infection. The released chromatin strands released from NETs prominently appear within nodular hemorrhagic lesions, indicating a potential role of NETs in aggravating collateral tissue damage. We found that Ft-LVS infection in neutrophils induces NETs release in vitro. Further, Ft-LVS-induced NETs release required MPO activity and was independent of NADPH oxidase activity. Antibiotic treatment with ciprofloxacin significantly suppressed NETosis both in vivo and in vitro. These studies provide a novel basis for the role of NETs in Ft pathophysiology.

Previous studies have shown that Ft parasitizes inside the neutrophil and suppresses the neutrophil’s antimicrobial defense by impairing respiratory burst, thus allowing the Ft to escape from phagosomal killing (15–18).Ft-mediated suppression of neutrophil respiratory burst occurs via disruption of NADPH oxidase enzyme complex that aids in bacterial survival in these immune cells (15, 32). Simultaneously, Ft also enhances neutrophil life-span by inhibiting their apoptotic signaling pathway in vitro (18, 33, 34). Although studies on Ft-neutrophil interactions implicate how Ft can suppresses host innate immune defense and neutrophil functionality in vitro, the fate of massive neutrophils that are recruited at the infection site remain poorly defined. Furthermore, activation status of these infiltrated neutrophils are so far unknown. Our studies have identified that lung-sequestered neutrophils are functionally active and generate NETs. We found strong immunostaining of NETs components (including citH3 and MPO) in the damaged lungs and liver of mice infected with Ft-LVS as well as Ft-positive domestic rabbits and cats. It is also noted that only a subpopulation of neutrophils appeared to release NETs, since we also detected MPO positive neutrophils without citH3 staining with disintegrated nuclei that were possibly undergoing apoptosis or necrosis.

Neutrophil extracellular traps are formed as large extracellular web-like chromatin strands that were initially proposed as a defense mechanism against invading pathogens (24). However, excessive release of NETs aggravate tissue injury and death as reported in several clinical and disease conditions (20–22, 35, 36). Although aerosol route of Ft infection causes severe pneumonia tularemia pneumonia with high fatalities, the pathophysiology in this devastating respiratory disease is not yet completely understood (37). Careful examination of the Ft-infected mouse, domestic rabbit and cat lungs revealed that the NETs DNA fibers were frequently entangled to the alveolar epithelium, suggesting suggests that these structures may contribute to damage of thin alveolar-capillary barrier. There are several possibilities how these NETs could aggravate Ft pathophysiology. First, the close-proximity of the NETs fibers carrying toxic nuclear and granule proteins such as histones, MPO, MMPs, and neutrophil elastase could disrupt thin alveolar-capillary barrier, thereby enhancing the systemic spread of the bacteria (38). In support of this, we recently showed that extracellular histones induce cytotoxic response in alveolar epithelial cells in vitro and in vivo. Interestingly, despite presence of excessive NETs in dual-infected mice (Streptococcus pneumoniae superinfection, following influenza), aggravated alveolar disruption and augmented systemic spread of the bacteria were noted, thus suggesting that NETs-mediated injury could compromise alveolar function (19). Second, Ft infection of alveolar type II epithelial cells and alveolar macrophages triggers high induction of cytokines including IL-8, MCP-1, and IL-1β(28, 39). These chemoattractant cytokines potentially modulate inflammatory status in the lungs by attracting massive neutrophil influx and activation at the infection site. In addition, we report here that NETs released during Ft infection, entangle alveolar epithelial cells and disrupt thin alveolar epithelial bed. Indeed, the DNA fibers entangled with alveolar epithelium has been implicated in the pathophysiology of influenza, bacterial pneumonia and sepsis (19, 25, 40). These findings suggest that a cumulative effect of Ft-inflicted alveolar type II epithelial injury together with NETs-mediated alveolitis could contribute to widespread pathophysiology in severe Ft infections. Work is currently underway to further characterize mechanisms of Ft-induced NETs.

Next, to validate whether Ft-neutrophil interaction triggers NETosis, we infected neutrophils with different MOI of Ft-LVS. Our data has shown that Ft infection induces NETs release, which is dependent on MOI. The lack of NETs formation with formalin-killed Ft bacteria suggested that active bacterial infection is required for the formation of NETs. The mechanism of NETosis is a complex process and mediated by various factors. Previously, it has been shown that Ft infection disrupts assembly of gp91/p22phox or p47/p67phox domains in NADPH oxidase, and thereby impairs neutrophil respiratory burst and activity observed within 60 min after infection (15). Although activity of NADPH oxidase has been linked to NETs formation, it is not indispensible in forming the NETs as NADPH oxidase independent NETosis has been identified in Staphylococcus aureus infection (41). Moreover, NETs release was observed 4 h after Ft infection and NADPH oxidase activity during that time is unknown. To exclude the involvement of NADPH oxidase activity, Ft-infected neutrophils were inhibited by pharmacological drug against NADPH oxidase. Interestingly, blocking NADPH oxidase did not show any impact on NETs release indicating that Ft induced NETs release occurred independently of NADPH oxidase activity. Our studies have revealed that pharmacological blocking of MPO significantly reduced NETs generation, whereas induction of MPO activity by addition of H2O2 potentiated NETs release. Further studies are needed to determine whether Ft infection induces MPO expression or enhances its activity both in vitro and in vivo. Taken together these findings suggest that recruited neutrophils into the infection site potentially induce NETosis, which is dependent on MPO activity.

Antibiotic therapy is an effective treatment choice for Ft infections(42). The use of gentamycin and tetracyclins are effective Ft-treatments. However, some clinical reports have documented failures with relapse when these antibiotics were used (43, 44). On the other hand, gentamicin also inhibits neutrophil chemotaxis function (45). Although ciprofloxacin and doxycycline are recommended for milder forms of the disease, treatment with doxycycline is contraindicated in children under 8 years of age (46). These findings indicate that a better understanding of therapeutic effectiveness in antibiotic treatments and their association with host response is needed. The involvement of host-related pathogenesis in Ft infection is still not completely understood. Our studies indicate a possible mechanism how the excessive neutrophils could exacerbate pulmonary pathology in Ft infections. With our findings indicating extensive release of NETs and their pathogenic link in Ft-infection, we assessed the impact of antibiotic treatment on NETs. Interestingly, antibiotic treatment suppressed NETosis both in vitro and in vivo and we found direct inhibitory effect of ciprofloxacin in PMA-induced NETs release, suggesting a direct suppression of NETs formation by antibiotic treatment. This was further evident by decreased citH3 and PAD4 levels in infected lungs. One of the prominent characteristics of the NETs is to trap and kill the microbial pathogen in the extracellular environment. Interestingly, neutrophils infected with GFP-labeled Ft bacteria displayed a significant number of bacteria being trapped in the NETs chromatin fibers. However, no bactericidal effects were observed, thus suggesting that NETs induced during Ft infection can contribute to lung injury, but have limited bactericidal activity.

Taken together, these studies indicate that massive induction of NETs could significantly contribute to acute pulmonary damage in Ft-infection. Further, we found that massive neutrophils recruited at the infection site are functionally active and undergo NETosis. The released NETs attach and disrupt alveolar epithelial bed. We also found that Ft-infection induces NETs release in vitro. Furthermore, we document that NETs formation is an active process and is dependent on MPO activity. Hence, intervention strategies to inhibit NETosis or targeting MPO may have potential therapeutic impact to ameliorate the severe pulmonary pathology in severe Ft infections.
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FIGURE S1 |
Immunostaining for NETs formation in infected mouse liver. NETs were identified by co-localization of DNA (blue) with citH3 (red) and neutrophil granule marker MPO (green).

FIGURE S2 |
Immunostaining for NETs formation in infected rabbit liver. NETs were identified by co-localization of DNA (blue) with citH3 (red) and neutrophil granule marker MPO (green).
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The lung is under constant pressure to protect the body from invading bacteria. An effective inflammatory immune response must be tightly orchestrated to ensure complete clearance of any invading bacteria, while simultaneously ensuring that inflammation is kept under strict control to preserve lung viability. Chronic bacterial lung infections are seen as a major threat to human life with the treatment of these infections becoming more arduous as the prevalence of antibiotic resistance becomes increasingly commonplace. In order to survive within the lung bacteria target the host immune system to prevent eradication. Many bacteria directly target inflammatory cells and cytokines to impair inflammatory responses. However, bacteria also have the capacity to take advantage of and strongly promote anti-inflammatory immune responses in the host lung to inhibit local pro-inflammatory responses that are critical to bacterial elimination. Host cells such as T regulatory cells and myeloid-derived suppressor cells are often enhanced in number and activity during chronic pulmonary infection. By increasing suppressive cell populations and cytokines, bacteria promote a permissive environment suitable for their prolonged survival. This review will explore the anti-inflammatory aspects of the lung immune system that are targeted by bacteria and how bacterial-induced immunosuppression could be inhibited through the use of host-directed therapies to improve treatment options for chronic lung infections.
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INTRODUCTION

The respiratory tract is in constant contact with a myriad of bacterial species. To maintain homeostasis the healthy lung must efficiently and precisely identify friend from foe, and defend from infection without any long lasting inflammation or immunopathology occurring. The lung employs a complex network of immunosuppressive responses which are critical for maintaining a stable tolerogenic microenvironment within the tissue. However, bacterial pathogens have evolved to establish themselves within the lung by targeting this immunosuppressive arm of the immune response. In doing so bacterial species prevent appropriate clearance and create a suppressive microenvironment, facilitating their long-term survival. A better understanding of these bacterial-induced responses may aid in the development of novel host-directed therapies (HDTs) to target bacterial-induced immunosuppression. Herein we discuss how bacterial species of the lung have evolved to manipulate host immunosuppressive responses to their own advantage, hijacking important tolerogenic mechanisms to create an environment appropriate for bacterial growth. In addition we will discuss the ongoing research into HDTs and their potential for improving current treatments against bacterial lung infections.

Bacterial-induced respiratory tract infections are a major global health concern, and represent leading causes of death worldwide. These infections are of particular concern due to our dense population living habits and the growing prevalence of community-acquired pneumonia (1). The discovery and mass production of antibiotics dramatically reduced the number of mortalities associated with bacterial infection. However, with growing resistance and a lack of new discoveries, multi-drug resistance (MDR) is a huge threat to the success of antibiotics. The world health organization (WHO) has drawn up an antibiotic-resistant “priority pathogen” list classifying MDR bacteria as “critical” and “priority” depending on the threat to human health and the need for the development of novel antibiotics against these bacteria. Many of those in the “critical” group are bacteria associated with infection of the lung such as Mycobacterium tuberculosis, Pseudomonas aeruginosa and Klebsiella pneumoniae, with other species on the “priority” list including Staphylococcus aureus, Streptococcus pneumonia and Haemophilus influenza, all important bacterial species associated with invasive lung infections (2).

Our dependence on antibiotics is not sustainable and alternative therapies to current antibiotic treatments are urgently required to combat these increasingly dangerous pathogens and to prevent chronic and often fatal lung infections. As the resistance problem grows many researchers have looked into the modification of existing antibiotics to improve activity and reduce sensitivity to resistance (3). This approach has been broadly successful, however, current methods of targeting the microbe using antibiotics seem to inevitably end in resistance to the therapy in use. A potential method to overcome this may be the development of novel HDTs whereby the local host immune response during infection is targeted. Targeting host immunity can be done to either improve the immune response to infection or dampen down/disarm inappropriate immune responses, this includes strategies employed by bacteria to exploit immunosuppressive mechanisms of the host. By dampening local bacterial-induced immunosuppression it may be possible to promote a more pro-inflammatory immune response leading to improvements in bacterial killing and clearance. Achieving this however requires an in depth understanding of the intricacies of how the bacteria interact with the host to subvert immunosuppressive responses. This may reveal potential targets to intercept for the development of novel treatment modalities against intractable respiratory infections.



IMMUNE RESPONSE IN THE LUNG DURING BACTERIAL INFECTION

Pulmonary immune homeostasis is critical in maintaining a healthy lung environment and is tightly regulated by a network of tissue-resident and infiltrating immune cells that monitor the external environment continuously (4). The lung immune system has evolved to ward off pathogenic invasion while simultaneously preventing inflammation-mediated damage. An effective pro-inflammatory immune response is vital for the successful and complete elimination of bacterial pathogens. This involves a complex network of resident and infiltrating innate and adaptive inflammatory immune cells in addition to the epithelial cells lining the conducting airways and alveolar surface, which come together to orchestrate the efficient clearance of invading bacteria from the lung. These essential inflammatory immune cell responses are summarized in Table 1.


Table 1. Important inflammatory immune responses of the lung vital for bacterial clearance.
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Once the bacterial pathogen is cleared from the respiratory tract it is vital the inflammatory immune response is quickly subdued to prevent any further tissue damage or immunopathology from occurring. The resolution of the inflammatory pulmonary immune response is an integral part of the physiological response to tissue injury and infection in the lungs. Inappropriate acute or long-term chronic inflammatory responses lead to damage of the thin-walled organ and result in impaired gas exchange and possibly life-threatening lung failure (35, 36). The termination of inflammatory immune responses is tightly regulated by a network of immunosuppressive cells including: alternatively activated alveolar macrophages (AM), myeloid-derived suppressor cells (MDSCs), tolerogenic dendritic cell (DC) subsets, IL-10-producing CD4+ T cells, regulatory T cells (Tregs), regulatory B cells (Bregs), and lung epithelial cells (37–42), and through the release of key immunosuppressive cytokines. Immunoregulatory cells and cytokines act to prevent excessive inflammation by abrogating signaling pathways needed for inflammatory cytokine production, depleting populations of inflammatory effector cells and altering the phenotypes of leukocytes to an anti-inflammatory state (4, 43–47). In doing so, there is a return to homeostasis after a bacterial infection of the lung with minimal damage to the tissue.



MANIPULATION OF THE ANTI-INFLAMMATORY IMMUNE RESPONSES OF THE HOST LUNG

The resolution of inflammation is vital to ensure lung health, however many pulmonary bacterial pathogens have evolved to undermine these regulatory immune responses and use them against the host for their own survival.


Manipulation of Immunoregulatory Cells
 
Alveolar Macrophages

The plasticity of the alveolar macrophage (AM) response is critical to their role in the clearance of bacteria from the lung and the resolution of inflammation post-infection, but also makes these cells ideal targets for hijacking by many bacteria. While the prevalence of the “tissue repair” M2 phenotype is needed for resolution of inflammation, these cells represent a niche for the prolonged survival of many intracellular pathogens (48). In murine studies M. tuberculosis increases the expression of peroxisome proliferator-activated receptor-γ (PPAR-γ) in infected macrophages leading to an increase in anti-inflammatory “M2”-associated markers alongside reductions in respiratory burst, allowing enhanced intracellular bacterial survival (49). Mycobacterium tuberculosis has also been shown to induce arginase1 (Arg1) expression in infected macrophages which is associated with reduced production of reactive nitrogen intermediates and therefore enhanced survival of the bacterium (50). AMs are also polarized to an M2 phenotype during Bordetella pertussis intracellular infection to facilitate survival of the bacteria within these cells (51). In vitro studies using a THP-1 cell line demonstrated that B. pertussis can persist in macrophages and promote the expression of suppressor of cytokine signaling 1(SOCS1) protein, an M2-associated protein (52). The upregulation of SOCS1 promotes Arginase-1 (Arg1) activity and inhibits IFN-γ induced JAK2/STAT1 signaling and TLR/NF-kB signaling leading to reduced pro-inflammatory responses (53, 54). Similarly the bacterial toxins Pertussis toxin (Ptx) and adenylate cyclase toxin (ACT) were implicated in this macrophage phenotype switch. In vitro studies have demonstrated that THP-1 cells infected with strains lacking either of these toxins had lower SOCS1 expression and a decreased ability of the bacterium to survive intracellularly (51).



Dendritic Cells

Dendritic cells (DCs) have a decisive role in initiating an appropriate adaptive immune response to invading pathogens in the lung (55), while also being central to tolerogenic responses and inflammatory resolution. The induction of tolerogenic DCs is an effective method of manipulating the lung immune response employed by a number of bacterial species in order to allow the pathogen to multiply without restraint. Yersinia pestis promotes the expansion of tolerogenic DCs via its LcrV protein (56). In vitro studies using bone marrow-derived DCs (BMDCs) have shown LcrV binds TLR2/6 leading to the induction of high levels of IL-10 production by these cells which in turn promotes type 1 regulatory (Tr1) T cells and further enhanced IL-10 production (56). Similarly the induction of tolerogenic DCs were also seen during Mycobacterium avium subspecies hominissuis (MAH) co-infection (57). MAH infections are strongly associated with opportunistic co-infections by common pulmonary pathogens such as Haemophilus influenzae, Staphylococcus aureus, and Pseudomonas aeruginosa (57, 58). Studies using MAH-infected BMDCs stimulated with LPS, which mimicked co-infection conditions, lead to the production of high levels of TLR-mediated IL-10 alongside reduced IL-12 levels (57). In vitro studies of a MAH/P. aeruginosa co-infection showed a marked increase in IL-10-producing tolerogenic DCs. The enhanced IL-10 led to reduced MHC class II expression and antigen presentation, which eventually led to the inhibition of CD4+ T cell proliferation (57). By promoting tolerogenic phenotypes of AMs and DCs in the lung bacteria can promote early IL-10 production and reduced antigen-presentation resulting in the prevention of effective protective pro-inflammatory adaptive responses leading to undisturbed bacterial growth.



Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are emerging as key specialized suppressive cells capable of dampening inflammation to prevent tissue damage after infection (59). These cells are powerful modulators of both the innate and adaptive immune responses and in particular have potent immunosuppressive effects on T cell responses (60). These immunosuppressive innate cells have been targeted by a number of pulmonary bacteria which lead to the progression of chronic infections and these cells may be particularly important in facilitating the transition from acute to chronic infection (61–63).

MDSC are increased in the peripheral blood of patients with active tuberculosis infection (63). In vitro studies using a granuloma model demonstrate how MDSCs exposed to M. tuberculosis secrete IL-10 in abundance and upregulate their expression of PD-L1, which led to the suppression of protective T cell proliferation and promoted bacterial replication (64). The bacterium Streptococcus pneumoniae also has the capacity to hijack MDSCs to facilitate its persistence in the airways. Studies in mice have demonstrated a robust monocytic response in the lung following intranasal challenge with S. pneumoniae which was dominated by the presence of MDSCs. These cells expressed IL-10, arginase and importantly lacked phagocytic capabilities (65). This early anti-inflammatory response terminated pro-inflammatory signaling needed for clearance of the bacteria and promoted persistence in the lung. Similarly the expansion of a large population of regulatory immature myeloid cells has been described following intranasal Francisella tularensis infection (66). A lethal F. tularensis infection with a highly virulent strain, led to the recruitment of a large number of MDSC to the lungs which allowed bacterial survival and eventually resulted in host death. Interestingly, during sub-lethal infection of F. tularensis there was a greater recruitment of mature pro-inflammatory myeloid cells that were effective at controlling infection and clearing the bacterium (66). The depletion of the immature myeloid cells partially ameliorated mortality following lethal infection. These results indicate the lethality of F. tularensis infection may be through excessive MDSC recruitment which enables prolific bacterial growth within the lungs. Other bacterial species which colonize and infect the respiratory tract may also have the potential to similarly subvert the activities of MDSCs. In a systemic infection model of S. aureus infection, persistence of the bacterium has been shown to be associated with increased expansion of MDSCs which inhibit T cell responses (67). Similarly in a localized skin infection model S. aureus promotes the expansion of MDSCs leading to the upregulation of IL-10 production, which was associated with the persistence of the bacteria within the skin (68).



Treg Cells

Treg cells play a particularly important role in maintaining lung homeostasis and resolving pro-inflammatory responses promptly after pathogens have been cleared. Many pathogens that invade the lungs have the capacity to exploit the immunoregulatory function of Tregs and promote the expansion of these anti-inflammatory cells. This strategy is a direct attempt to counterbalance the pro-inflammatory effects mediated by innate cells and adaptive T cells such as Th17 cells and Th1 cells which play a particularly important role in the protective immune response to bacteria in the lung (27, 69–71). Tregs can carry out their function through the production of immunoregulatory cytokines such as IL-10 and TGF-β, via direct cell-cell contact through their immunosuppressive surface markers such as CTLA-4 or by their enhanced consumption of IL-2 which reduces effector T cell activation (72).

Peripheral blood mononuclear cells (PBMCs) from patients with active tuberculosis were shown to have raised levels of Tregs in comparison to healthy controls (73).The ex vivo depletion of these CD25+ FoxP3+ cells from PBMCs of patients led to an increased expansion of antigen-specific IFN-γ+ T cells indicating that M. tuberculosis–induced Tregs were capable of suppressing these protective T cell responses. In a guinea pig model of tuberculosis it was shown that highly virulent strains induce high levels of FoxP3, IL-10, and TGF-β mRNA expression in lung tissue (74, 75). After an initial increase in mRNA expression levels of the Th1-associated cytokine IFN-γ, there was a rapid decrease in these levels and subsequent surge in Treg-associated markers and cytokines (74). It was hypothesized that highly virulent strains act as potent inducers of Tregs and that this increase in these suppressive cells enhances bacterial survival. A similar result was seen in a murine model of severe tuberculosis infection using a hyper-virulent strain HN878. An initial Th1 response was followed by a rapid increase in IL-10+ Tregs in the lungs (76). This increase in suppressive cells enabled progression of infection which may explain the relatively short time of survival of these infected mice.

Other bacterial species such as B. pertussis and S. pneumoniae also promote Treg expansion as a means to facilitate their survival. B. pertussis can expand Tregs by upregulating IL-10 production by innate cells such as macrophages and DCs, which in turn directs T cell differentiation toward a regulatory phenotype (77–80). In a murine model of S. pneumoniae nasopharyngeal colonization it was demonstrated that Treg expansion was due to the high levels of TGF-β being produced by nasopharyngeal cells in response to the bacterium. The high levels of Treg cells promote prolonged survival of the bacteria within the host lungs while causing no damage to the host (81). The bacterium essentially goes undetected by the pro-inflammatory arm of the pulmonary immune response as it remains suppressed by the presence of high levels of TGF-β. This lack of inflammatory responses via Treg-mediated TGF-β allows bacterial survival and may lead to invasive disease.



Breg Cells

In addition to the well-characterized role of Tregs in maintaining immune homeostasis, Bregs have been shown to contribute to immune tolerance (82, 83). Their suppressive effect is mainly through IL-10 production, leading to the inhibition of Th1 and Th17 responses and the conversion of CD4+ T cells into Treg cells (82, 84). The role of Bregs during pulmonary infection is not well defined, however PBMCs from patients suffering with tuberculosis were shown to contain higher numbers of Bregs compared to healthy controls (85). In vitro co-cultures using T cell and B cell populations isolated from patient PBMCs demonstrated that these Bregs could dampen Th17 responses (85). Bregs were also shown to have inhibitory effects on IL-22 production (86), a cytokine implicated in limiting M. tuberculosis intracellular survival (87, 88). More recent studies have demonstrated how circulating Bregs of active M. tuberculosis-infected patients were producing the immunoregulatory cytokine IL-35 (89), a potent immunosuppressive cytokine capable of suppressing effector T cell responses, promoting the expansion of Tregs and their production of IL-10 (90). Additionally, stimulating purified B cells from healthy controls with M. tuberculosis lysate, increased expansion of IL-35+ Bregs (89), suggesting M. tuberculosis may be inducing the production of IL-35 by Bregs to enhance IL-10 production to regulate inflammatory responses. More in depth study is needed to definitively identify the function of IL-35-producing B cells in M. tuberculosis infection. In a murine model of S. aureus systemic infection a population of Bregs were expanded and acted as major producers of IL-10 (68). It is conceivable therefore that these cells also play a role in the pathology of S. aureus lung infection.

There are still major gaps in our understanding of how Bregs and their immunosuppressive effects are being hijacked by pulmonary bacteria, however, it seems likely that these cells are important in suppressing inflammatory immune responses in the lung through their production of the anti-inflammatory cytokines IL-10 and potentially IL-35.

Regulatory cell populations of the local respiratory immune response are key targets of bacterial pathogens. Immune cells usually central to the resolution of harmful inflammation are heavily exploited to improve bacterial survival. Bacterial-induced expansion and activation of these regulatory innate and adaptive immune cells allows the suppression of vital inflammatory responses needed for complete bacterial clearance. These cells could potentially be targeted to reduce their anti-inflammatory effects and improve infection outcome.




Manipulation of Immunosuppressive Cytokines

One of the most common survival strategies employed by bacterial species to facilitate their survival is to promote the production of various anti-inflammatory cytokines from a variety of cell types. These anti-inflammatory mediators then suppress pro-inflammatory cell populations such as innate cells and effector T cells, and reduce the production of pro-inflammatory cytokines.


IL-10

IL-10 is a key cytokine required for maintaining the steady-state within the healthy lung during infection where it inhibits the activity of many pro-inflammatory cells and prevents immunopathology. However, excessive or miss-timed IL-10 production can inhibit a protective pro-inflammatory response leading to chronic and often fatal infection (91). In a murine model of Mycobacterium avium infection, BALB/c mice respond with very early IL-10 production. This reduces their ability to control the pathogen compared to their C57BL/6 counterparts, which have lower IL-10 activity (92). The ablation of IL-10 signaling improved pathogen control in the BALB/c mice, highlighting the causal relationship between IL-10 and a lack of pathogen control. By limiting pro-inflammatory cell functions IL-10 can reduce immunopathology, benefitting the host. However, if produced in excess or if inappropriately timed, it can potentially dampen the protective effector immune response required for bacterial clearance.

The induction of IL-10 is a key strategy employed by M. tuberculosis to facilitate pathogenesis (93). The pathogen infiltrates the lung and can reside within host macrophages, here, it suppresses their pro-inflammatory function through enhanced IL-10 production via a number of mechanisms (94). The M. tuberculosis heat shock protein 60 (Mtbhsp60) can target TLR2 and TLR4 on macrophages leading to p30 MAPK activation and enhanced IL-10 production (95). By targeting TLR signaling M. tuberculosis can polarize macrophage responses to be more immunosuppressive. Das et al. identified a novel mechanism of CCR5–mediated altered cellular signaling in M. tuberculosis infected macrophages, leading to downstream activation of the Src kinase Lyn and the mitogen-activated protein (MAP) kinase ERK-1/2, resulting in IL-10, and also TGF-β production. The elevated IL-10 production was shown to attenuate the expression of MHC-II in the infected macrophages (94), reducing the ability of these cells to orchestrate an appropriate adaptive response. Enhanced IL-10 production from M. tuberculosis-infected macrophages has also been shown to inhibit phagosomal maturation which enables phagosomal escape and intracellular survival within the host lung, further contributing to impaired bacterial clearance (96–98). Furthermore, this arrest of maturation prevents appropriate presentation of antigenic peptides and subsequent induction of the adaptive immune response (99). Blocking IL-10 production in vitro in AMs, by pre-treating them with an anti-IL-10 antibody in advance of M. tuberculosis infection, was shown to improve phagosome maturation and increase killing of the internalized mycobacterium (98). Alveolar epithelial cells are also targeted by M. tuberculosis for IL-10 production. Mycobacterium bovis Bacillus Calmette Guerin (BCG) activates TLR2 and TLR4 on alveolar epithelial cells causing phosphorylation of glycogen synthase kinase-3 (GSK3) via a PI3K/Akt pathway which induces the production of IL-10 (100). M. tuberculosis can also manipulate IL-10 regulation at the RNA level. M. tuberculosis drives the anti-inflammatory microRNA (miRNA) miR-21 (101), which is one of the most highly expressed miRNAs in myeloid cells. This miRNA is induced by TLR4 signaling and limits the activity of the pro-inflammatory PDCD4 protein to promote IL-10 production (102). M. tuberculosis also has the capacity to activate IL-10-expressing T cells (103). T cells are the predominant producers of IL-10 later in M. tuberculosis infection, at ~21 days post-infection, where they contribute to impaired clearance (103).

Other bacterial species, such as B. pertussis, utilize a number of virulence factors to drive IL-10 production (78, 79, 104, 105). Filamentous haemaglutinin (FHA) activates TLR4 signaling in DCs and macrophages within the lung to induce IL-10 (78, 104). This increase in innate IL-10 leads to the expansion of T regulatory type 1 (Tr1) cells (78). FHA-induced IL-10 also dampens IL-12 production by DCs and leads to downregulation of protective Th17 and Th1 responses (79). However, it must be noted that more recent research has cast a question mark over the immunoregulatory role of FHA (106). The authors state that the upregulation of IL-10 may be caused by endotoxin contamination or co-purification of bacterial lipoproteins, which may contribute to FHA's cytokine inducing activity (106, 107). Adenylate cyclase toxin (ACT) of B. pertussis also drives IL-10 production by APCs such as DCs and macrophages (77, 108), which then further induces IL-10-secreting Treg cells (109).

Klebsiella pneumoniae can induce IL-10 production by macrophages in the lung (110), which enables the bacterium to inhibit inflammasome activation and pyroptotis, facilitating its' dissemination (111). Upon infection with K. pneumoniae strain A54970, no IL-1β production was induced in infected macrophages, suggesting a lack of inflammasome activation and associated pyroptosis (111, 112). When BMDMs from IL-10 knock-out (KO) mice were infected with the A54970 strain, these macrophages produced high levels of IL-1β and released LDH which is associated with the induction of pyroptosis, indicating that this strain was capable of inhibiting inflammasome activation and function through high induction of IL-10 (111, 113). However, the authors noted that different clinical strains investigated showed dissimilar methods of evading the host immune response. Other strains such as A28006 induced high IL-1β production and increased pyroptotic cell death in macrophages recruited to the lung (111). In a murine model of K. pneumoniae infection, intra-tracheal challenge with K. pneumoniae enhanced IL-10 mRNA expression in lung homogenates. Administration of IL-10-blocking antibodies prior to challenge was associated with an enhanced pro-inflammatory immune response, improved bacterial clearance and prolonged survival (114). It has been postulated that the capsular polysaccharide (CPS) of K. pneumoniae may be particularly important for the induction of IL-10 (110, 115). When mice were intranasally inoculated with a capsulated or a non-capsulated strain of K. pneumoniae. IL-10 levels in the bronchiolar lavage fluid (BALF) and serum of mice infected with the capsulated strain were significantly higher than those infected with the non-capsulated strain, and these mice died within 3 days of infection (110). These results suggest that the presence of CPS is inducing IL-10 production at the site of infection and may down-regulate the expression of pro-inflammatory cytokines such as TNF and IFN-γ. The multiple cellular sources of IL-10 in vivo and the specific signaling pathways controlling Klebsiella-induced IL-10 production are areas of research warranting future investigation (116).

Bacteria of the lung can also promote TLR-driven IL-10 production to facilitate their survival. Species of Yersinia and S. aureus drive IL-10 production through the exploitation of TLR2 signaling. Studies have demonstrated that Yersinia species upregulate host macrophage-derived IL-10 production in a TLR-2-mediated manner, resulting in suppression of pro-inflammatory cytokine production by macrophages and increased bacterial survival (117, 118). Virulence factor LcrV-induced IL-10 was shown to induce hypo-responsiveness against TLR2- or TLR4-agonists in macrophages. This hypo-responsiveness was not present in cells isolated from IL-10 KO mice (119). This result demonstrates how the bacterium is exploiting an IL-10-induced TLR tolerance mechanism of the host. Likewise, the Gram-positive bacterium S. aureus can drive IL-10 via TLR signaling. In addition to conventional pro-inflammatory signaling induced through TLR2 recognition of S. aureus, the bacteria is also capable of inducing a robust anti-inflammatory response (120). Staphylococcus aureus-induced TLR2 signaling in monocytes has been shown to result in PI3K/Akt signaling leading to IL-10 production, as opposed to conventional NFκB-driven TLR2 signaling which leads to pro-inflammatory cytokine production (121). The anti-inflammatory signaling response is induced independently of the pro-inflammatory response, and can be “uncoupled” from these inflammatory responses (120). It has previously been shown that S. aureus can induce IL-10 production in a skin infection model to promote its persistence by inhibiting effector T cells (68), suggesting that a similar mechanism may occur during S. aureus infection and/or colonization of the respiratory tract. S. aureus is a common cause of secondary pneumonia following influenza infection and Robinson et al. demonstrated a potential role for both IL-27 and IL-10 in impairing bacterial clearance in a murine model of secondary S. aureus-induced pneumonia (122). IL-10 KO mice cleared the bacteria from the lung more efficiently than WT mice. IL-27RA KO mice had decreased levels of IL-10 which was associated with improved bacterial clearance compared to WT counterparts (122). These results indicate that IL-10 is facilitating S. aureus persistence in the lung post influenza infection, and that IL-27 may have a role to play in regulating the production of IL-10 in this instance.



TGF-β

Although the induction of IL-10 represents one of the most heavily exploited immunosuppressive strategies used by bacteria to facilitate their persistence in the lung, other regulatory cytokines have also been implicated in bacterial-induced immunosuppression. Upregulation of TGF-β is commonly associated with S. pneumoniae carriage and lung infection. Adenoidal mononuclear cells isolated from children undergoing adenoidectomies who also tested positive for S. pneumoniae carriage had higher levels of TGF-β and upregulated populations of FoxP3+ Tregs compared to children who tested negative for the bacterium (123). It is thought that these increased immunosuppressive responses within the adenoid tissue may be facilitating chronic carriage, which is a risk factor for pneumococcal disease. It was demonstrated that the virulence factor enzyme neuraminidase A (NanA) of S. pneumoniae can directly activate latent TGF-β to its biologically active form by removal of sialic acids from the latency associated peptide (LAP) (124). TGF-β is associated with prolonged colonization of the nasopharynx and enhanced translocation of S. pneumoniae to the lower respiratory tract (125). Furthermore, S. pneumoniae infection of Vβ6 integrin KO mice resulted in enhanced clearance of the bacterium compared to WT mice. This was also true in the case of co-infections of influenza and S. pneumoniae (126). The αVβ6 integrin is expressed at low levels in healthy tissue but is upregulated in response to inflammation and injury and is the main method of activation of endogenous TGF-β in the lung (127). The complete ablation of β6 integrin from the system led to a loss of activated TGF-β which was accompanied by increased activation of AMs and type I IFN production, resulting in improved protection (126). However, other studies have shown that reduction of TGF-β during S. pneumoniae infection can be fatal and that the cytokine is vital in the prevention of hyper-inflammation against S. pneumoniae in the lung. Here, blockade of TGF-β led to the dissemination of the bacterium from the lung (128). A caveat of the β6 integrin KO model is that the β6 integrin may also regulate factors other than TGF-β1 that cause the downstream effects facilitating bacterial clearance. TGF-β is clearly critical for limiting infection-associated inflammation, but the powerful immunosuppressive effects TGF-β exerts can be exploited by pulmonary pathogens, with the timing and extent of TGF-β inhibition impacting infection outcome.

Active tuberculosis infection is also associated with the excessive production and activation of TGF-β. TGF-β has been found at high levels in the granuloma of infected patients (129). In vitro stimulation of human blood monocytes, with M. tuberculosis led to an increase in production of bioactive TGF-β (130). These cells are a likely early source of the cytokine, recruited to the lung upon infection. In a murine model of M. bovis pulmonary infection the inhibition of TGF-β by the administration of latency associated peptide (LAP) inhibited TGF-β activity in the lung, enhanced IFN-γ production and improved antigen-specific effector T cell responses in cells isolated from mediastinal lymph nodes of mice administered with LAP compared to PBS-treated mice. LAP treatment was also shown to reduce mycobacterium growth in the lung parenchyma and bronchiolar spaces (131).



IL-27

More recently the cytokine IL-27 has been implicated in regulation of the pulmonary immune response during infection. Insights into the function of IL-27 in the lung have primarily come from studies of viral respiratory infections where it appears to play an important role in controlling excessive inflammation. In a murine influenza model, IL-27 suppressed IL-17 production in an IL-10-dependent manner suggesting that IL-27 acts upstream of IL-10 (132). Furthermore, IL-27-mediated activation of STAT1, STAT3, or BLIMP-1 promotes IL-10 production and the generation of T regulatory type 1 (Tr1) cells, leading to the suppression of IL-17 production by CD4+ T cells (133–136). Others have demonstrated a direct role for IL-27 in promoting maturation of Tregs during Respiratory syncytial virus (RSV) infection, which was independent of IL-10 (137). In the case of respiratory bacterial infections, IL-27 was identified as an important immune factor underlying the impaired clearance of the bacterium P. aeruginosa. In a murine model of P. aeruginosa infection this cytokine was shown to suppress the antibacterial activities of AMs (41, 138). Studies demonstrated that a secondary infection with P. aeruginosa in the lungs following caecal ligation and puncture (CLP)-induced sepsis in IL-27R KO mice, was associated with enhanced bacterial clearance from the lungs and improved survival rates compared to wild-type counterparts. A more rapid clearance of bacteria from the lungs of the IL-27R KO mice was associated with increased recruitment of inflammatory neutrophils to the airways (138). IL-27 seems to be directly influencing AM responses, as macrophages isolated from IL27R KO mice had enhanced co-stimulatory molecule expression and better bacterial uptake and killing compared to macrophages from wild-type mice (138). Neutralization of IL-27 was also shown to improve bacterial clearance in the lungs of septic mice infected with P. aeruginosa (138). Patients suffering from pulmonary infections caused by Burkholderia pseudomallei show elevated levels of IL-27 and in vitro studies demonstrated that stimulation of whole blood from healthy individuals with B. pseudomallei resulted in significantly increased production of IL-27 (139). The major sources of IL-27 were macrophages and neutrophils. The production of IL-27 led to enhanced bacterial survival in neutrophils which was reduced by blockade of neutrophil-derived IL-27 prior to infection (139). Taken together these results suggest that IL-27 has the potential to play an important immunosuppressive role in the lung during bacterial infection and that further studies will reveal the potential for multiple bacterial species to exploit its suppressive effects for their own advantage. One caveat to these studies is, however, the fact that mice have been shown to be capable of producing IL-27p28 in the absence of EBI3. As the subunit may be expressed on its own it is not yet clear if the reported effects of IL-27 are due to the full heterodimeric cytokine or merely to its alpha subunit. However, it has recently been reported that a transgenic mouse that can only produce IL-27p28 in the presence of EBI3 has been developed (140), which will allow for the distinct functions of IL-27 or IL-27p28 to be elucidated.

It is clear that many bacterial pathogens of the lung are profiteering from the induction of immunosuppressive cytokines. By taking advantage of their anti-inflammatory effects on the surrounding inflammatory immune response, many bacteria can survive undisturbed. There is an inextricable link between the immunoregulatory cell populations and cytokines being induced by these pathogens. By promoting the expansion of immunoregulatory cells and enhanced production of immunoregulatory cytokines bacteria can undermine the host's local inflammatory immune responses to survive within the lung (Figure 1).
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FIGURE 1. Invading bacteria induce an immunosuppressive microenvironment in the lung resulting in bacterial persistence. To facilitate persistence during infection invading bacteria can promote immunosuppressive immune responses in the lung by targeting the anti-inflammatory arm of the host immune system. This leads to the increased production of anti-inflammatory cytokines and enhanced recruitment of anti-inflammatory cells, which together reduce pro-inflammatory cytokine production and cell populations in the airways. The bacteria can manipulate alveolar macrophages and DCs to produce high levels of regulatory cytokines such as IL-10 and IL-27. This leads to reduced recruitment and activation of inflammatory innate cells such as neutrophils, NK cells, γδ T cells, NKT cells, and MAIT cells. Impaired DC MHC-II expression and higher IL-10 production leads to reduced activation of adaptive effector T cell responses such as Th1, Th17 and cytotoxic CD8+ T cells. Enhanced IL-10 production also leads to increases in Treg cell activation and recruitment. Other anti-inflammatory cell populations also undergo enhanced recruitment to the lung, such as Bregs and MDSCs. Together these anti-inflammatory cells contribute to the creation of an immunosuppressive microenvironment that is permissive to bacterial growth enabling prolonged bacterial survival within the lung without effective clearance.





Manipulation of Immunometabolism

Altering cell phenotype from pro- to anti-inflammatory is one of the key strategies employed by bacteria invading the lung. Metabolic re-programming is crucial for controlling the switching of cell phenotypes and their pro-inflammatory or anti-inflammatory functions (141). During infection metabolic reprogramming has implications for the production of pro-inflammatory and anti-inflammatory immune cell phenotypes and cytokines which control the ability of the host to clear the pathogen. There is emerging evidence that multiple bacteria have the potential to promote immunosuppressive cell phenotypes and cytokine production by targeting the metabolic pathways of these immune cells.


Glycolytic Reprogramming

An increase in glycolysis can be seen as a hallmark of metabolic change in immune cells undergoing activation and is associated with pro-inflammatory responses, with macrophages and DCs increasing their glycolytic metabolism when stimulated with LPS (142, 143). In DCs, this metabolic shift from oxidative phosphorylation to glycolysis upon TLR-mediated activation is antagonized by the metabolic regulator AMP kinase (AMPK), and IL-10 production was also shown to prevent this switch by partially preventing TLR-mediated AMPK hypophosphorylation (142). Bacterial-induced IL-10 production during chronic lung infection therefore has the potential to antagonize the TLR-mediated shift to glycolysis in DCs and thus reduce pro-inflammatory adaptive responses and promote bacterial survival.

LPS-induced glucose uptake and glycolysis in macrophages is also impeded by IL-10. IL-10 inhibits glycolysis by suppressing mechanistic target of rapamycin (mTOR) activity through the induction of DDIT4, an mTOR inhibitor (113). Bone marrow-derived macrophages (BMDMs) from IL-10 KO mice stimulated with LPS were shown to have prolonged activation of mTOR complex 1 (mTORC1), of which mTOR is the catalytic subunit, while mTORC1 was quickly suppressed in macrophages of wild-type mice. The addition of exogenous IL-10 restored mTORC1 regulation in IL-10 KO macrophages (113). DDIT4 was shown to be strongly upregulated by IL-10 during LPS stimulation, indicating it was the likely candidate causing IL-10-induced mTOR suppression (113). BMDMs from Ddit4−/− KO mice also showed prolonged mTORC1 activity upon LPS stimulation, similar to IL-10 KO macrophages, however, treatment with exogenous IL-10 failed to inhibit mTORC1 activation suggesting that the inhibition of mTOR signaling by IL-10 is DDIT4-dependent (113). This study revealed a key role of IL-10 in controlling cellular metabolism in macrophages via inhibition of mTORC1 and suggest that high concentrations of IL-10 induced during chronic pulmonary infection could impede macrophage metabolic switching from oxidative phosphorylation to glycolysis. During active M. tuberculosis infection the mTOR signaling pathway is suppressed which promotes the proliferation and activation of FoxP3+ Tregs cells. PBMCs isolated from patients with active tuberculosis infection showed decreased numbers of CD3+ mTOR+ cells and increased expression of FoxP3 compared to healthy controls. The enhanced number of Tregs in infected patients was associated with high levels of IL-10 and TGF-β (144).

Glycolytic reprogramming of macrophages is an important step in the early pulmonary defense against M. tuberculosis infection (145). Infection of macrophages induces a shift from oxidative phosphorylation to glycolysis which promotes phagocytosis and enhances production of protective pro-inflammatory cytokines such as IL-1β (145). However, M. tuberculosis induced production of IL-10 has been linked to the negative regulation of glycolysis in macrophages (113). PPAR-γ is highly upregulated in human and mouse macrophages upon mycobacterial infection (49, 146). PPAR-γ acts to regulate glucose metabolism and fatty acid storage. Increases in PPAR-γ expression leads to enhanced lipid droplet formation within macrophages, used for intracellular growth by the mycobacterium (147), increased expression of IL-10 and the downregulation of pro-inflammatory immune responses against the mycobacterium (148). M. tuberculosis can rewire macrophage energy metabolism to support bacterial survival by limiting ATP availability and decelerating flux through glycolysis and the tricarboxylic (TCA) cycle, increasing mitochondrial dependency on fatty acids. The deceleration of glycolysis may be via citrate, a derivative of the TCA cycle which has been seen to accumulate in monocyte-derived macrophages infected with M. tuberculosis (147). At high concentrations citrate can inhibit phosphofructokinase which acts as a key enzyme in glycolysis (149). One of the caveats to this work is that different metabolic outcomes occurred depending on whether BCG, heat-killed M. tuberculosis or live virulent M. tuberculosis was used during studies (147). In the case of live virulent M. tuberculosis, it was shown to decrease reliance on both glycolysis and oxidative phosphorylation in infected macrophages causing them to enter a state of metabolic quiescence, while also increasing mitochondrial dependency on fatty acids for survival in infected macrophages, while heat killed M. tuberculosis and BCG led to increases in glycolysis (147). The reduced glycolytic rate in live M. tuberculosis-infected macrophages indicates the mycobacterium is subverting appropriate innate immune responses. Collectively, glycolysis, and fatty acid metabolism could be potential targets for metabolic restoration during M. tuberculosis infection which would promote a pro-inflammatory phenotype in infected macrophages. B. pertussis can also promote dysregulated glucose metabolism in the host (150). A murine model of B. pertussis infection demonstrated insulin resistance as the bacterium negatively regulated blood glucose homeostasis (150, 151). Host immune cells depend on circulating blood glucose for their metabolic requirements, which are particularly important in responding to infection to ensure swift activation and expansion (150). The hypoglycemic state induced during B. pertussis infection deprives the immune system of energy needed to create an effective immune response against the bacterium.



Effects of Metabolites on Immunometabolism

Cellular metabolites which may be induced by pulmonary pathogens during infection have the potential to regulate immune cell activity. LPS-stimulated macrophages were shown to increase their production of itaconate, a cellular metabolite created by diverting aconitate from the TCA cycle during inflammatory activation of macrophages (152, 153). Itaconate has been shown to have anti-inflammatory effects on macrophages by activating the anti-inflammatory transcription factor Nrf2, and acting as a succinate dehydrogenase (SDH) inhibitor leading to reduced reactive oxygen species (ROS) production and reduced IL-12, IL-1β, and IL-6 levels (153, 154). Given that gram-negative pulmonary bacteria express high levels of LPS the induction of itaconate could be a novel method used by these bacteria during chronic infection to reduce inflammatory responses of macrophages. However, itaconate itself has been shown to have antimicrobial effects by inhibiting bacterial isocitrate lyases (ICLs), enzymes involved in bacterial metabolism of fatty acids, needed for intracellular survival for many bacteria (155). Yersinia pestis and Pseudomonas aeruginosa carry genes encoding enzymes which degrade itaconate (156). This indicates that there is a complex relationship between itaconate and bacteria, and this metabolite may play different roles during acute and chronic infection. Significant work is still needed to dissect the pathways involved in itaconate's impact during pulmonary infection.

Considering the metabolic pathways that pathogens are targeting to promote immunosuppression in the host lung could potentially reveal novel targets which would improve our ability to understand and treat a wide range of infections.

It is evident the targeting of key metabolic pathways, the expansion of regulatory immune cell populations and enhanced production of associated cytokines is an advantageous method of promoting bacterial survival within the lung. Many bacterial species which invade the lung possess a multitude of methods to skew local host immune responses toward an immunosuppressive state, enabling unperturbed survival within this tissue.





TARGETING IMMUNOSUPPRESSIVE MANIPULATION: A POTENTIAL THERAPEUTIC OPTION TO TREAT PULMONARY INFECTIONS

An improved understanding of the strategies employed by bacteria to subvert immunosuppression in the lung could open up new avenues for much needed therapeutic development. The development of HDTs represents an attractive approach that could be used as adjunct therapies to complement current antibiotics (157). By targeting the immunosuppressive responses hijacked by many pulmonary bacteria, key evasion methods are removed, allowing a more appropriate inflammatory immune response to ensue and effectively clear the infection.


Small Molecule Inhibitors-Targeting Anti-Inflammatory Responses
 
IL-10 Signaling

Targeting the signaling pathways of immunosuppressive cytokines using small molecule inhibitors is an effective way to dampen down their excessive inhibitory effects. In a murine model of chronic M. tuberculosis infection, targeting the IL-10-STAT3 signaling pathway using an aerosolized peptide inhibitor of STAT3 led to enhanced nitric oxide synthase (NOS) and NADPH oxidase activity in conjunction with reduced arginase activity in lung homogenates, resulting in improved bacterial clearance (158). In previous studies it was shown that STAT3 signaling not only increases IL-10 production but also represses NOS in human macrophages during M. tuberculosis infection leading to impaired T cell responses (159, 160). This study demonstrated that even without the use of antibiotics the bacterial load in the lungs could be significantly reduced using small molecule inhibitors directed against the host immune response. Similarly, the use of a selective small molecule inhibitor of IL-10Ra in a chronic M. tuberculosis model led to increases in lysozyme activity in the lung resulting in reduced CFUs (158). The enhanced pro-inflammatory response seen upon IL-10 blockade is likely to be partially caused by the return of normal phagosomal maturation in innate cells such as AMs. Preventing phagosomal maturation within AMs that had engulfed M. tuberculosis was central to bacterial intracellular survival and IL-10 blocking allowed normal maturation to occur leading to bacterial degradation and enhanced clearance of the mycobacterium (96).

Bruton's tyrosine kinase (BTK) inhibitors which are approved for treatment of B cell lymphomas have the capacity to block both BCR signaling and STAT3 activation and are capable of reducing IL-10 production and PD-L1 expression in B cells (161). The use of these inhibitors to specifically target Breg cells could potentially be used to treat infections such as M. tuberculosis which has been shown to subvert Breg responses (85, 89).



TGF-β Signaling

Targeting TGF-β signaling using small molecule inhibitors also holds promise for improving outcomes during pulmonary invasion. S. pneumoniae colonization of the nasopharynx is a major pre-requisite for invasive infection and is associated with high TGF-β levels. The administration of a small molecule inhibitor of TGF-β to mice during S. pneumoniae colonization enhanced neutrophil influx into the nasopharynx aiding in a profound reduction in the levels of bacterial carriage compared to control mice (81).

The regulatory cytokines IL-10 and TGF-β are both required for Treg maintenance and function (162, 163), consequently targeting these cytokines can result in the depletion of Treg cells. During M. tuberculosis infection inhibition of TGF-β signaling using a small molecule inhibitor which targets the TGFβ type I receptor kinase, ALK5, prevented Smad3 activation leading to reduced Treg cells and enhanced Th1 responses which promoted bacterial clearance (164). These studies demonstrate the potential for transient regulation of Tregs and their associated cytokines in improving mycobacterial clearance. In in vitro studies, a synthetic small peptide inhibitor of TGF-β, P17, was shown to inhibit the suppressive activities of Treg cells on effector T cells (165), indicating the potential for P17 to be used to enhance protective effector T cell responses in vivo during infection. Interestingly P17 was developed using a phage-displayed random peptide library. It is a useful method for high-throughput screening of protein interactions and helps in identifying bioactive peptides with high affinity ligand-binding (166, 167), a similar approach may lead to the development of small peptide inhibitors against other immunosuppressive cytokines.




Monoclonal Antibodies

Monoclonal antibodies have been in use for over four decades to treat a wide variety of human pathologies, and have revolutionized anti-cancer therapeutics (168), where these antibodies are used to target the anti-inflammatory arm of the host immune system in an attempt to promote anti-tumor immune responses. The use of monoclonal antibodies has also been investigated as method to treat infectious disease.


Blocking Immunosuppressive Cytokine Activities

In an experimental model of chronic tuberculosis infection, a monoclonal antibody targeting IL-10R was administered 90 days into the infection, as this time point was before loss of control of infection and when IL-10 levels peaked in this model, and weekly thereafter. Administration of the anti-IL-10Ra antibody led to increased numbers of CD4+ and CD8+ T cells infiltrating the lung and enhanced production of IFN-γ which was associated with a large reduction in bacterial burden (169). Similarly targeting TGF-β during chronic M. tuberculosis infection may improve effector T cell responses. In vitro studies using PBMCs from tuberculosis patients treated with an anti-TGF-β antibody led to reduced bacterial growth and increased IFN-γ production by these cells (170, 171). There may be a potential treatment benefit from blocking the biological functions of IL-27 in the lung post-sepsis. Cao et al. found that IL-27 regulated the increased susceptibility to secondary P. aeruginosa pneumonia in septic mice and promoted bacterial survival (138). During sepsis patients mount a massive inflammatory response initially. However, most patients survive the initial hyper-inflammatory period and enter into an immunosuppressed state where the individual is likely to contract and succumb to a secondary pulmonary infection (172). The inhibition of IL-27 alongside antibiotic treatment may improve survival rates. In a murine model of post-influenza secondary pneumococcal pneumonia the neutralization of IL-27 using an anti-IL-27 antibody was protective. The absence of IL-27 led to a restoration of IL-17 production from protective γδ T cells which were critical for orchestrating bacterial clearance (173).



Blocking Immunosuppressive Cells

Monoclonal antibodies have of course been used with much success to deplete specific immunosuppressive cell populations. One of the biggest success stories of monoclonal therapy is the development of immune checkpoint inhibitors for cancer immunotherapy. These antibodies target key immune regulating surface molecules on cells such as Tregs and MDSCs to impede their anti-inflammatory effects allowing for enhanced pro-inflammatory responses (174). Checkpoint inhibitor therapies in the context of treatment for pulmonary bacterial infections will be discussed in more detail below.




Checkpoint Inhibitors—Targeting Immunosuppressive Cells

Checkpoint inhibitors (CPIs) which restore pro-inflammatory T cell function have been shown to prolong survival in cancer patients with various malignancies (175, 176). CTLA-4 is constitutively expressed on Treg cells and was the first immune checkpoint protein shown to inhibit T cell proliferation (177). Following on from this other immune checkpoint mechanisms such as PDL1-PD1 interactions were identified as potential targets (176). As of 2018 six immune checkpoint inhibitors have been approved for the treatment of advanced and metastatic cancers such as advanced gastric adenocarcinoma and metastatic melanoma (178).

During an infection pathogens wish to evade detection just like cancer cells and evidence suggests that these immune checkpoint pathways may also play an important role during infection to promote regulatory immune responses (175). During active tuberculosis infection there is an increase in both CTLA-4 and PD-1 on the surface of T cells and an increase in PDL-1 expression on APCs from these patients, leading to the reduced activation of an appropriate adaptive response (179). It was shown in vitro that blocking PD-1 using a checkpoint inhibitor led to improved M. tuberculosis-specific IFN-γ+ T cell responses (180). The blocking restored effector T cell function and reduced rates of apoptosis in these T cells (179, 180). Conflicting results were seen in PD-1 knockout mice, which had reduced survival when infected with M. tuberculosis (181), suggesting a possible protective role. However, it is likely complete ablation of PD-1 from the system results in an excessive inflammatory response which limits survival. During the course of M. tuberculosis infection there is an upregulation of PD-1. It is possible that long-term disease results in its overexpression causing the dampening of protective inflammatory immune responses (179). The short term inhibition of PD-1 during infection could improve pro-inflammatory responses while reducing the likelihood of hyper-inflammation seen in the PD-1 knockout mice. Clinical trials have been carried out using CPIs in the treatment of viral infections such as Human immunodeficiency virus (HIV) infection (182). A phase II clinical trial using anti-PD-L1 alongside anti-retroviral therapy (ART) in HIV patients was stopped early due to retinal toxicity observed in a simultaneous macaque study (183). However, two of the six patients involved in the trial showed increased antigen-specific CD4+ and CD8+ T cells indicating the potential for CPIs to enhance effector T cell responses during infection.

The blockade of checkpoint molecules can lead to immune-related adverse effects as these molecules are also involved in regulating immune tolerance to prevent immunopathology and autoimmunity (175). These monoclonal antibodies are used in severe cases of cancer, therefore concerns still remain over their use for infection. Further research is critical into the efficacy of CPIs as potential therapies for improving various pulmonary infection outcomes.



Targeting Metabolic Changes Induced During Infection

Metabolic reprogramming is recognized as a hallmark of cancer (184, 185) and targeting metabolic pathways has been used for the treatment of various cancers to interfere with tumor progression (184, 186). During bacterial infections of the lung the metabolic pathways of many immune cells are re-programmed to a more immunosuppressive phenotype, benefitting the bacteria and leading to chronic infection. Targeting these pathways to reverse this reprogramming has the potential to promote more pro-inflammatory responses and improve bacterial clearance.


Targeting Fatty Acid Oxidation

In murine tumor models it has been shown that tumor infiltrating MDSCs increased their fatty acid uptake and increased fatty acid oxidation (FAO) (187). Blocking FAO using the inhibitor Etomoxir, a carnitine palmitoyltransferase-1 (CPT-1) inhibitor which prevents fatty acid transport into the mitochondria for further metabolism, reduced the immunosuppressive effects of these cells leading to reductions in Treg numbers, enhanced effector T cell proliferation, and IFN-γ production which delayed tumor growth (187). FAO inhibition could also be used to directly reduce the number of Treg cells as FAO has been shown to be central to the differentiation of Treg cells (188). FAO inhibition could be an innovative approach to reduce the anti-inflammatory effects of both MDSCs and Tregs during pulmonary infection to improve bacterial clearance and current antibiotic treatments. However, it should be noted that CD8+ memory T cell also use FAO as an energy source (189), the inhibition of FAO could have implications for these cells resulting in defective memory responses which could have negative impacts on infection responses.



Skewing Macrophage Phenotypes

The targeting of metabolic pathways in macrophages could also be potentially used as a therapeutic approach during pulmonary bacterial infection to skew macrophages toward a more protective M1 phenotype. Itaconate promotes macrophage switching from a pro- to an anti-inflammatory state and the metabolite is emerging as a crucial determinant in macrophage activity (190). The inhibition of itaconate may be of benefit in chronic bacterial lung infection where enhanced M1 responses could improve bacterial clearance. Irg1 signaling regulates itaconate production, the blocking of Irg1 may be a method of reducing itaconate to promote succinate dehydrogenase (SDH) activity enabling M1 responses against invading bacteria and impairing their ability to alter macrophage phenotypes to an M2 state. In a murine model of M. tuberculosis using Irg1−/− mice that do not produce itaconate, the mice exhibited an increase in neutrophil influx and pro-inflammatory cytokine production compared to WT mice (191). However, these mice succumbed due to immunopathology of excessive inflammation. It needs to be established if targeting Irg1/itaconate in a specific cell population only could prevent immunopathology.




Targeting Immunosuppressive Responses Using RNA Interference

RNA interference is a method of gene silencing mediated through the use of small interfering RNA (siRNA) or microRNA (miRNA). Studies using siRNA demonstrate how the immune response can be modified into a more pro-inflammatory phenotype during chronic M. tuberculosis infection (192). In mice chronically infected with M. tuberculosis the intrapulmonary administration of siRNA that specifically targets TGF-β leads to reduced bacterial load in the lungs and increased production of pro-inflammatory cytokines such as TNF (192). The silencing of the tgfb1 gene directly in the lungs improves the antimicrobial capacity of the host.

Another promising method of RNA interference during bacterial infection is the use of miRNAs. The silencing of certain regulatory miRNA have the potential to improve bacterial clearance by promoting pro-inflammatory immune cell responses. The inhibition of miR-328 could improve bacterial clearance during a non-typeable H. influenzae (NTHi) infection (193). In vitro studies using murine macrophages and neutrophils demonstrated miR-328 inhibition using an antagomir of miR-328 prior to NTHi infection promoted enhanced phagocytosis, increased ROS production and improved bacterial killing in both cell types. Further in vivo studies found boosting miR-328 downregulation by intra-tracheal administration of the miR-328 inhibitor enhanced bacterial killing rates (193). This method of miR-328 inhibition could potentially be used during chronic pulmonary infection to remove bacterial-induced immunosuppression in innate cells such as macrophages. The use of RNA interference in the treatment of infection is an area of ongoing research.



Repurposing Chemotherapeutic Drugs to Target Immunosuppressive Responses

The repurposing of chemotherapeutic drugs developed for other diseases is an avenue of research being investigated to target regulatory immune cells induced locally during lung infection.


Targeting MDSCs

Chemotherapeutic drugs that target MDSCs could potentially be used in combination with standard antibiotic treatments to improve the immune response against chronic pulmonary bacterial infections. All-trans retinoic acid (ATRA) is an approved anti-cancer treatment, which leads to the maturation-induced ablation of MDSCs that often infiltrate tumors (194, 195). Ablation of MDSCs in a murine model of tuberculosis was carried out using ATRA treatment (196). Mice that were administered ATRA after tuberculosis infection had reduced numbers of MDSCs in their lungs, lower bacterial loads and improved effector T cell numbers (196). Sorafenib is an immunotherapeutic anti-tumor drug used against hepatocellular carcinoma (197). Sorafenib downregulates the MDSC population to promote a more pro-inflammatory anti-tumor environment (197). Drugs such as Sorafenib could potentially be used to reduce MDSCs during pulmonary infections.



Targeting Tregs

Elevated Treg levels have been associated with poor prognosis in certain types of cancer (177). Many anti-cancer therapies, such as checkpoint inhibitors mentioned earlier target Treg cells to improve outcomes in advanced cancers (178). A common chemotherapeutic used against glioblastoma is temozolimide (TMZ). In a rat glioma model, low doses of TMZ selectively inhibited the activity of Treg cells (198). In humans with advanced chemotherapy resistant cancers low iterative oral doses of cyclophosphamide resulted in a selective reduction of circulating Treg cells (199) while other T cell subset numbers and functions were preserved. It would be interesting to determine if low doses of TMZ administered to the airways during pulmonary infection could have a similar effect, selectively depleting Tregs thus promoting more pro-inflammatory responses and potentially improving rates of bacterial clearance.

The anti-cancer drug denileukin diftitox (DD) is used to treat cutaneous T cell lymphomas (200, 201). The drug is a synthetic protein that combines IL-2 and Diphtheria toxin, which acts by binding the IL-2R and delivering the diphtheria toxin to the cell resulting in cell death (201). In a murine model of tuberculosis, DD treatment during infection depleted both Treg cells and MDSCs from the lung of infected mice leading to improved bacterial clearance compared to an untreated group (202). Further investigation into the use of DD in the treatment of other chronic pulmonary bacterial infections is needed to test its efficacy. However, DD treatment is associated with adverse effects such as capillary leak syndrome, hypoalbuminemia, and visual changes which have obvious implications for the use of this treatment for infection.

The repurposing of cancer chemotherapeutics is advantageous as many of these drugs have already gone through testing, have known pharmacological properties and have reduced costs and development times compared with the production of novel antimicrobial drugs. However, because the use of chemotherapeutics to deplete immunosuppressive cell populations have the risk of promoting excessive inflammation and autoimmunity, these treatments should be approached with great caution and intensive safety testing is needed to investigate the off-target effects they may have during infection.

The ability of many lung-associated bacterial pathogens to induce immunosuppression to promote their survival can potentially be ablated by a number of HDTs targeting various aspects of the local regulatory host immune response such as regulatory cell populations, anti-inflammatory cytokines and associated metabolic signaling pathways (Figure 2). Combining various methods could potentially be used to improve pulmonary infection outcomes without relying on antibiotic use. The use of drugs targeting key metabolic pathways such as FAO and cellular interactions such as checkpoint molecules could drastically reduce the ability of bacterial pathogens to promote local immunosuppressive responses thus boosting protective inflammatory responses and associated bacterial elimination. The repurposing of drugs such as anti-cancer chemotherapeutics could therefore open up novel treatment options for bacterial clearance from the lung and improve MDR infections.
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FIGURE 2. Host-directed therapies targeting immunosuppressive responses in the lung lead to bacterial clearance. Host-directed therapies (HDTs) that target anti-inflammatory immune responses in the host lung can improve bacterial clearance and reduce chronic infection. Small molecule inhibitors of cytokine signaling pathways, monoclonal antibodies or siRNA could be used to reduce the levels of anti-inflammatory cytokines such as IL-10, TGF-β and IL-27, allowing higher pro-inflammatory cytokine production and reduced activation and expansion of anti-inflammatory cell populations. HDTs targeting specific anti-inflammatory cells could also improve infection outcome by depleting these cell populations.






TARGETING IMMUNOSUPPRESSIVE RESPONSES TO IMPROVE VACCINE EFFICACY

HDTs that specifically target the immunosuppressive arm of the pulmonary immune system during bacterial infection have the potential to undo the detrimental anti-inflammatory responses induced by bacteria, and “re-inform” the local immune response to react in a more inflammatory manner. It is possible that similar strategies could be implemented to potentially improve vaccine function by altering the immune microenvironment in which the vaccine is administered.

The BCG vaccine is currently the only available prophylactic vaccine against M. tuberculosis. In response to BCG vaccination there is an expansion of Treg cells and an increase in the production of IL-10 alongside the expansion of Th1 responses (203). This is likely contributing to the lack of efficacy of the BCG vaccine against pulmonary TB. In vaccination studies using IL-10 KO mice it was demonstrated that KO mice vaccinated with the BCG vaccine had enhanced DC activation and Th1 responses compared to vaccinated wild-type mice (204). DCs isolated from vaccinated IL-10 KO mice co-cultured with CD4+ T cells induced significantly higher levels of IFN-γ production compared to when DCs from vaccinated WT mice were used, indicating IL-10 was suppressing these protective inflammatory responses (204). This demonstrated that IL-10 signaling was contributing to the DC dysfunction in BCG vaccination impairing these cells abilities to promote inflammatory T cell responses. Other studies showed that mice treated with IL-10R neutralizing antibodies during BCG vaccination were better protected against subsequent M. tuberculosis infection compared to mice who were not pre-treated with the antibody. This was due to enhanced antigen-specific IFN-γ and IL-17A responses (205, 206). These studies illustrate the potential for controlled short-term regulation of IL-10 during vaccination to establish better T cell-mediated immunity and improve vaccine efficacy.

Wu et al. demonstrated that the BCG strain of mycobacterium used in the vaccine can actually induce transcription of the immunoregulatory microRNA miR-21 in murine lungs, which may also contribute to vaccine inefficacy (207). miR-21 led to reduced IL-12 expression in macrophages, enhanced DC apoptosis, and suppressed Th1 responses. The temporal and specific blocking of miR-21 during immunization therefore could potentially improve anti-M. tuberculosis vaccines. There is now a growing interest in using anti-miR compounds to improve disease outcomes (208). In anti-cancer vaccine studies the use of small molecule PI3K inhibitors during vaccination was shown to improve vaccine efficacy and promote pro-inflammatory Th1-skewed responses by preventing IL-10 production (209). In a murine cancer model mice with solid tumors were given a DC vaccine consisting of DCs that had been pre-treated with a PI3K inhibitor, TLR5 agonist, and tumor antigen. The PI3K inhibitor prevented anti-inflammatory signaling from TLR activation which reduced IL-10 production and enhanced IL-12 production from the DCs. PI3K inhibition heightened the antitumor properties of the DC vaccine by relieving suppressive signals that restrict DCs abilities to induce potent antitumor T-cell responses.

The administration of an anti-TGF-βR1 signaling inhibitor, D4476, 24 h post-vaccination with BCG improved protective Th1 immune responses against subsequent pulmonary M. tuberculosis infection (210). This inhibitor was given in conjunction with a Th2 cell inhibitor. Vaccinated mice that received the immunomodulatory inhibitors had reduced bacterial load and better IFN-γ+ T memory cell responses upon infection compared to mice that did not receive the inhibitors (210).

These studies indicate the inhibition of the anti-inflammatory arm of the immune response during vaccination may have the potential to improve vaccine efficacy. This method of inhibition could be used to improve current vaccines against pulmonary bacteria that exploit the anti-inflammatory immune response during infection, ensuring more pro-inflammatory responses upon exposure. Further research is needed into methods of suppressing particular cells and cytokines of the regulatory pulmonary immune response to improve vaccine outcomes against infectious disease.



CONCLUSION AND FUTURE PERSPECTIVES

The increasing incidence of multidrug resistance in pathogenic bacteria and the slow pace of novel antibiotic development threatens our ability to treat these bacterial infections effectively. Bacterial lung infections are a major concern as any damage to the lung dramatically impacts the overall health and survival of a patient. Host-directed therapeutic strategies targeting bacterial-induced anti-inflammatory immune responses must be considered as viable adjuncts to standard antimicrobial treatment. Additionally, there is the potential for targeting immunosuppression to improve vaccine efficacy for current and next-generation vaccines targeting bacterial species. However, there are challenges in bringing these new approaches to the clinic. A better understanding of the host-bacterial interaction during pulmonary infection is needed, in order to identify how these immunoregulatory responses are being induced and the impacts dampening these responses could have.

Any therapeutic intervention that promotes the pro-inflammatory immune response has a high risk of inducing excessive inflammation which has the potential to lead to cytokine storm and be detrimental to the host (157). The promotion and recruitment of enhanced pro-inflammatory cell populations, such as neutrophils, have been linked to increased incidence of tissue injury (211). The production of reactive oxygen species (ROS) by phagocytic cells plays a fundamental role in the removal of pathogens from the host. However, the dampening of regulatory responses through the use of HDTs discussed here have the potential to result in excessive and uncontrolled oxidative stress and ROS production at the site of infection (211). Excessive production of ROS has been linked to reduced CD8+ T cell function during viral infection (212), and impaired immune responses in the lungs of cystic fibrosis patients where the free radicals generated during chronic inflammation cause oxidative damage of pulmonary proteins, likely contributing to the decline of lung function in CF patients (213). Unrestricted oxidative stress has been associated with infection complications and the induction of diseases such as neurodegenerative and cardiovascular disorders, and cancer (214). Serious consideration of potential immunopathological side effects must be taken into account when considering these HDTs as possible treatment options for MDR lung infections.

The inhibition of the anti-inflammatory response must be temporal and precise to prevent these hyper-inflammatory responses and off-target effects. By gaining a greater understanding of the immunoregulatory mechanisms being hijacked by pulmonary bacteria we may be able to better tailor antibacterial therapies to avoid off-target consequences. The optimal timing of when to administer these HDTs needs to be elucidated, meaning we need further investigation into how and when pulmonary bacteria are inducing these anti-inflammatory responses in order to target them at the correct point of infection. Improving delivery of anti-inflammatory inhibitors may reduce their off-target effects and could limit inhibition to certain target cells. The use of β-glucan nanoparticles, for example could be used to specifically target macrophages (215). These nanoparticles can encapsulate small molecule inhibitors or siRNA to improve their delivery into cells. The β-glucan outer shell promotes receptor-mediated uptake by phagocytic cells that express β-glucan receptors (215). This approach could be used to specifically deliver HDTs into macrophages in the lung to inhibit early immunosuppressive responses.

The study and development of novel HDTs against pathogen-induced anti-inflammatory immune responses during pulmonary infection represents a method of strategically modifying the immune response to improve current treatments and vaccine efficacy against many multidrug-resistant bacteria. In this era of re-emerging infectious diseases as a consequence of increases in antimicrobial resistance, the development of alternative antimicrobial strategies is imperative to tackle this major healthcare challenge.
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Tuberculosis (TB) is a leading cause of death worldwide following infection with Mycobacterium tuberculosis (Mtb), with 1.5 million deaths from this disease reported in 2018. Once the bacilli are inhaled, alveolar and interstitial macrophages become infected with Mtb and differentiate into lipid-laden foamy macrophages leading to lung inflammation. Thus, the presence of lipid-laden foamy macrophages is the hallmark of TB granuloma; these Mtb-infected foamy macrophages are the major niche for Mtb survival. The fate of TB pathogenesis is likely determined by the altered function of Mtb-infected macrophages, which initiate and mediate TB-related lung inflammation. As Mtb-infected foamy macrophages play central roles in the pathogenesis of Mtb, they may be important in the development of host-directed therapy against TB. Here, we summarize and discuss the current understanding of the alterations in alveolar and interstitial macrophages in the regulation of Mtb infection-induced immune responses. Metabolic reprogramming of lipid-laden foamy macrophages following Mtb infection or virulence factors are also summarized. Furthermore, we review the therapeutic interventions targeting immune responses and metabolic pathways, from in vitro, in vivo, and clinical studies. This review will further our understanding of the Mtb-infected foamy macrophages, which are both the major Mtb niche and therapeutic targets against TB.
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INTRODUCTION

Tuberculosis (TB) is a chronic inflammatory disease caused by a Mycobacterium tuberculosis (Mtb) infection (1). When the Mtb bacilli become inhaled into alveoli, the bacilli are phagocytosed by alveolar macrophages in the lung (2). Phagocytosed Mtb uses various approaches to avoid host defense mechanisms, such as inhibition of phagosome maturation, expression of virulence-associated factors, inhibition of phagolysosomal fusion, and protection from reactive oxidative radicals (3, 4). Following infection with Mtb, alveolar macrophages migrate to the interstitium and induce inflammatory responses, resulting in the extravasation of dendritic cells, neutrophils, natural killer cells, T cells, and B cells (2). These infiltrated immune cells surround the infected alveolar macrophages, which are reservoirs of Mtb, to construct TB granulomas (5–7). Thus, understanding the fate of alveolar macrophages at the initial infectious phase is critical for preventing TB pathogenesis.

During the construction of TB granulomas, Mtb-infected macrophages accumulate lipid bodies in their cytosolic area, differentiating into foamy macrophages, which are hallmarks of TB lesions (8, 9). The accumulated bubble-like lipid bodies contain cholesteryl esters and triglycerides (10). Mtb-infected foamy macrophages play central roles in granuloma development, maintenance, and infection dissemination (9). In advanced granulomas, the core region is characterized by caseous necrosis, which further leads to the formation of a lipid-rich environment (6, 8, 9, 11). In granulomas, Mtb can grow and persist in foamy macrophages and the necrotic core (7). When foamy macrophages leave the original granuloma, a secondary granuloma is established, promoting dissemination (11). As the primary niche for Mtb, determining the features of Mtb-infected foamy macrophages is essential for investigating and controlling TB pathogenesis. This review describes the current understanding of foamy macrophages infected with Mtb.



MACROPHAGES


Differentiation and General Features of Lung Macrophages

Macrophages are well-classified by their ontogeny (12–14). The functions and phenotypes of macrophages are influenced by their developmental origins and locations. Macrophages are generally formed as three major precursors: embryonic yolk sac precursor, fetal liver precursors, and bone-marrow derived blood monocytes (13, 14). In the steady state lungs, macrophages consist of alveolar macrophages and interstitial macrophages (15). The alveolar macrophages originate from fetal liver macrophages and fetal monocytes under the control of granulocyte/macrophage colony-stimulating factor (GM-CSF), peroxisome proliferator-activated receptors-gamma (PPAR-γ), and the lung microenvironment (16–19). To maintain homeostatic regulation, alveolar macrophages have a unique enhancer repertoire, including Spi-C and Car4, which are induced by the macrophage lineage-determining factor PU.1 in the lung-specific microenvironment (20, 21). A recent study demonstrated that mammalian target of rapamycin (mTOR) signaling is also required for the self-renewing ability of alveolar macrophages, accompanied by a distinctive metabolic signature based on the expression of sterol regulatory binding protein (SREBP) target genes (22). While undergoing tissue imprinting in the lungs, alveolar macrophages generally express immunosuppressive genes, including tumor growth factor-β (TGF-β) and interleukin-10 (IL-10) (17, 23). Alveolar macrophages have unique phenotypic features; they are loosely adherent, round-shaped cells expressing high levels of cluster of differentiation 206 (CD206), which detects microbial carbohydrates and high levels of scavenger receptors, such as macrophage scavenger receptor class A and macrophage receptor with collagenous structure (23). Notably, alveolar macrophages also express high levels of CD11c and CD170; moreover, their expression of F4/80 and CR3 is low or absent compared with that in other parts of the lung or peripheral tissue-resident macrophages (17).

In contrast, interstitial macrophages originate from primitive yolk sac macrophages and bone marrow monocytes (15). These cells are smaller and have monocyte-like morphology, which is characterized by a high nuclear/cytoplasm ratio with cytosolic vacuoles compared to alveolar macrophages (24). Interstitial macrophages express high levels of CD11b, CD64, F4/80, and the proto-oncogene tyrosine-protein kinase MER (25). Following invasion by microorganisms, interstitial macrophages play a role in the second-line defense via their phagocytosis and antigen presentation abilities (26). These interstitial macrophages have diverse immune responses depending on the activation stimulus, explained by the concepts of M1 and M2 macrophages. The activated spectrums and concepts for the M1 and M2 macrophages are further described below.



General Functions and Metabolic Programing of M1 and M2 Macrophages and Their Distinct Roles in Lung Inflammation by Mtb Infection

Overall, when macrophages are infected with bacteria or viruses, they elicit pro-inflammatory responses by releasing anti-microbial proteins and cytokines, such as complement proteins, tumor necrosis factor α, IL-1β, IL-6, IL-12, and IL-23 (27–29). These pro-inflammatory macrophages can activate endothelial cells in the blood vessels to support extravasation of other immune cells into inflamed areas (28, 29). Macrophages also trigger T cell responses through their antigen presenting abilities via major histocompatibility complex II molecules (30). In vitro, macrophages can be classically activated by lipopolysaccharide or interferon γ (IFN-γ) to mimic bacterial infection or pro-inflammatory activation, respectively. These classically activated macrophages are named as M1 macrophages (31). From the perspective of immunometabolism, M1 macrophages are well-known to drive pro-inflammatory responses during the metabolic switch for glycolysis with a broken tricarboxylic acid (TCA) cycle (32, 33). The pentose phosphate pathway and NAD+ salvage pathway are essential for generation of mitochondrial reactive oxygen species (ROS), which induces DNA damage following M1 macrophage activation (34). In addition to massive glycolysis with an impaired TCA cycle, glucose-derived carbons are incorporated into fatty acids or sterol via lipogenesis in activated M1 macrophages (35).

Macrophages also play pro-resolving or anti-inflammatory roles that depend on signal transducer and activator of transcription-6 (STAT-6) and IL-10 release (27–29). These macrophages are involved in the phagocytosis of apoptotic cells, induction of collagen deposition, and coordination of tissue integrity to reinforce tissue repair, regeneration, and fibrosis (27, 36). There is also a method to polarize anti-inflammatory macrophages through the activation of IL-4/IL-13 or IL-10 in vitro; these alternatively activated macrophages are generally named as M2 macrophages (31). M2 macrophages preferentially utilize oxidative phosphorylation and fatty acid oxidation (FAO) to drive anti-inflammatory responses (37). In M2 macrophage activation with IL-4 treatment, mitochondrial metabolism is regulated by polyamine biosynthesis to regulate the integrity of the TCA cycle and electron transport chain (38). Collectively, M1 and M2 macrophages may undergo distinct lipid metabolic reprogramming, followed by their differential immune responses.

When infected with Mtb, both alveolar and interstitial macrophages play important roles in defending against TB and modulate immune responses (39). Mtb-infected alveolar macrophages exhibit enrichment in gene sets such as those involved in lipid uptake, oxidative phosphorylation and fatty acid oxidation, similar to M2 macrophages (39, 40). Mtb-infected alveolar macrophages express an antioxidant transcriptional signature via NRF2-dependent pathways, resulting in impaired control of Mtb growth with reduced inflammatory responses in the early stage of infection (40, 41). Mtb enhances the expression of genes in alveolar macrophages that are involved in Mtb division, growth, ribosomal protein synthesis, cell wall synthesis, fatty acid import, mycolic acid biosynthesis, the TCA cycle, and β-oxidation (40). Because the features of interstitial macrophages are determined by immunological stimuli, TB lesions have been investigated using M1 and M2 macrophages to dissect the immune responses occurring during TB progression (42, 43). In the early stage of Mtb infection, interstitial macrophages are typically differentiated to M1 macrophages. Mtb-infected interstitial macrophages express gene sets for cell adhesion, chemotaxis, ROS biosynthesis, nuclear factor-κB responses, hypoxia, and glycolysis in vivo (39, 40). In M1-like interstitial macrophages, Mtb shows a gene signature related to the response to environmental stresses and a non-replicative state (40). Mtb-infected M1 macrophages are transformed into M2 macrophages over time by the 6-kDa early secretory antigenic target (ESAT-6), which is a major virulence factor of Mtb (43). In addition to controlling the bacterial burden, modulating granuloma formation, and immune responses, Mtb-infected macrophages contribute to TB dissemination (44, 45). Mtb was shown to translocate from the phagolysosome to the cytosol, thereby eliciting host cell apoptosis in an ESAT-6–dependent manner (44). Apoptotic cells are then phagocytosed by newly infiltrating macrophages to generate the primary granuloma, and Mtb-infected macrophages egress to the distal tissues, contributing to the initiation of secondary granuloma formation (45) (Figure 1A).


[image: Figure 1]
FIGURE 1. Generation of Mtb-infected foamy macrophages during the formation of TB granulomas. (A) Composition of Mtb-infected foamy macrophages during TB pathogenesis. Alveolar macrophages initially infected by Mtb and translocated into the interstitial space to generate immune responses. With the extravasation of immune cells Mtb-infected alveolar macrophages differentiate into foamy macrophages. Infiltrated interstitial macrophages are also infected with Mtb and further differentiate into foamy macrophages. In the early stage of Mtb infection, macrophages show pro-inflammatory responses like M1 macrophages contributing to the restriction of Mtb survival. ESAT-6, a representative virulence factor of Mtb, polarizes these M1 macrophages into M2 macrophages to induce permissive responses in Mtb survival in the chronic stage of TB. These Mtb-infected foamy macrophages are hallmarks of TB granulomas; translocation of Mtb-infected foamy macrophages induces dissemination of Mtb. “aMΦ” and “iMΦ” indicate “alveolar macrophage” and “interstitial macrophage,” respectively. (B) Metabolic perturbation by Mtb infection to generate foamy macrophages with Mtb infection, lipid accumulation leads to the generation foamy macrophages via metabolic reprogramming. In the early stage of Mtb infection, excessive glycolysis with defective mitochondrial respiration contributes to de novo lipogenesis. Acetyl-CoA, a product of glycolysis, is metabolized to 3-hydroxybutyrate (3-HB) by ketogenesis to induce GPR109A signaling. De novo lipogenesis is also induced by signal transduction of GPR109A and mTORC1 signaling, which is induced by macrophage activation. Nuclear receptors, such as those in the PPAR and LXR family, also contribute to both metabolic reprogramming and immune responses. The expression of miR33 is induced by Mtb and miR33 inhibits lipid catabolism, supporting Mtb survival. Direct and indirect processes are indicated by arrows and dotted arrows, respectively.


From the perspective of immunometabolism, the Warburg effect in M1 macrophages generates pro-inflammatory responses, such as the secretion of IL-1β, which is known as a beneficial cytokine against Mtb (46, 47). Induced Warburg effects in the early phase of Mtb infection also generate ROS with the activation of hypoxia inducible factor 1α, which is necessary to induce Mtb specific IFN-γ dependent immunity (48, 49). IL-12, another cytokine secreted by M1 macrophages, can generate protective immune responses against Mtb (50). In contrast, M2 macrophages possess less bactericidal activities compared to M1 macrophages against Mtb infection (42). IL-10, a representative cytokine secreted from M2 macrophages, suppresses antimycobacterial immunity and promotes Mtb survival (51). It has been reported that another M2 macrophage-secreted cytokine, TGF-β, suppresses IFN-γ responses from T cells against Mtb in the lungs of mice and humans infected with TB; deletion of TGF-β signaling decreases the bacterial burden via the generation of cytotoxic T cell responses in TB granulomas (52).

Collectively, these investigations suggest the dynamic activation status of Mtb-infected macrophages (Figure 1A). Alveolar macrophages show enhanced lipid metabolism via PPAR-γ and inflammatory properties that facilitate infection and persistence of Mtb bacilli (18). In the progression of TB granulomas, blood monocyte-derived macrophages infiltrate and polarize to M1 macrophages. In the early phase of Mtb infection, excessive glycolysis with increasing lipids drives fatty acid synthesis in M1 macrophages. Further differentiation to M2 macrophages by ESAT-6 is closely linked to FAO with anti-inflammatory responses, providing favorable environments for Mtb survival (43). Therefore, these lipid metabolic reprogramming pathways may be considered targets for supporting host-directed therapy (HDT) to elicit anti-TB immune responses.




INTERACTION BETWEEN MTB AND MTB–DRIVEN FOAMY MACROPHAGES


Characteristics of Mtb-Infected Foamy Macrophages and the Utilization of Their Lipids by Mtb

Alterations of metabolic pathways are involved not only in the inflammatory responses of macrophages but also in the transformation of Mtb-infected macrophages into foamy macrophages, which are the major contributors to TB pathogenesis (Figure 1B), as previously described (5, 6). Foamy macrophages are named based on their morphology as they contain bubble-like lipid bodies in their cytoplasm (53). Mtb-infected foamy macrophages have different features compared to non-foamy macrophages (Table 1, upper). Specifically, Mtb-infected foamy macrophages express higher levels of MHCII, CD11c, CD40, and CD205, similar to dendritic cells, but show reduced capacity for antigen processing (54). Moreover, Mtb-infected foamy macrophages induce nitric oxide with elevated secretion of TGF-β to suppress T cell responses (55–57).


Table 1. Comparison of general characteristics between foamy and non-foamy macrophages, and metabolic interventions of Mtb-infected foamy macrophages for host-directed therapy.
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Upon infection, intracellular Mtb is located in the phagosomes, and the membrane of Mtb-containing phagosomes is enclosed and interacts with lipid bodies (58). A recent study demonstrated that the phagosome–lipid body interaction is regulated by the mycobacterial cell wall components lipoarabinomannan and phosphatidylinositol mannoside mediated by the late endosome marker Rab7 (59). After the phagosomes surrounded lipid bodies, Mtb translocated to lipid bodies for the utilization of lipids, such as cholesterols, fatty acids, and triglycerides, as carbon sources for survival. Mtb takes advantage of cholesterol and fatty acids in foamy macrophages to generate energy and metabolic intermediates via the expression of isocitrate lyases for the glyoxylate cycle (60). To utilize lipids, Mtb contains abundant genes encoding lipid transporters and lipolytic enzymes. It has been reported that LucA and Mce1 are expressed in Mtb to import fatty acids (61). Rv0200/OmamB, Rv0172/Mce1D, Rv0655/MceG, and Rv0966c are also known as fatty acid transporters of Mtb in foamy macrophages (62). Rv2672 is the membrane-associated Mtb protein mycobacterial secreted hydrolase 1 and is required for Mtb persistence via utilization of host lipids under hypoxic conditions (63). In addition to Mtb survival, fatty acids are required for the synthesis of virulence-associated lipids, including polyketide lipids phiocerol-dimycoseroic acid, poly-acylated trehaloses, sulfolipids, and mycolic acids (60). Increased accumulation of triglycerides and elevated levels of triglyceride synthetase 2 have been reported in the modern Mtb Beijing strain compared to the ancient Mtb Beijing strain. Moreover, these elevated levels of triglyceride are associated with rapid disease development (64).

Furthermore, it has been suggested the use of lipids in host cells is related to dormancy of Mtb (58, 65, 66). It is reported that Mtb persists in a dormant non-replicative state in foamy macrophages compared to infect non-foamy macrophages (58). Mtb utilize fatty acids from host cells to generate intracellular lipid inclusions, which are lipid bodies in the cytoplasm of mycobacteria. Bacilli with these inclusions show persistently arrested growth in response to stress (65, 66). Particularly, utilization of host triglycerides is required to obtain the dormancy-like phenotypes of Mtb in foamy macrophages (67). The Mtb mutant with reduced triglyceride synthesis is more sensitive to antibiotics compared to wild-type Mtb (65). The region of difference 1 in pathogenic mycobacteria may contribute to the interaction between diacylglycerol O-acyltransferase, a key enzyme in triglyceride synthesis, and lipid droplets of mycobacteria to generate intracellular lipid inclusions (68). Therefore, reducing lipid bodies in Mtb-infected foamy macrophages may control the intracellular survival of Mtb.



Mechanism of Lipid Accumulation of Foamy Macrophages by Mtb Infection and Their Implications for HDT

Recently, it has been reported that several bacterial factors of Mtb have additive modulatory effects on the lipid metabolism of host cells (Figure 1B). For example, ESAT-6 stimulates the translocation of glucose transporter GLUT-1, resulting in the active transport of glucose with the perturbation of metabolic flux (69, 70). Enhanced glucose metabolism leads to increased de novo lipid synthesis, which elevates the accumulation of lipids in foamy macrophages (69). It has been reported that activation of the G protein-coupled receptor GPR109A, an anti-lypolytic receptor, by ESAT-6 leads to the accumulation of lipid bodies in foamy macrophages, contributing to Mtb survival (70). In contrast, blockage of glycolysis with 2-deoxyglucose is detrimental to defense against Mtb infection because it disturbs M1-like activation in interstitial macrophages (39). Overall, glycolysis has contradictory roles against Mtb infection. By inducing pro-inflammatory immune responses, glycolysis with a broken TCA cycles supports anti-microbial responses in macrophages (39). However, excessive glycolysis is associated with elevated lipid accumulation by bacterial factors, including ESAT-6, to generate a niche that is suitable for Mtb (69, 70). Therefore, metabolic links between excessive glycolysis and lipogenesis are potential targets for reducing bacterial burdens with effective immune responses (Table 1).

Mtb also modulates nuclear transcription receptors of host cells involved in metabolic reprogramming and immune responses (71, 72). The Mtb-induced PPAR-γ pathway, which is a prominent signaling pathway that induces the activation of M2 macrophages, leads lipid accumulation to support the intracellular survival of Mtb. In this processes, PPAR-γ, with testicular receptor 4, increases the level of CD36 to contribute to lipid uptake (71). Another PPAR family member, PPAR-α, is a transcriptional inducer of FAO that prevents lipid accumulation in Mtb-infected foamy macrophages and promotes autophagy with transcription factor EB to reduce intracellular Mtb growth (73). Liver X-receptor (LXR)-α and LXR-β are also critical regulators of oxysterol metabolism that modulate immune responses in Mtb infection (74, 75). In mice with Mtb infection, LXR-α and LXR-β signaling is required to generate protective T cell responses (74). It has been reported that LXR signaling plays a role in regulating antimicrobial peptide expression to restrict Mtb growth via IL-36 (75).

In addition to modulating nuclear transcription factor signaling pathways, infection by Mtb induces tumor necrosis factor receptor signaling, followed by the activation of its downstream mTOR complex 1 (mTORC1) and caspase pathways in human primary macrophages (10). Activation of mTORC1 results in the accumulation of triglycerides in Mtb-infected macrophages. Mtb also induces miR-33 expression in foamy macrophages to inhibit lipid catabolism and autophagy, enabling intracellular survival and persistence (76).

Additionally, accumulating evidence has suggested that the disruption of lipid homeostasis, including hypercholesterolemia, leads to increased TB susceptibility. It is reported that apolipoprotein E-deficient mice have an increased susceptibility to hypercholesterolemia, showing defective priming of IFN-γ responses (77). Oxidized low-density lipoproteins, which are modified under hyperlipidemic conditions, also contribute to enhancing TB susceptibility via lysosomal dysfunction, impairing the control of Mtb survival (78). Statins, the 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors for reducing cholesterol synthesis, have been attempted to treat Mtb infection (79–82). Clinically, treatment with statins has been reported to elicit improved outcomes for patients with TB (82, 83), but showed no additional effects in some cases (80, 81). By considering the characteristics of each patient, it is necessary for novel HDT approaches to modulate the immune response and/or cholesterol metabolism to be effective against TB. Collectively, these observations suggest that lipid metabolism and/or homeostatic pathways are promising targets for HDT against TB (Table 1, lower).




FUTURE DIRECTION AND PERSPECTIVES

To discover new therapeutic strategies against TB, many researches have attempted to alleviate Mtb infection through HDT. Foamy macrophages provide a niche for bacilli survival, maintenance, and persistence using their enriched cytosolic lipids. Even worse, necrosis of Mtb-infected foamy macrophages results in the generation of the necrotic core of TB granulomas, causing extracellular growth of Mtb. As Mtb actively utilizes lipids to generate energy and virulent factors from host cells, the regulation of host lipid metabolism pathways is a potential therapeutic strategy for alleviating TB by preventing vicious cycles between Mtb and macrophages.

In summary, alveolar and interstitial macrophages exert opposite roles against Mtb infection; therefore, understanding these macrophages is important for establishing strategies against TB pathogenesis. In TB pathogenesis, alveolar macrophages are susceptible to Mtb with elevated fatty acid uptake and FAO. In contrast, interstitial macrophages show resistance features like M1 macrophages in the early stage of Mtb infection. Pro-inflammatory M1 macrophages exhibit massively increased glycolysis and fatty acid synthesis with bactericidal activities. M2 macrophages show elevated lipid catabolism with suppressive activities in their antibacterial responses against Mtb. Thus, the Mtb-induced transformation processes from M1 to M2 macrophages are potential immunological targets of TB. Some recent revolutionary investigations have been conducted using in vitro granuloma and organoid culture systems to gain further insights into TB (42, 84–86). Using in vitro granuloma culture systems, M1 macrophages were shown to transform into M2 macrophages following Mtb infection (42). Although these techniques have only provided limited information of Mtb-infected macrophages to date, they have potential for further detailed investigations of Mtb-infected foamy macrophages to suggest more promising targets of HDT. Moreover, the metabolic pathways of Mtb-infected foamy macrophages perturbed by Mtb infection are important targets of HDT against TB. A recent study indicated that Mtb-infected foamy macrophages could uptake more fluoroquinolones compared to non-foamy macrophages in vivo (87), suggesting that it is important to consider the functions of foamy macrophages for anti-TB drug treatment. With consideration of the physiology of macrophages, it is expected that HDT strategy targeting immunological functions and/or metabolic perturbation of Mtb-infected foamy macrophages can be developed.
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A Corrigendum on
 Mycobacterium tuberculosis Infection-Driven Foamy Macrophages and Their Implications in Tuberculosis Control as Targets for Host-Directed Therapy

by Shim, D., Kim, H., and Shin, S. J. (2020). Front. Immunol. 11:910. doi: 10.3389/fimmu.2020.00910



In the original article, incorrect information and references were included in Interaction Between Mtb and Mtb–Driven Foamy Macrophages, sub-section Characteristics of Mtb-infected Foamy Macrophages and the Utilization of Their Lipids by Mtb, Paragraph 3:

A reference in the sentence “Furthermore, it has been suggested the use of lipids in host cells is related to dormancy of Mtb.” was incorrectly added as “Jaisinghani N, Dawa S, Singh K, Nandy A, Menon D, Bhandari PD, et al. Necrosis driven triglyceride synthesis primes macrophages for inflammation during Mycobacterium tuberculosis infection. Front Immunol. (2018) 9:1490. doi: 10.3389/fimmu.2018.01490.” This should be deleted.

In addition, there was a further error within the same paragraph:

“The region of difference 1 protein in Mtb contributes to increasing the levels of intracellular triglycerides in Mtb by enhancing the expression of diacylglycerol O-acyltransferase, a key enzyme in triglyceride synthesis (68).”

The text should be substituted with the following:

“The region of difference 1 in pathogenic mycobacteria may contribute to the interaction between diacylglycerol O-acyltransferase, a key enzyme in triglyceride synthesis, and lipid droplets of mycobacteria to generate intracellular lipid inclusions.” This statement is supported by the reference “Barisch C, Soldati T. Mycobacterium marinum degrades both triacylglycerols and phospholipids from its dictyostelium host to synthesise its own triacylglycerols and generate lipid inclusions. PLoS Pathog. (2017) 13:e1006095. doi: 10.1371/journal.ppat.1006095”.

The authors apologize for these errors and state that the revisions do not change the scientific conclusions of the article in any way. The original article has been updated.
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Bacteria adapt themselves to various environmental conditions in nature, which can lead to bacterial adaptation and persistence in the host as commensals or pathogens. In healthy individuals, host defense mechanisms prevent the opportunistic bacteria/commensals from becoming a pathological infection. However, certain pathological conditions can impair normal defense barriers leading to bacterial survival and persistence. Under pathological conditions such as chronic lung inflammation, bacteria employ various mechanisms from structural changes to protease secretion to manipulate and evade the host immune response and create a niche permitting commensal bacteria to thrive into infections. Therefore, understanding the mechanisms by which pathogenic bacteria survive in the host tissues and organs may offer new strategies to overcome persistent bacterial infections. In this review, we will discuss and highlight the complex interactions between airway pathogenic bacteria and immune responses in several major chronic inflammatory diseases such as asthma and chronic obstructive pulmonary disease (COPD).
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INTRODUCTION

Human lungs are in constant interaction with different bacteria and bacterial particles and are exposed to a variety of environmental threats. The healthy human lungs used to be considered sterile, but recent studies have reshaped this belief. In fact, human lungs are colonized with diverse bacteria including the genera Prevotella, Streptococcus, Klebsiella, Veillonella, Neisseria, Haemophilus, pseudomonas, and Fusobacterium (1, 2). These bacterial species can particularly persist in the lungs and often give rise to super infections particularly followed by viral infections. Microbes maintain a lower density in a healthy lung (about 103–105 CFU per gram of the tissue) as compared to the gut with a load of 1011 CFU per gram of the tissue. It has been shown that in airway chronic inflammatory diseases such as asthma, there is a shift in the lung microbiota toward a greater diversity in species richness (3).

Normal human lung resident cells such as macrophages and epithelial cells employ a complex defense mechanism to cope with the pathogenic infection vs. commensal bacteria and their products. The innate immune response is the first line of defense that protects the lungs from pathogenic microbes and their secreted products. The lung epithelium cells act as a barrier with goblet cells secreting mucus and ciliated cells transporting mucus containing microbes and microbial particles away from the distal lung. In chronic respiratory diseases, such as cystic fibrosis (CF), COPD, and asthma, mucus hypersecretion and dysfunctional ciliated cells can disturb this barrier leading to less to no clearance of the bacteria from the lungs (3–5). Alveolar macrophages act as the primary phagocytes of the innate immunity in the lung. Airway epithelial cells and macrophages also secrete inflammatory cytokines in response to pathogens and their particles (6). Immune system utilizes several pathways such as toll like receptors (TLRs), NOD like receptors (NLRs), and inflammasome to recognize microbial particles and induce the production of antimicrobial proteins and peptides like lyzozymes, defensins and cathelicidines that effectively stop microbial infection (7–9). Some of these antimicrobial peptides like defensins and cathelicidines have chemotactic properties and recruit immune cells like macrophages and neutrophils to the site of infection (10, 11).

Although inflammation is a pivotal response to microbial infections, it may damage the host cells or tissues and create an environment that allows pathogenic bacteria to employ evading mechanisms to outsmart the host for their survival and persistence. The major goal of this review is to present some unique survival mechanisms exploited by several strains of bacteria commonly seen in lung infectious and inflammatory processes related to the utilization of the host TLR signaling pathways. In addition, our review is mainly focused on the evasion of bacterial infection in chronic inflammatory lung diseases, and there is no doubt that these examples only scratch the surface of this forthcoming research area. We foresee that current research is moving toward investigating bacterial infections in specific niche environments of the host, and that these insights discussed here can enhance our perspective in which the pathogen evade the immune system.



TLRS SIGNALING: A TWO-EDGE SWORD IN BACTERIAL INFECTION OF ASTHMATIC OR ALLERGIC AIRWAYS

Toll like receptors are a family of highly conserved and pattern recognition receptors (PRRs) that bind to microbial pathogen associated molecular patterns (PAMPs) also called microbial associated molecular patterns (MAMPs). TLRs also bind to endogenous molecules released from the host dying cells known as danger associated molecular pattern (DAMPs). Different TLRs are expressed on different cell types including immune cells and airway epithelial cells and bind to different ligands, which upon activation in healthy individuals can promote an appropriate inflammatory response. TLR ligands consists of, but not limited to, bacterial cell wall components like lipopolysaccharides (LPS) in Gram-negative bacteria and teichoic acid in Gram-positive bacteria, viral double stranded RNA, single stranded or double stranded DNA, flagellin, etc (5, 12). TLRs are transmembrane receptors that contain a leucine rich extracellular domain and a highly conserved Toll interleukin-1 receptor (TIR) domain. So far, there have been 10 human and 12 murine TLRs identified, and each recognizes a specific set of molecular pattern. In humans, TLR1, 2, 4, 5, and 6 reside on the cell membrane, while TLR3, 7, 8, and 9 are located in endosomes, lysosomes, or endoplasmic reticulum (ER). Upon binding to their ligand, TLRs initiate the inflammatory response by activating their target downstream signaling pathways, including the recruitment of adaptor proteins such as myeloid differentiation factor 88 (MyD88) to the TIR domain. MyD88 activates downstream signaling targets including IRAK family kinases and results in activation of transcription factors of nuclear factor-κB (NF-κB), mitogen-activated protein kinases (MAPK), and activator protein-1 (AP-1). These transcription factors facilitate up-regulation of pro-inflammatory cytokines and type I interferons transcription (13).

Toll like receptors-mediated proper inflammatory response in healthy individuals leads to inflammation induction and bacterial clearance from the lungs. In the field of experimental asthma and allergic airways, the pre-existing type 2 inflammation environment reduces normal TLR function to allow the bacteria to survive and hide from the immune response in part by inhibiting the production of antimicrobial substances (Figure 1). The persistence of bacteria in turn attempts to suppress the type 2 inflammatory response, but it may fail to do so, leading to asthma exacerbations. One of the mechanisms is that bacterial products can hijack the immune system for their benefit by recruiting regulatory T cells (14, 15). Efforts of reducing inflammation can be at the cost of higher risk of opportunistic/commensal bacteria persistence in the lungs as an appropriate pro-inflammatory response is critical to recruit leukocytes such as neutrophils to eliminate pathogens. Collectively, insufficient TLR signaling activation by bacteria in allergic airways and asthma may lead to bacterial survival and persistence.
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FIGURE 1. TLR signaling in healthy individuals and asthmatics. Bacteria and their components bind to TLRs on the cell membrane (TLR2/6, TLR4, or TLR5) or enter the cell cytoplasm and bind to endosomal TLRs (TLR 7 or TLR9). Upon binding the bacterial particle to its receptor, TLR recruit MyD88 and subsequently induce host defense cytokines and antimicrobial mediators as well as the type 1 immune response, enhancing bacterial clearance from the tissue (e.g., lung). However, in allergic asthma or type 2 inflammation environment, TLR activity is dampened, which allows the bacteria to survive and hide from the normal defense mechanisms.




EVADING MECHANISMS OF BACTERIA IN LUNG DISEASES

Patients with chronic airway inflammatory diseases are generally susceptible to opportunistic bacterial infections that can persist from months or even years. Notably, about more than 50% of COPD infective exacerbations are due to bacterial infections (16). These infections can cause disease exacerbations and promote disease progression. Here, we will discuss how several common bacterial species utilize their tactics to evade the host effective defending mechanisms.



NON-TYPEABLE HAEMOPHILUS INFLUENZAE, AN UNWANTED GUEST IN SMALL AIRWAYS

Non-typeable Haemophilus influenzae (NTHi) is a non-capsulated Gram-negative bacterium, which resides in human nasopharynx as a common commensal. Interestingly, NTHi is a common opportunistic and human exclusive pathogen bacterium of lower respiratory tract and small airways causing chronic and repetitive infections and structural damages especially in COPD patients (17). It has consistently been shown that NTHi can survive in the lungs by attaching and or entering human airway epithelial cells (18–20). NTHi invasion and entry into airway epithelial cells can be through microvilli and lamellipodia extensions of epithelial cells that form a vesicle around the live bacteria and facilitate NTHi entrance into these cells (21). Additionally, the role of actin and tubulin cytoskeletons was confirmed in NTHi internalization since inhibiting actin and tubulin construction with Cytochalasin D and colchicine, constrained NTHi invasion into epithelial cells (18, 20, 22). Another mechanism for NTHi cell entry is endocytosis mediated by lipid rafts since lipid raft inhibitors were able to hinder NTHi invasion (23). Lipid rafts are cholesterol enriched areas on the epithelial cells plasma membrane that play pivotal roles in trafficking and signal transduction (24). Receptor mediated endocytosis or Clathrin mediated endocytosis was suggested as a possible way for the NTHi bacteria to invade airway epithelial cells and alveolar macrophages and evade the immune system by hiding in these cells (21, 25). NTHi infection has been shown to reduce E-cadherin, a protein required for tight junction formation and airway epithelial integrity (26). The mechanism in which NTHi reduces E-cadherin in airway epithelial cells is currently unknown. Nonetheless, NTHi-mediated reduction of E-cadherin in airway epithelial cells can lead to bacterial colonization at the basal lamina and result in perturbations of the airway epithelial cell barrier (27).

Recent studies have emphasized on the important role of NTHi-derived human IgA-protease B1 and B2 in cleaving human lysosomal-associated membrane protein 1 (LAMP1) that mediates NTHi survival inside the airway epithelial cells (17, 28). The mechanism by which LAMP1 cleavage results in NTHi survival within the airway epithelial cells needs to be further studied. Additionally, NTHi secreted IgA protease cleaves the human IgA1. IgA attaches to the bacteria and this attachment prevents binding of NTHi to the epithelial cells and inactivates the bacterial toxins (29). Remarkably, the secreted IgA levels in COPD and asthma patients are reduced compared to healthy individuals (30). By cleaving the remaining IgA in airways, NTHi can escape the immune surveillance of IgA to facilitate their survival within the cells.

By hiding in airway epithelial cells and undergo structural changes, secreting proteases and reducing host defense mediators, NTHi can cause repetitive and chronic infections of the lower respiratory tract.



EVADING MECHANISMS BY KLEBSIELLA PNEUMONIAE

Klebsiella pneumoniae (Kp) is a Gram-negative bacterium most commonly known as a pulmonary pathogen (31). Kp infection has gained more attention due to its immunomodulatory effects and antibiotic resistance features. Interestingly, it has been shown in asthma and allergic inflammation environments, the lung Kp burden increases (32).

Klebsiella pneumoniae can overcome the human immune system and cause persistent infections in the lung. One mechanism employed by Kp to survive within the airways is to reduce airway neutrophil production of α-defensin, an antimicrobial peptide. Thijs et al. demonstrated that the nasal levels of α-defensins are significantly lower in asthma patients who are more susceptible to Kp infections (33). Furthermore, Kp hijacks airway cells by employing deubiquitinase cylindromatosis (CYLD) that is involved in NF-κB signaling inactivation (34, 35). Additionally, Kp can inhibit the production of inflammatory mediators and α-defensins from airway epithelial cells through inhibiting MAPK signaling pathway by upregulating MAPK phosphatase-1 (MKP-1) and activating nucleotide-binding oligomerization domain-containing protein 1 (NOD1). NOD1 is an intracellular PRR that responds to bacterial particles. MKP-1 and CYLD can synergistically inhibit production of neutrophil chemoattractant IL-8 from airway epithelial cells (36–38). Manipulating the immune system with these mechanisms can contribute to persistence of Kp infections in the lung. It has been shown that Kp-specific Outer membrane protein A (OmpA) favors an anti-inflammatory response in early stages of pneumonia (39). Fagundes et al. demonstrated that Kp infection in germfree mice was able to induce IL-10 production in the lung and inhibit the inflammatory response development by restricting production of pro-inflammatory mediators (40). Furthermore, Kp exploits the IL-10 production to attenuate the innate immune response through activation of its downstream target signal transducer and activator of transcription 3 (STAT3) (41). Interestingly, Greenberger et al. showed that neutralizing and inhibiting IL-10 was able to enhance the Kp clearance from the lung (42). To further support role of IL-10 in Kp infection, Dolgachey et al. showed that overexpression of IL-10 in the lung of Kp infected mice significantly increased bacterial survival and mouse mortalities (43).

In summary, Kp exploits several mechanisms to evade host immune system in order to persist in the lungs, which include inhibition of anti-inflammatory peptides, host defense inflammatory cytokines and chemokines, and promotion of anti-inflammatory cytokines.



PSEUDOMONAS AERUGINOSA IMPAIRS HUMAN AIRWAY INNATE IMMUNITY

Pseudomonas aeruginosa (Pa), is a Gram-negative opportunistic bacterium that causes acute infections in patients with CF, COPD, ventilator-associated pneumonia, and bronchiectasis (44). This facultative anaerobe bacterium is capable of adhering to human airway epithelial cells via their flagellum, pili, and other cell membrane components (45). Pa secretes several virulence factors that potentially sabotage innate immunity (45, 46).

In CF airway chronic Pa infection, the bacterium changes from an active moving form to a passive form by down-regulating its flagellin expression (47). Pa flagellin is one of the best known PAMPs that activate TLR5 signaling pathway through MyD88 and induce multiple pro-inflammatory cytokines (IL-8, IL-1ß) from airway epithelial cells and macrophages to recruit neutrophils and other inflammatory cells into the airways (48–50). Pa uses different strategies to escape the protective role of flagellin-mediated host immune response. Notably, Pa can secrete alkaline protease AprA and elastase LasB, which cleave the exogenous flagellin as a mechanism to evade flagellin mediated immune responses (47). Interestingly, degradation of flagellin monomers by AprA and LasB can reduce TLR5 activation induced inflammatory responses (47). In addition, Pa secretes other proteases including LasA and protease IV. These proteases interact with a wide range of molecules including the host and the bacteria as mentioned above, resulting in structural component and inflammatory mediator degradation and dampening the immune responses. Pa proteases have been shown to degrade a variety of host defense mediators and components including but not limited to IL-8, CXCL1, CXCL5, IFN-γ, IL-6, immunoglobulins, and antimicrobial peptides (51–54).

The effects of elastase LasB in modulating the immune response during Pa infections have been well studied. Pa exploits LasB to inhibit alveolar macrophages oxidative burst and down-regulate reactive oxygen species (ROS) generation during phagocytosis (55). LasB is also involved in degradation of surfactant protein SP-A resulting in phagocytosis resistance of the bacteria (56, 57). Another LasB dependent immune modulating function is lysis of the thrombin protein resulting in formation of the FYT21 peptide that inhibits the activation of transcription factors NF-κB and AP-1 (58). Remarkably, asthma patients have about 20% more thrombin concentration compared to healthy individuals (59).

An additional strategy developed by Pa in chronic infections is that it is capable of halting the expression of the type III secretion system (T3SS) (60). T3SS is a needle like secretion machinery complex in Gram-negative bacteria that injects bacterial effectors into the host cells (61). This machinery complex has been implicated in pathogenesis of acute Pa infections by causing tissue damage and bacterial spreading (62, 63). By inhibiting T3SS expression, bacteria escape T3SS mediated inflammasome activation by chronic Pa infection in CF patients (64).

Notably, Pa can form biofilms, a specific bacteria self-aggregates via their extracellular matrix to form a multicellular matrix (65). The host response to Pa biofilm is rather intricate since it can both incite or inhibit the immune response. It has been shown that during the biofilm stage, Pa down-regulates flagellin and T3SS resulting in lower complement system activation (66–68). On the other hand, biofilms can conceal the surface bacterial factors from the host and helping Pa to evade the immune system. In contrast, Pa biofilms can stimulate the neutrophilic response and furthermore cause necrotic killing of neutrophils leading to a further robust inflammation and tissue damage (69, 70).

Mucoid Pa, the most common in CF chronic infections, produces excess amount of extracellular polysaccharide alginate called mucoidy (71). It has been shown that over-production of alginate can impair the immune response and allow for persistence of the bacteria with different strategies. Alginate interferes with opsonic phagocytosis and compliment system activation and disrupts ROS production during phagocytosis (65, 72). Alginate is also responsible for bacterial resistance to antimicrobial peptides like LL-37 (73). Furthermore, it has been shown that due to co-regulation of alginate and flagellin, mucoidy can inhibit synthesis of flagellin and thus reduce TLR5 activation (74, 75).

Another adaptive mechanism in which Pa escapes the host immune system is synthetic and structural changes to LPS in chronic infections. LPS structure is recognized by TLR4 and is composed of three components: lipid A, core oligosaccharide, and the O antigen. The O antigen is the main component which shows high variability in immunogenic oligosaccharides and interacts with extracellular surroundings (76). During Pa chronic infection, the bacterial LPS undergoes adaptive structural and synthetic changes which results in lipid A modification/acetylation, loss of O antigen polysaccharide, and downregulation of LPS synthesis (76). These adaptive changes are considered to be possible mechanisms that Pa exploits to escape the immune system perhaps through being unrecognizable to TLR4 (77). Moreover, lipid A undergoes acetylation, which prevents binding of host antimicrobial peptides to the bacteria (78). It seems that Pa causing the chronic infection has more tendency to undergo genetic mutations resulting in significant lower expression to no expression of the O antigen involved in lower clearance of the bacteria from the lungs of CF patients (79–81).

Together, Pa uses various mechanisms to sustain lung chronic infections, such as reducing the recognition of flagellin by TLR5 and LPS by TLR4 through cleaving the TLR ligands, degrading host immune mediators or their transcription factors via secreting proteases, undergoing structural changes like forming biofilm, and producing excess amount of mucoid to evade host defense mechanisms and persist in the lungs.



CRAFTY STAPHYLOCOCCUS AUREUS MANIPULATES HOST IMMUNE RESPONSES

Staphylococcus aureus (Sa) is a Gram-positive bacterium contributing to a range of diseases. Sa is a commensal of the human nose without showing any symptoms, but it can cause life-threatening diseases like pneumonia, endocarditis and septicemia (82). Sa is not an intracellular pathogen, but it can bind the epithelial and macrophage cell surface type F scavenger receptor SREC-I through the bacterial glycol-polymer cell wall teichoic acid (83). Furthermore, clumping factor B (ClfB) and iron-regulated surface determinant A (IsdA) are also involved in adherence of Sa to epithelial cells (84).

One of the mechanisms by which Sa can evade the immune system of the lung is to produce peptides that disturb accumulation of the complement system on the surface of the bacteria. Staphylococcal immunoglobulin binding protein (Sbi) depletes complement factor 3 (C3) (85). Moreover, the chemotaxis inhibitory protein of Sa (CHIPS) hinders the function of complement factor C5a. CHIPS also impedes the function of formylated peptide receptors on neutrophils that are required for neutrophil chemotaxis and recruitment to the site of infection (86).

There are multiple Sa proteases that can play a pivotal role in dampening the innate immune system. One of these proteases is Staphopain A, a serine protease, cleaves the N terminal domain of CXCR2, which inhibits the binding of CXCR2 to its ligand IL-8 and subsequently neutrophil chemotaxis and activation (87). Meanwhile, Staphopain B can cleave CD31, a member of immunoglobulin superfamily, expressed on neutrophils, and lead to reduced functionality of neutrophils (88). Besides, the Zn dependent metalloprotease, Aureolysin, can cleave and deactivate LL-37, an antimicrobial peptide (89). Another mechanism employed by Sa to dampen the immune system is by expressing a sortase anchored protein to dephosphorylate and activate adenosine (90). Adenosine is an effective mediator of the immune response and it binds to different G proteins coupled receptors. Upon binding adenosine to its receptor, the anti-inflammatory signaling pathways activate and result in inhibition of neutrophils degranulation and superoxide burst, platelet aggregation, and secretion of anti-inflammatory cytokine IL-10 from the innate immune cells (91).

Coagulation is the conversion of the fibrinogen to fibrin by activated thrombin and forming fibrin clots. Coagulation is one of the innate immunity defense mechanisms involved in immobilization of the bacteria and recruiting/activating the immune cells to the lungs to clear the bacteria by phagocytosis. Sa secretes coagulase (Coa) and von Willebrand Factor-binding protein (vWbp) which activate a prothrombin named staphylothrombin that only cleaves fibrinogen A and B peptides and creates fibrils of fibrin (92). Staphylothrombin avoids clotting activation and inflammation by only cleaving fibrinogen A and B but not other thrombin substrates (93, 94).

In summary, Sa utilizes a variety of elaborated mechanisms to evade the immune response including adhering to the epithelial cells and other airway innate immune cells, disrupting and depleting the complement system and neutrophil macrophages, cleaving and deactivating antimicrobial peptides, and activating adenosine mediated anti-inflammatory signaling pathways. These mechanisms may contribute to antibiotic resistance of Sa, and thus need to be further investigated for developing alternative therapies.



NON-TUBERCULOUS MYCOBACTERIA VEIL FROM THE HOST IMMUNE SYSTEM

Non-tuberculous mycobacterium (NTM) has emerged as a significant cause of infection in the lungs of immunocompromized patients or patients with CF, COPD, and bronchiectasis. Different from Mycobacterium tuberculosis, NTMs are opportunistic bacteria that can cause airways infection in altered lung environment specifically in chronic inflammatory lung diseases (95, 96). Interestingly, patients under corticosteroid therapies are more susceptible to NTM infections. The underlying mechanism of this susceptibility is unknown.

Non-tuberculous mycobacterium bacteria are composed of more than 170 species with various virulence potencies. Among these species, Mycobacterium avium and Mycobacterium abscessus are the most frequent causes of NTM related pulmonary diseases (95–100).

Wide spectrum antibiotic resistances of NTMs are well studied but these bacteria also benefit from a variety of mechanisms that they can exploit and evade the immune system.

Non-tuberculous mycobacterium can grow inside and outside of cells. M. avium and M. abscessus can reside within macrophages and hide from the immune system and anti-microbial mediators. M. avium can be discharged from macrophages and infect other macrophages and spread (101). In contrast, M. abscessus is able to deter phagocytosis by restricting intra-phagosomal acidification and as a result persist within macrophages (102, 103).

Defective cilia functionality and excess mucus in the lungs of patients with chronic inflammatory lung diseases allow persistence of the bacteria. It has been shown that M. abscessus can enter a slow growth phase and persist better in the mucus of CF patients (104, 105).

Another mechanism in which M. avium and M. abscessus escape the immune response is to form biofilms. NTMs can develop biofilms within thickened alveolar airways in CF patients or within the lung cavities of COPD patients (106, 107). The biofilm can create a shield to prevent antimicrobial mediators penetration and allow persistence of the bacteria in the lungs (108–111).

Interestingly, the smooth variant of M. abscessus expresses glycopeptidolipid (GPL), which has been shown to mask the bioactive, immunostimulatory cell wall lipids of the bacteria. This coverage results in becoming unrecognizable from the TLRs and inhibition of production of inflammatory mediators and antimicrobial peptides and the innate immune response (112).

Therefore, NTMs continue to pose a huge health concern especially in patients with compromised immunity as they undergo physiological adaptations and mechanisms in the lung, such as persisting within macrophages or deterring phagocytosis, entering a slow growth phase, and masking immunostimulatory cell wall components via GPL expression or biofilm formation.



CONCLUSION AND PERSPECTIVES

One of the pivotal responsibilities of the immune system is to induce an appropriate inflammatory response to colonizing pathogens. However, many of these pathogens exploit diseased environments and impaired defense mechanisms in the host to develop various strategies and genetic polymorphisms to either stimulate tolerance, escape the immune response, or manipulate the immune system to survive in the body. As mentioned above, in allergic airways, pathogenic bacteria either inactivate the TLRs to modulate the immune system to their benefit or become unrecognizable to the TLRs. One example is Pa in CF airways reducing its flagellin expression and evades the consequences of being recognized by TLR5 to induce inflammation. Reducing anti-microbial peptides and inflammatory mediators, increasing anti-inflammatory mediators, secreting proteases, hiding within the host cells, and structural changes are other mechanisms employed by bacteria in chronic inflammatory airway diseases resulting in reduced clearance of the pathogens and persistence of the bacterial infection in the lungs of these patients. Current studies are exploring the immune response evasion mechanisms of pathogenic bacteria in disease environments. Under the circumstances that host diseased environment can affect the pathogenicity and persistence of the bacteria in the lungs is a significant area of ongoing research.

In the future, the mechanisms behind differential regulation and functions of TLRs in healthy individuals vs. patients in various host environments should be considered for further investigation aimed to unravel this complex system. Moreover, the host and pathogen factors that help pathogens evolve very sophisticated strategies to evade the immune system and inflammation should be further determined. For example, how therapies like corticosteroids commonly used in chronic inflammatory diseases such as COPD and asthma affect bacterial evading mechanisms remain unclear, and could be carefully evaluated. Given significant growth of antibiotic resistant bacterial strains, new therapies targeting the host rather than the bacteria can be developed to allow the host to outsmart the pathogens.
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The global control of Tuberculosis remains elusive, and Bacillus Calmette-Guérin (BCG) -the most widely used vaccine in history—has proven insufficient for reversing this epidemic. Several authors have suggested that the mass presence of vaccinated hosts might have affected the Mycobacterium tuberculosis (MTB) population structure, and this could in turn be reflected in a prevalence of strains with higher ability to circumvent BCG-induced immunity, such as the recent Beijing genotype. The effect of vaccination on vaccine-escape variants has been well-documented in several bacterial pathogens; however the effect of the interaction between MTB strains and vaccinated hosts has never been previously described. In this study we show for the first time the interaction between MTB Beijing-genotype strains and BCG-vaccinated hosts. Using a well-controlled murine model of progressive pulmonary tuberculosis, we vaccinated BALB/c mice with two different sub-strains of BCG (BCG-Phipps and BCG-Vietnam). Following vaccination, the mice were infected with either one of three selected MTB strains. Strains were selected based on lineage, and included two Beijing-family clinical isolates (strains 46 and 48) and a well-characterized laboratory strain (H37Rv). Two months after infection, mice were euthanized and the bacteria extracted from their lungs. We characterized the genomic composite of the bacteria before and after exposure to vaccinated hosts, and also characterized the local response to the bacteria by sequencing the lung transcriptome in animals during the infection. Results from this study show that the interaction within the lungs of the vaccinated hosts results in the selection of higher-virulence bacteria, specifically for the Beijing genotype strains 46 and 48. After exposure to the BCG-induced immune response, strains 46 and 48 acquire genomic mutations associated with several virulence factors. As a result, the bacteria collected from these vaccinated hosts have an increased ability for immune evasion, as shown in both the host transcriptome and the histopathology studies, and replicates far more efficiently compared to bacteria collected from unvaccinated hosts or to the original-stock strain. Further research is warranted to ascertain the pathways associated with the genomic alterations. However, our results highlight novel host-pathogen interactions induced by exposure of MTB to BCG vaccinated hosts.

Keywords: tuberculosis, BCG vaccination, Beijing genotype, virulence, lung transcriptome


INTRODUCTION

In 1921 the Bacillus Calmette-Guérin (BCG) vaccine, constituting of viable but attenuated Mycobacterium bovis bacteria, was introduced as the first and so far only tuberculosis (TB) preventive vaccine approved by the World Health Organization (WHO) (1). However, despite billions of individuals having been vaccinated in the past century, TB continues to pose a serious threat to global health. Recently, the WHO reported that TB accounts for ~10 million incident cases, 44% of which are concentrated in the South-East Asian region (2). Furthermore, TB is presently the most deadly infectious disease due to a single pathogen.

The BCG vaccine has been outstandingly successful in preventing severe forms of tuberculosis (meningeal and miliary). Nonetheless, the vaccine presents considerable shortcomings in terms of preventing pulmonary tuberculosis, with a considerable variability in efficacy, ranging from 0 to 75% in different regions of the world (3, 4). Hypotheses to explain this remarkable heterogeneity in efficacy include flaws in the design of long-term studies, genomic differences between the BCG daughter strains, and that BCG protection may differ by Mycobacterium tuberculosis (MTB) genotype (5–7). Indeed, the distribution of MTB genotypes differs significantly by geographic area (8), if BCG vaccination protects against some, but not all genotypes to the same extent (9) this may contribute to the success of specific genotypes. If so, there would be an ongoing selection of MTB genotypes with an increased ability to circumvent BCG-induced immunity, particularly in high prevalence countries with high vaccination coverage (5).

The most studied in this respect is the Beijing genotype (recently re-named Lineage 2), highly prevalent in South East Asia, the former Soviet Union, and South Africa (10, 11). The Beijing genotype is part of the modern MTB lineage, and is represented by often genetically highly conserved, widespread strains (12, 13). Moreover, Beijing strains have been significantly associated with the spread of multidrug resistant (MDR)-TB, although recent reports from patients in the Beijing area have challenged previous studies (14–16). Several studies have indicated Beijing strains may have selective advantages over other genotypes; they are more prevalent in young patients, and show high clonality, suggesting ongoing transmission, and are associated with rapid disease progression and unfavorable treatment outcomes (17–19). Moreover, studies in mice have shown that BCG vaccination protects less efficiently against infection by Beijing strains compared with other genotypes, and this impediment to the efficacy of BCG has been linked to a decrease in effector immunity in subjects infected by Beijing-genotype strains (20, 21).

Other factors may also come into play when dissecting the reasons behind the fact that vaccination alone as a prophylactic strategy has not been enough to reverse the TB epidemic. One such factor is the effect of vaccinated hosts on a microorganism's population structure. This effect has been described previously, particularly for “imperfect vaccines,” which act by reducing the growth rate of a microorganism within a host, rather than preventing the infection process and spread to new humans (22). In such cases, higher vaccine coverage would consequentially more efficiently eliminate less virulent forms, driving the selection of microorganisms with a higher degree of virulence. These vaccine-adapted bacteria would possess competitive advantages compared with wild-type bacteria, potentially in both vaccine-naïve and vaccinated individuals (22).

In this study, we hypothesize that exposure to BCG-induced immunity may select vaccine-escape microorganism variants with a higher capacity for disease breakdown. If so, MTB bacilli would increase their virulence, as a function of changes in their genetic makeup, after exposure to BCG-induced immunity in vaccinated hosts. We tested this hypothesis in a syngeneic BALB/c mouse model of progressive pulmonary tuberculosis, by comparing the virulence of two Beijing genotype strains (and control strain H37Rv) before and after passage through BCG-vaccinated and non-vaccinated mice. The course of the disease in terms of pulmonary bacillary loads determined by colony forming units [CFUs]/mL, histopathology assessment of lung tissue and survival curves were used as parameters.



METHODS


MTB Strain Selection and Culture Conditions

An overview of the experimental design is portrayed in Figure 1. Strains were selected from a collection of clinical isolates from different regions of the world, considering diverse factors for strain selection including genotype and having been previously characterized using a murine model (23) (Table 1).
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FIGURE 1. Experimental strategy.



Table 1. Bacterial strains selected for experimentation.
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Stock bacteria from the selected strains (namely strains 1 [laboratory strain H37Rv; Euro-American lineage], 46 and 48 [Beijing lineage]) were grown in Middlebrook 7H9 broth (Difco Laboratories, Detroit, MI, USA) supplemented with glycerol, Tween-80, and OADC enrichment (containing oleic acid, albumin, dextrose, and catalase) at 35°C, 75 RPM. All cultures were monitored for optic density and obtained at mid log-phase. Bacterial viability was assessed using the LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, Eugene, OR) for flow cytometry, following manufacturer's instructions. Briefly, liquid cultures were centrifuged at 10,000 × g for 15 min. The supernatant was removed and the pellet was re-suspended in 2 mL of 0.85% NaCl. One mL of this suspension was added to a new 50 mL tube containing 20 mL of 0.85% NaCl, and incubated at room temperature for 1 h. The sample was centrifuged at 10,000 × g for 15 min and re-suspended in 20 mL of 0.85% NaCl and centrifuged at 10,000 × g in order to remove any traces of growth medium. The pellet was re-suspended in a separate tube with 10 mL of 0.85% NaCl and 1 mL of this suspension was used for assessment of optic density using a spectrophotometer at 600 nm (OD600). The suspension was diluted 1:100 in filtered, sterile water and from this stock solution different dilutions were prepared in cytometer-compatible tubes in a total volume of 2 mL. Using a microfuge tube, a mixture was prepared with 35 μL of component A and 35 μL of component B. We added 6 μl of this mixture to each sample and mixed by pipetting. The mixture was incubated in the dark for 15 min at room temperature. Data were acquired using a cytometer using standard procedures. The kit contains both SYTO9 stain and propidium iodide, therefore bacteria are labeled red when dead and green when alive. All MTB strains were required to have >90% live cells in order to be stored and used for animal experimentation. Each strain was plated in serial dilutions in Middlebrook 7H10 agar in order to count the Colony Forming Units (CFUs) per mL and then stored at −80°C in individual aliquots.



Exposure of Original-Stock Bacteria to the Immune System of BCG-Vaccinated Mice

Groups of five male BALB/c mice 6–8 weeks old were immunized subcutaneously with either one of two different sub strains of BCG (BCG Phipps or BCG Vietnam, 8,000 live bacilli suspended in 50 μl PBS), for a control group, a third group of five mice received a subcutaneous injection of the vehicle solution, Phosphate-Buffered Saline (PBS). Two months post-immunization the mice in each group were challenged with the selected strains (1, 46, and 48) through the intratracheal route. Briefly, each mouse was anesthetized with sevofluorane in a gas chamber, immobilized and inoculated intratracheally using a stainless steel cannula with 0.1 mL of PBS containing 2.5 × 105 live bacteria. Mice were kept in vertical position until they fully recovered. Infected mice were kept in cages fitted with micro-isolators in groups of ≤ six animals per cage. All animal procedures were performed according to the national regulations on animal care and experimentation (NOM 062-ZOO-1999) after approval by the Animal Experimentation Committee at the National Institute of Medical Sciences and Nutrition México (PAT-1860-16/18-1).

Two months after challenge with bacterial strains, mice were euthanized by exsanguination while under anesthesia; lungs were extracted and immediately snap-frozen in liquid nitrogen. Each lung was homogenized in PBS-Tween-80 0.05% and serial dilutions were cultured in Middlebrook 7H10 agar medium at 37°C with 5% CO2. Plates were reviewed every week to check for bacilli colony growth. Following 2–3 weeks (2 weeks for H37Rv, 3 weeks for both Beijing strains) after plating, three colonies were placed in 7H9 medium for colony growth and in blood-agar plates in order to ascertain MTB purity. Purity was also assessed at all time points further whenever the bacterial stocks were manipulated by plating a sample in blood-agar, and performing a Ziehl-Neelsen stain and gram stain in order to identify only ziehl-neelsen positive bacteria in all the samples. Any samples in which other microorganisms grew within the blood-agar or were identified using gram staining were disposed of accordingly. A total of three sub strains from each original strain were obtained from vaccinated and control animals: the first one was obtained from mice immunized with BCG Phipps, the second one from mice immunized with BCG Vietnam, and the third one from non-vaccinated, control mice. Growth curves were constructed with each of these sub strains (each assigned a suffix letter P, V, or S in order to reflect whether they had passed through mice vaccinated with BCG-Phipps [P], BCG-Vietnam [V], or Saline-control [S]) and bacilli were collected at the log-phase. All collected bacilli were assessed for viability as previously described. Following, they were seeded in Middlebrook 7H10 agar in serial dilutions in order to count the number of CFUs per mL and stored at −80°C.



Virulence Assessment

Tubes containing bacteria collected from all experimental groups (P, V, S) as well as the original-stock strain were thawed at 37°C and prepared in order to infect groups of 50 naïve, non-vaccinated, BALB/c mice following the same procedure previously described. Once infected, mice were monitored and then euthanized following the model of progressive pulmonary TB, which has been extensively described elsewhere (24). Briefly, five mice per group were euthanized by exsanguination after total anesthesia at days 1, 3, 7, 14, 21, 28, 60, and 120 following infection. Lungs from euthanized animals were extracted and stored according to their future use: 4 lungs were snap-frozen in liquid nitrogen for future CFU-assessment; 3 lungs were snap-frozen in liquid nitrogen for future RNA extraction; 3 lungs were instilled by the trachea with ethyl alcohol and stored in ethyl alcohol-filled tubes for histopathology evaluation. Methods for these assessments have been extensively reviewed elsewhere (25). Two independent experiments were performed with each set of strains.


Evaluation of Lung Bacillary Load Through CFU

The right lung from four of the euthanized animals in each time point was quickly removed after exsanguination and snap-frozen in liquid nitrogen. Lungs were progressively unfrozen and homogenized with a polytron (Kinematica, Lucerne, Switzerland) in tubes containing 1 ml PBS, Tween-80 0.05%. Dilutions of each homogenate were seeded in plates containing 7H10 medium. The plates were placed in incubators at 37°C with 5% CO2 for 3 weeks. The number of colonies was counted and extrapolated to show data as number of CFU per mL of lung tissue.



Preparation of Lung Tissue for Histopathology Studies

The left lung from three of the euthanized animals in each time point was perfused through the trachea with ethyl alcohol (J:T Baker, Mexico City, México). Lungs were then dehydrated and embedded in paraffin, 4 μm sections were obtained and stained with haematoxylin and eosin in order to evaluate lung pathology. Histopathological parameters evaluated in this study included pneumonia (expressed as percentage of lung area affected); necrosis (expressed as percentage of lung area affected); average number of granulomas per lung (n = 3) and average size of granulomas (in μm2). Definitions for each parameter have been previously established in this murine model, briefly pneumonia is defined as areas with inflammatory infiltrate that occupied alveolar lumens and alveolar-capillary interstitium. For the quantification of the area of granulomas, all the granulomas [defined as well-delimited nodular aggregates of lymphocytes and macrophages that can include dendritic cells and fibroblasts formed in response to persistent TB infection (24, 26)] were blind measured by a well-trained pathologist in the whole slide at 400X magnification. Necrosis was defined as Areas with total tissue architecture destruction with abundant cellular eosinophilic cytoplasmic debris, along with fragmented or karyorrhectic nuclei. Data is reported as the mean values ± SD from three different subjects at each time-point. All parameters were assessed using an automated image analyzer (QWin Leica, Milton Keynes, Cambridge, UK).




Statistical Analysis for Virulence Parameters

In order to determine statistical significance in the bacillary load and the histopathology studies we compared groups using a 2-way ANOVA followed by a Bonferroni posttest in order to determine significant differences among the groups (p < 0.05 was considered significant). The survival curves were evaluated using a Log-Rank test in order to find differences between the curves along the duration of the study. Each survival analysis was performed with 50 subjects per group, a total of 200 subjects per experimental set of strains (subjects were censured from the survival analysis at the time of euthanasia). All the statistical analysis was performed using GraphPad Prism Software (version 6.0, La Jolla, USA).



NGS-Sequencing and Bioinformatics

Bacterial gDNA was extracted from liquid cultures and libraries were constructed using the Illumina TruSeq DNA PCR-Free library prep kit (Illumina, San Diego USA, Cat. No. 20015962). Libraries were constructed starting with 2 μg of gDNA and sequenced in paired-end version (2 × 150 bases) using an Illlumina NextSeq500 equipment at the Biotechnology Institute (IBT, Cuernavaca, Mexico). A Beijing-genotype genome NITR203 (RefSeq: NC_021054.1) recently curated by the NCBI was used as a reference strain. Raw sequences were filtered and low quality reads were deleted using Trimmomatic (v 0.33) (27). As previously reported for Beijing-genomes, CLC Genomics Workbench version 10 was used in order to assemble the 4 sequenced strains. Details regarding genome assembly can be found in Supplementary Table 1.

In order to call variants, the Snippy V4.3.6 program was used, with the default setting. Following, the genome was annotated using Prokka (default settings) v1.13 (28). Variants were initially identified between each of the sequenced strains and the reference Beijing genome NITR203. All the variants which were shared between the original-stock strain and the vaccine-exposed strains when comparing with the reference strain were filtered out, and only those variants which were unique to the original-stock strain or to the vaccine-exposed strain were considered biologically relevant for comparison purposes. Unique variants were compared between the original strains and the vaccine-exposed strains which presented a virulence increase (46 vs. 46P, 48 vs. 48V). Further, variants were compared between the two vaccine-exposed strains (46P vs. 48V).

For RNAseq, RNA was extracted from lungs of infected mice at day 21 post-infection and quantified using Qubit; quality was assessed using a Bioanalyzer. Only samples with an RNA integrity number (RIN) >8.0 were used. Libraries were constructed using 1 μg of each RNA sample, using the TruSeq stranded mRNA kit (Illumina, San Diego, USA, 20020594). Libraries were sequenced in single end version (125 bases) in an Illumina HiSeq2500 equipment at the RAI (RAI, Mexico City, Mexico). Raw sequences were trimmed using Trimmomatic (v 0.33) (27). Following, reads were mapped using BWA_MEM (29), against the Mus musculus reference genome (GCA_000001635.8 GRCm38.p6). The read count was performed using htseq (30). The differential gene expression (DGE) was assessed using the bioconductor package DESeq2 (version 3.7) (31). The GO (Gene Ontology (GO) enrichment analysis for differentially regulated genes, which considers the functional hierarchy of the differentially expressed genes) and KEGG enrichment were evaluated using WebGestalt (32).




RESULTS


Virulence Assessment
 
Survival Rate

In order to test whether immunization exerted a change in the virulence in MTB bacilli exposed to vaccinated mice, groups of 50 naïve BALB/c mice were intratracheally infected with each of the following bacteria: original stock strain (n = 50), “P” strain (n = 50) isolated from the lungs of BCG Phipps vaccinated mice, “V” strain (n = 50) isolated from the lungs of BCG Vietnam vaccinated mice and control “S” strain (n = 50) isolated from the lungs of sham-vaccinated, control mice. Survival rates for animals infected with strain 1 (reference strain H37Rv) and vaccine-exposed variants (1P, 1V, and 1S) showed no significant differences (Supplementary Figure 1A). In contrast, animals infected by vaccine immunity-exposed Beijing genotype strain 46P had a significantly decreased survival compared with the original-stock strain 46 (p < 0.0001) (Figure 2A). Similarly, in the case of Beijing genotype strains 48, 48P, 48V, and 48S, animals infected with vaccine-exposed strain 48V had a significantly decreased survival when compared with the original-stock strain 48 (p < 0.0001) (Figure 2B).
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FIGURE 2. (A) Survival rate for animals infected with strains 46, 46P, 46V, and 46 S (n = 50 subjects/strain). (B) Survival rate for animals infected with strains 48, 48P, 48V, and 48S (n = 50 subjects/strain). (C) Bacillary load in lungs from animals infected with strains 46, 46P, 46V, and 46S at day 21 postinfection. (D) Bacillary load in lungs from animals infected with strains 48, 48P, 48V, and 48S at day 21 postinfection.




Pulmonary Bacillary Load

To further assess the virulence level of the original-stock strains in comparison with the vaccine-exposed strains, the presence of colony forming units (CFU) were compared in lungs from animals infected by original-stock bacilli and vaccine-exposed bacilli. Lungs from animals infected with Euro-American genotype laboratory strain 1 (H37Rv) and vaccine-exposed strains 1P, 1V, and 1S showed no significant difference in terms of bacillary load on days 1, 3, 7, 21, 28, 60, and 120 post-infection (Supplementary Figure 1B), although we observed a four times lower bacillary load in lungs collected from animals infected by strain 1 (4.5 × 106 CFU/mL lung homogenate) compared with those infected by strain 1V (17.4 × 106 CFU/mL lung homogenate) on day 14 post-infection (p < 0.01). This difference did not correlate with survival or histological damage (Supplementary Figure 1C). However, in the case of Beijing strains 46, 46P, 46V, and 46S, we observed a significant difference in bacillary load at day 21 post infection when comparing lungs obtained from animals infected by the original strain 46 (1.4 × 107 CFU/mL lung homogenate) and those infected with strain 46P (6.5 × 107 CFU/mL lung homogenate) at day 21 post-infection (p < 0.001) (Figure 2C). Similarly, Beijing-genotype strain 48 had a significantly lower bacillary load (3.1 × 108 CFU/mL lung homogenate) compared with vaccine-exposed strain 48V (8.3 × 109 CFU/mL lung homogenate) at day 21 post-infection (p < 0.01) (Figure 2D).



Histopathological Damage

The third virulence parameter evaluated was histopathological damage. Animals infected by strain H37Rv (Euro-American lineage) strain 1 and vaccine-exposed 1P, 1V, and 1S had pneumonia-type damage, which appeared at day 21 post-infection and increased throughout days 28, 60, and 120 post-infection. A significant difference in lung area affected by pneumonia was observed on day 120 between the original-stock strain 1 (52.6%) and the vaccine-exposed strain 1P (78.6%) (p < 0.05); nonetheless, this difference did not correlate with other parameters for evaluating virulence (Supplementary Figure 1C).

In correlation with the previously described parameters, animals infected by Beijing-genotype strains generally developed more pulmonary necrosis. Moreover, animals infected by strain 46 and vaccine-exposed strain 46P had a significantly different lung damage pattern (Figure 3). First, animals infected by vaccine-exposed strain 46P developed pneumonia earlier throughout the course of the disease, with initial small pneumonic areas appearing as early as day 14 postinfection compared with strain 46 (9.8 vs. 0%; p < 0.001), and gradually increasing throughout day 21 (20.9 vs. 13.2%; p < 0.01) and 28 (65.5 vs. 60.5%; p > 0.05) postinfection (Figure 3A). Although by day 28 the area affected by pneumonia was similar between animals infected by both strains, in the case of animals infected by strain 46P, these pneumonic areas were mostly occupied by areas of pulmonary necrosis, with large areas occupied by cellular debris and fragmented cells, along with an intensely acidophilic material in the extracellular space. When this parameter was measured, animals infected by strain 46P had a significantly larger lung percentage affected by necrosis at day 21 (11.6 vs. 2.5%; p < 0.05) and 28 (46.6 vs. 4.9%; p < 0.001) post-infection (Figure 3B). We also quantified the number and size of granulomas in animals infected by strains 46 and 46P (the strains which had showed significant differences in other virulence parameters) and identified that animals infected by vaccine-exposed strain 46P developed granulomas later compared with those infected with original strain 46 (average number of granulomas at days 7 [2 vs. 0; p < 0.05]; 14 [18.3 vs. 4.3; p < 0.001]; 21 [6.3 vs. 6.3; p > 0.05]; and 28 [3.0 vs. 1.3; p > 0.05]) (Figure 3C). Additionally, the size of the granulomas was significantly smaller in animals infected by strain 46P compared with those infected with strain 46 (average size of granulomas at days 7 [9655.6 vs. 0%; p < 0.001]; 14 [12977.6 vs. 4324.0%; p < 0.001]; 21 [17522.4 vs. 7423.4%; p < 0.001]; and 28 [14915.4 vs. 7970.0%; p < 0.001]) (Figure 3D). Representative images of the areas of necrosis, pneumonia and of granulomas in animals infected by strains 46 and 46P can be found in Figures 4, 5.
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FIGURE 3. (A) Lung area affected by pneumonia in animals infected by strain 46 and 46P. (B) Lung area affected by necrosis in animals infected by strain 46 and 46P. (C) Average number of granulomas in animals infected by strain 46 and 46P. (D) Average size of granulomas in animals infected by strains 46 and 46P. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 4. Representative images of histopathological findings in animals infected by strain 46 and strain 46P. (A) Animals infected by strain 46 had early formation of granulomas (arrow) and interstitial inflammation, since day 7 post-infection (100X magnification). (B) Representative image of animals infected by strain 46P at day 7 postinfection, without formation of granulomas and very scarce if any interstitial inflammation (100X magnification). (C) On day 21 postinfection, animals infected by strain 46 had small pneumonic areas throughout the lung tissue (25X magnification). (D) Animals infected by strain 46P, instead, had larger pneumonic and necrotic areas by day 21 postinfection (25X magnification). (E) By day 28 postinfection, animals infected by strain 46 had larger, confluent pneumonic areas, with scarce areas with necrosis (25X magnification). (F) Contrary, animals infected by strain 46P had large areas of massive pulmonary necrosis which occupied most of the lung tissue (25X magnification). Stained with hematoxylin and eosin. * areas of interstitial inflammation.
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FIGURE 5. (A) Representative image of pulmonary necrosis in animals infected by strain 46P on day 28 postinfection. The image shows the complete loss of pulmonary tissue architecture over large areas, with cellular debris, picnotic and fragmented nuclei and acidophilic material occupying the extracellular space (200X magnification). (B) Ziehl-Neelsen stain showing specific necrotic areas with the presence of large ammounts of acid-fast bacteria within the necrotic tissue (*) but also free in the interstitial space (arrow) (1000X magnification; stained with Ziehl-Neelsen).


The histological parameters in animals infected by Beijing-genotype strain 48 and vaccine-exposed strains 48P, 48V, and 48S were similar to those identified in the experiments with strain 46. Animals infected by vaccine-exposed strain 48V developed pneumonia earlier and with more extensive lung area compromised compared with animals infected by strain 48 [days 14 [2.2 vs. 0%]; 21 [44.9 vs. 27.8%; p < 0.05]; 28 [animals infected by strain 48V all suffered spontaneous death by this day vs. 43.2%] postinfection, respectively] (Figure 6A). In terms of necrosis, animals infected by strain 48V developed small areas of necrosis by day 14 postinfection (0.5 vs. 0%; p > 0.05), which were significantly greater by day 21 postinfection compared with those found in animals infected by strain 48 (42.9 vs. 8.4%; p < 0.001) (Figure 6B). This comparison cannot be made for day 28 postinfection since all animals infected by strain 48V had been deceased by this day. Similar to strain 46P, animals infected by vaccine-exposed strain 48V had a statistically significantly smaller number and average size of granulomas throughout the course of the infection (Figures 6C,D). Representative images of the areas of necrosis, pneumonia and of granulomas in animals infected by strains 48 and 48V can be found in Figure 7 (animals infected with strain 48V all suffered spontaneous death before day 28 postinfection, therefore no images are available for the animals at this time point during the kinetics of the experiment).
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FIGURE 6. (A) Lung area affected by pneumonia in animals infected by strain 48 and 48V. (B) Lung area affected by necrosis in animals infected by strain 48 and 48V. (C) Average number of granulomas in animals infected by strain 48 and 48V. (D) Average size of granulomas in animals infected by strains 48 and 48V. *p < 0.05, ***p < 0.001.
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FIGURE 7. Representative images of histopathological findings in animals infected by strain 48 and strain 48V. (A) Lung tissue from animal infected by strain 48 at day 14 postinfection, with formation of small granulomas and perivascular inflammation (arrow) (100X magnification). (B) Lung tissue from animal infected by strain 48V at day 14 postinfection shows scarce interstitial inflammation without granuloma formation (100X magnification). (C) Animals infected by strain 48 had small pneumonic and necrotic areas throughout the lung tissue by day 21 postinfection (25X magnification). (D) Animals infected by strain 48V developed large confluent areas of pulmonary necrosis by day 21 postinfection (25X magnification). Stained with hematoxylin and eosin.





Transcriptomic Profile

Among those bacteria which showed a significantly different disease phenotype from the virulence experiments (46 vs. 46P; 48 vs. 48V) we isolated RNA from the lungs of animals at day 21 postinfection (this day in both cases showed the highest difference in terms of survival, lung bacillary load and histological damage between the aforementioned strains). We identified a total of 41 up-regulated genes in the mice infected by strain 46 compared with those infected by strain 46P at day 21 post-infection (Supplementary Table 2). Furthermore, a total of 45 up-regulated genes were identified in mice infected by strain 48 compared with those infected by strain 48V at day 21 post-infection (Supplementary Table 3). A total of 8 genes were down-regulated in animals infected by strain 46 compared with those infected by strain 46P (Supplementary Table 4) and 69 genes were downregulated in animals infected by strain 48 compared with those infected by strain 48V (Supplementary Table 5). Several biological processes were impacted with the up-regulation of genes relative to strains. For animals infected by strains 46 vs. 46P, up-regulated genes were significantly grouped in terms of immune-related processes, including genes related to immune response, leucocyte migration, leucocyte chemotaxis, response to stress, inflammatory response, acute inflammatory response, C-X-X chemokine binding, and interleukin-8 binding, among others (Figure 8). In the case of animals infected by strains 48 vs. 48V, up-regulated genes included those associated with immune processes, including immune system process, and immune response, leucocyte migration, positive regulation of leucocyte activation, inflammatory response, and acute inflammatory response. Additionally other pathways were also enriched in the animals infected by these strains, including the up-regulation of collagen catabolic processes and lymph node development (Figure 9).
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FIGURE 8. Biological processes impacted by up-regulated genes in animals infected with strain 46 compared with animals infected with strain 46P at day 21 postinfection.
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FIGURE 9. Biological processes impacted by up-regulated genes in animals infected with strain 48 compared with animals infected with strain 48V at day 21 postinfection.


We identified several influenced pathways with differential gene expression in mice infected by the different Beijing-genotype bacilli. For animals infected with strain 46 vs. 46P, four pathways were enriched in terms of up-regulated genes (complement and coagulation cascades [n = 4]; cytokine-cytokine receptor interaction [n = 5]; hematopoietic cell lineage [n = 3]; and toll-like receptor signaling pathway [n = 3]). For animals infected by strains 48 vs. 48V, three pathways were enriched in terms of up-regulated genes (amoebiasis [n = 3]; cytokine-cytokine receptor interaction [n = 4]; and osteoclast differentiation [n = 3]). Interestingly, when comparing the animals infected by both bacterial sets (46 vs. 46P, 48 vs. 48V) we identified two up-regulated genes which were present in both cases. These included Glycoprotein-2 and Vanin-1.



Genomic Profile

When comparing the genome sequence from bacilli before and after passage through vaccinated mice, several mutations and other type of variants were observed. Variants were compared between the original strains and the vaccine-exposed strains (46 vs. 46P, 48 vs. 48V). Strain 46 had two unique mutations compared to strain 46P, while strain 46P had three mutations compared to strain 46. Strain 48 had five mutations compared to strain 48V, while strain 48V presented nine mutations compared to strain 48 (Table 2). Interestingly, when comparing the mutations present in both vaccine-exposed strains (46P vs. 48V) we identified one variant which was shared by both genomes. This variant was an inframe insertion present in a PE-family protein. The datasets for the sequenced genomes and lung transcriptomes in this project have been deposited as a Bioproject at NCBI and can be accessed through the project number PRJNA628024.


Table 2. Genome variants present in Beijing genotype bacilli before and after passage through BCG-vaccinated mice.
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DISCUSSION

The WHO estimates that in the last two decades 43 million lives have been saved by improved TB control. Despite the encouraging data, we are still far from reaching the ambitious goals of the END-TB strategy, which include reducing global mortality attributable to TB by 95% in the year 2030. The current global trend shows only a 2% reduction in the number of TB deaths per year; however, a 17% yearly reduction would be required to achieve the WHO target. As such, it is strikingly clear that ending TB will require “a surge in our efforts” (33). It has been almost a century since the BCG was introduced as, so far, the only vaccine to control TB (6), and although this was successful in several geographic regions, its limitations in terms of efficacy against pulmonary TB have become clear in the past decades. BCG vaccination has been shown to be highly cost-effective, and it has been consistently shown to prevent meningeal and miliary TB (34). Nonetheless, its ability to prevent pulmonary TB is much less well-established, particularly in the case of the Beijing genotype. It has been previously suggested that BCG could act as a selective pressure, favoring genetic and phenotypic changes which would in turn contribute to the dissemination of these conserved strains, however, experimental data to support this hypothesis had never before been presented (5).

In this study we present evidence stemming from a murine TB model, in which we directly evaluated the effect of BCG vaccination on the virulence of two Beijing genotype strains and a well-characterized MTB control strain, H37Rv. Interestingly, only Beijing-genotype strains (46 and 48) showed a significant increase in virulence after exposure to BCG-induced immunity. The presented data supports previous observations, in which Beijing-genotype strains have been identified as having adaptive advantages compared with other genotypes, including increased expression of α-crystallin and the dosR regulon gene, and induction of a deteriorated immune response in infected hosts (12, 35). Altogether, these characteristics lead to an increased virulence, evasion of host immune response and an increased capacity for latency and transmission (12).

As a consequence of vaccination, the immune system is primed to generate a significant arrangement of cells, cytokines and humoral factors to create a hostile environment against microorganisms. In the case of MTB, this pathogen can readily adapt to hostile environments including nutrient deficiency, high media acidity and even hypoxia (36). Despite the environment induced by BCG vaccination the infection, or even the disease, often cannot be prevented (22). During this process, the fittest bacteria may undergo adaptive evolution (37). Accordingly, mass vaccination may shift the previously existing balance between wild-type and vaccine-resistant strains to the latter (38). This is mainly the case when the level of induced immunity is inferior in terms of cross-reactivity compared with naturally-acquired immunity and the pathogen strain variability is high (38), such as with MTB (Supplementary Figure 2). Such shifts in bacterial populations, in order to “outsmart” their host have been previously studied (39). In a study performed in Dutch patients, researchers observed important polymorphisms in virulence factors of Bordetella pertussis after the introduction of whole-cell vaccination. Moreover, these polymorphisms allowed the bacteria to cause disease in hosts who had been previously vaccinated, since the polymorphisms conferred these vaccine-adapted strains with different virulence factors compared with those which were present in the strains used to prepare the vaccine (39). Interestingly, the authors in this study observed a statistically-significant inverse relation between the percentage of specific subtypes of the virulence factor P.69 present in the strains isolated from individuals, and their degree of vaccine-induced immunity. This finding highlights the fact that the shift in bacterial population from those which carry the identical virulence factor as in the vaccine strain (i.e., P.69A) to strains with non-vaccine-type P.69, has been very likely driven by vaccination. Thus, as previously discussed by van Loo Inge “like the use of antibiotics, vaccination can impose a strong selective force on populations of microorganisms, nevertheless long term, population-based, studies addressing the effect of vaccination are limited” (40). Among some of the earlier evidence, studies have reported that following the introduction of H. influenza vaccination, a small increase in incidence of invasive disease was observed (41). The population structure of the measles virus has likely also been affected by vaccination, and evidence shows that genes from pre-vaccination isolates have important variants which result in antigenic differences with pre-vaccination isolates as well as with vaccine-strain virus (42, 43). Recently, several mumps outbreaks have been identified in locations with high vaccine coverage (>95%), and results from molecular epidemiology studies suggest a higher prevalence of specific genotype viruses which have a substantial capacity to spread among vaccinated hosts. An epidemic wave reported in 2015 in Catalonia, for example, has been related to antigenic differences between the circulating and vaccine strains (termed immune escape) in addition to a waning immunity (44). Overall, results from different studies in a varied number of microorganisms suggest that circulating genotypes might be affected over time, and this in turn might advocate for a continuous evaluation of vaccine strain efficacy while considering the current molecular epidemiology scene.

Among the MTB genotype families the Beijing genotype is recognized for being particularly capable to evade the immune response (20). Some of these strains have managed, as reflected by multiple determinants, to cause serious illness in naïve as well as vaccinated individuals, creating a new risk in regions where TB had long ceased to be a serious public health threat (45). In this regard, one of the most interesting findings in our study is the fact that two MTB strains of the Beijing genotype showed a significant increase in virulence when exposed to vaccinated mice. This was not the case for the Euro-American genotype strain, highlighting the different response to vaccination amongst the different MTB lineages. Arguably, H37Rv is a lab adapted strain which might be unable to readily adapt under these circumstances. However, it is important to highlight that when both strains, 46 and 48, were exposed to sham-vaccinated mice, neither one of the sub strains (46S and 48S) had a hyper-virulent phenotype compared to the original-stock strain. This would suggest that the change in virulence is due to the vaccinated host, rather than other factors. Interestingly, the Beijing-genotype strains did not have the same response in terms of which BCG-substrain exposure produced differences in disease phenotype. In the case of strain 46, exposure to BCG-Phipps produced the higher-virulence strain: 46P; meanwhile in the case of strain 48, exposure to BCG-Vietnam produced the higher-virulence strain: 48V. Both BCG substrains were selected for this experiment because of previous characterization in which using laboratory strain H37Rv and other genotype strains, BCG-Phipps showed a higher degree of protective efficacy compared with BCG-Vietnam (46). Nonetheless, when these vaccinated animals were infected with strains 46 and 48, histopathological damage was different according to the infective strain and the BCG substrain used for immunization (Supplementary Figure 3). Interestingly, strain 46 was collected from the region of Vietnam, and therefore it is likely that this strain had historically been adapted to BCG-Vietnam vaccinated hosts, unlike strain 48, which was isolated from South Africa. The images would suggest that protection by BCG-Phipps is better in the case of strain 48, therefore likely leaving a higher number of escape variants in animals infected with BCG Vietnam, nonetheless this is a hypothesis and further studies are in course in order to characterize the factors underlying this observation. In such case, it is interesting to point out that, as previous studies have ascertained, BCG protection varies greatly according to vaccine substrain and also according to the particular infective strain, even among same-genotype isolates (46).

It is important to note that the initial experiments which evaluated virulence suggested a common mechanism by which the Beijing-genotype bacteria increased their virulence, as both strains 46P and 48V showed a similar virulence phenotype: both vaccine exposed strains showed similar survival rates, with 100% mortality 4 weeks post-infection; both vaccine-exposed strains produced extensive pulmonary necrosis instead of (or in addition to) the more common histopathological finding in this animal model (pneumonia), and both strains produced very little, if any, tissue damage and inflammation (perivascular and interstitial inflammation) and formation of granulomas during days 1-14 post-infection, as if going unrecognized by the host immune response (Additional images for histology patterns can be found in Supplementary Figures 4, 5). Nonetheless, the transcriptome pattern in lungs of animals infected by the Beijing-genotype strains differed considerably at day 21 post-infection. Animals infected by strains 46 and 46P differentially expressed several genes with known immune functions; for example the CD-14 antigen, a known co-receptor that binds microbial molecules in monocytes and macrophages. Previous studies using CD14 knockout mice infected with MTB have shown that these animals have a reduced inflammatory response, which protects them from lethality through the late course of infection (47). In the case of animals infected by strains 48 and 48V, differentially expressed genes included cytokine-like 1, a known chemotactic factor for monocytes and macrophages. This cytokine is similar to CCL2, which is known to increase macrophage and T cell accumulation in the lung, as well as mediate their organization during MTB infection (48), a finding which would suggest an explanation to the difference in early-phase inflammation in the lungs of these animals. Other differentially expressed genes in the lungs of animals infected by strains 46 and 46P included IL-33 as well as Interleukin 1 receptor (type 1). In the specific case of MTB, IL-33 has been shown to have protective effects in infected animals, as well as a therapeutic effect when given systemically post-infection (49). Interestingly, two genes were up-regulated in both Beijing-genotype infected animals, glycoprotein 2, which plays an important role in the innate immune response, and vanin 1, which in mice regulates the migration of T-cell progenitors to the thymus. Although the role of these factors during MTB infection remains unexplored, it is interesting to note that Vanin-1 has been previously studied in models with other microorganisms. In a previous study, vanin-1 was shown to control granuloma formation and macrophage polarization during Coxiella burnetii infection (50). In this study, the authors conclude that vanin-1 is a key component in shaping the nature and intensity of the immune response against infection, this derived from the fact that vanin-1 has a role in macrophage polarization toward an M2 phenotype, leading to a defective granuloma formation and reduced microbicidal response. Although this role in MTB infected mice has not been specifically studied, our results show that animals infected by these strains have a differential expression of Vanin-1 (both in the case of vaccine-exposed strains 46P and 48V), and this correlates with a decreased ability by the animals infected with these strains to form granulomas during the early phase of the disease (day 14) compared with animals infected by the original stock-strains (Supplementary Figure 6), and which limits granuloma size during the later stage (days 21–28). These results warrant future investigation into the role of Vanin-1 during MTB infection, and its potential therapeutic effect as an immune-modulator. It is important to highlight that the fold-change in these differentially-expressed genes ranged to 1.44 in the upper limit. Nonetheless, such changes in previous studies have been reported to provide clinically meaningful information (51), and therefore the biological significance of such changes cannot at this point be conclusively ascertained.

Lastly, with DNA sequencing we found virulence associated genetic mutations in vaccine-exposed strains compared with the original-stock strains. At this point, this data seems to support the hypothesis that these mutations are the result of selective pressure by the host's immune system, however, it is important to note that they might also be caused by random mechanisms, so further exploration should be considered before drawing conclusions. Although we found one shared mutation (Disruptive inframe insertion c.3913_3914insGCACCGGCG p.Gly1304_Val1305insGlyThrGly) between both hyper-virulent vaccine-exposed strains, it is at this point difficult to evaluate the potential biological effect of this in-frame insertion. Furthermore, this variant was observed in a sequence which encodes a PE-protein. PE along with PPE proteins make up to 10% of the coding regions in MBT genomes, and as can be seen in Table 2, several mutations identified fall in these coding regions. These proteins share a proline-glutamic acid (PE) or proline-proline-glutamic acid (PPE) motif, and although their specific function remains unknown, several authors suggest that they provide antigenic variation to the bacteria. The sequences are of a highly polymorphic nature, and therefore the biological relevance of the mutation present in both these strains should be further explored.

Overall, the experiments presented in this study present experimental evidence as to the role of vaccinated hosts in shaping the host-pathogen interactions. From our results, it could be suggested that hosts interact differently with pathogens with different degrees of virulence, despite their having a very similar genomic make-up. Pathogens on the other hand, are constantly adapting to a changing environment, and can alter how they are recognized by the host's immune system in order to survive in a vaccinated population. Nonetheless, we urge a cautious interpretation of these results, and call attention to the fact that this data stems from a murine TB model, and should therefore not be extrapolated to human populations at this stage. Nonetheless, this information could be considered in the urgent need to produce a higher-efficacy vaccine against TB. As in the case of Bordetella pertussis, it could be possible that we can counter the spread of these vaccine-adapted strains by introducing a different prophylactic strategy to which they have not yet developed adaptive mechanisms (39, 52, 53). The study presented here has several strengths, including the use of syngeneic mice in order to reduce inter-host variance, and the use of methodology to avoid artifacts during the genome comparison process, including the use of PCR-free methods to build the DNA-libraries for sequencing, as well as a depth of sequencing ranging from 475 to 715 in each of the sequenced strains. Nonetheless, it is important to highlight that the results should be interpreted in light of the limitations of the study, including a design which did not consider the sequencing of strains which did not portray a virulence change in the initial stage of the study (i.e., strains 46V, 48P, 46S, and 48S), and the fact that in this particular study only two MTB Beijing genomes were tested. Currently, further studies are underway which seek to evaluate this effect on the wide MTB genomic landscape, which should give more information and add valuable information. Last, it is important to once again highlight that the results from this murine model should provide information, but we do not encourage extrapolation of these results to the clinical setting. Rather, we are currently working to ascertain the effects of BCG vaccination on bacteria recovered from vaccinated and non-vaccinated individuals from a single transmission chain. Further information is needed using other experimental models in order to draw more robust conclusions.

As a closing remark, we emphatically stress that vaccination is currently the most cost-effective health intervention, and saves an estimated three million lives per year. However, BCG vaccination as the only prophylactic strategy approved by the WHO falls short of the current epidemiological needs, and therefore considerable efforts, both financial and intellectual, should be put forward in order to seek a more effective strategy, meanwhile optimal use of BCG as recommended by the WHO remains adamantly needed in light of the current world trends regarding tuberculosis incidence and mortality.
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In the context of pulmonary infection, both hosts and pathogens have evolved a multitude of mechanisms to regulate the process of host cell death. The host aims to rapidly induce an inflammatory response at the site of infection, promote pathogen clearance, quickly resolve inflammation, and return to tissue homeostasis. The appropriate modulation of cell death in respiratory epithelial cells and pulmonary immune cells is central in the execution of all these processes. Cell death can be either inflammatory or anti-inflammatory depending on regulated cell death (RCD) modality triggered and the infection context. In addition, diverse bacterial pathogens have evolved many means to manipulate host cell death to increase bacterial survival and spread. The multitude of ways that hosts and bacteria engage in a molecular tug of war to modulate cell death dynamics during infection emphasizes its relevance in host responses and pathogen virulence at the host pathogen interface. This narrative review outlines several current lines of research characterizing bacterial pathogen manipulation of host cell death pathways in the lung. We postulate that understanding these interactions and the dynamics of intracellular and extracellular bacteria RCD manipulation, may lead to novel therapeutic approaches for the treatment of intractable respiratory infections.
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INTRODUCTION


Pulmonary Immune Response to Infection Overview

At homeostasis, the pulmonary system remains a tightly regulated environment with resident cell types performing highly specialized functions to maintain a pathogen-free space with unimpeded respiratory function. The immune response to respiratory pathogens requires carefully regulated processes to prevent uncontrolled pathogen replication and lethal tissue destruction (1–3). Such tissue destruction may be mediated by the pathogen virulence factors, the host response, or a combination of the two. Limiting such pathology requires precise orchestration of tissue cells, tissue resident immune cells, and infiltrating immune cells when responding to infections. Constant coordination between these cell types is orchestrated by secreted and intracellular signals, many of which are generated as byproducts or effectors of regulated cell death (RCD). Both tissue cells and immune cells undergo RCD processes during infections, with dysregulation of these complex RCD signaling networks often underlying the pathogenesis of pulmonary infectious disease. Below we provide a brief primer on the innate immune defenses of the lung and their status during homeostasis, before exploring the interplay of RCD signaling at the interface of bacterial pulmonary pathogens and host immunity.

Respiratory epithelial cells form a barrier between the outside environment and sterile zones in the body such as the blood (4). This is accomplished through a range of biophysical defenses, including the production of mucus by goblet or club cells and expulsion by ciliated epithelial cells (5). The composition of mucus also contains many antimicrobial peptides which impede bacterial translocation and effect bactericide (6). Furthermore, the physical barrier of tight cell-cell junctions formed between epithelial cells and underlying stroma is critical to barrier integrity (7). There is slow but constant turnover of respiratory epithelial cells via programmed cell death at homeostasis, with cells completely renewed every 30–50 days (8). Respiratory epithelial basal cells are stem cell-like cells which are long-lived and slowly dividing. They serve as progenitors for other subtypes of respiratory epithelial cells. The role and maintenance of the lung epithelium is reviewed extensively elsewhere (9).

Additionally, diverse lung resident innate immune cells patrol the lung (10). The majority of tissue resident phagocytes at steady state are alveolar macrophages (AMs). They reside in close proximity to respiratory epithelia and are responsible for immune surveillance. They recognize and are activated by pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). AMs serve as critical first responders that are required to both regulate signaling and carry out effector functions necessary to control bacterial infections of the lung. They are responsible for clearance of dead cells, debris, pathogens and inhaled particulates (10). In addition, AMs play important functions in maintaining homeostasis of the lung and promoting tissue repair through paracrine cell signaling (11). Other innate immune cells that are important in the lung immune response are interstitial macrophages and dendritic cells (DCs) (12). DCs in particular are sentinels throughout the lung epithelium and interstitium, where they serve as important early responders while helping to coordinate immunity to lung infections via antigen presentation (13). In addition to myeloid cells there are small numbers of lymphocytes that are found at steady state in the lung (14). If lung resident phagocytes cannot clear the infection, then other innate immune cells quickly infiltrate from circulation, and homing to secreted cytokines mediating immune cell recruitment (15). This includes neutrophils and inflammatory monocytes. Many of these resident and infiltrating innate immune cells are important replicative niches for distinct intracellular pulmonary pathogens. In addition, they are often targeted by cytocidal virulence factors from extracellular and intracellular pathogens, given their importance in initiating the sterilizing immune response. The pulmonary immune response is reviewed in greater detail elsewhere (10–15).

Respiratory epithelial cells and lung resident immune cells perform immune surveillance with a diverse repertoire of pattern recognition receptors (PRRs), such as Toll-like receptors (TLR), C-type lectin receptors (CLR), cytoplasmic retinoic acid-inducible gene-I-like receptors (RLR), and NOD-like receptors (NLR) (16). These PRRs are responsible for the detection of microbes in the respiratory system via the binding of PAMPs and DAMPs (17). Downstream signaling coordinated by PAMP/DAMP sensing cells includes the induction of bactericidal effector functions in immune cells such as reactive oxygen species (ROS) production, phagocytosis, or the secretion of mucus and bactericidal proteins in epithelial cells (18). PAMP-sensing cells that become overburdened by pathogens will also induce RCD processes (19). This can range from quiet apoptotic cell death to restrict pathogens within apoptotic bodies, or a pro-inflammatory pyroptotic cell death driving immune activity. Phagocytes responsible for engulfing pathogens also engulf dead or dying host cells via efferocytosis (20). Finally, upon clearing the infection, respiratory epithelial cells and immune cells in the lung coordinate the resolution of the inflammatory response and transition efforts from bacterial clearance to repair and remodeling in order to restore pulmonary homeostasis (21, 22).



Cell Death Mechanisms

Cell death is intricately connected with life in multicellular organisms. The balance between cell death, proliferation, and differentiation is crucial for the maintenance of tissue homeostasis, and particularly in response to infectious disease. RCD is essential for many physiological processes, including cancer, neurodegeneration, autoimmune diseases, and response to infection (23, 24). This narrative review focuses specifically on the types of cell death that are modulated by bacteria during pulmonary infection that impact infection pathogenesis. All the cell types described above that are essential to the maintenance of a healthy lung are also targets of infection by bacterial pathogens. After infection, various types of RCD can be triggered by the host in an effort to control the pathogen, or by the pathogen in an effort to manipulate the host response to promote bacterial fitness. This is particularly relevant in the pulmonary epithelium, which provides a barrier that separates the air-filled compartment of the respiratory system from the aqueous interstitial compartment (25). Phagocytes, which are often a target of pathogen infection, have also evolved many adaptations to orchestrate diverse RCD pathways to promote resolution of infections (19, 26). Below, we will provide brief overviews of the cell death pathways activated during the pulmonary bacterial infections described in this review. We categorize the cell death types as those that do not cause significant disruption of the cellular membrane (membrane non-permeabilizing), and those that cause a lytic and inflammatory form of cell death (membrane permeabilizing). We classify apoptosis, autophagy, and anoikis as generally non-permeabilizing, and pyroptosis, necroptosis, and ferroptosis as generally permeabilizing (Figure 1). This classification was largely informed by recommendations from the Nomenclature Committee on Cell Death (24). Classically, forms cell death which resulted in membrane rupture were classified as “necrosis” and were thought to occur through an unregulated process. However, many recent works have determined that lytic cell death often occurs via regulated processes dependent on molecular signal transduction. Contemporarily and in this review, the term necrosis is used to describe the morphological loss of membrane integrity occurring as a result of regulated and non-RCD. It is important to note that this review is not meant to be a review on all aspects of cell death, but only how bacterial pathogens interact with cell death pathways in the lung. The underlying mechanisms of RCD are well described in other literature, which we have cited throughout the manuscript for further reference. However, this section on cell death mechanisms should serve as a brief primer on the subject.
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FIGURE 1. Regulated cell death in host-pulmonary bacterial interactions. Major cell death pathways are shown in the figure according to their membrane permeabilization status. Pulmonary bacteria induce or inhibit host cell death through several distinct modalities, including apoptosis, autophagy, anoikis, ferroptosis, necrosis/necroptosis, and pyroptosis. ↑ Indicates that the bacteria induces the indicated cell death pathway, while ↓ indicates that the bacteria inhibits the indicated cell death pathway. Intracellular or extracellular bacteria are labeled according to the legend. Image created with BioRender.com.


Apoptosis is a form of RCD characterized by a distinct morphological phenotype in which cells shrink and undergo nuclear condensation, form outer membrane blebs, and fragment into apoptotic bodies (27). Throughout this process, cells maintain cytoplasmic membrane integrity, which serves to limit inflammation mediated by DAMPs, prevent the dissemination of intracellular pathogens, and enable efficient efferocytic clearance and recycling of cytoplasmic contents by phagocytes (28). The canonical forms of apoptosis are differentiated based on the extracellular or intracellular nature of the stimulus inducing RCD (29). Extrinsic apoptosis is mediated by the activation of membrane-bound extracellular receptors such as Fas Death Receptor 4/5, or TNFR1 (30). These receptors bind to cytokine signaling molecules produced by epithelial cells and immune cells that are sensing proximal pathogens, DAMPs from infected cells, or their own intracellular infection (30). Activation of these receptors by their ligand results in the assembly of the death-inducing signaling complex (DISC) (31). DISC assembly serves to promote caspase-8 activity, which proteolytically activates many proteins that mark the cells as actively undergoing apoptosis such as cFLIP, as well as caspase-3 and caspase-7 (31). The activity of caspase-3 and -7 effect the terminal progression of apoptosis (32). Intrinsic apoptosis is initiated by the sensing of a broad range of intracellular damage and stressors (33). However, with regards to bacterial pulmonary infections, intrinsic apoptosis is commonly induced by intracellular infections, genomic damage mediated by reactive free radicals, ER stress, or inactivation of inhibitory signals suppressing apoptosis (24, 34). Intrinsic apoptosis is terminally effected by the induction of mitochondrial outer membrane permeabilization when the correct combination of pro-apoptotic regulators are activated and anti-apoptotic signals are suppressed (35). Many of these regulators are members of the BCL protein family (35). Intrinsic apoptosis is also marked by the activity of caspase-3 and -7; however, they are activated by caspase-9 rather than caspase-8 (36). Both extrinsic and intrinsic apoptosis play critical roles in the control of pulmonary infectious diseases mediated by cell death signaling.

Autophagy has an important homeostatic role, mediating the removal of dysfunctional or damaged organelles through the action of lysosomes, which effects the recycling of diverse cellular components. Autophagy contributes to the maintenance of cellular homeostasis as part of many cell autonomous stress responses, including nutrient and growth factor deprivation, oxidative stress or hypoxia, the restriction of intracellular pathogens, and the resolution of immune responses (37, 38). Autophagy takes place in a series of steps. Autophagy initiation happens under starvation conditions when the unc-51-like kinase 1 (ULK1) complex dissociates from mTORC1 and becomes activated to initiate the formation of a phagophore. This is followed by a nucleation step driven by the PI3K complex. Phagophore elongation is then mediated by the Atg5-Atg 12-Atg16L and LC3II-PE conjugates. This results in the formation of autophagosomes. The autophagosomes then fuse to the lysosomes to form autophagolysosomes. The content present within the autophagosome is then delivered into the lysosomes where it gets degraded by the lysosomal enzymes (39). However, unrestrained autophagy can result in cell death. Based on guidelines published by the Nomenclature Committee on Cell Death, autophagy-dependent cell death is a type of RCD that relies on components of the autophagic machinery and takes place when the induction of autophagy coincides with the induction of apoptosis (24). Autophagic responses can play a key role in host defense to bacterial infections of the lung by reducing pathogen burden, but some pulmonary pathogens have evolved adaptions to benefit from such autophagic host responses or impede its execution (38, 40).

Anoikis is a form of regulatory cell death resulting from loss of cell anchorage to the basal membrane (41). Anoikis results in the loss of microtubule organization and basal cell junctions required for adherence to the extracellular matrix (41). Cellular escape from anoikis signal transduction is critical for the establishment of metastatic tumors, and anoikis has been implicated in bacterial and viral infections targeting cell anchorage (42). Further work is required to characterize the induction of anoikis RCD in the context of infectious disease.

Pyroptosis is a form of pro-inflammatory RCD that triggers mature IL-1β production and membrane permeabilization via gasdermins, which are host-derived pore-forming proteins (43). Pyroptotic signaling is triggered by recognition of PAMPs by NLRs. The PAMP-mediated activation of NLRs induces the assembly of multi-protein complexes called inflammasomes (44). There are many sub-types of inflammasomes, carrying out varying responses to unique pathogens (45). PAMPs from a given pathogen can trigger multiple inflammasome species (45). Generally, an activated inflammasome carries out the proteolytic maturation of caspase-1, which processes gasdermins, IL-1β, and IL-18 into their mature/active forms (46). Mature gasdermin proteins rapidly assemble into multimeric pore complexes that insert into the cell’s cytoplasmic membrane, resulting in cytoplasmic efflux and membrane-permeabilizing cell death (47). IL-1β and IL-18 are cytokines released during this process which promote inflammation and immune cell recruitment/effector function (46). Outcomes of pyroptosis induction vary from infection to infection, with pyroptosis having the capacity to both promote pathogen clearance and/or drive tissue damage and immunopathology.

The term “necroptosis” was originally introduced by Yuan et al., to delineate a specific form of regulated necrosis that is triggered by death receptor ligation and blockage of caspase-8 (48). One of the most intensively investigated subroutines of regulated membrane-permeabilizing cell death is necroptosis. The molecular pathway of tumor necrosis factor alpha (TNF-α)-induced necroptosis involves activation of Receptor-interacting serine/threonine protein kinase 1 (RIPK1)/Receptor-interacting serine/threonine protein kinase 3 (RIPK3)/mixed lineage kinase domain-like (MLKL) (49). Necroptosis is negatively regulated by caspase-8 and inhibitor of apoptosis proteins (IAPs), with the inactivation of caspase-8 resulting in the phosphorylation and activation of RIPK1, RIPK3, and MLKL which complex together to form the necrosome. To date, the only known kinase that is capable of phosphorylating MLKL is RIPK3, likely to reduce spurious induction of necroptosis. After becoming phosphorylated, MLKL oligomerizes into a membrane pore structure and inserts itself into the cell membrane, resulting in cytoplasmic leak (49). The unique molecular structure of MLKL oligomers enabling it to bind lipid bilayers is required for its pore forming properties (50). Insertion of sufficient amounts of oligomerized MLKL ultimately effects necroptosis al through lytic cell death (50, 51). The execution of necroptosis results in the disruption of ion homeostasis and the release of molecules that are recognized as DAMPs when in the extracellular environment (52).

Ferroptosis is a membrane-permeabilizing RCD dependent on iron in which glutathione, oxidative stress and lipid hyper-peroxidation play crucial roles. Suppression of glutathione antioxidant defense via inactivation of glutathione peroxidase 4 (GPX4) drives the hyper-peroxidation of lipids (53). Enrichment of membranes with polyunsaturated fatty acids, such as arachidonic acid (AA) esterified in phosphatidylethanolamines (PE), provides possible substrates for lipid hydroperoxides (54). The accumulation of hyper-peroxidized lipids within the cell results in a membrane-permeabilizing form of lytic cell death.



Role of Cell Death During Bacterial Lung Infection Overview

The precise regulation of programmed cell death by respiratory epithelial cells and immune cells is a key determinant of morbidity and mortality (Table 1, 55). Hosts rely on infected cells initiating the appropriate programmed cell death response to prompt responding immune cells and proximal epithelial cells to restrict infections. In addition, uninfected immune cells must avoid cell death to carry out their functions. However, due to the evolutionary competition underlying every host-pathogen relationship, pulmonary pathogens have evolved amazingly diverse means to disrupt or redirect host cell death signaling toward cell death modalities that are beneficial to bacterial fitness. We argue that the specific modalities which bacteria aim to induce are primarily determined by the need to maintain a hospitable replicative niche for the bacteria. As such, bacterial tropism can be considered as an organizing principle when classifying the different cell death modalities bacteria seek to induce in hosts. The citations in this review evidence the claim that pulmonary bacteria have focused on modulating aspects of host cell death to better mold a replicative niche within the lung (Table 1). Interestingly, bacteria rely on both suppression and induction of RCD to accomplish these ends. This narrative review focuses on pulmonary bacterial pathogens where RCD plays an important role in their disease pathogenesis.


TABLE 1. RCD directionality through diverse pulmonary bacterial infections.

[image: Table 1]Much experimental work has been conducted to elucidate cell death pathways implicated in the pathogenesis of pneumonia caused by diverse etiological agents. The application of small molecule inhibitors of key signal transducers for RCD pathways has shown that bacterial manipulation of RCD is often necessary for their survival in vivo. While there is much diversity in how pathogens manipulate RCD, we suggest that pathogens can be categorized based on: (1) intracellular or extracellular bacterial tropism and (2) whether pathogens can be regarded as inducers or suppressors of the inflammatory response. Briefly, we find that intracellular pathogens tend to manipulate RCD to promote the maintenance of the intracellular niche. Intracellular pathogens that induce the inflammatory response and immune cell recruitment rely on membrane-permeabilizing cell death to release bacteria from infected cells, rather than having them sequestered in membrane integral apoptotic bodies. Intracellular pathogens that suppress the inflammatory response seek to establish minimally immunogenic and chronic infections that evade recognition and clearance by the immune system. Many intracellular pathogens have evolved the ability to suppress RCD signal transduction by directly binding and inhibiting host factors.

Bacteria with extracellular tropism tend to aggravate the inflammatory response to promote tissue damage that speeds bacterial dissemination from the lung and releases crucial cytoplasmic nutrients into the comparatively nutrient poor extracellular space. They suppress the activity of immune effector cells and destroy epithelial barrier integrity by driving RCD through the secretion of toxins and other cytotoxic agents. Recent findings have determined that pore-forming toxins expressed by many pulmonary pathogens such as Serratia marcescens, Staphylococcus aureus, and Streptococcus pneumoniae stimulate necroptotic programmed cell death (56). Recombinant pore-forming toxins and bacteria-synthesized pore-forming toxins have been shown to induce necroptosis in both alveolar epithelial cells and in AMs, due to cytoplasmic dysbiosis resultant from loss of membrane integrity. These include ATP and metal ion efflux, mitochondrial damage, and ROS production. Necroptotic cell death can also be induced independent of PRR activation, through the activation of host proteins RIPK1, RIPK3, and MLKL, after sensing changes in the cytoplasmic environment such as ion and nutrient availability (57).

Given the centrality of RCD in determining pneumonia disease outcomes, it is clear that the pharmacologic or genetic manipulation of RCD during infection could represent a novel therapeutic strategy for the treatment of complicated or drug-resistant bacterial pneumonia (58). However, further study of the ways that pulmonary pathogens manipulate host RCD signaling during infection is required to design effective therapeutic strategies for validation. This review aims to provide a survey of pneumonia-causing bacterial manipulation of RCD and begin defining classifications of bacterial pulmonary pathogens based on their manipulation of RCD. By aggregating such information of diverse pathogens, trends regarding bacterial pathogenesis mechanisms can be elucidated to inform future work investigating bacterial manipulation of RCD and host-targeted therapeutic strategies.



PATHOGEN-SPECIFIC REGULATED CELL DEATH RESPONSES


Extracellularly Replicative Bacteria


Pseudomonas aeruginosa

Pseudomonas aeruginosa is an extracellular, Gram-negative pathogen (59). While considered primarily an extracellular pathogen, Bajmoczi et al., have reported that P. aeruginosa can be found in epithelial cells (60). However, we will focus on its primary extracellular tropism. P. aeruginosa opportunistically causes serious infections and is a leading cause of nosocomial pneumonia. It also contributes to morbidity and mortality due to respiratory failure and sepsis in immunocompromised patients, particularly in cystic fibrosis patients (59, 61). It is noteworthy that there has been a significant increase in the incidence of multi-drug resistant isolates of P. aeruginosa in hospital settings, making complementary therapeutic approaches to augment immune clearance and control RCD in epithelial and endothelial pulmonary tissue more essential (62).

The antibacterial host response initiated during P. aeruginosa infection is multifaceted and includes the activation of RCD pathways including apoptosis, necroptosis, and pyroptosis. P. aeruginosa induces endothelial cells to undergo apoptosis, through mechanisms that are partially dependent on the oxidative stress response (63). The production of ROS is classically known to be an essential mechanism for the immune cell mediated killing of Pseudomonas (64). Such apoptosis induction is likely a byproduct of these bactericidal activities. P. aeruginosa-infected endothelial cell death via apoptosis has been adapted to contribute host elimination of P. aeruginosa because apoptotic cells and associated bacteria are readily efferocytosed by professional phagocytes, particularly AMs (65). P. aeruginosa adhesion receptors fail to distinguish between adherence of apoptotic epithelial cells and epithelial cell apoptotic bodies, similarly allowing P. aeruginosa to be internalized through efferocytosis (65). However, due to the importance of endothelial barrier integrity, death and the elimination of infected cells from the endothelium lining can also provide a route for dissemination of P. aeruginosa to distal sites where metastatic infections can be established.

Given the restrictive effects of such epithelial or endothelial tissue cell apoptosis on these infections, it stands to reason that P. aeruginosa and other bacteria may have developed strategies to counteract this RCD. However, P. aeruginosa, as an extracellular pathogen, has mainly evolved protein effectors, which agonize cell death. This is consistent with the trend that extracellular bacteria prioritize activities that are detrimental to pulmonary barrier integrity as opposed to modulating cell death to inhibit bacterial clearance. For instance, P. aeruginosa derived LPS is sufficient to induce human alveolar morphological changes, inflammation, and apoptosis in A549 and human bronchial BEAS-2B cells (64). Exotoxins from the type III secretion system (T3SS), once in the cytoplasm of host epithelial cells, also have been shown to induce cell death by programmed necrosis or apoptosis, thus favoring disruption of epithelial barriers (66).

Some P. aeruginosa quorum-sensing metabolites also function to induce host immune cell death through cell surface lipid domain dissolution (67). Bacterial quorum-sensing auto-inducers are small chemicals released to control microbial community behaviors. Interestingly, one of these quorum sensing metabolites, N-(3-oxo-dodecanoyl)-L-homoserine lactone, was found to integrate into host cell membranes and induce RCD in responding immune cells through dissolution of the lipid bilayer. The effect of this membrane disruption resulted in host cells expelling tumor necrosis factor receptor 1 (TNFR1) associated with its membrane into the disordered lipid phase. There it trimerized into its active form and drove caspase-3–caspase-8-mediated apoptosis. Thus, P. aeruginosa gains a survival advantage by inducing RCD in responding leukocytes which suppresses bacterial clearance. Song et al., noted that the suppression of caspase activity effecting apoptotic RCD, was able to diminish pathogenicity by inhibiting this effect.

Pseudomonas aeruginosa also utilizes secreted exotoxins such as ExoS and ExoT, two homologous T3SS virulence factors that induce apoptosis in target host epithelial cells through toxin associated stress responses relating to cytoskeletal regulation (68). A recent work showed that T3SS also activates the cytosolic nucleotide-binding domain, leucine-rich repeat-containing caspase activation and recruitment domain CARD_ containing 4 (NLRC4) inflammasome, which activates caspase-1 and induces gasdermin-mediated cytotoxicity and the release of mature IL-1β (68). ExoU-producing isolates of P. aeruginosa caused massive cell death in vitro in THP-1 human monocytes but drove minimal release of IL-1β. In contrast, those expressing T3SS but not ExoU induced caspase-1 activation and IL-1β release, the level of which was correlated with cytotoxicity. Both effects were prevented by a specific caspase-1 inhibitor; however, further forms of cell death have not been examined in this model. Thus, T3SS cytotoxicity is mediated partially through the modification of inflammasome regulated cytokine production for P. aeruginosa clinical isolates that do not express ExoU.

Pseudomonas aeruginosa have also been found to induce ferroptosis, which is a cell death program executed via selective oxidation of arachidonic acid–phosphatidylethanolamines (AA-PE) by 15-lipoxygenases (69). P. aeruginosa can express lipoxygenase (pLoxA), which oxidizes host AA-PE to 15-hydroperoxy-AA-PE (15-HOO-AA-PE), and triggers ferroptosis in human bronchial epithelial cells. A biofilm of P. aeruginosa is capable of inducing ferroptosis in human bronchial epithelial cells via enhanced expression of pLoxA and oxidation of host cell AA-PE to 15-HOO-AA-PE (69). To date, the majority of work on P. aeruginosa-phagocyte interactions has focused on apoptosis, and to a lesser extent, pro-inflammatory/membrane-permeabilizing forms of cell death, such as ferroptosis. Further research is required to determine whether ferroptosis induction is an effective strategy employed by P. aeruginosa to promote disruption of the epithelial barrier and immune-regulatory functions.

Pseudomonas aeruginosa also utilizes a type VI secretion system (T6SS) to secrete numerous virulence effectors that can both interfere with competing microbes and manipulate host cells (70). P. aeruginosa infection induces autophagy in epithelial cells and this response plays a vital role in clearing intracellular bacteria. In addition to epithelial cells, neutrophils also play a pivotal role in the host’s early acute defense against pulmonary P. aeruginosa. Pyocyanin is a membrane-permeable pigment that also functions as an exotoxin when released by P. aeruginosa by inducing neutrophil apoptosis (71). Pyocyanin interacts with components of the mitochondrial electron transport chain, driving the dysregulated release of ROS, activation of mitochondrial acid sphingomyelinase, synthesis of mitochondrial ceramide, and the release of pro-apoptotic cytochrome c from the intermembrane space (71). This mechanism is associated with neutrophil depletion, an event that can sensitize the host to P. aeruginosa infections and colonization, since neutrophils are key elements of the host defense against infection (71).

Summary – P. aeruginosa largely conforms to the expected behaviors of pulmonary extracellular bacterial pathogens by inducing RCD in tissue and immune cells, rather than suppressing restrictive RCD mechanisms. Pseudomonas utilizes the secretion of exotoxins to damage cellular structures and tissues while coordinating colony behavior. Toxins also act to suppress the activity of host immune cells. Like many pyrogenic infections, PAMP and DAMP signaling are necessary for bacterial clearance, but also drive tissue damages through the induction of stress responses. Therapeutic strategies augmenting the cytoprotection of immune cells through suppression of their apoptotic signaling while driving tissue cell efferocytic clearance and phagocytic activities, may serve as critical measures in the context of antibiotic-resistant nosocomial infections. Designing and validating such RCD modulating therapeutic strategies could significantly improve clinical options for immunosuppressed and cystic fibrosis patients who often suffer from these infections.



Serratia marcescens

Serratia marcescens is an opportunistic Gram-negative bacteria classified in the order Enterobacteriaceae and the family Yersiniaceae. Serratia species are not typical constituents of human microbiomes, more commonly residing in environmental niches such as fresh water, soil, and the fecal flora of many animals (72). However, S. marcescens has also been identified a nosocomial pathogen causing diseases including severe bacterial pneumonia, in part due to its ability to persist on abiotic substrates for extended periods and the emergence of antibiotic resistant strains (73).

Limited data exists characterizing Serratia infections in pulmonary model systems. For instance, S. marcescens was show to produce ShlA, a pore-forming toxin that effects macrophages by inducing necroptosis, damaging mitochondrial membranes, inducing ATP depletion via cytoplasmic leak, and driving ROS production (74). Recent work found that the activity of ShlA was dependant on its activity as a calcium channel disrupting Ca2+ ion homeostasis, and that the effects ShlA toxicity could be inhibited in vitro through the direct application of Ni2+ ions (75). In an in vivo murine model of hemorrhagic pneumonia caused by S. marcescens, inhibition of necroptosis via RIPK1 and MLKL inhibition resulted in decreased morbidity and mortality (56). A previous study has also shown that S. marcescens is able to induce apoptosis in human lung adenocarcinoma A549 cells (76). In addition, Krzymińska et al., reported that hospital-isolated strains of S. marcescens produce toxins that contribute to its virulence and are essentials for the bacteria to adhere and invade to epithelial cells and induce hemolysis, cytotoxicity, and apoptosis of human epithelial cells and macrophages (77).

While very few mechanistic details characterizing S. marcescens pathogenesis and host cell death modulation in pulmonary system are available, significant in vitro data illustrates how S. marcescens also targets host RCD signaling known to exacerbate pneumonia and manipulates RCD signaling that is useful for defense against pulmonary infections. Such RCD manipulation strategies likely play key roles in the pathogenesis of S. marcescens in the clinic. For instance, direct injection of S. marcesens into the hemolymph of silkworms agonized c-Jun NH2-terminal kinase signaling which eventually resulted in the caspase mediated apoptosis of blood cells (75). This effect was also observed during in vitro infection of mouse peritoneal macrophages (78). Using a transposon library for forward genetic screening, Ischii et al., found that apoptosis induction was inhibited with the loss of genes necessary for lipopolysaccharide and flagellin synthesis (78).

Additionally, work performed in a Chinese Hamster Ovary epithelial cells, HeLa cells, Atg 5+/+ Mouse Embryonic Fibroblasts, and T24 cells revealed that S. marcescens is capable of manipulating autophagy to establish an intracellular niche in diverse cell types (73). During in vitro infection, approximately 20% of bacteria were able to induce endocytic uptake in these cells and form intracellular replicative niches in Rab7 and LC3 positive vesicles in a Atg5 dependent manner. Despite these autophagic markers, S. marcescens containing vesicles failed to acidify and restrict bacterial growth (73). Fedrigo et al., hypothesized that cell wall components of S. marcescens may play a key role in the induction of this process. Such manipulation of epithelial cell autophagy in the pulmonary environment, could significantly agonize respiratory epithelial cell death due to the induction of intracellular stress responses that may help shield the bacteria from responding host immune cells and phagocytes. Further investigation of S. marcescens’ ability to manipulate autophagy in the context of pulmonary infection capacities is required.

In vitro data also suggests specific bacterial proteins and peptides that are able to manipulate RCD. For instance, non-pore forming toxin produced by S. marcescens was shown to induce cytolysis (79). Ectopic expression of S. marcescens PhlA was found to induce cytolysis in HeLa cells via the direct hydrolysis of phospholipids to lysophosphoylipids, which effected membrane permeabilization after they are incorporated into the cytoplasmic membrane (79). Hydrolyzed lysophospholipids generated by PlaA are capable of triggering both hemolysis and cytolysis. Another Serratia derived peptide, AT514 or serratamolide, was also found to strongly induce apoptosis in typically apoptosis resistant B cell chronic lymphocytic leukemia cells (80). Administration of the peptide to tumor cells cancerous B cells effected the induction of intrinsic apoptosis through the release of cytochrome c from mitochondria and the activation of caspase-9 and caspase-3 (80). AT514 was also found to inhibit the pro-survival signals of Bcl2, phosphatidylinositol-3 kinase, and protein kinase C. Also, the S. marcescens derived metabolic compound prodigiosin was found to agonize p53-induced apoptosis and suppress the activity of survivin in acute lymphoblastic leukemia. This is accomplished by driving the synthesis of ROS, that damage dsDNA, RNA, and other cell components (81). The observation of multiple apoptosis inducing compounds and cellular components produced by S. marcescens, lends credibility to the hypothesis that the induction of apoptosis aggravates S. marcescens pneumonia and other forms of nosocomial infections.

Summary – Generally, S. marcescens induces cell death to disrupt epithelial cells–extracellular matrix adhesions in airway epithelial cells, which allows for bacteria invasion into the submucosal tissues. Alternatively, when S. marcescens induces necroptosis through pore-forming toxins this leads to enhanced disease severity. Induction of cell death within cells of the immune system may contribute to the spread of infection and prolonged disease manifestation. One of the most catastrophic of S. marcescens’ strategies is the induction of necroptosis in AMs. This not only abolishes a critical element of the early immune response, but also results in inflammation and tissue damage, which intensifies disease. Thus, targeting necroptosis may provide an important therapeutic strategy to block both cell death and inflammation for the treatment of human hemorrhagic pneumonia triggered by S. marcescens.



Streptococcus pneumoniae

Streptococcus pneumoniae is a Gram-positive bacteria commonly causing pulmonary infections with a preferred extracellular tropism (82). S. pneumoniae effects much of their virulence through direct killing of responding immune cells and respiratory epithelial cells via ROS production and the secretion of pore-forming toxins. While these effector functions do not directly manipulate or suppress host proteins regulating cell death to promote their survival, their activity has been shown to drive several host RCD pathways which underlie much of the pathogenesis of S. pneumoniae infection and impede host clearance efforts.

The S. pneumoniae enzyme SpxB, a pyruvate oxidase, acts upon bacterial intracellular pyruvate to generate H202 ROS that are secreted into the pulmonary microenvironment. Elevated ROS has been shown to induce double-strand breaks in the host’s genome and result in a p53-dependent apoptotic cell death that can exacerbate tissue damage (83). However, this induction of apoptosis can be pro-resolving in the context of S. pneumoniae that have already been engulfed by phagocytes, particularly macrophages. In murine infection models, inhibiting the activity of caspases that cause apoptosis was shown to increase pathogen burden (84). Apoptotic death of some AMs during S. pneumoniae infection has also been proposed to limit hyper-inflammatory damage associated with severe bacterial infection and promote efferocytic clearance of bacteria-laden phagocytes. It has recently been observed that inhibition of TNF-induced AM apoptosis via TNF-related apoptosis-inducing ligand (TRAIL) knockout significantly inhibited bacterial clearance and survival in a murine S. pneumoniae infection model. The inhibition of TNF-induced apoptosis drove AMs toward a necrotic cell death phenotype, which was able to be rescued through TRAIL add back and an application of anti-DR5 antibodies to drive apoptosis without an upstream TNF signal. They also determined that dying neutrophils served as a major source of TRAIL, and hypothesized that an inability to induce macrophage apoptosis during early pneumococcal infection may explain the severe pathology of neutropenic hosts during pulmonary bacterial infection (85). Other factors inhibiting macrophage apoptosis, such as host-derived MIF or bacterial PcpA, have also been shown to be detrimental to the host during pneumococcal infection (86, 87). For instance, recent research has demonstrated that AM-specific expression of the anti-apoptotic protein MCL-1 in mice inhibited the cells’ capacity to kill phagocytosed S. pneumoniae. Researchers generated a transgenic mouse line constitutively overexpressing human MCL-1 protein in AMs. The researchers found that wild-type AMs would phagocytose S. pneumoniae and carry out killing through the phagolysosome. However, prolonged uptake of bacteria over 12 h eventually overwhelms the phagocytic clearance pathway, resulting in the activation of macrophage apoptosis which drives the release of mitochondrial-derived ROS and nitric oxide production to enhance killing of intracellular bacteria. While MCL-1 overexpressing AMs were able to successfully uptake S. pneumoniae and activate nitric oxide synthesis after becoming overwhelmed with intracellular bacteria, they were unable to release mitochondrial-derived ROS to kill bacteria (88).

Many independent research groups have demonstrated the induction of regulated membrane-permeabilizing cell death via pyroptotic or necroptotic signaling to be detrimental to the host response to pneumococcal pneumonia, primarily due to the hyper-inflammatory response these modes of cell death promote. For instance, recent work demonstrated that nucleotide-binding domain, leucine-rich repeat-containing, and pyrin domain-containing 3 (NLRP3) and apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) knockout mice had improved host defense in a lethal infection model with S. pneumoniae (89). The inhibition of pyroptosis is thought to improve host defense to pneumococcal pneumoniae by suppressing hyper-inflammation that is detrimental to pulmonary barrier integrity without inhibiting bacterial clearance by phagocytes.

Like many other pulmonary bacterial pathogens S. pneumoniae produces pore-forming toxins leading to necroptosis (56). The pore-forming toxin pneumolysin (Ply) is one of the most well characterized virulence factors produced by S. pneumoniae. S. pneumoniae Ply (like many bacterial pore-forming toxins) drives necroptotic cell death signaling in diverse cell types, including alveolar epithelial cells and macrophages. S. pneumoniae species that induce lower degrees of NF-kB activity have been associated with more severe pneumonia (90). Lower NF-kB activity has also been shown to drive macrophages away from an active state focused on bacterial clearance and toward pro-inflammatory necroptosis (90).

Summary – S. pneumoniae are bacteria that prefer to replicate extracellularly on the surface of respiratory epithelium. They primarily induce host cell death in responding immune cells and respiratory epithelial cells through the secretion of protein or chemical toxins that damage cellular structures. These include pneumolysin, which damage cell membranes by forming pores, and bacteria-synthesized ROS, which induce genomic damage to drive apoptosis. In the context of engulfing macrophages, bacterial surface proteins have been shown to inhibit pro-resolving macrophage apoptosis. Host-directed therapeutic strategies augmenting phagocyte or respiratory epithelial cell resistance to the cytocidal effect of S. pneumoniae-derived protein or chemical toxins may help ameliorate the burden of pneumococcal pneumonia, in conjunction with current antibiotic therapies and vaccination strategies. These could include inhibitors of membrane permeabilizing RCD or strategies to limit the impact of ROS.



Staphylococcus aureus

Staphylococcus aureus has been classically identified as extracellular pyrogenic bacteria, but it has also been recognized to have facultative intracellular tropism during infection (91). Below we explore the behavior of Staphylococci as an extracellular bacteria in the pulmonary space, and we will discuss the intracellular ramifications in the section “Intracellularly Replicative Bacteria.” An array of the S. aureus proteins function as virulence factors that worsen the pathogenicity of infection. For instance, S. aureus produces potent toxins, such as staphylococcal enterotoxins (SEs) and α-toxin (α-hemolysin), which have been shown to induce biological membranes disruption (92). In spite of several toxin-mediated cytotoxic properties, only α-toxin (α-hemolysin) and Panton-Valentine leukocidin (PVL) have been reported to promote exhibit pro-apoptosis-like death in host cells (93). Apoptosis induced by membrane-damaging toxins is characterized by caspase-3 and caspase-9 activation, as well as activation of intrinsic mitochondrial-mediated apoptotic signaling pathway (93, 94). This apoptosis induction is primarily associated with host phagocytes and induces stress responses. By targeting these important immune cells, the host immune response is suppressed and this allows S. aureus to maintain extracellular colonization of host tissues in necrotizing biofilms.

Extracellular S. aureus also impart much of their characteristic necrotic tissue damage, via the expression of secreted toxins as a major mechanism to induce lung damage through necroptosis induction through RIPK1/RIPK3/MLKL (92). S. aureus mutants lacking pore-forming toxins, such as Psms, agr, and hla are less effective at inducing cytotoxicity in human and murine immune cells. Host directed perturbations of necroptosis by inhibition of either RIPK1 or MLKL were also shown to decrease S. aureus-mediated cytotoxicity in immune cells ex vivo, but this RCD activity may be pro-resolving in vivo (92). These secreted factors from extracellular S. aureus biofilms impart necrotic tissue damage by destroying both epithelial and endothelial cells in the lung, which also promotes severe lung barrier disruption and pulmonary edema (95). Also, secreted toxins will act as leukocidins to dampen the effectiveness of responding phagocytes by inducing RCD and disrupting phagocytic clearance activity (96).

These observations are characterized particularly well in neutrophils. Neutrophil recruitment and activity is necessary to eradicate S. aureus from the lung. In a mouse model of S. aureus-induced pneumonia, NLRC4-associated necroptosis was observed in infiltrating neutrophils. This RCD was shown to drive interleukin-18 (IL-18), which results in the suppression of IL-17A signaling from T cells. This suppression of IL-17A results in decreased neutrophil recruitment to the lung which in turn exacerbates S. aureus pneumonia by inhibiting successive waves of neutrophil recruitment required to clear the infection (97). The induction of neutrophil necroptosis also triggers the release of neutrophil extracellular traps (NETs), which typically restrict extracellular pathogens such as extracellular S. aureus. In neutrophils, MLKL translocates to the plasma membrane and binds phosphatidylinositol phosphates, which activates NADPH oxidase-derived ROS production to trigger the breakdown of the nuclear membrane and extrusion of bacteriostatic NETs (98). This process is known to require RIPK1, as RIPK1 inhibition or kinase deficiency inhibits NET generation by mouse and human neutrophils (98). 98 have also reported that peptidylarginine deiminase 4 (PAD4) is essential for anti-Staphylococcus innate immunity mediated by NET extrusion (27). It is also important to note that NET release can also be necroptosis independent (98). Alternative mechanisms of NET release include ligation of adhesion receptors, including CD11b, CD18, and CD15 or paracrine signaling downstream of lipopolysaccharide (LPS) detection (99, 100). It has also reported that the induction of necroptosis can limit excessive inflammation that worsens S. aureus infection, in part by limiting the expression of IL-1. MLKL knockout mice that were unable to execute necroptosis, were shown to redirect RCD to a pyroptotic and hyper-inflammatory cell death phenotype during S. aureus infection (101). The effect of MLKL activity and necroptosis in neutrophils was reported to be pro-resolving in this model.

However, S. aureus has been shown to subvert the host immune response mediated by neutrophil necroptosis and NET release by secreting nuclease and adenosine synthase A, which convert NETs to deoxyadenosine (dAdo). This also drives dATP formation that can induce caspase-3–dependent apoptotic RCD in phagocytes. Disruption of this signaling pathway rescues macrophages that had taken up dAdo from caspase-3–induced cell death (102). The induction of apoptosis in responding host immune cells, helps to promote the maintenance of the extracellular niche and the defense of S. aureus biofilms from the activity of innate immune phagocytes. The activity of S. aureus alpha toxin has also been found to suppress the efferocytic clearance of apoptotic phagocytes, particularly dead neutrophils by AMs ex vivo and in vivo (103). The lingering of apoptotic cells activity resulted in higher degrees of cell lysis, likely via secondary necrosis. This would tend to drive greater DAMP sensing in the pulmonary space during in vivo infection. This DAMP sensing may agonize pyroptosis induction, which has been associated with worse S. aureus infection outcomes. However, more research is required to elucidate these potential disease mechanisms.

Summary – Extracellular S. aureus causes acute pyrogenic infections in the lung by forming biofilms around colonies that induce severe tissue damage and impede phagocytic clearance. Tissue damage is imparted by the activity of extracellular toxins on tissue cells, which induce necroptotic cell death. PAMP and DAMP sensing also induces pyroptosis in tissue cells. The induction of these membrane permeabilizing RCDs in tissue cells release nutrients for the colony and diminish lung barrier and respiratory function. Dying tissue cells and sentinel cells recruit phagocytes which are similarly targeted by secreted toxins to impede their immune effector functions. Secondary metabolic effectors generated by S. aureus also trigger stress responses in immune cells resulting in apoptotic RCD and impaired function. The dual intracellular and extracellular tropisms of S. aureus make the design of host directed therapeutics very challenging. Suppression of the immune response to ameliorate tissue damage may promote bacterial cell growth while agonizing the immune response may promote tissue damage. Immune cell or tissue cell targeted drug delivery strategies may be required for effective therapeutic design in order to strike the balance between required inflammation and cytoprotection, particularly when antibiotics are not an effective option.



Intracellularly Replicative Bacteria


Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacteria that is a facultative intracellular pathogen. The behavior of the bacteria and their cell death manipulation strategies post-engulfment or intracellular invasion differ starkly different from their activity extracellularly. In the intracellular context, they commonly replicate within the autophagosomes or cytoplasm of diverse host cell types (104). Modulation of RCD from the intracellular niche is one of the main strategies utilized by S. aureus against epithelial and endothelial cells that comprise pulmonary tissue and macrophages, neutrophils, and monocytes that mediate immune clearance. These strategies for intracellular RCD manipulation enable S. aureus to establish chronic pulmonary infections by avoiding phagocytic and efferocytic clearance and interaction with therapeutic antibiotics (105). The ability to escape the intracellular niche, and re-establish acute pyrogenic extracellular infection further exacerbates S. aureus infections and complicates clinical treatment strategies (105). Intracellular staphylococci within tissue cells, tend have a small colony morphology and downregulate batteries of genes required for virulence. Downregulated genes particularly include α-hemolysin and other secreted toxins that would induce RCD stress responses that would deny the intracellular niche (106, 107). Suppression of the agr quorum sensing system during intracellular infection contributes to induction of this phenotype by limiting secreted protein production and upregulating cell wall associated proteins (106).

Intracellular S. aureus must not only suppress their own cytotoxic activities, but also must subvert RCD mechanisms to restrict intracellular pathogens, such as autophagy and apoptosis, partially through the induction of anti-apoptotic and pro-survival pathways (108). A recent study by Medina et al., investigated the dynamic interactions between 16HBE14o- lung epithelial cells and intracellular S. aureus, up to 4 days after infection by a time-resolved analysis of both the bacteria and the host cells by mass spectrometry. Proteomic analysis revealed significant modulation of RCD regulating and effector proteins within bronchial epithelial cells by S. aureus up to 4 days post-infection. Specifically, internalized S. aureus were found to activate pathways required for the sequestration and utilization of arginine from the host cytosol (109). This metabolic activity has several effects that impede host defense via RCD, including limiting ROS production by iNOS to prevent apoptosis induction that promotes efferocytic clearance of intracellular bacteria. The deamination of sequestered arginine by S. aureus also releases ammonia into the cell, which increases cytosolic pH and inhibits pH gradient dependent fusion of bacteria containing endosomes with lysosomes and autophagosomes (109). Arginine starvation is known to induce autophagy, making this manipulation of RCD useful for preventing autophagic clearance of intracellular S. aureus (110). Other research has also shown that the induction of autophagy favors Staphylococcus intracellular survival (111). Lipidated autophagy-related protein (LC3B-II) conjugates are greatly enriched in epithelial cells infected with Staphylococcus. Inhibition of the autophagy-activating kinase 1 (ULK1) suppresses Staphylococcus-induced autophagy and Staphylococcus intracellular replication (112). S. aureus also is also able to escape from LC3B labeled autophagosomes, in part by impeding the maturation of autophagosomes. This is accomplished by the activation of MAPK14, which has been reported to block autophagosome maturation (113). This effect was most prominently observed in the vicinity of S. aureus containing autophagosomes, implying that unidentified bacterial factors are likely responsible for such activation (114). In sum, these findings provides further evidence that while intracellular S. aureus induces host cell autophagy pathways, it also manipulates the execution of autophagy to promote its intracellular niche.

A well-defined feature of S. aureus is its capacity to induce apoptosis through α-toxin activity, which is also required for phagosomal escape intracellularly (108). Medina et al., also found that host regulators of p53 apoptosis including BAG6 and DDX5 were upregulated during early infection. However, in addition to the downregulation of secreted toxins and virulence factors described previously, they also observed that intracellular S. aureus promoted the expression of anti-apoptotic proteins which suppressed the expression of apoptotic effectors and proteins known to correlate with the execution of apoptosis (109). Like many intracellular pathogens, the induction of cytoprotection to prevent RCD mediated restriction of the intracellular niche is an essential activity for intracellular S. aureus. Intracellular infection of human monocyte derived macrophages led to increased expression and stability of the key anti-apoptotic regulator MCL-1 (115). This upregulation of MCL-1 was also associated with increased secretion of interleukin-6 and activation of NfκB, both of which are pro-inflammatory, but also necessary for MCL-1 dependent cytoprotection (115). Interestingly, suppression of MCL-1 via siRNA in this system abrogated the cytoprotection and interleukin-6 secretion induced by intracellular S. aureus (115). Such cytoprotective activities by intracellular staphylococci may contribute to the establishment of chronic pulmonary infections in vivo. Further elucidation of these mechanisms could lead to promising therapeutic approaches modulating apoptotic RCD could help clinicians restrict the viability of intracellular S. aureus.

Summary – S. aureus infection and treatment are both profoundly complicated by the bacteria’s ability to act as an extracellular pyrogenic pathogen inducing RCD and its capacity to invade cells and adopt a RCD suppressive intracellular phenotype. Intracellularly, S. aureus has evolved the capacity to induce anti-apoptotic phenotypes that promote the maintenance of an intracellular niche. The capacity to invade immune cells, while inhibiting their effector functions and paracrine signaling, suppresses immune clearance. Their ability to invade tissue cells promotes chronic infections by shielding intracellular bacteria from patrolling immune cells, as well as endogenous and exogenous antibiotic compounds. S. aureus-induced suppression of phagosome and autophagosome vesicle maturation is essential for its cell invasive tropism. Therapeutic strategies restoring autophagic and phagocytic functions in host cells could significantly diminish the clinical burden of chronic S. aureus infections by denying the intracellular niche, as well as promoting S. aureus susceptibility to therapeutic antibiotics and immune clearance.



Mycobacterium tuberculosis

Mycobacterium, including Mycobacterium tuberculosis, are intracellular pathogens which form pulmonary lesions consisting of a core of necrotic cells and free extracellular bacteria (116). This necrotic core is surrounded by immune cells such as macrophages and neutrophils, which mycobacterium infect to enable intracellular division (116). To promote the stability of their intracellular replicative niche, mycobacterium have evolved host-interacting proteins that interfere with host signaling driving apoptosis (117). This inhibition of apoptosis effectively shunts infected cells toward a necrotic cell death morphology when the intracellular bacterial burden becomes too severe. This results in the expansion of the tubercular lesion and exacerbates the morbidity and mortality of mycobacterial infections by interfering with lung function. M. tuberculosis has struck a delicate balance between inducing the immune cell recruitment and pro-inflammatory response necessary to induce the formation of a granuloma with a necrotic core, without succumbing to the immune response and being cleared.

Mycobacterium tuberculosis employs components of its ESX-1 secretion system to inhibit macrophages’ ability to execute apoptosis and deny M. tuberculosis the intracellular replicative niche. For instance, overexpression of the EspR protein in a macrophage cell line increases intracellular M. tuberculosis bacterial burdens. This effect was elicited via suppression of iNOS activity and targeted inhibition of MyD88-mediated TLR signaling that promotes apoptosis and cytokine expression (118). The same research team also identified the secreted bacterial protein MptpB as a mycobacterial virulence factor similarly suppressing iNOS and apoptosis, but via the inhibition of MAPK and p53 signaling (119). This suggests that M. tuberculosis is under selective pressure to evolve diverse and redundant mechanisms to modulate host cell death by limiting host apoptosis to promote intracellular replication and driving cells toward a necrotic phenotype that promotes the formation of tubercular lesions.

Another mycobacterium, M. smegmatis, also has direct effectors that inhibit cellular apoptosis signal transduction. The overexpression of recombinant M. smegmatis protein AcpM, an acyl carrier protein, significantly reduces the degree of ROS production and JNK signaling in infected bone marrow-derived macrophages (BMDMs). This promotes a significant increase in the survival of infected macrophages, which contributes to the pathogenesis of mycobacterial infections by also improving the intracellular survival and replication of the pathogen. M. tuberculosis also expresses similar acyl carrier proteins which exert similar effects (120).

Virulent strains of M. tuberculosis have also long been known for their ability to inhibit apoptosis via the manipulation of host cytokine responses. For instance, the avirulent strain H37Ra was found to induce significantly more apoptosis relative to a virulent strain H37Rv (121). Later work found that H37Rv induces greater IL-10 secretion relative to the avirulent strain H37Ra. AMs infected with H37Rv are found to be secreting TNF-α in an attempt to drive apoptosis, but this is subverted by IL-10-mediated expression of TNFR2, a soluble TNF receptor which inhibits TNF signaling via direct binding (122). This activity is dependent on the endocytic uptake of mycobacterial heat shock protein 60 interacting with TLR2 (123). Another major pro-survival regulator that is driven by M. tuberculosis during infection is PPARγ. M. tuberculosis synthesized mannosylated lipoarabinomannan, has been shown to enhance PPARγ activity by activating upstream mannose receptors. This induction of PPAR activity drives the expression of the pro-survival protein MCL-1, as shown by the gene expression analysis during infection and the loss of MCL-1 expression during infection in a PPAR knockout model. The expression of MCL-1, when a phagocyte is attempting to control an intracellular infection, significantly impairs the host’s ability to restrict infection (124).

In addition to suppressing host apoptotic signaling, Mycobacteria also have several means through which they promote immune cell necrosis to expand the necrotic core of tubercular lesions. They have evolved diverse effector mechanisms to inhibit phagocyte activity in the granuloma, including through direct killing by leukocidin effectors targeting both neutrophils and macrophages. One such mechanism targeting neutrophils is the ESX-1 type VII secretion system, which induces the necrosis of neutrophils. One bacterial effector protein carrying out this induction is ESAT-6, which induces a calcium influx into the host cell that activates the protease calpain. Hyperactivity of ESAT-6 in a calcium-rich environment induces a secondary necrotic phenotype characterized by the exposure of phosphotidylserine on the outer leaflet of the cell membrane and loss of membrane permeability (125).

Utilizing its ESX-1 secretion system, M. tuberculosis has been shown to induce potassium efflux and calcium influx in infected macrophage cell lines. The loss of ion homeostasis subsequently drives the activation of the NLRP3 inflammasome, which results in gasdermin D (GSDMD)-mediated pyroptosis. Visualization of this effect by TIRF microscopy found the induction of pyroptosis to be dependent on bacterial proximity to the plasma membrane (126). This effect could be elicited by both extracellular and intracellular bacteria. The mechanism through which the ESX-1 secretion system disrupts membrane permeability and ion homeostasis remains poorly understood, but evidence across the field indicates that pyroptotic signaling likely contributes significantly to the formation of the necrotic core of tubercular lesions. M. tuberculosis also employs its type IV secretion system to inhibit uptake and phagosome maturation in neutrophils, while also driving neutrophils to induce a necrotic phenotype which promotes extracellular release of the bacteria. This enables sustained infection of other immune cells without being killed during efferocytic clearance. M. tuberculosis accomplishes this by inducing hyper-production of neutrophil ROS that drives necrotic cell death and through effector proteins expressed off the RD1 genomic region, such as PPE68 and RV2626c. Human primary neutrophils infected with PPE68 and RV2626c knockout M. tuberculosis strains more often die through apoptotic signaling, which promotes subsequent clearance ex vivo by uninfected human BMDMs (127). Conversely, wild-type M. tuberculosis is able to induce ROS-mediated necrosis in neutrophils through the activity of its ESX-1 secretion system, and subsequently infect the BMDMs in this model (128). Many other mycobacterial proteins that are structurally similar to ESAT-6 that are also secreted through the type VII secretion system seem to function in similar pathways. Such redundancies occurring through evolution strongly support the centrality of pathogen-directed cell death in the survival of mycobacterial species (127, 128).

Mycobacterium tuberculosis benefits from driving the pro-necroptotic signaling to push infected cells away from classical apoptosis. Similar to many other bacterial pathogens, M. tuberculosis produces a secreted toxin known as tuberculosis necrotizing toxin (TNT) that promotes necroptosis. However, this induction of necroptosis is not mediated by the direct formation of membrane pores; rather, TNT-mediated necroptosis is induced in macrophages by depleting NAD+ through its NAD+ glycohydrolase activity. The depletion of cellular pools of NAD+ triggers necroptosis via RIPK3- and MLKL-dependent signaling through the necrosome, without requiring the typical TNF-(or RIPK1 propagation signal for necroptosis (129). Unfortunately, the deletion or inhibition of MLKL was not found to improve disease outcomes in vivo (130). While many would argue that this result suggests that the contribution of the necroptotic pathway to the progression of M. tuberculosis infection is minimal, we would caution that this is more likely evidence of the redundant mechanisms through which mycobacterium induce necrosis in responding phagocytes.

Mycobacterium tuberculosis also drives the induction of necrotic cell death by antagonizing the activity of anti-necrotic/pro-survival host responses and metabolites. One example of this antagonism is the suppression of prostaglandin E2 (PGE2) synthesis by the bacterial enzyme phospholipase C (PLC). Pharmacologic inhibition of mycobacterial PLCs was found to restore the production of PGE2 and significantly inhibit the induction of necrosis in M. tuberculosis-infected macrophages (131). Recent data indicate that ferroptosis, is implicated in the formation of tubercular lesions. M. tuberculosis-induced cell death is significantly suppressed by ferroptosis inhibition and iron chelation. The role of metal homeostasis and metabolism in infectious disease, particularly with regards to RCD, requires further investigation (132).

The centrality of modulating host cell death responses to mycobacterial pathogenesis also shows the promise of host-directed therapeutic strategies in modulating cell death for the treatment of Mycobacterium infections. For instance, the activity of HIF-1α is critical for the host to restrict the growth of necrotic cores in tubercular lesions. As immune cells aggregate into granulomas to restrict bacterial dissemination, the middle of the granuloma becomes increasingly hypoxic. This tends to drive cells toward a necrotic phenotype, but the activity of HIF-1α antagonizes the induction of necrosis. A model of M. avian infection in mice lacking HIF-1α in myeloid cells rapidly formed granulomas with a necrotic core through this mechanism (133). Promoting macrophage re-programming to survive in a hypoxic environment by driving HIF-1α expression may help to restrict the expansion of necrotic cores in mycobacterial granulomas in the lung. Additionally, dexamethasone inhibits necrotic cell death by promoting the dephosphorylation of p38 MAPK. While the basic cellular phenotype characterizing this protection is the inhibition of mitochondrial outer membrane permeabilization (MOMP)-induced cell death, the underlying molecular signals mediating this inhibition of necrotic cell death remains under-characterized (134). Diverse stimuli that induce apoptosis have also been shown to promote resilience to tuberculosis infection across many diverse model systems. For instance, crude plant extracts from Rubiaceae species that are known to induce apoptosis demonstrated antimicrobial effects in vitro (135). However, the induction of apoptosis restricting bacterial burdens in an in vitro system cannot necessarily be assumed to have a therapeutic effect when translated to an in vivo system. Further validation and testing of host-targeted therapeutics is required.

Summary – M. tuberculosis deploys secreted effector proteins from their niche inside phagocytes to inhibit microbicidal functions. Inhibited pathways include MyD88/TLR pattern recognition, ROS production mediated by apoptosis, and JNK/p53-mediated apoptosis. Pathways agonized by mycobacterial effectors secreted within phagocytes include IL-10-mediated anti-inflammatory signaling, PPARγ-mediated MCL-1 expression that inhibits apoptosis, and secreted leukecidal toxins that induce diverse necrotizing RCD modalities to form the necrotic core of tubercular lesions. Host-targeted therapeutics inhibiting necrotic RCD in host phagocytes and/or agonizing apoptotic/efferocytic effector functions downstream of MyD88/TLR pattern recognition may help resolve clinically challenging multidrug-resistant tuberculosis infections.



Klebsiella pneumoniae

Klebsiella pneumoniae is a facultative intracellular pathogen. It causes complicated pulmonary infections, which are frequently antibiotic resistant. Klebsiella aims to promote an amenable intracellular niche by inhibiting phagocyte apoptosis, phagosome maturation, and the acceleration of bactericidal effector functions. Many phagocytes, but particularly neutrophils, will undergo apoptosis as a means of denying this niche to intracellular pathogens like K. pneumoniae. Recently, researchers have found that the components of the K. pneumoniae capsule are able to delay constitutive neutrophil apoptosis up to 2 times the normal time span, allowing for extended intracellular survival and replication. This was accomplished through bacterial inhibition of the Bax-BCL2 signaling axis, which prevented caspase-3 activation and induced anti-inflammatory IL-8 production (136). This delay in constitutive apoptosis may be critical for Klebsiella species to establish infections in the lung and in newly colonized metastatic infection sites after breaching the respiratory epithelial barrier.

Klebsiella pneumoniae also inhibits the maturation of endosomes after engulfment into phagolysosomes. These Klebsiella-containing vacuoles become acidified (which benefits bacterial survival), but do not contain cathepsin D protease, indicating that the bacterial- vacuoles never successfully fuse with the lysosome. This interference with lysosomal maturation prevents the efficient clearance of bacteria from the intracellular niche of macrophages, ultimately leading to the induction of programmed cell death in infected macrophages, and enabling the spread of the pathogen to new cells via apoptotic bodies or release from membrane-permeabilized cells (137).

Klebsiella infection has also been observed to modify the exposure of “eat me” signals to promote the longevity of cells that eventually execute apoptosis. Particularly, Klebsiella was observed to inhibit the exposure of phosphatidylserine by agonizing flippases that invert phosphatidylserine from the outer to the inner leaflet of the plasma membrane. This inhibition of apoptosis in neutrophils was shown to drive neutrophils toward caspase-independent cell death via the necroptosis machinery (138). Preventing the containment of cytoplasmic contents in apoptotic bodies and inhibiting debris removal via efferocytic phagocytes are other means through which Klebsiella maintains a suitable intracellular niche during infection.

The centrality of pyroptotic cell death as a cell autonomous response required to restrict K. pneumoniae pulmonary infections has been well established in the field over the past decade. For instance, researchers demonstrated that effective induction of macrophage and monocyte pyroptotic cell death through the NLRP3 inflammasome is required for restriction of K. pneumoniae in an in vivo murine model. They found that the restriction of K. pneumoniae infection required the activity of ASC and NLRP3, as Nlrp3–/– and Asc–/– mice show significantly greater mortality. Histology also demonstrates severely attenuated inflammatory response to infection in Nlrp3–/– mice (139). However, some clinically isolated strains of K. pneumoniae have also demonstrated diverse means through which they subvert the host’s pyroptotic cell death response to maintain the intracellular niche and limit bactericidal effector function. For instance, one strain of K. pneumoniae was reported to induce high IL-1β production, leading to a pyroptotic cell death phenotype in responding macrophages. This resulted in effective bacterial clearance via hydrogen peroxide release and efficient efferocytic clearance of pyroptotic cells. However, a second strain has evolved means to limit the induction of IL-1β, which subverts the propagation of pyroptotic cell death mediated DAMP signaling that promotes immune clearance (140). This results in bacterial survival within phagocytic macrophages and ultimately permits dissemination into the host. Particularly given the antibiotic-resistant nature of Klebsiella spp., an improved understanding of their methods of host immune evasion is critical in developing new therapeutic approaches. Also, the possible benefit of pyroptotic cell death induction in bacteria-laden macrophages should also be explored.

Finally, Klebsiella promote its dissemination from the lung to metastatic infection sites by manipulating the RCD of respiratory epithelial cells required to maintain barrier integrity. One of the ways in which K. pneumoniae promotes the loss of barrier integrity is through the targeted disassembly of microtubules in host epithelial cells, likely promoting anoikis-mediated epithelial cell death. The bacterial gene ytfL was found to contribute to the microtubule disassembly phenotype via random screening of genomic segments trans-expressed in E. coli, although complete knockout of the gene did not ablate microtubule disassembly during infection (141). This suggests that other Klebsiella proteins contribute significantly to the induction of microtubule disassembly and anchorage dependent cell death of epithelial cells during infection. Host factors relating to microtubule disassembly such as KATNAL1 and KATNB1 contribute to this observed phenotype, indicating a probable axis of direct host-pathogen interaction at the protein level. Klebsiella infection of A549 cells was also shown to upregulate transcription factors, which trigger the induction of EMT. This sort of host-pathogen interaction could be critical to the observed anoikis-like cell death phenotype due to the disassembly of epithelial cell microtubules (142). However, further work is required to confirm that such microtubule dissociation by K. pneumoniae terminally results in anoikis cell death.

Summary – K. pneumoniae are obligate intracellular pathogens that reside within phagocytes post-engulfment. They hijack phagolysosomes by inhibiting proteolytic lysosomal effectors such as cathepsin D, while allowing endosome acidification. Unlike tubercular pathogens, K. pneumoniae has evolved to inhibit both apoptotic and necrotizing RCD pathways, which requires further study to elucidate diverse bacterial effectors. They also are capable of inhibiting efferocytic clearance of dead cells that may contain bacteria-laden vacuoles by suppressing the exposure of “eat me” signals. Given the stealthy and RCD-suppressive nature of K. pneumoniae infections, host-targeted therapeutics agonizing phagocyte cell death and efferocytic clearance may prove effective clinically. Such therapeutics would be highly desirable in the context of treating antibiotic-resistant strains often observed in nosocomial infections.



Yersinia pestis

Yersinia pestis is a facultative intracellular bacteria primarily infecting responding phagocytes during pneumonic infections (143, 144). To promote clearance, infected phagocytes induce pyroptotic cell death via inflammasome signaling to deny Y. pestis an intracellular niche and promote immune clearance via pro-inflammatory IL-1β signaling (144). At the same time, Y. pestis interferes with the caspase-1-mediated inflammasome signaling by inhibiting pyroptosis using diverse effector molecules targeting signal transduction steps from pathogen recognition to cytokine secretion (145). Y. pestis also acts to inhibit apoptotic RCD through the caspase-3/7 signaling axis to prevent cellular condensation into easily-cleared apoptotic bodies. The inhibition of these regulated mechanisms of cell death results in caspase-8 activity along with dysregulated GSDMD-mediated cell death and inflammation through non-canonical pathways that do not promote an effective immune response and enable bacterial outgrowth (146). Y. pestis ultimately aims to survive the process of phagocyte engulfment and escape the phagocyte in order to resume extracellular division, while subverting the pro-inflammatory process associated with phagocytic clearance (143).

Like many intracellular pathogens, Y. pestis utilizes a secretion system to export virulence factors into the cytoplasm of infected cells (145). The various components of this type 3 secretion system (T3SS) are identified by the host cell as PAMPs, which trigger inflammasome activation via the activity of caspase-1 when recognized. Caspase-1 activation and inflammasome activity is commonly associated with the progression of pyroptotic cell death, which in this context promotes efficient clearance of Y. pestis infections. However, one of the effector proteins exported via the T3SS is YopK, which prevents inflammasome activation by inhibiting the cellular recognition of the T3SS (145). The inhibition of the inflammasome and its downstream cell death pathways greatly exacerbates the severity of Y. pestis infection. Other Yop proteins, including YopM, have been found to inhibit caspase-1 activation as well. YopM can inhibit caspase-1 via direct binding interactions, preventing its maturation and association with the inflammasome. The inhibition of inflammasome activity through this mechanism significantly antagonizes macrophage pyroptosis and decreases host resilience to infection (147). YopM also binds to and inhibits IQGAP1, a scaffolding protein that is central to the downstream activity of caspase-1 (148). Lastly, YopM not only restricts the traditional caspase-1-NLRP3 inflammasome, it also inhibits the pyrin-activated inflammasome (149). Yersinia species target the activity of RhoA by inhibiting RhoA GTPases through the activity of YopE and YopT (T3SS). This activity prevents effective bacterial clearance by macrophages, by preventing RhoA signaling from modulating cytoskeletal dynamics necessary for effective phagocytosis. To mitigate the negative effects of Yersinia RhoA inhibition, the host activates the pyrin inflammasome which activates caspase-1 through non-pyroptotic signaling to drive additional immune cell recruitment to the infection site. YopM inhibition of caspase-1 activity also inhibits the downstream effect of pyrin-mediated inflammasomes, exacerbating the infection (149).

Gasdermin D is normally processed by inflammasome-activated caspase-1 or caspase-11, which enables it to carry out its effector functions generating pyroptotic pores in the cell membrane. However, the Yersinia effector protein YopJ triggers non-canonical activation of GSDMD through the function of RIPK1 and caspase-8. This is caused by YopK inhibiting the phosphorylation/activation of TAK1 and IKK, which blocks apoptosis in response to infection, and enables GSDMD-mediated cell death to predominate while other Yop proteins inhibit the activity of IL-1β and its proinflammatory function (150).

To inhibit apoptotic cell death by infected phagocytes, Y. pestis also produces a cell surface-bound protease known as Pla (plasminogen activator). The Pla protein inhibits Fas-mediated apoptosis by cleaving soluble and membrane bound FasL, preventing the assembly of the DISC and the activation of caspase-3 and -7 dependent apoptosis. This inhibition of apoptosis also indirectly inhibits the host immune response, by limiting the production of cytokines and the recruitment of immune cells typically coordinated by caspase-3 and -7 dependent cell death (146). This host-pathogen interaction synergizes with the T3SS to inhibit the RCD-initiated host response to both pyroptotic and apoptotic cell death, while bacteria continue to impart direct tissue damage as a result of their outgrowth in the lung (146).

Summary – Y. pestis are facultative intracellular pathogens that prefer to divide extracellularly but have evolved means of surviving within engulfing phagocytes, particularly macrophages. They aim to suppress apoptosis-supporting phagolysosomal clearance by subverting DISC assembly via plasminogen activation. They also antagonize the induction of inflammasome signaling driving pyroptosis and IL-1β secretion via the direct interference by Yop family proteins and other secreted effectors. The end result of Y. pestis RCD interference is the induction of non-canonical GSDMD-mediated necrosis, which does not produce an effective IL-1β-mediated inflammatory response required for efficient clearance and resolution. Host-targeted therapeutics driving pro-resolving apoptotic signaling in infected cells downstream of suppressed DISC assembly, or the restoration of pro-resolving pyroptotic cytokine signaling could help resolve Y. pestis infections. While the clinical impact of Y. pestis has declined in the modern age, the development of such host-directed therapies against pathogens defined as select agents remains a critical public interest.



Coxiella Burnettii

Coxiella burnetii is an obligate intracellular pathogen that is the etiological agent of Q-fever (151). It primarily infects host phagocytes by residing in bacteria-laden parasitophorous vacuoles, relying on its anti-apoptotic activity effected through its Dot/Icm Type IV secretion system (T4SS) to maintain its replicative niche in the host (151, 152). Even during TNF-α treatment to provide a strong induction of extrinsic apoptosis, C. burnettii infection was observed to offer strong protection from pro-apoptotic signaling. C. burnettii-infected cells were observed to upregulate expression of anti-apoptotic effectors such as A1/Bfl-1 and c-IAP2 in THP-1 cells and non-human primate primary AMs. C. burnettii-infected cells are often characterized by stark reductions in caspase proteolytic activity with increased expression of pro-survival mediators (153). One of the many anti-apoptotic effector proteins of C. burnetii, is the protein AnkG. Studies ectopically expressing AnkG in CHO cells found that AnkG initially associates with the mitochondria before directly binding with p32 during early apoptotic signaling. The direct binding of AnkG to p32 results in their colocalization in the nucleus where p32’s transcriptional regulatory activity is restrained (154). Ectopic expression of C. burnetii AnkG in Legionella pneumophila was also shown to suppress pathogen-induced apoptosis in DCs, which are normally highly restrictive host cells for these intracellular bacteria (154). Recent work has also shown that AnkG requires association with both p32 and the nuclear localization protein importin α1 to carry out its anti-apoptotic function (155).

While AnkG is the most studied anti-apoptotic component of the C. burnetii T4SS, it is not singly responsible for carrying out the bacteria’s anti-apoptotic effector functions. Ectopic expression of two other T4SS products from C. burnetti, CaeA and CaeB, in CHO cells were also found to significantly inhibit intrinsic apoptosis signal transduction. CaeA was found to localize to the nucleus, while CaeB was found to localize to mitochondria and was a more effective inhibitor of apoptosis. Cells overexpressing CaeB have a significant reduction in PARP cleavage downstream of Bax activation (156). C. burnetii also effects its anti-apoptotic functions through interference with vesicle trafficking and the autophagic machinery. Beclin-1 (necessary for regulated maturation of the autophagosome) and BCL-2 are both recruited to C. burnetii-containing vacuoles and augment the replicative capacity of the bacteria by inhibiting RCD and autophagic recycling (157).

Coxiella burnettii also has been found to manipulate the regulation of host regulatory kinases to inhibit macrophage apoptosis. For instance, C. burnettii agonizes cAMP-dependent protein kinase (PKA). Studies found that pharmacologic inhibition of PKA in THP-1 cells and human AMs resulted in significantly more apoptotic cell death than untreated cells. They found that PKA propagates anti-apoptotic/pro-survival signals in the infected macrophage via phosphorylation and inactivation of Bad. C. burnettii was observed to direct the localization of Bad to bacteria-laden vacuoles to carry out this kinase activity (158). Avirulent C. burnetii was also found to inhibit caspase-3 cleavage while agonizing pro-survival MAPK p38, Erk, and PI3k signaling. Caspase-3 inhibition by Coxiella is effected through the activity of the pro-survival protein MCL-1, which is stabilized by Erk1 phosphorylation. Knockout studies found that the T4SS in Coxiella was necessary for this inhibition (159).

Summary – C. brunettii are obligate intracellular pathogens that reside within host phagocytes in bacteria-laden vacuoles. From these vacuoles, C. brunettii secrete a diverse range of anti-apoptotic effectors designed to prevent the appropriate induction and execution of apoptosis due to phagocyte pattern recognition of bacteria-laden vacuoles. Host-targeted therapeutic strategies aimed at restoring apoptosis in infected phagocytes to deny C. brunettii its intracellular niche could be useful in treating chronic Q-fever in patients at risk of acute infection.



Legionella pneumophila

Legionella pneumophila is an intracellular Gram-negative bacteria that infects the lungs and causes a severe pneumonia known as Legionnaires disease. Its natural hosts are free-living freshwater protozoa; however, aerosolizations of contaminated water supplies enable the bacteria to infect the human lung (160). AMs are the primary site of bacterial replication but neutrophils can also be infected (161, 162). Upon infection, Legionella replicates within a Legionella-containing vacuole (LCV). There is also evidence that it can infect lung epithelial cells, although the formation of a replicative vacuole is distinct (163). L. pneumophila has a T4SS, which is essential for bacterial virulence. Virulence factors of Legionella control many aspects of the cellular machinery including cell death pathways (164). Cells infected with L. pneumophila undergo a variety of types of RCD (165). Much of this is dependent on the cell type, and to some extent the strain of L. pneumophila.

Apoptosis is triggered in many myeloid cell types, including DCs and macrophages. Interestingly DCs undergo rapid apoptosis upon infection with L. pneumophila, while macrophages are relatively resistant to infection-induced apoptosis (166). Suppression of apoptosis in DCs allows for the replication of bacteria. L. pneumophila uses several effector molecules and strategies to avoid undergoing apoptosis upon infection. This includes the bacterial protein SidF, which interferes with the pro-apoptotic proteins BNIP3 and Bcl-rambo (167). In addition, LegK1 and LnaB increase activation of NF-b, which induces a pro-survival/anti-apoptotic phenotype. When apoptosis in suppressed even further in myeloid cells there is an increase in pulmonary inflammation, which suggests that the regulation of apoptosis is important for decreasing inflammation in the host (168).

While L. pneumophila has many mechanisms to decrease apoptosis, other types of cell death are increased upon infection. This includes pyroptosis, necrosis, and autophagic cell death (169, 170). Pyroptosis is triggered by both a flagellin-dependent and flagellin-independent mechanism (166, 171). Flagellin-dependent signaling through the NAIP5/NLRC4 inflammasome causes pyroptosis in macrophages from some mouse lines. This is dependent on the T4SS. Pyroptosis induced by caspase-11 signaling is also dependent on the T4SS, but independent of flagellin. Autophagy also requires virulence factors secreted by the T4SS to be induced in macrophages following infection. There is also evidence in human monocyte cell lines and primary mouse macrophages that cathepsin-dependent necrosis can be triggered through the recognition of RpsL (172).

Summary – Similar to many intracellular pathogens, L. pneumophila uses a variety of mechanisms to suppress apoptosis, and thus insure a niche for replication. However, the mechanisms that L. pneumophila takes to survive are counteracted by the host response. Given that Legionella is a relatively new human pathogen, the interactions with the host may still be evolving.



DISCUSSION

In this review, we have summarized the recent studies that have shown the impact that cell death-mediated host-pathogen interactions on pulmonary infections. We suggest that cell death inhibition, induction, and recovery function synchronously to maintain host homeostasis. Having aggregated data from diverse research teams regarding the targeted manipulation of host RCD by pulmonary bacterial pathogens, several clear trends and functional groupings can be identified. It is clear that the overall strategies of intracellular and extracellular pathogens vary greatly regarding how they use host cell death programs to promote the establishment and maintenance of infection.

Generally, extracellular pathogens are primarily agonizers of RCD, triggering the induction of regulated host-programmed cell death via direct cytocidal effectors. While many extracellular pathogens also induce apoptotic cell death, the secretion of such direct effectors (including pore-forming toxins, exotoxins, and ROS), likely induces membrane permeabilization in apoptotic cells as well (often referred to as secondary necrosis). The less discriminating nature of extracellular pathogens to target cell types is due to their mechanism of action being effected through direct physical disruption or destruction of cellular organelles and proteins, rather than targeted inhibition via binding. As such, extracellular pulmonary pathogens impact respiratory epithelial cell mucociliary defenses and barrier integrity, along with immune cell effector functions and maintenance using the same biologic activities. The direct and less discriminate damage imparted by extracellular pathogens establishes a pulmonary niche for the bacteria that is analogous to a cellular war zone bathed in pro-inflammatory mediators in the form of cellular debris, cytoplasmic nutrients, and PAMPs. This environment is uniquely conducive to bacterial dissemination to distal infection sites due to bacterial translocation from the lung to the bloodstream.

Antibiotics are the primary intervention for such bacterial infections. However, understanding that extracellular pulmonary pathogens rely on the induction of such membrane-permeabilizing RCD modalities for their pathogenesis allows us to consider novel therapeutic approaches that target the host to treat pneumonia. The inhibition of membrane-permeabilizing cell death that these bacteria rely on to form an amenable pulmonary niche could hold significant advantages relative to pathogen-targeted therapeutic strategies. Firstly, by targeting host factors to augment tolerance to infection, pathogens will be less likely to escape the therapy by evolving resistance to pathogen-targeted therapeutics, which rely on binding inhibition of specific bacterial targets. Improving the host response to infection will also provide clinicians with alternative approaches for treating antibiotic-resistant infections under the same rationale. Understanding that diverse extracellular pathogens induce the same forms of cell death using similarly evolved mechanisms of action also allows us to consider how one might develop a class of host-directed therapeutics targeting a range of extracellular pathogens. Compounds and gene therapies limiting the induction of membrane-permeabilizing cell deaths via secondary necrosis, pyroptosis, necroptosis, and ferroptosis may inhibit the formation of pulmonary niches conducive to the progression of extracellular bacterial pneumonia. The simultaneous inhibition of several cell death pathways may be required to design effective therapeutics, as inhibiting one form of membrane-permeabilizing cell death may simply push cells toward another membrane-permeabilizing cell death modality. Such approaches to controlling the inflammatory environment by limiting environmental DAMPs would also avoid key pitfalls of many host-targeted therapies such as corticosteroids, which directly suppress immune effector functions to limit immunopathology. Inhibition of membrane-permeabilizing RCD, the promotion of membrane integral cell death, the promotion of barrier integrity or epithelial cell autonomous defenses, and many other host factors should be considered for investigation in designing host-directed therapeutic approaches leveraging cell death.

With regards to intracellular bacterial pathogens’ manipulation of RCD, they generally aim to promote an amenable intracellular niche for bacterial replication within phagocytic cells or cells that may endocytose pathogens. This typically requires targeted inhibition of apoptotic signal transduction, but the mechanisms employed by specific bacteria to accomplish such inhibition varies widely. With this in mind, intracellular pathogens can also be further divided into two functional categories. One class of intracellular pathogens are pro-inflammatory and generally present an acute pneumonia with necrotic cell phenotypes driven in responding immune cells. Such pathogens will often rely on the induction of necrosis in bacteria-burdened cells, which both promotes the release of bacteria to infect new cells and drives further immune cell recruitment and tissue damage. Often, these bacteria will utilize the immunopathology-induced damage to the lung epithelial barrier to cross over into the bloodstream and colonize metastatic infection sites, which contributes significantly to morbidity and mortality. Such pathogens, including K. pneumoniae and M. tuberculosis, are serious clinical threats, which are often greatly complicated by the existence of multiple drug resistant serotypes. Designing host-targeted therapeutic strategies against these bacteria might rely on the induction of non-permeabilizing cell death to trap bacteria in apoptotic bodies or the promotion of “eat me” signals on apoptotic cells to more efficiently clear them via efferocytosis. Pharmacologic suppression of membrane-permeabilizing cell death during such infections also might promote non-permeabilizing RCD that restricts bacterial growth. However, it is important to note the overlapping complexities of RCD may require combinatorial inhibition of permeabilizing cell death pathways to elicit therapeutic effects. Further work determining underlying mechanisms through which intracellular bacteria manipulate pro-inflammatory cell death is required, alongside the design and testing of novel therapeutic strategies modulating cell death.

The other classes of intracellular pathogens are primarily focused on suppressing pattern recognition signaling, inflammation, and immune effector functions associated with the induction of both membrane-permeable and non-permeable RCD. They also tend to drive the upregulation of host factors promoting cellular survival and replication, which would normally be rapidly inactivated upon sensing an intracellular pathogen. These intracellular bacteria tend to establish chronic infections and rely on stealth to maintain an amenable pulmonary niche for replication. For instance, C. brunettii infection can develop into chronic Q-fever months or even years after initial infection (173). These infections can often persist, even after aggressive treatment with broad-spectrum antibiotics (173). Difficulty clearing such infections, even with the application of typical antibiotic therapies, lends support to the hypothesis that pharmacologic control of RCD dynamics could be used to promote clearance. Applying therapeutic compounds to promote the induction of apoptotic death or subvert pathogen blockade of RCD signals should be investigated in this context. Some researchers have investigated such approaches in vitro, but research aimed at translating positive findings inducing cell death to restrict bacterial pneumonia is required (135). Such approaches could be used in conjunction with traditional antibiotic therapeutics to eliminate stealthy and stubborn pulmonary infections by direct killing and denial of an amenable intracellular niche.


Conclusion and Open Questions

Pulmonary bacterial infection triggers diverse host cell responses that include activation of cell death and/or survival signaling, inflammatory responses, and the immune system. Cell death is now recognized by the work of multiple labs as an important, druggable target which controls the degree of inflammatory injury in many pathologies, including ischemia–reperfusion injuries (heart, brain, kidney, and liver), brain trauma, eye diseases, and pulmonary bacterial infections (174). Because barrier disruption not only depends on cell death but also on the capacity of the remaining cells to proliferate and keep the barrier sealed, it is important to also study whether different forms of necrosis regulate key barrier-related properties of neighboring pulmonary epithelial cells such as proliferation, migration, and adhesion. The host’s regulation and bacterial manipulation of RCD is a critical determinant of outcomes during bacterial pneumonia. The literature cited in this article shows that pulmonary bacteria can induce a vicious circle of cell death, pore-forming toxin release, activation of immune-cell, and the release of death-inducing cytokines and toxins that may fuel prolonged non-resolving inflammatory responses and contribute to the pathogenesis of chronic lung inflammatory diseases.

Cell death is now established as an important strategy to control bacterial infection and/or promote host tolerance, but many questions remain to be addressed. Is cell death a primary driver or secondary mechanism manipulated by bacterial pathogens to successfully establish within the host? Can targeting cell death-related proteins be an effective strategy as anti-bacterial therapeutics? What is the relative contribution of cell death-dependent functions of bacteria-infected phagocytes in inflammation? How does cell death contribute to the initiation, amplification, and chronicity of lung inflammation? On a mechanistic level, what are the different bacterial effectors involved with cell death manipulation and why do some bacteria selectively induce membrane non-permeabilizing death pathways? Which therapeutic strategy would be the most effective against cell death-associated lung injury in clinical settings? Can we predict and interfere with host outcomes whether a species of bacteria is more or less prone to induce cell death? How does infection with multiple pathogens influence RCD? We posit that current progress in the field suggests that therapeutics modulating host RCD signaling to treat infectious disease may soon be a reality, but further investigations into pulmonary host-pathogen interactions governing cell death are required in the interim to meet this goal.
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The airway epithelium and underlying innate immune cells comprise the first line of host defense in the lung. They recognize pathogen-associated molecular patterns (PAMPs) using membrane-bound receptors, as well as cytosolic receptors such as inflammasomes. Inflammasomes activate inflammatory caspases, which in turn process and release the inflammatory cytokines IL-1β and IL-18. Additionally, inflammasomes trigger a form of lytic cell death termed pyroptosis. One of the most important inflammasomes at the host-pathogen interface is the non-canonical caspase-11 inflammasome that responds to LPS in the cytosol. Caspase-11 is important in defense against Gram-negative pathogens, and can drive inflammatory diseases such as LPS-induced sepsis. However, pathogens can employ evasive strategies to minimize or evade host caspase-11 detection. In this review, we present a comprehensive overview of the function of the non-canonical caspase-11 inflammasome in sensing of cytosolic LPS, and its mechanism of action with particular emphasis in the role of caspase-11 in the lung. We also explore some of the strategies pathogens use to evade caspase-11.

Keywords: caspase-11, gasdermin D, inflammasomes, pore intracellular traps (PIT), Burkholderia thailandensis lung defense, Gbps, LPS


INTRODUCTION

Bacterial infections of the respiratory tract remain a leading cause of global morbidity and mortality (1). As the first line of defense against infection, the airway epithelium and innate immune cells play a critical role in limiting infection. As such, they are especially sensitive to pathogen associated molecular patterns (PAMPs), expressing an array of membrane-bound and cytosolic receptors that recognize specific structural motifs shared by classes of microbes (2). For example, Toll-like receptor 5 (TLR5) and NOD-like receptor 4 (NLRC4) detect and respond to bacterial flagellin. TLR5 detects extracellular flagellin (3), while NLRC4 detects its cytosolic presence (4, 5).

Many pathogens infect cells and exploit intracellular niches to facilitate their replication and spread (6). In turn, host cells have evolved mechanisms to detect and counteract these efforts. For example, intracellular sensors like inflammasomes are expressed in innate immune cells, lung epithelium, and endothelium to enable detection of pathogens and subsequent protective responses (6–8). Inflammasomes lead to the activation of inflammatory caspases, which in turn process and release the inflammatory cytokines IL-1β and IL-18. Additionally, inflammasomes trigger a form of lytic cell death termed pyroptosis that plays important role in clearance of offending pathogens (6).

Virulent intracellular bacteria usually evade intracellular sensors or suppress inflammasome activity by suppressing or modifying the structural features of their PAMPs (9). These strategies diminish the ability of inflammasomes to respond to these pathogens. For instance, Salmonella enterica serovar typhimurium utilizes two pathogenicity islands, SPI-1 and SPI-2, which encode distinct type three secretion systems (T3SSs). The T3SS apparatus encoded by SPI-1 functions primarily during epithelial cell invasion, is co-expressed with flagellin, and is readily detected by the inflammasome NLRC4. In contrast, the SPI-2 T3SS is expressed in the vacuolar compartment of both epithelial cells and macrophages, and is not detected by inflammasomes. S. typhimurium suppresses transcription of flagellin during SPI-2 inducing conditions, thereby avoiding detection by NLRC4 (10, 11). Here, we present a comprehensive overview of the function of the caspase-11 inflammasome in sensing of cytosolic LPS, and its mechanism of action with particular emphasis in the lung. We also explore some of the strategies pathogens use to evade caspase-11.



INFLAMMASOMES ACTIVATE INFLAMMATORY CASPASE-1 AND -11

Caspases are a family of aspartate-specific, cysteine proteases that are activated by homodimerization or cleavage to mediate several cellular events including cell death (12). Cell death is an essential process that maintains tissue homeostasis, and recently, it has emerged as an important defense mechanism against infection (13). Caspases are divided into inflammatory (in mouse these include caspase-1,-11, and -12) or apoptotic caspases (caspase-2,-3,-6,-7,-8, and -9). Apoptotic caspases are further subdivided into initiators (caspase-2,-8, and -9) or executioners (caspase-3,-6, and -7) (12). A discussion of the activation and role of apoptotic caspases during infection is important; however, it is beyond the scope of this review, and we refer the reader to previously published reviews (12).

Inflammatory caspases are able to distinguish virulent from avirulent bacteria, and to alert the immune system to a pathogenic infection. Like apoptotic initiator caspases, inflammatory caspases contain a death fold prodomain termed the caspase activation and recruitment domain (CARD) (12). The CARD domain is essential to the recruitment and activation of inflammatory caspases-1 and-11 within the inflammasomes. Inflammasomes are large, multiprotein complexes typically comprising a NOD-like receptor (NLR) or AIM2-like receptor (ALR) such as NLRP3, NLRC4, or AIM2, sometimes an adaptor protein called ASC, and an executioner caspase, which is typically caspase-1 (6). Several inflammasomes that activate caspase-1 in response to contamination of the cytosol or perturbation of cellular physiology have been characterized, and each one is named after its NLR or ALR protein scaffold. The NLRP3 inflammasome is activated in response to the widest array of stimuli, including particulates, crystals, ATP, K+ efflux, lysosomal disruption, and oxidized mitochondrial DNA. However, the precise signal that NLRP3 detects remains controversial (14). In contrast to the diverse stimuli that activate NLRP3, other inflammasomes respond to a limited set of stimuli. For instance, The AIM2 detects cytosolic dsDNA (15–17), which may be encountered in the cytosol during pathogenic infection. The NLRC4 inflammasome responds to flagellin and the activity of type III secretion system (T3SS) and type IV secretion system (T4SS) (10, 18, 19). Unlike other inflammasomes, activation of NLRC4 involves members of the NAIP subfamily of NLRs, forming mixed NLRC4-NAIP oligomeric inflammasome platforms. The murine NAIP locus is highly polymorphic. C57BL/6 mice encode four NAIPs; NAIP1 binds the T3SS needle, NAIP2 binds the T3SS rod, and NAIP5 and NAIP6 bind flagellins. By contrast, humans have a single NAIP that detects the T3SS needle (18–21). Upon activation, NLRs forming inflammasomes recruit the ASC adaptor, composed of a CARD and a PYD, via homotypic interactions. Additional ASC molecules are incorporated via CARD-CARD and PYD-PYD interactions, until all ASC are collected into a single focus called a “speck.” Attraction of caspase-1 into the ASC speck via CARD-CARD interaction results in caspase-1 dimerization and proximity-induced autoproteolytic processing into p10 and p20 subunits (6). Active caspase-1 processes pro-IL-1β and pro-IL-18 to their mature forms; it additionally triggers a lytic form of programmed cell death called pyroptosis by cleaving and activating the pore-forming protein gasdermin D (GSDMD; discussed in more detail below) (6, 22). Activation of inflammasomes can also promote the release of IL-1α. IL-1α is considered an endogenous danger signal that is widely and constitutively expressed, active in its uncleaved form, and passively released after pyrpotosis (23).

Caspase-1 was long thought to be the only inflammatory caspase activated within an inflammasome and the sole mediator of pyroptosis because caspase-1-deficient bone marrow macrophages (BMMs) were resistant to inflammasome activation-induced cell death. However, the Dixit lab showed that the process of backcrossing the caspase-1 knockout allele into the C57BL/6 background carried a passenger mutation in caspase-11 from the 129 background, effectively making Casp1-Casp11DKO animals (24). Examination of the single Casp11−/− mice revealed that, caspase-11 drives pyroptosis upon in vitro activation like the closely related caspase-1, but it does not directly mediate IL-1β and IL-18 secretion. Instead, caspase-11 can activate an indirect NLRP3-ASC-caspase-1 pathway leading to IL-1β/IL-18 processing and release (24). The caspase-11 pathway was thus termed the “caspase-11 non-canonical inflammasome” to contrast it with the caspase-1-activating canonical inflammasomes (NLRP3, NLRC4, AIM2, etc.). These revelations ignited interest into the study of caspase-11.



CASPASE-11 DIRECTLY DETECTS THE CYTOSOLIC PRESENCE OF LPS

Caspase-11 was identified almost 23 years ago in a mouse cDNA library screen for homologs of caspase-1 (25). Back then, caspase-11 was found to be a key mediator in LPS-induced septic shock model since Casp11−/− mice are more resistant to lethal doses of LPS compared to wild-type mice (25, 26), though its mechanism of activation remained elusive. 15 years later, caspase-11 regained the center stage after Kayagaki et al. demonstrated that exposure to cholera toxin B (CTB) and certain Gram-negative bacteria, such as Escherichia coli, Citrobacter rodentium, and Vibrio cholera, activates caspase-11 to trigger pyroptosis, albeit after long exposure times (~16–24 h) (24). We subsequently showed that caspase-11 specifically differentiates Gram-negative bacteria that invade the cytosol from bacteria that remain extracellular or confined to the vacuole, with the former activating caspase-11 rapidly (27) (Figure 1). However, like the experiments before, vacuolar and extracellular Gram-negative bacteria could still activate caspase-11 after sufficient time (28–31). These observations precipitated interest in the discovery of the identity of the common non-canonical activating agonist(s) and sensor(s). Two independent studies by the Miao and Dixit groups discovered that activation of caspase-11 is induced by LPS that has gained access to the host cytosol (32, 33). Of note, it was later determined that the activation of caspase-11 by CTB in LPS-primed macrophages was triggered by the aberrant delivery of LPS by CTB to the cytosol, rather than the direct action of CTB itself (32). The fact that LPS is the cytosolic ligand that activates caspase-11 also shed light on the role of caspase-11 in septic shock, and why septic shock could occur in the absence of TLR4, the cell-surface LPS receptor (32, 33). Therefore, LPS is detected by two receptors: extracellularly or within the recycling endosomes by TLR4 and in the cytosol via caspase-11. It is also important to note that LPS also co-localizes with intracellular TLR4 in the golgi apparatus or the endoplasmic reticulum (34, 35).
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FIGURE 1. Caspase-11 non-canonical inflammasome activation by intracellular LPS in different cells. (A) Cooperation of GBPchr3 with IRGB10 expose LPS from intracellular bacteria or OMVs in macrophages. Cytoplasmic LPS directly bind to the CARD motif of caspase-11 with their lipid A moiety, leading to oligomerization of caspase-11 to activate the non-canonical inflammasome. Active caspase-11 cleaves GSDMD to release its N-terminal domain, which is subsequently inserted into plasma membrane to form membrane pores. Potassium efflux through GSDMD pores additionally triggers NLRP3 inflammasome, inducing the processing and release of IL-1β and IL-18. Pyroptosis pores in the plasma membrane are large enough to permit soluble proteins to defuse to the extracellular milieu, but small enough to trap organelles and intracellular bacteria. This process is termed the pore-induced intracellular trap (PIT). (B) In neutrophils, both caspase-11 and elastase can cleave GSDMD to trigger neutrophil extracellular traps (NETs). Cleaved GSDMD targets the nucleus in addition to the plasma membrane and drives nuclear permeabilization, chromatin relaxation and plasma membrane rupture in elastase or caspase-11 dependent manner. These processes induce neutrophil to extrude NETs which restrict bacterial replication, dissemination, and enhance bacteria killing. (C) In contrast to the broadly expressed caspase-11 and GSDMD, caspase-1 inflammasome components are not detectable in lung epithelial cells. Therefore, the caspase-11 non-canonical inflammasome activation in lung epithelial cells only triggers pyroptosis without the processing and release of IL-1β and IL-18.


Shortly afterward, the Shao lab found that caspase-11 is the direct sensor of LPS. This was in clear contrast to the caspase-1 canonical inflammasome, where sensor and executioner functions were separated into two proteins, often bridged by the adapter ASC (36). Shi et al. demonstrated that the caspase-11 inflammasome is initiated by the CARD motif of caspase-11 directly binding to the lipid A moiety of LPS. The binding of LPS to the CARD of caspase-11 not only triggers its oligomerization but also its catalytic activation (36, 37).

In humans, caspase-11 is duplicated as caspase-4 and -5, both of which have been shown to detect directly cytosolic LPS (36). The reason for this duplication remains a mystery. One distinction is that caspase-4 expression is high in unstimulated macrophages (38–40), while murine caspase-11 and human caspase-5 are expressed at low and extremely low levels, respectively, without stimulation (39–41). Upon exposure to LPS or other toll agonists, however, macrophages rapidly induce transcription of caspase-11 and caspase- 5. Indeed, caspase-11 is non-responsive in the absence of priming through interferon-β (IFN-β) or interferon-γ (IFN-γ) (24, 27–30). Thus, as one hypothesis, caspase-11 duplication may enable a new priming-independent response through caspase-4.



CASPASE-11 CLEAVES GSDMD TO DRIVE PYROPTOSIS

Inflammatory caspases 11 and its human homologs caspase-4 and 5 cleave the pyroptosis effector protein, GSDMD, separating its N-terminal pore-forming domain from the C-terminal repressor domain (42–44). The N-terminal domain is inserted into the plasma membrane, and then oligomerizes to form large pores in the membrane that drive swelling and membrane rupture (22, 45–47). Additionally, pore formation leads to potassium efflux, which triggers the NLRP3/ASC/caspase-1 inflammasome and subsequent processing of pro-IL-1β and pro-IL-18 to their mature forms in vitro (48–51) (Figure 1); however, this pathway has not yet been confirmed in vivo. Additionally, GSDMD pores allow inflammasomes effectors such as IL-1α, IL-1β, IL-18, and inflammatory mediators such as eicosanoids to be released into the extracellular milieu (22, 52, 53). Although membrane pores release soluble cytosolic contents, they are small enough to retain organelles and entrap bacteria to prevent their dissemination, resulting in a structure called the pore-induced intracellular trap (PIT) (54). The PIT coordinates innate immune responses via complement and scavenger receptors to drive recruitment of and efferocytosis by neutrophils that ultimately kill the invading pathogen (54). GSDMD-dependent pores will ultimately lead to membrane rupture, but before that, cells can potentially repair membrane pores to negatively regulate pyroptosis and cytokines release. Rühl et al. showed that in macrophages, this process is coordinated by the endosomal sorting complexes required for transport (ESCRT). ESCRTs are recruited to damaged membrane in a Ca2+ influx-dependent manner and they remove pores from the plasma membrane (55).

In a conceptual analog to macrophage PITs, the Zychlinsky lab recently found that neutrophil GSDMD can also be cleaved by the serine protease elastase to drive formation of neutrophil extracellular traps (NETs) (56). In this situation, GSDMD cleavage releases the granular proteins including elastase that may enter the nucleus, triggering NETosis, while GSDMD forms pores in the plasma membrane to release these granules and form the NET (56) (Figure 1). Interestingly, the Schroder group showed that neutrophil exposure to cytosolic LPS drives caspase-11 activation and GSDMD cleavage, leading to the extruding of antimicrobial NETs independent of elastase (57). In this case, the combined actions of GSDMD and caspase-11 drive nuclear permeabilization, chromatin relaxation, and plasma membrane rupture prior to NETs release (57). NETs can restrict bacterial replication in the cells, entrap the bacteria to prevent their dissemination and enhance direct bacteria killing through the action of neutrophil granular contents. However, an excess of NETs has been reported for several pulmonary diseases, including asthma, cystic fibrosis (CF), influenza, bacterial pneumonia, and tuberculosis (58).

Caspase-11 and GSDMD are widely expressed in hematopoietic and non-hematopoietic cells, including macrophages, neutrophils, epithelial and endothelial cells. Lung epithelial and endothelial cells express caspase-11 and were found to be sensitive to stimulation with cytosolic LPS (7, 8). Interestingly, lung epithelial cells do not express the caspase-1 inflammasomes components NLRP3 or NLRC4 (7). Therefore, the activation of these cells through the caspase-11 non-canonical inflammasome triggers only pyroptosis without the processing of pro-IL-1β or pro-IL-18 (7) (Figure 1). Activation of caspase-11 can also induces the shedding of intestinal epithelial cells after detection of intracellular S. typhimurium during gut infection (59), and may perform a similar function in lung epithelial cells.



ACCESS TO THE CYTOSOL BY LPS

Access of LPS to the cytosol is a key factor during the activation of caspase-11. Cytosol -invasive pathogens such as Burkholderia thailandensis and its more virulent relative Burkholderia pseudomallei use T3SS to escape from the vacuole to the cytosol (60). This exit provides an explanation of how LPS can gain access to the cytosol. However, several Gram-negative bacteria also activate caspase-11 but are not cytosolic. Several studies showed that LPS cytosolic access can also be mediated by the activity of host factors, such as guanylate binding proteins (GBPs) (61, 62). GBPs are cytosolic GTPases that localize to the vacuole or endosome and contribute to cell-autonomous defense against cytosolic and non-cytosolic pathogens via several mechanisms including limiting intracellular bacterial survival and motility (63–66). GBPs are well conserved among vertebrates, and are found in both mice and humans (67). Genes encoding murine GBPs are clustered on chromosome 3 and are known collectively as GBPchr3 (GBP1, GBP2, GBP3, GBP5, and GBP7) or clustered on chromosome 5 (GBP4, GBP6, GBP8, GBP9, GBP10, and GBP11). In contrast, the family is reduced in humans to encode 7 GBPs genes (GBP1-GBP7) that are clustered on chromosome 1 (68–71). Intriguingly, like caspase-11, GBPs are interferon-stimulated genes, and require interferon signaling to be upregulated (62, 68). GBP-dependent effects in the activation of caspase-11 have been established in several intracellular pathogens including, S. typhimurium, Legionella pneumophila, C. rodentium, T3SS-negative Pseudomonas aeruginosa, Vibrio cholerae, Chlamydia trachomatis, and Chlamydia muridarum (61, 62, 72, 73). For instance, macrophages from mice that lack GBPs on Chromosome 3 exhibited less caspase-11-mediated pyroptosis in response to S. typhimurium and L. pneumophila relative to wild-type macrophages (61, 62, 74).

Whereas, the role of GBPs in general cytosolic sensing is well-established, the precise mechanism of GBPs function in LPS sensing is still the subject of ongoing research. Nonetheless, most studies suggest that GBPs are either recruited to the pathogen-containing vacuoles (PCVs), which might promote lysis of PCVs and consequent exposure of vacuolar LPS to caspase-11, or alternatively, GBPs are recruited to spontaneously ruptured bacteria-containing vacuoles or directly to cytosolic bacteria, where they act to extract or expose lipid A buried in bacterial membranes for recognition by caspase-11 (61, 62, 75, 76). In support of this latter hypothesis, human guanylate binding protein-1 (hGBP1) associates with the surface of intracellular Gram-negative bacterial pathogens after vacuolar escape (77, 78). Then, GBP1 polymerizes to coat the bacteria and initiate the recruitment of GBP2-4 to assemble a platform for caspase-4 activation (77–79). hGBP1 binds directly to LPS (77–79) and exerts a detergent-like effect of clustering LPS, which disrupts bacterial surfaces (79), thereby exposing the membrane-embedded lipid A for caspase-4 detection. In mice, GBPs can serve as a docking platform to recruit another interferon-inducible protein, IRGB10 that can co-localize to the intracellular bacteria to disrupt the bacterial cell membrane and to liberate bacterial ligands, including LPS and DNA, for innate immune recognition (80).

Virulence-associated secretion systems in Gram-negative pathogens can also drive LPS exposure in the cytosol. Gram-negative bacteria produce and release outer membrane vesicles (OMVs) during infection that are internalized by macrophages and function as vehicles that deliver LPS (and several other surface antigens) into the host cytosol (81). LPS on OMVs can trigger caspase-11 activation during E. coli infection. In addition, the OMVs from Gram-negative bacteria S. typhimurium, L. pneumophila, P. aeruginosa, and Shigella flexneri activate caspase-11 in a GBPchr3-dependent manner. In this case, GBPs may disrupt OMVs causing the release of LPS to cytosol where it engages caspase-11 (82).



CASPASE-11-MEDIATED DEFENSE AGAINST GRAM-NEGATIVE BACTERIA IN THE LUNG

Since caspase-11 is expressed broadly in the lung tissue, caspase-11-dependent LPS-sensing is poised to play an important role in defense against Gram-negative bacteria. As noted above, pyroptosis accomplishes the dual task of restricting intracellular bacterial growth by lysing infected cells, and releasing the cytokines IL-1β and IL-18 (6), which promote host defense via pleiotropic mechanisms. IL-1α can induce neutrophil recruitment to facilitate bacterial clearance and IL-1β is best known to promote local inflammation and to recruit neutrophils to the site of infection. In turn, IL-18 is best known to induce IFN-γ secretion by natural killer cells and cytotoxic T lymphocytes (83). During systemic infection, caspase-11 is essential for host defense against cytosol-invasive bacteria, including B. thailandensis and B. pseudomallei (27). Mice deficient in caspase-11 are extremely susceptible to even mild infection with B. thailandensis, while wild-type mice are completely resistant to higher doses of infection (27, 39). We showed that the NLRC4 inflammasome detects B. thailandensis, and activates caspase-1 to trigger pyroptosis and IL-18 secretion. Curiously, we found that in vitro, B. thailandensis efficiently triggers both caspase-1 and−11-dependent pyroptosis in macrophages. In vivo, however, caspase-1-dependent pyroptosis plays only a minor role and cannot substitute for caspase-11-dependent pyroptosis. On the other hand, caspase-1-driven IL-18 was needed only to clear early infection. IL-18 promotes a robust and rapid production of IFN-γ, which primes caspase-11. This coordinated response clears even high dose infections in 1 day (39). In the absence of IL-18 signaling, B. thailandensis continues to replicate in vivo for 3 days. This prolonged bacterial burden triggers weak IFN-γ production via another undefined pathway, which is nonetheless sufficient to prime caspase-11 during medium or low dose infection and rescue the mice from lethality. In high dose infections, this pathway comes too little and too late and Il18−/− mice succumb to infection. Intriguingly, while endogenous type I interferons were insufficient to prime caspase-11 in the absence of IFN-γ, injection of poly (I:C), a known inducer of IFN-β, successfully bypassed the IFN-γ requirement and primed caspase-11 in vivo (39). It is important to note that there are no examples in the literature of any pathogen–be it bacterial, fungal, viral, or parasite–in which the magnitude of protection conferred by caspase-11 inflammasomes approaches what is seen with B. thailandensis (84).

Caspase-11 also provides host protection in the lung in response to infection by Gram-negative bacterial pathogens, including B. thailandensis (7, 85), Acinetobacter baumannii (86), Klebsiella pneumoniae (87), L. pneumophila (88), and L. gratiana (88). As mentioned above, we found that B. thailandensis is detected by both caspase-1 and-11 in macrophages. Additionally, Wang et al. found that caspase-1 is the most important in response to B. thailandensis in vitro, and he showed that the absence of caspase-1 completely ablates release of IL-1β and IL-18 as well as pyroptosis of Burkholderia-infected macrophages. In contrast, pyroptosis, IL-1β and IL-18 of macrophages were not affected by deficiency of caspase-11. Interestingly, during pulmonary infection, mice lacking either caspase-1, 11 or GSDMD were significantly more susceptible than wild type mice to intranasal infection with B. thailandensis (7, 85). To account for this phenotype, Wang et al. showed that unlike macrophages, lung epithelial cells do not express caspase-1 canonical inflammasome components and are thus incompetent for caspase-1-mediated pyroptosis (7). Therefore, macrophages are protected by both caspase-1 and−11. However, lung epithelial cells solely depended on caspase-11 to restrict intracellular B. thailandensis replication in these cells (7).

A. baumannii, a pathogenic bacterium that can cause severe pulmonary infection, can activate caspase-1 through the NLRP3 inflammasome, leading to increased IL-1β release by macrophages. However, IL-1β release is partially abrogated in caspase-11-deficient macrophages, indicating that A. baumannii can also activate the caspase-11 non-canonical inflammasomes (86). Furthermore, caspase-11 deficiency completely ablates IL-1α secretion and reduces the cytotoxicity of A. baumannii in macrophages (86). Therefore, these data suggest that caspase-11 deficiency may impair the innate immune response to A. baumannii infection. Indeed, caspase-11-deficient mice register higher bacterial burdens in the BALF and lung tissue during A. baumannii infection. Additionally, caspase-11 deficiency causes mice to exhibit exacerbated pulmonary pathology due to extensive neutrophil Infiltration (86). Similarly, pulmonary infection of Casp11−/− with K. pneumoniae, showed that lack of caspase-11-dependent release of IL-1α impeded neutrophil recruitment in the early stage of K. pneumoniae infection and was accompanied by impaired bacterial clearance as well as exaggerated pulmonary pathological changes (87). Therefore, caspase-11 functions in the lung by promoting pyroptosis to prevent the bacteria from establishing an intracellular niche in macrophages and the lung epithelial. Additionally, caspase-11 pyroptosis can drive IL-1α and IL-1β release to recruit neutrophils that eventually will efferocytose and eliminate the offending bacteria.



CASPASE-11 HYPER-ACTIVATION DRIVES INFLAMMATORY LUNG DISEASES

Caspase-11-dependent pyroptosis and cytokines are important for combating respiratory infections. However, their excessive activation may contribute to the development of severe diseases in the lung. Acute lung injury (ALI) is a leading cause of death in bacterial sepsis (8). ALI is characterized by massive destruction of the lung endothelial barrier which results in lung edema, influx of pro-inflammatory leukocytes and sever hypoxemia (8). During endotoxemia, high concentrations of LPS may persist and aberrantly localize to the cytoplasm, triggering the hyper-activation of caspase-11 and resulting in massive pyroptosis. The hyper-activation of caspase-11 drives endotoxin shock independently of TLR4 (32, 33). During an ALI model, Cheng et al. show that the activation of caspase-11 with LPS causes severe endothelial pyroptosis that results in ALI (8). Exposure to LPS has also been shown to play a major role in asthma development (89) and recently, caspase-11 response was implicated as a critical contributor to asthma (90). Using the ovalbumin model of allergic airway inflammation, Zaslona et al. found that expression of caspase-11 is elevated in the lung of wild type mice with allergic airway inflammation. Interestingly, they found that caspase-11-deficient mice are strongly resistant to this pathology (90). However, how caspase-11 is activated in this model isn't clear. Zaslona et al. suggest that the lung is a non-sterile environment, and LPS released from naturally occurring lung bacteria might activate caspase-11, leading to airway inflammation and asthma in susceptible individuals.

In patients with cystic fibrosis (CF), P. aeruginosa can cause chronic airway infection that is characterized by an exaggerated pro-inflammatory cytokine response and sustained, neutrophil-dominant inflammation (91). Previous studies have demonstrated a role of NLRP3 and NLRC4 inflammasome activation in response to P. aeruginosa infection in CF patients (73, 92). However, P. aeruginosa strains isolated from chronically infected CF patients have either defective T3SS or are non-motile, enabling them to evade NLRC4-caspase-1 inflammasome detection (93–95). Balakrishan et al. showed that caspase-11 can detect these T3SS-negative P. aeruginosa isolates (73). However, whether this detection takes place in vivo to drive inflammation and disease in CF has yet to be determined.



OUT-SMARTING THE CASPASE-11 NON-CANONICAL INFLAMMASOME

Caspase-11 protects against lethal infection mediated by cytosol-invasive pathogens (27), it is particularly important for protection against ubiquitous environmental bacteria that have not evolved to escape cytosolic detection, such as the aforementioned B. thailandensis. However, it is not surprising that a number of organisms have evolved specific strategies to avoid the activation of this innate immune signaling pathway. These strategies include limiting LPS access to the cytosol, modifying the structural features of LPS to avoid binding to caspase-11, or suppressing caspase-11 and/or GBPs activity.

As noted above, preventing access of LPS to the cytosol using vacuolar niches or by remaining extracellular are prominent ways to avoid caspase-11 activation. For instance, S. typhimurium and L. pneumophila use T3SS and T4SS, respectively, to translocate effector proteins that work in concert to establish and maintain an intracellular vacuolar growth niche. Loss of the S. typhimurium SifA or L. pneumophila SdhA effectors causes rupture of the vacuole and release of bacteria into the cytosol (96–98). As we might expect, these two bacteria are poorly detected by caspase-11, while their isogenic mutants for these proteins are readily detected by caspase-11, with half the attenuation of the S. typhimurium ΔsifA mutant in mice explained by caspase-11 activation alone (27).

Another strategy is to modify the chemical structure of LPS to avoid detection. Caspase-11 uses its CARD domain to bind penta- or hexa-acylated lipid A moieties on LPS (32, 33, 36). As such, several tetra-acyl lipid A structures from pathogens like Francisella novicida, Yersinia pestis, and S. flexenri have been shown to evade caspase-11/4 detection (33, 99). Indeed, during pulmonary infection, bacteria often appear to exploit these structural requirements in order to evade caspase-11. For example, F. novicida, a Gram-negative cytosolic bacterium, is not detected by caspase-11 (33). F. novicida initially synthesizes a penta-acylated lipid A structure with two phosphates, but then removes the 4' phosphate and 3′ acyl chain resulting in under-acylated LPS that does not activate caspase-11 (100, 101). A similar strategy is used by Y. pestis, which removes two acyl chains from its lipid A upon transition from growth at 25°C to 37°C (102). Caspase-11 detects hexa-acylated lipid A from Y. pestis grown at 25°C, but not tetra-acylated lipid A from bacteria grown at 37°C (33). Surprisingly, Lagrange et al. found that one of the human homologs of caspase-11, caspase-4, is able to respond to tetra-acylated LPS from F. novicida (103), suggesting that the caspase-11 duplication in human may have evolved to accommodate a broader LPS repertoire than that of mice.

Other strategies to evade caspase-11 detection may involve directly inhibiting the caspase-11 signaling pathway, as in the case of S. flexneri, which uses its OspC3 effector to specifically inhibit LPS detection by caspase-4 (104). Additionally, Shigella delivers an array of effector factors such as the ubiquitin ligase effector IpaH9.8 to target GBPs for proteasomal degradation (64, 65). Finally, host factors also can suppress the activity of caspase-11. For instance, L-adrenaline inhibits caspase-11 inflammasome activation through the ADRA2B receptor and the intracellular cAMP metabolism pathway in mouse macrophages or human monocytes (105). It is plausible that pathogens may manipulate this host metabolic pathway to their advantage.



CONCLUDING REMARKS

Lung tissue is a unique epithelial space constantly exposed to a variety of assaults from infectious and non-infectious stimuli. Innate immune detection of, and responses to, intracellular pathogens that invade host cells is paramount in defending against infections. The caspase-11 non-canonical inflammsome plays a key role in this response. It is widely expressed in both hematopoietic and non-hematopoietic cells of the lung, functioning as a general sensor of Gram-negative bacteria whose activation results in protective innate immune effectors including pyroptosis, NETosis, and inflammatory cytokines. Therefore, it is not surprising that bacterial pathogens have evolved several strategies to outsmart caspase-11-mediated sensing of LPS and subsequent activation. Indeed, the importance of this pathway is demonstrated by those species that have not evolved to evade caspase-11, such as B. thailandensis, which strongly triggers caspase-11-dependent effector mechanisms that quickly lead to sterilization of the infection. This remarkable protection highlights an important role of inflammasomes in defense against environmental pathogens. Similarly, pathogens that poorly activate the caspase-11 inflammasome can multiply to uncontrolled levels in the lung, resulting in higher levels of LPS that will eventually access the cell cytosol and hyper-activate caspase-11, leading to LPS induced lung injury and sepsis. Future studies uncovering the structural features of lipid A that activate caspase-11 and the cell-specific roles of the caspase-11 inflammasome in lung tissue could identify new therapeutic avenues to treat infection, sepsis, and immune-mediated pathologies within the lung.
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Hela cell line, HEK293T cell line, and murine
bone marrow-derived dendridic cells

Bone marrow-derived macrophages and U937
cell line

Bone marrow-derived macrophages
Bone marrow-derived macrophages

Bone marrow-derived macrophages and in vivo
murine models

Bone marrow-derived macrophages

Diverse pulmonary bacteria are listed in the table along with the RCD that the host cells undergo, host protein targeted by the bacteria, the bacterial effector used to
manipulate cell death, and the cell type the finding was observed in. Intracellular bacteria are listed above the red line, and extracellular bacteria are listed below. 1
Indicates that the bacteria induce the indicated cell death pathway, while | indicates that the bacteria inhibits the indicated cell death pathway.
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Strain Number of Type of variant Sequence change Product
variants
% 2 Frameshift variant ©.545dupG p.Val183fs Glycerol kinase
Synonymous variant .169C>T p.LeuS7Leu ESAT-6-lie protein Esxl
6P 3 Disruptive inframe insertion ©.3913_3914insGCACCGGCG PE family protein
P.Gly1304_Val1305insGlyThrGly
Frameshift variant ©.1305_1306dupCC p.Gind36fs PPE family protein PPE13
Missense variant ¢.812T>C p.Val271Ala PE family protein
8 5 Conservative inframe insertion ©.2109_2110insGACGGTGGGGCC PE family protein
GGCGGCAACGGCGCC
p.Ala703_Asn704insASpGlyGlyAlaG
IyGlyAsnGlyAla
Missense variant ©.3263G>T p.Gly1088Val DNA-directed RNA polymerase subunit beta’
Synonymous variant ©.1407_1410elTGGAINsCGGT PE family protein
pAT1
Synonymous variant .195C>T p.Ser65Ser DUF222 domain-containing protein
Synonymous variant .687T>C p.Gly229Gly PE family protein
48v 9 Conservative inframe insertion ©.58_66dupTTGGCACTG LppP/LprE family lipoprotein

Disruptive inframe deletion
Disruptive inframe insertion
Frameshift variant and missense
variant

Missense variant

Missense variant

Synonymous variant
Synonymous variant
Synonymous variant

p.Leu22_lle23insLeuAlaLeu

©.483_500delCAACGGCGG
CGCCGGCGGE p.Asn162_Gly167del

©.3913_3914insGCACCAGCG
p.Gly1304_Val1306insGlyThrGly
C.4774_4777delAAGGInsGAGGT
plys1592fs

©.1416_1426delTGTGAGTAGTTinsCA
TCAACAGTA
p.ValSerSerSer473lleAsnSerThr

©.3259_326306ICGGGGINSTGGGT
PAGGly1087TrpVal

.1407T>C p.Gly469Gly
CAT13T>C p.GYS71Gly
©.1809A> T p.AlaB03Ala

hypothetical protein

PE family protein

PE-PGRS family protein

Hypothetical protein

DNA-directed RNA polymerase subunit beta’

PE family protein
PE family protein
Hypothetical protein
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Species

M. tuberculosis
M. tuberculosis
M. tuberculosis

Genotype/code

Euro American
Beiing Typical (2002-1612)
Beijing Atypical Sublineage-1 (2697)

Lineage

4
2
2

Country of origin

United States
Vietnam
South Africa

Cluster size

/a (reference strain H37RY)
4
;





OPS/images/fimmu-10-02552/fimmu-10-02552-t004.jpg
Target

aroE-fwd
aroE-rev
gmk-fwd
gmk-rev
oyrB-fwd
ayrBrev
nucT-fwd
nuct-rev
nuc2-fwd
nuc2-rev
RNAI-fwd
RNAl-rev
eap-fwd
eap-rev
saeS- fwd
saeS-rev

Sequence

§-CTATCCACTTGCCATCTTTTAT-3'
5-ATGGCTTTAATATCAGAATTCC-3'
5'-AAGGTGCAAGCAAGTTAGAA-G!
5-CTTTACGCGCTTCGTTAATAC-3'
5-AATTGAAGCAGGCTATGTGT-3'
§'-ATAGACCATTTTGGTGTTGG-3'
5'-AAGCTTTAGTTCGTCAAGGC-3'
5'-TGAATCAGCGTTGTCTTCGC-3
5'-TGGATGGTGATACATTTATTGC-3'
§-GTTTCACCGTTTCTGGCG-3'
5/-ttcactgtgtegataatcca-3'
§'-tgatttcaatggcacaagat-3'
§/-AAGCGTCTGCCGCAGCTAS'
5-TGCATATGGAACATGGACTTTAGAA-G'
§'-tegaacgecactigage-3'
§'-ctatcgacattgotattage-3'

References
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(46)

This work

This work

7

(48)
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Patient  Year of Sample site spa-

recovery type
Nose Throat Sputum
1 2001 13 24517 1617
1 2002 6 1499
1 2002 7 89,16 1617
1 2003 1 1499
1 2003 10,12,15 18,14 617
1 2004 19,20,22,25 18,21,23,24 617
1 2005 28-31,33 26,27,32 1617
1 2005 34 1930
1 2006 35,37,38,41,42, 36,39,40,43,46 47 617
44,45
1 2007 49 1930
1 2007 4850-52 1617
1 2008 53 1930
1 2008 54 1034
1 2009 55-61 62 1617
1 2010 63-66 1617
1 2011 67-70,72,74,75 t617
1 2011 ral 1002
1 2011 73 1230
1 2012 7981 76-7882-92 1617
1 2013 101 9395, 617
97,99,100

1 2013 % 1930
1 2018 98 t121

1 2014 102 11459
1 2014 103-108 617
1 2015 109-111 1617
2 2016 881912 1034

Isolates are numbered in chronological order of recovery. The year of recovery is
presented, as well as the sample site of which isolates were recovered from the patient
and the identified spa-type. NET kiling experiments were performed with isolates from two
different CF patients. Isolete no. 17 and no. 81 with low and high nuclease activity were
recovered from one individual CF patient (underined). Isolate no. 881 and 912 (marked
with *) with low and high nuclease activity were recovered from another CF patient,
respectively (Figure Supplementary 3). Isolete no. 17 was further transformed with the
PCM28nuc plesmid and underwent NET kiling analysis, whereby no. 81 served as the
comparison strain with high nuclease activity.
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Gene Target Rel. position NC_002951 Variant AA 17,47 Isolates with variants

80,86 81,87, 110
agrA SACOL2026 409 G D— Y G T T
agrA SACOL2026 520 c Ho Y c c T

Two subsequent non-synonymous SNPs were discovered in agrA of the clinical S. aureus isolates. Nuclease and RNAIll activity inversely correlated with the presence of both mutations.
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Strain or plasmid

AH1263

AH1680

pOM28nuc

17 [pCM28nuc)

Description

USA300 CA-MRSA EmS
(LAC), wild type strain
AH1263 nuc:LtrB, Anuc
mutant of wild type AH1263
nuc-complementing vector
with chloramphenicol
resistance

S. aureus strain with low
nuclease activity
transformed with
pCM28nuc
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Cell type Function References

Alveolar macrophage 1t line defense. Phagocytosis of (5-7)
(v infiltrating pathogens
Production of inflammatory cytokines;
1L-12, TNF, IL-18, 1L-8
Denditic cell (0C)  Phagocytosis of pathogens & upregulation (6, 8, 9)
of MHC-I, presentation of bacterial
antigens, and directing T effector cell
differentiation.
Production of inflammatory cytokines;
112, TNF, IL-1p
Neutrophil Faciltate bacterial clearance via (7,10, 11)
phagocytosis, enzymatic degradation of
bacteria and NETosis
Natural Killer (NK) cell Early contribution to high IFN-y levels and ~~ (12-14)
promotion of Th1 responses, promote
inflammatory macrophage responses.
Innate lymphoid (L) Contribute to the production of IL-17 and ~ (15-17)
cell IFN-y in the lung, leading to enhanced
pro-inflammatory innate responses.
Produce IL-22 promoting antimicrobial
peptide production

Natural Killer T (NKT) ~ Contribute to high IFN-y levels and (18-21)
cell promotion of Thi responses, IL-17

production leading to neutrophil

recruitment
Mucosal-associated  Contribute to IFN-y and promotion of Thi  (22-24)

invariant T (MAIT) cell - responses, IL-17 production resulting in
neutrophil recruitment and aid in
recruitment of CD4* and CD8* T cells
v Tcell Major producers of IL-17 leading to @5, 26)
neutrophi-mediated responses.
Contribute to IFN-y production
CD4* T cel Gitical contributors to the production of (7-31)
IL-17, IL-22 and IFN-y, leading to
enhanced innate cell activity, antimicrobial
peptide production, and improved
bactertal clearance
CD8* T cel Contribute to IFN-y and TNF production. (82-34)
Cytotoxic effects help clear infected cells
and remove bacteria from the lung
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Cell type Mtb states Features Surface marker Immune responses References
Non-foamy Replicative Highly-phagocytic CD11b* CDB4* Not reported (25,59)
macrophages F4/80+ Mertk+
Foamy macrophages  Dormant, non-replicative (after 6 Less-bactericidal CD1b*CD11eY Reduced antigen (54,58)
days of infection) Less-phagocytic MHCII¥ CD40™ processing capacity
CD205"
Suppressive effects on (55, 56)
effector T cells via higher
level of nitric oxide
Reduced TNF-aand IL-fa (57)
secretion
Elevated TGF-B secretion
Metabolic Reported conditions Experimental type Mitb strain Effect on TB control References
perturbation
Glycolysis boosting Treatment with metformin Type 2 diabetes NA* Beneficial effects on (88-90)
patients (cohort study) prevention and treatment
against T8
Glycolysis inhibition Treatment with 2-ceoxyglucose  BMDMs from C578L/6  Erdman Increased Mtb burdens 9
Increased lipid uptake  Genetic ablation of PPAR-y THP-1 cells with H37Ra, H37RY Decreased both Mtb burden  (71)
via CD36 using shRNA transfection PPAR-y knockdown and lipids
Increased lipid efflux by Genetic ablation of LXR-ausing  THP-1 cells with LXR-a: H37Ra, H37Rv Increased Mtb burdenand  (71)
ATP-binding cassette  ShRNA transfection knockdown intracelular lipics
transporter
De novo fatty acid 75 treatment THP-1 cells and human ~ H37Rv Lowering bacterial burden  (91)
synthesis inhibition MDM and lipid acoumulation
De novo triacyglyceride  Rapamycin treatment for Human MDM H37Rv Reduced both Mtb burden  (10)
synthesis inhibition blocking mTORC1 and lipid acoumulation
Everolimus and temsirolimus Patients with NA® Aggravation of TB (92,93)
treatment for blocking mTORC1  metastatic renal cell progression by their
carcinoma (cohort immunosuppressive
study) activities
De novo cholesterol Treatment with simvastatin in THP-1 cells and H37Rv Beneficial effects on anti-TB ~ (79)
synthesis inhibition ‘combination with rifampicin, BALB/c mice therapy
pyrazinamide, and isoniazidi
Treatment with simvastatin in J774 cells and BALB/c  CDC1551 Increased first-ine anti-TB (82)
combination with rifampicin, mice drug efficacy
pyrazinamide, and isoniazid
Treatment with atorvastatin THP-1 cells and human ~ H37Rv Decreased both Mtb survival ~ (91)
MDM and intracellular lipids
Treatment with seven different  Patients with metabolic  NA* Lowering risk of active T8 (83)
statins syndrome (cohort progression
study)
Treatment with statins in Patients with NA® Not associated with ©1)
combination with anti-TB drugs ~ pulmonary T8 (cohort improved outcomes of
study) pulmonary T8
Treatment with seven different  Type 2 diabetes NA* Not associated with ©0)
statins in combination with patients (cohort study) decreased T8 development
anti-T8 drugs or not
Fatty acid oxidation Treatment of etomoxir, as CPT1a ~ BMDMs from C578L/6  Erdman Decreased bacterial @9

inhibitor

burdens

NA*, not applicable; BMDM, bone marrow-derived macrophage; CPT1a, camitine palmitoyitransferase 1a; LXR-a, liver X receptor-alpha; MDM, monocyte-derived macrophage;
Mitb, Mycobacterium tuberculosis; mTORC, mammalian target of rapamycin complex 1; PPAR-y, peroxisome proliferator-activated receptor-gamma; shRNA, short hairpin RNA;
T8, tuberculosis.
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ST1012 1 3,57
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Strain Description/serotype (source)b ST/CCc References/sourced

M11 Non-encapsulated strain derived from R6 (Hex—, IytAT) Domenech et al., 2014
YNM2 M11 transformant with DNA from strain 1734/19; serotype 8 This study

1734/19 8(blood) SPRL

YNM3 M11 transformant with DNA from strain 1732/19; serotype 11A This study

1732/19 11A(blood) SPRL

YNM4 M11 transformant with DNA from strain 1228/19; serotype 19A This study

1228/19 19A(blood) SPRL

PO0O7 M11 transformant with DNA from strain 406; serotype 3 Domenech et al., 2009
p224 M11 transformant with DNA from strain 3017/13; serotype 24F Domenech et al., 2014
pP244 M11 transformant with DNA from strain 3014/13; serotype 22F Domenech et al., 2015
1407/18 22F(blood/pediatric) ST3134/CC1439 SPRL

1000/18 22F(blood/adult) ST13692/CC698 SPRL

11565/18 22F(CSF/pediatric) ST433/CC433 SPRL

523/18 22F(CSF/adult) ST13692/CC698 SPRL

223/11 22F(PF/pediatric) ST433/CC433 SPRL

1285/18 22F(PF/adult) ST698/CC698 SPRL

2780/17 22F(Otic/adult) ST13692/CC698 SPRL

100/08 22F(Otic/pediatric) ST433/CC433 SPRL

1766/18 22F(blood/pediatric) ST3134/CC1439 SPRL

259717 22F(blood/pediatric) ST433/CC433 SPRL

194/17 22F(blood/pediatric) ST433/CC433 SPRL

2153/17 22F(blood/pediatric) ST433/CC433 SPRL

212/18 22F(blood/adult) ST698/CC698 SPRL

250/18 22F(blood/adult) ST433/CC433 SPRL

306/18 22F(blood/adult) ST433/CC433 SPRL

613/18 22F(blood/adult) ST7314/CC433 SPRL

PO17 M11 transformant with DNA from strain SSISP33F/1; serotype 33F Domenech et al., 2015
1833/18 33F(blood/pediatric) ST717/CC717 SPRL

1950/18 33F(blood/adult) ST13320/CC717 SPRL

1088/16 33F(CSF/pediatric) ST717/CC717 SPRL

934/19 33F(CSF/adult) ST717/CC717 SPRL

800/18 33F(PF/pediatric) ST717/CC717 SPRL

363/18 33F(PF/adult) ST717/CC717 SPRL

782/15 33F(Otic/pediatric) ST1012/CC1012 SPRL

1945/15 33F(Otic/pediatric) ST717/CC717 SPRL

644/18 33F(blood/pediatric) ST717/CC717 SPRL

1018/18 33F(blood/pediatric) ST717/CC717 SPRL

1992/18 33F(blood/pediatric) ST4668/CC717 SPRL

2316/17 33F(blood/pediatric) ST13320/CC717 SPRL

1897/18 33F(blood/adult) ST717/CC717 SPRL

2027/18 33F(blood/adult) ST717/CC717 SPRL

627/18 33F(blood/adult) ST717/CC717 SPRL

840/18 33F(blood/adult) ST717/CC717 SPRL

aStrains are organized by serotype. PCSF, cerebrospinal fluid; PF, pleural fluid. °ST, sequence type; CC, clonal complex. “SPRL, Spanish Pneumococcal
Reference Laboratory.
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2009 2010-2012 2013-2016 2017-2018 2017-18 vs. 2009 2017-18 vs. 2010-12 2017-18 vs. 2013-16
Pre-vaccine Early vaccine effect Middle vaccine effect
(private market)
Cases Incidence Cases Incidence Cases Incidence Cases Incidence IRR 95% ClI IRR 95% ClI IRR 95% CI
(per 100000) (per 100000) (per 100000) (per 100000)

<18 years 22F 6 0.07 24 0.10 31 0.09 29 0.17 2.38  0.99-5.74 1.82  1.06-3.12 1.88  1.13-3.11
33F 6 0.07 20 0.08 29 0.09 13 0.08 1.07  0.41-2.81 0.98  0.49-1.97 090 0.47-1.73

All adults 22F 64 017 271 0.23 364 0.24 248 0.32 1.95 1.48-2.56 1.39 1.17-1.65 1.37 1.16-1.61
33F 26 0.07 72 0.06 125 0.08 88 0.1 1.70 1.10-2.64 1.86 1.36-2.54 1.41 1.15-1.74

18-64 years  22F 27 0.09 1083 0.1 134 0.1 94 0.16 1.82 1.18-2.78 1.43 1.08-1.89 1.42 1.16-1.74
33F 13 0.04 33 0.4 52 0.04 29 0.05 1.16 0.6-2.24 1.37  0.83-2.26 113  0.79-1.63

>65 years 22F 37 0.48 168 0.69 230 0.68 154 0.87 1.83 1.28-2.62 1.26 1.01-1.57 1.29 1.1-1.51
33F 13 017 39 0.16 73 0.21 59 0.33 2.00 1.1-3.64 2.08  1.39-3.11 156  1.21-2.01

Total IPD by all serotypes 3099 6.63 7009 4.95 8096 4.32 5243 5.62 0.85 0.81-0.89 113  1.09-1.18 1.30 1.25-1.34

IRR = incidence rate ratio. Cl = confidence interval.
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