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Legionella pneumophila Strain 130b Evades Macrophage Cell Death Independent of the Effector SidF in the Absence of Flagellin
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The human pathogen Legionella pneumophila must evade host cell death signaling to enable replication in lung macrophages and to cause disease. After bacterial growth, however, L. pneumophila is thought to induce apoptosis during egress from macrophages. The bacterial effector protein, SidF, has been shown to control host cell survival and death by inhibiting pro-apoptotic BNIP3 and BCL-RAMBO signaling. Using live-cell imaging to follow the L. pneumophila-macrophage interaction, we now demonstrate that L. pneumophila evades host cell apoptosis independent of SidF. In the absence of SidF, L. pneumophila was able to replicate, cause loss of mitochondria membrane potential, kill macrophages, and establish infections in lungs of mice. Consistent with this, deletion of BNIP3 and BCL-RAMBO did not affect intracellular L. pneumophila replication, macrophage death rates, and in vivo bacterial virulence. Abrogating mitochondrial cell death by genetic deletion of the effectors of intrinsic apoptosis, BAX, and BAK, or the regulator of mitochondrial permeability transition pore formation, cyclophilin-D, did not affect bacterial growth or the initial killing of macrophages. Loss of BAX and BAK only marginally limited the ability of L. pneumophila to efficiently kill all macrophages over extended periods. L. pneumophila induced killing of macrophages was delayed in the absence of capsase-11 mediated pyroptosis. Together, our data demonstrate that L. pneumophila evades host cell death responses independently of SidF during replication and can induce pyroptosis to kill macrophages in a timely manner.
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INTRODUCTION

Legionella pneumophila is the aetiological agent of Legionnaires' Disease, a potentially life-threatening form of pneumonia in the elderly and immuno-compromised individuals (Cunha et al., 2016). Infection is initiated by inhaling aerosols derived from L. pneumophila contaminated water sources, such as cooling towers. Within the lungs, L. pneumophila establishes a specialized niche, termed the Legionella-containing vacuole, in resident alveolar macrophages, which promotes immune protection and bacterial growth. Virulence is absolutely dependent on the Type IV secretion system (T4SS). Many of the over 300 effector proteins translocated by the T4SS hijack host cell processes, including apoptotic cell death pathways, important for intracellular survival (Isberg et al., 2009; Speir et al., 2014).

Apoptosis is a tightly regulated program of cellular suicide depending on the activation of cytosolic cysteine-dependent aspartic acid-specific proteases, such as caspase-3. In the case of intrinsic apoptosis, the pro- and anti-apoptotic members of the BCL-2 protein family control the activity of the sentinel cell death regulators, BAX, and BAK (Czabotar et al., 2014). Activation of BAX and/or BAK leads to the loss of mitochondrial membrane integrity and release of cytochrome-c, which nucleates apoptosome formation to activate caspase-9 (Youle and Strasser, 2008). Active caspase-9 then cleaves caspases-3 and -7, which initiate dismantling of the cell via proteolysis of essential proteins (Elmore, 2007). Cellular stresses, including bacterial infections, can promote activation of the pro-apoptotic BH3-only proteins that either directly, or indirectly, induce BAX/BAK-mediated apoptosis (Chipuk et al., 2010). This effectively controls intracellular pathogens by compromising their replicative niche and triggering bacterial clearance in a cell autonomous manner (Chow et al., 2016).

L. pneumophila primarily replicates in macrophages and, thus, depends critically upon the health of its host cell for survival. For example, detection of flagellin results in the rapid induction of caspase-1 dependent pyroptotic cell death, which prevents L. pneumophila replication and infection in mice (Molofsky et al., 2006; Ren et al., 2006; Zamboni et al., 2006; Miao et al., 2010; Zhao et al., 2011). Similarly, L. pneumophila must also prevent mitochondrial apoptosis to promote replication, as loss of pro-survival BCL-2 family members, BCL-XL and MCL-1, induces cell death of infected macrophages and Legionella clearance in lungs (Speir et al., 2016). How Legionella evades apoptosis remains unresolved as L. pneumophila can trigger caspase-3 activation during macrophage invasion without inducing immediate cell death (Molmeret et al., 2004; Abu-Zant et al., 2005). L. pneumophila induces the transcriptional up-regulation of several pro-survival BCL-2 family members in a T4SS dependent manner, but, paradoxically, also pro-apoptotic factors, such as BNIP3 (Losick and Isberg, 2006b; Abu-Zant et al., 2007). While BNIP3 activity can be blocked by BCL-2, it can target mitochondria directly and induce cell death independently of BCL-2 (Zhang and Ney, 2009). SidF is the only L. pneumophila effector identified to bind and inhibit the activity of BNIP3, as well as BCL-RAMBO, which may similarly induce death in a BCL-2-dependent and -independent manner (Kataoka et al., 2001; Banga et al., 2007). Consistent with this, loss off SidF was reported to result in increased apoptotic cell death of L. pneumophila infected macrophages, raising the possibility that BNIP3 and BCL-RAMBO are important host factors that control L. pneumophila (Banga et al., 2007). In late stages of L. pneumophila infections, macrophages are characterized by nucleic acid fragmentation and activated apoptotic caspases, suggesting that L. pneumophila induces BAX/BAK-dependent apoptosis during escape (Abu-Zant et al., 2005; Santic et al., 2005; Fischer et al., 2006). Also, L. pneumophila infected lungs of susceptible mice show apoptosis associated phenotypes (Santic et al., 2007). While at least five effectors have been identified that can activate mitochondria-mediated apoptosis in macrophages, combined deletion of these effectors did not abrogate growth in macrophage or resulted in reduced caspase-3 activity (Nogueira et al., 2009; Zhu et al., 2013).

Besides apoptosis and flagellin/caspase-1 mediated pyroptosis, cytosolic contamination with L. pneumophila lipopolysaccharide triggers the activation of caspase-11, independent of flagellin, which subsequently cleaves Gasdermin D to form pores in the plasma membrane (Case et al., 2013; Casson et al., 2013; Shi et al., 2015). Caspase-11 can also activate the NLRP3/caspase-1 inflammasome and caspase-1 the apoptotic caspase-7 to control cell death-independent mechanisms as observed in L. pneumophila infection (Akhter et al., 2009; Case et al., 2013; Casson et al., 2013; Cerqueira et al., 2015), suggesting that during L. pneumophila infections caspase activation can affect multiple cellular events.

To gain a better understanding of the role of apoptosis in L. pneumophila infection, we have established a novel imaging method that allows for single-cell analysis of L. pneumophila-infected macrophages in real-time. This enables the identification of subtle and transient host-pathogen interactions, which may be overlooked in traditional methods that extrapolate from only a small number of isolated data points, or only analyze cells at the population level. With this technique, we now show that L. pneumophila is able to replicate and induce normal macrophage killing rates in the absence of SidF, as well as BNIP3 and BCL-RAMBO. Consistent with this, loss of SidF, BNIP3, or BCL-RAMBO did not affect L. pneumophila lung infections in mice. Moreover, we show that mitochondrial apoptosis itself is not essential for the induction of host macrophage cell death, nor for bacterial replication.

MATERIALS AND METHODS

Ethics Statement

Animal experiments were performed in accordance with the National Health and Medical Research Council Australian Code of Practice for the Care and Use of Animals and were approved by the Monash University Animal Ethics Committee (approval number 2011/086), and by the Walter and Eliza Hall Institute Animal Ethics Committee. All mice were maintained under specific pathogen-free conditions. Age- and sex-matched mice were chosen to be included in different treatment groups without randomization.

Legionella pneumophila Strains

Legionella pneumophila 130b serogroup 1 (ATCC BAA-74) is a spectinomycin-resistant clinical isolate from the Wadsworth Veterans Administration Hospital, Los Angeles, CA (Edelstein, 1986). The avirulent ΔdotA and the flagellin-deficient ΔflaA strains are deletion mutants of L. pneumophila 130 b. To generate the ΔflaA/ΔsidF deletion strain, ~500 bp fragments from upstream and downstream of sidF (LPW28321) were amplified and fused together using overlap extension PCR. The construct was cloned into the Sal1 site of the plasmid pSR47S, and ΔflaA L. pneumophila were transformed to select for kanamycin resistant clones. The second integration to delete the entire sidF coding region was selected for on 10% sucrose plates and individual colonies were verified by PCR for loss of SidF. The complemented ΔflaA/ΔsidF strains were generated by cloning the full-length sidF gene into the plasmid pMMB207C. All L. pneumophila strains were grown from −80°C frozen stocks on buffered charcoal-yeast extract (BCYE) agar at 37°C for 48 h before each infection. To determine bacterial numbers, L. pneumophila were re-suspended in PBS to determine optical density at 600 nm (OD600), whereby an OD600 of 1 equaled 109 bacteria/mL. Based on this, macrophages were infected with multiplicity of infections (MOI) of 10, unless otherwise indicated.

Cell Culture

Murine bone marrow-derived macrophages (BMDMs) were obtained from femora and tibiae of female 6–8 week-old C57BL/6 mice, or from mice of the indicated genotypes. Macrophages were cultured in RPMI 1640 medium supplemented with 15% fetal bovine serum (Serana), 20% L-cell-conditioned medium (containing macrophage colony-stimulating factor), and 100 U/mL of penicillin-streptomycin (Sigma) in bacteriological dishes for 7 days, at 37°C + 5% CO2. For infections, BMDMs were gently scraped from plates using a cell scraper (BD Falcon) and washed three times in PBS, before seeding into tissue culture-treated plates.

Live-Cell Imaging To Determine Macrophage Viability

To follow Legionella infection in real-time using live-cell imaging, macrophages (2.5 × 105 cells/mL) were seeded into 96-well tissue culture-treated plates. Before infection, BMDMs were stained with 1 μM Cell Tracker Green (CTG) (Invitrogen) for 20 min in serum-free RPMI 1640. Medium was then replaced with RPMI 1640 supplemented with 15% FBS and 10% L-cell-conditioned medium containing 50 nM tetramethylrhodamine (TMRM) and 600 nM Draq7 (Abcam). Cells were infected with L. pneumophila strains at a MOI of 10. In some experiments, the CellEvent Casaspase-3/7 detection reagent (Invitrogen) was added to measure caspase activity by time-lapse imaging. Before imaging, 50 μL of mineral oil (Sigma) was added to each well to prevent evaporation.

Experiments were performed on a Leica AF6000 LX epi-fluorescence microscope equipped with an incubator chamber set at 37°C + 5% CO2 and an inverted, fully-motorized stage driven by Leica Advanced Suite Application software. Time-lapse images were acquired with bright-field, GFP, TxRed, and Y5 filters every hour for up to 72 h using a 10 × /0.8-A objective. To determine the percentage of dead cells, images were analyzed in ImageJ and in MetaMorph (Molecular Devices) using a custom-made journal suite incorporating the count nuclei function to segment and count the number of CTG, TMRM, caspase active and Draq7-positive cells (adapted from Croker et al., 2011). The data was analyzed in Excel and GraphPad Prism.

Measurement of Colony-Forming Units (CFUs)

To determine bacterial burdens, macrophages were seeded at a density of 2.5 × 105 cells/mL into 12-well tissue culture plates and infected with L. pneumophila strains at an MOI of 5. After 2 h, cells were washed 3 × in PBS and the medium replaced. For analysis, cells were lysed in 0.05% digitonin for 5 min at room temperature and serial dilutions of the cell lysates and the corresponding culture media were plated on BCYE agar plates. Bacterial colonies were counted after 72 h at 37°C.

Mice Infections

C57BL/6 mice were obtained from Monash Animal Research Platform (MARP). BNIP3−/− (Diwan et al., 2007), BAK−/−, BAX/BAK−/− (Willis et al., 2007), Ppif−/− (Baines et al., 2005), Casp1/11−/− and Casp-11−/− (Kayagaki et al., 2013) mice have been characterized previously. A targeting vector for BCL-RAMBO was generated from a 129/Sv genomic library, linearized and transfected into TC-1 embryonic stem (ES) cells by electroporation. Southern blotting was used to identify ES cell clones with homologous recombination, which were used for injection into blastocysts to generate chimeric mice. Chimeric mice were bred at least 10 generations onto the C57BL/6 background and were deficient in BCL-RAMBO expression (SI Figure 1).

Six to eight week-old male or female mice, in groups of five or more, were anesthetized by 4% isofluorane inhalation and infected intra-nasally with 2.5 × 106 L. pneumophila in 50 μL of sterile PBS. For CFUs, at 6 or 48 h following infection, both lung lobes were removed and homogenized for 30 s in PBS at 30,000 rpm using the Omni Tissue Master homogenizer. Serial dilutions of the lung homogenates were plated onto BCYE agar plates and bacterial colonies were counted after 72 h at 37°C to determine CFUs.

Immunoblot Analysis

2.5 × 105 cells were lysed in 120 μL SDS-loading dye, boiled for 5 min, and samples analyzed by 12% SDS-PAGE. After transfer to nitrocellulose membranes (Millipore), membranes were blocked with 5% skim milk in T-BST (Tween-20, Tris-buffer) for 1 h at room temperature. Membranes were probed with anti-cleaved caspase-3 antibody (CST #9964) or anti-β-actin antibody (Millipore #04-1116) (loading control) and re-suspended in T-BST + 5% skim milk, overnight at 4 °C. After washing, membranes were probed with secondary goat anti-rabbit IgG (Life Technologies) and goat anti-mouse IgG (Life Technologies) antibodies conjugated to HRP (1:20,000 dilution in T-BST + 5% skim milk). Membranes were developed with the luminol-based enhanced chemiluminescence (ECL) and exposed to film (Kodak). Scanned images were processed in Photoshop Adobe.

Statistical Analyses

For all in vitro data, two-way analysis of variance was performed before using Tukey's post hoc test for pairwise comparisons. For mice infections, data were analyzed by the Mann-Whitney U-test. In all experiments, p ≤ 0.05 were taken to be significant.

RESULTS

Live-Cell Imaging of L. pneumophila Infected Macrophages

To examine L. pneumophila infection of bone marrow-derived macrophages (BMDMs) in real-time and to monitor their viability, infected cells were stained with the cell-permeable fluorescent dye, tetramethylrhodamine methyl ester (TMRM), which is sequestered by active mitochondria, depending on the inner membrane potential. In addition, the macrophage culture media contained the membrane impermeable DNA fluorophore Draq7 to specifically stain dead cells (Figure 1A). Importantly, more than 90% of BMDMs left uninfected, or infected with the avirulent ΔdotA strain, which lacks a functional T4SS, did not show uptake of Draq7 and remained viable for up to 72 h, demonstrating that it is possible to follow host-pathogen interactions over extended time periods (Figure 1B). As expected, the BMDMs infected with WT L. pneumophila died more rapidly than those infected with the flagellin-deficient strain, ΔflaA, consistent with a flagellin/caspase-1-mediated pyroptotic cell death. For example, at 30 h post infection more than 60% of WT-infected BMDMs were Draq7-positive, whereas <30% of the ΔflaA infected BMDMs (Figure 1C). Over time, 80% of BMDMs infected with WT or ΔflaA L. pneumophila were killed by 72 h post infection, consistent with repeated rounds of bacterial infection, egress, and re-infection. However, only ΔflaA L. pneumophila is able to replicate in BMDMs, demonstrating that L. pneumophila critically depends on evading macrophage death during early stages of infections for growth. In addition to Draq7 staining, we monitored mitochondrial membrane potential (ΔΨm) over time. The Δdot-infected BMDMs showed little change in TMRM fluorescence, similar to that of uninfected BMDMs (Figure 1D). In contrast, in WT- and ΔflaA-infected BMDMs the ΔΨm decreased by more that 50% relative to uninfected BMDMs (Figure 1D). Comparable to the Draq7 uptake, loss of ΔΨm occurred more quickly in the BMDMs infected with WT L. pneumophila than in those infected with ΔflaA L. pneumophila (Figure 1D). These results demonstrate that live-cell fluorescent imaging, to follow Draq7- and TMRM-staining to quantify cell death and mitochondrial integrity, respectively, is able to distinguish between the different cell death kinetics involved in L. pneumophila infection.
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FIGURE 1. Live cell imaging of macrophage and mitochondrial health in L. pneumophila infections. (A) Wild type C57BL/6 bone marrow-derived macrophages (BMDMs) labeled with the fluorescent dyes tetramethylrhodamine methyl ester (TMRM) to stain active mitochondria and Draq7 to detect dead cells were infected at an MOI of 10 with ΔflaA L. pneumophila. Live-cell images from 1, 24, and 48 h post-infection are shown. (B) Draq7 positive (dead) uninfected and ΔdotA L. pneumophila infected BMDMs determined by live-cell imaging over 72 h. (C) Draq7 positive (dead) WT and ΔflaA L. pneumophila infected BMDMs. (D) TMRM fluorescence (ΔYM, mitochondrial membrane potential) of WT, ΔdotA, and ΔflaA L. pneumophila treated BMDMs over 72 h. TMRM fluorescence intensity is relative to that in uninfected BMDMs (dotted line). Mean and SD. of three independent biological replicates are shown.



Loss of the Bacterial Effector SidF Does Not Lead to Increased Apoptosis of Infected Macrophages

The L. pneumophila effector protein SidF is the only effector reported to target and inhibit host cell pro-apoptotic factors (Banga et al., 2007). To investigate its role in Legionella induced killing of BMDMs and to avoid rapid pyroptotic cell death, we generated a ΔflaA/ΔsidF Legionella mutant. Surprisingly, we did not observe any significant increase in the rate or extent of cell death in BMDMs infected with the ΔflaA/ΔsidF strain compared to ΔflaA or the complemented ΔflaA/ΔsidF strain (Figure 2A). Although loss of SidF did result in increased BMDM death at 20 h post infection, this was not significantly different to the ΔflaA- and complemented ΔflaA/ΔsidF-induced killing (Figure 2A). Furthermore, <2% of the ΔflaA/ΔsidF-infected BMDMs underwent apoptotic cell death during the first 24 h of infection, as judged by cell shrinkage and membrane blebbing, which was similar to the number of ΔflaA-infected BMDMs (Figure 2B). Consistent with this finding, there was no detectable caspase-3 cleavage, indicative of apoptotic caspase activation, in either the ΔflaA- or ΔflaA/ΔsidF-infected BMDMs after 8, 12, and 24 h of infection, as determined by immunoblotting of the caspase-3 p17/p19 fragment (Figure 2C). Finally, infection with the ΔflaA/ΔsidF L. pneumophila strain did not result in increased mitochondrial damage compared to ΔflaA over 72 h (Figure 3D). Taken together, these data demonstrate that loss of SidF does not result in a dramatic induction of apoptosis or increased BMDM death in L. pneumophila infections.
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FIGURE 2. Loss of SidF does not induce apoptotic cell death of infected BMDMs. (A) Draq7 positive (dead) BMDMs infected at a MOI of 10 with ΔdotA, ΔflaA, ΔflaA/ΔsidF, and ΔflaA/ΔsidF + SidF L. pneumophila. Data are representative of three independent experiments. Mean and S.D. of three independent biological replicates shown. (B) Percentage apoptotic cells as determined by membrane blebbing in BMDMs infected with ΔdotA, ΔflaA, and ΔflaA/ΔsidF L. pneumophila. >800 cells were scored from live-cell images taken every 30 min for 48 h. Mean and S.D. shown. (C) Time course immuno-blot analysis for cleaved (indicative of active) caspase-3 in BMDMs infected with ΔflaA or ΔflaA/ΔsidF L. pneumophila. BMDMs treated with 10 μM cycloheximide (CHX) were used as a positive control. Actin blot is a loading control. (D) TMRM fluorescence of uninfected BMDMs or infected with ΔflaA and ΔflaA/ΔsidF L. pneumophila over 72 h. Mean and SEM from two independent experiments containing three biological repeats shown.
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FIGURE 3. L. pneumophila is able to infect lungs in the absence of SidF. (A) BMDMs were infected with the ΔflaA, ΔflaA/ΔsidF, and ΔflaA/ΔsidF + SidF L. pneumophila and bacterial burdens (CFU/mL) calculated 48 post infection. Symbols represent biological repeats from two independent experiments. Line indicates mean. **p < 0.01, ns, not significant (B) C57BL/6 mice were infected intranasal with 2.5 × 106 ΔflaA and ΔflaA/ΔsidF L. pneumophila and lung bacterial burdens (CFU/lung) determined 48 h post infection. Symbols represent data from individual mice from two independent experiments. Line indicates mean. ns = not significant.



SidF is Dispensable for L. pneumophila Replication in Macrophages

Given our observations that SidF does not play a major role in preventing death of BMDMs, we next tested whether it is required for replication of L. pneumophila, as previously reported (Banga et al., 2007). We determined bacterial burdens (CFU/mL) from BMDMs infected with ΔflaA, ΔflaA/ΔsidF, or ΔflaA/ΔsidF + SidF L. pneumophila at 48 h post-infection (Figure 3A). After 48 h of infection, there was a small but significant difference (≃3-fold; p < 0.01) between the CFU/mL recovered from the ΔflaA/ΔsidF strain compared to the ΔflaA or ΔflaA/ΔsidF + SidF L. pneumophila strains in BMDMs, which was less obvious in immortalized BMDMs that support rapid bacterial growth (SI Figure 2). Given this observed, albeit marginal, growth defect in BMDMs, the role of SidF was further examined in L. pneumophila infections in vivo. Bacterial burdens from the lungs of WT C57BL/6 mice 48 h after infection with either ΔflaA or ΔflaA/ΔsidF L. pneumophila were not significantly different (Figure 3B). This demonstrates that, while SidF promotes bacterial replication to a small degree in vitro, it is dispensable for L. pneumophila survival and burdens during lung infections in mice.

BCL-RAMBO and BNIP3 Deficiency Do Not Affect L. pneumophila Induced Macrophage Death

SidF has been reported to target and inhibit BCL-RAMBO and BNIP3 (Banga et al., 2007), which may act independently to modulate cell death in both a caspase-dependent and -independent manner (Kim et al., 2011; Rikka et al., 2011). To test whether BCL-RAMBO and BNIP3 play role in L. pneumophila infection, we utilized BCL-RAMBO−/− and BNIP3−/− mice. As expected, loss of BNIP3 or BCL-RAMBO did not affect the viability of uninfected or ΔdotA-L. pneumophila infected BMDMs over 72 h (Figures 4A,B). Loss of BNIP3 did not influence ΔflaA L. pneumophila-induced killing of BMDMs (Figure 4C), which was marginally, but not significantly, increased in BCL-RAMBO deficient BMDMs (Figure 4C). Finally, loss of BNIP3 or BCL-RAMBO did not affect ΔflaA/ΔsidF-induced killing of BMDMs, but reduced the increased death rates observed in ΔflaA-infected BCL-RAMBO deficient BMDMs (Figure 4D). This demonstrates that even in the absence of SidF, BNIP3, and BCL-RAMBO are dispensable for L. pneumophila-mediated killing of macrophages. To confirm that BCL-RAMBO or BNIP3 do not contribute to L. pneumophila infection in vivo, bacterial burdens were calculated from the lungs of WT C57BL/6, BCL-RAMBO−/−, and BNIP3−/− mice 48 h after infection with ΔflaA L. pneumophila. As shown in Figure 4E, there was no significant difference in bacterial numbers recovered from the lungs of the different mouse genotypes (p > 0.05). In agreement with this, ΔflaA and ΔflaA/ΔsidF replication in BCL-RAMBO−/− macrophages was similar compared to WT macrophages (SI Figure 2).
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FIGURE 4. L. pneumophila infects macrophages and mice independent of BNIP3 and BCL-RAMBO. Draq7 positive (dead) uninfected (A), ΔdotA (B), ΔflaA (C), ΔflaA/ΔsidF (D) infected C57BL/6 wild-type (WT), BCL-RAMBO−/−, and BNIP3−/− BMDMs. Data are representative of three independent experiments. Mean and S.D. of three independent biological replicates shown. (E) Bacterial lung burdens (CFU/lung) of C57BL/6 wild-type (WT), BNIP3−/−, and BCL-RAMBO−/− mice infected intranasal with 2.5 × 106 ΔflaA L. pneumophila 48 h post infection. Data from individual mice and mean (line) are shown. Ns, not significant.



L. pneumophila Induces Macrophage Cell Death Independently of Cyclophilin-D and BAX/BAK

Although BNIP3 and BCL-RAMBO do not influence Legionella infection, alternate regulators of mitochondria-mediated cell death signaling may be targeted by Legionella to promote bacterial replication or egress. These include host cell death mediated by formation of the mitochondrial permeability transition pore (mPT) (Khemiri et al., 2008), or intrinsic (mitochondrial) apoptosis, mediated by BAX and BAK oligomerisation on mitochondrial membranes. The Ppif gene product, Cyclophilin-D (CycD), is a critical component of the mPT, can modulate apoptosis independent of BCL-2 and may be targeted by BNIP3 (Carneiro et al., 2009; Gutiérrez-Aguilar and Baines, 2015). We therefore tested the role of CycD in L. pneumophila infection. As expected, ΔdotA infected CycD-deficient BMDMs (Ppif −/−) remained viable for 72 h (Figure 5A). In the absence of CycD, ΔflaA-infected BMDMs remained viable for the first 10 h post infection and then showed increased cell death that were indistinguishable from infected WT BMDMs (Figure 5B). This result demonstrates that L. pneumophila can still induce cell death normally in the absence of a functional mitochondrial permeability transition pore complex.
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FIGURE 5. L. pneumophila induces macrophage death independent of Cyclophilin-D, BAX, and BAK. Draq7 positive (dead) ΔdotA (A) and ΔflaA L. pneumophila (B) infected wild-type (WT) and Ppif −/− BMDMs. Draq7 positive (dead) ΔdotA (C) and ΔflaA L. pneumophila (D) infected (MOI of 10) wild-type (WT), BAK−/− and BAX−/− BAK−/− BMDMs. Mean and S.D. of three biological replicates shown. (E) TMRM positive BMDMs infected with ΔflaA L. pneumophila (relative to ΔdotA infected BMDMs) over 72 h. Mean and SD from three biological repeats, representative of at least two independent experiments, shown.



To test whether Legionella infection is influenced by a loss of intrinsic (mitochondrial) apoptosis, we utilized BMDMs deficient in BAK alone, or both BAX and BAK, which has been demonstrated to completely prevent intrinsic apoptotic cell death (van Delft et al., 2006). As expected, in the absence of BAK, or BAX and BAK together, ΔdotA L. pneumophila-infected BMDMs remained viable (Figure 5C), indicating that neither BAX nor BAK were essential to cell survival under these conditions. Infection with ΔflaA L. pneumophila resulted in the death of similar numbers of BAK−/− and BAX−/−BAK−/− BMDMs by 72 h post infection (Figure 5D). Deletion of both BAX and BAK resulted in a 15–20% decrease in the rate of cell death compared to WT, or deletion of BAK alone, between 30 and 40 h post infection, but not during the initial killing phase (10–25 h). In addition, the rate loss of TMRM signal was similar between WT, BAK−/−, and BAX−/−BAK−/− BMDMs, suggesting that BAX and BAK do not significantly contribute to loss of mitochondrial membrane potential in L. pneumophila infections (Figure 5E). Consistent with this, we and other have recently shown that ΔflaA L. pneumophila replicates normally in BAX−/−BAK−/− BMDMs (Nogueira et al., 2009; Speir et al., 2016). Together, these data suggest that while ΔflaA L. pneumophila can induce BAX/BAK-mediated apoptosis in late stage infections, it is not critical for bacterial replication.

Inhibition of Host Protein Synthesis by L. pneumophila Does Not Lead to Apoptosis, but Pyroptosis

We have recently shown that L. pneumophila limits host cell protein synthesis to reduce levels of the short-lived pro-survival BCL-2 family member MCL-1, akin to chemically inhibiting protein synthesis by cycloheximide (CHX) treatment (Speir et al., 2016). ΔflaA L. pneumophila infection or CHX treatment also reduced the mitochondrial membrane potential and induced cell death with similar kinetics at the MOI and concentrations used (Figure 6A). To follow the activation of apoptotic caspases on a single cell level over extended periods, BMDMs were incubated with a fluorescent probe to detect caspase-3/7 activity. As expected, CHX treatment caused activation of caspase-3/7 at around 20 h post treatment, coinciding with cell death (Figure 6B, SI Video 1). In contrast, ΔflaA L. pneumophila induced cell death with minimal caspase-3/7 activity (Figure 6B, SI Video 2, consistent with western blot analysis (Figure 2C). Only at late stage infections did ΔflaA L. pneumophila cause caspase3/7 activation (Figure 6B), at which point most BMDMs were stained by Draq7 and thus contained compromised membranes (Figure 6A). Similar results were obtained with ΔflaA/sidF L. pneumophila, whereas uninfected BMDMs remained viable with little evidence of caspase-3/7 activity (Figure 6B). WT L. pneumophila caused sustained low levels of caspase-3/7 activity immediately after infections (Figure 6B, SI Video 3).
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FIGURE 6. L. pneumophila mediated macrophage death is independent of apoptotic caspases, but induced by pyroptotic caspase-11. (A) Draq7 and TMRM positive BMDMs treated with cycloheximide (2 μg/ml) or infected with ΔflaA L. pneumophila. (B) Caspase-3/7 activity in uninfected, WT, ΔflaA and ΔflaA/ΔsdiF L. pneumophila infected or cycloheximide (CHX, 2 μg/ml) treated BMDMs. (C) Draq7 positive (dead) BMDMs treated with cycloheximide (CHX) with or without Q-VD (20 μM). (D) Draq7 positive (dead) BMDMs infected with ΔflaA L. pneumophila and treatment with or without Q-VD (20 μM). Data are representative of three independent experiments. Mean and S.D. of three independent biological replicates shown. (E) Draq7 positive (dead) WT, Caspase-1/11 DKO and Caspase-11 KO BMDMs infected with ΔflaA L. pneumophila. Data are representative of two independent experiments. Mean and S.D. of three independent biological replicates shown. (F) Bacterial burdens (CFU/mL) from ΔflaA L. pneumophila-infected WT and Caspase-1/11 DKO BMDMs at 6, 24, and 48 h post-infection. Mean and S.E.M of three independent experiments shown.



CHX induces mitochondrial apoptosis, which is delayed by the pan-caspase inhibitor, QVD-ph (QVD) for at least for 30 h (Figure 6C). In contrast, QVD treatment had only a marginal effect on ΔflaA L. pneumophila induced killing of BMDMs (Figure 6D). This demonstrates that L. pneumophila kills macrophages independent of the activity of apoptotic caspases, despite inhibition of host protein synthesis and the loss of mitochondrial membrane potential. Given that L. pneumophila can trigger pyroptosis, which can consequently activate apoptotic caspases, we finally tested whether pyroptosis is induced in late stage L. pneumophila infections. ΔflaA L. pneumophila caused delayed (~10 h) death in caspase-1/11 double deficient BMDMs compared to WT BMDMs (Figure 6E). We observed the same delayed death response in caspase-11 deficient BMDMs, suggesting that in the absence of flagellin, L. pneumophila triggers caspase-11 mediated pyroptosis in late stage infections (Figure 6E). Caspase-1 and -11 were not required for efficient replication (Figure 6F) or macrophage killing at higher infection rates (SI Figure 3), suggesting that besides pyroptosis L. pneumophila can utilize other mechanisms to induce macrophage death during egress.

DISCUSSION

The role of programmed host cell death signaling in Legionella infections has been studied extensively over the past decade. This has mainly been in the context of the caspase-1-dependent inflammatory cell death, termed pyroptosis, during invasion of macrophages. We have now utilized both host cell and bacterial genetic approaches combined with live cell imaging to more accurately define the role of apoptotic cell death in Legionella infections. We show that loss of the critical intrinsic apoptotic proteins, BAK and BAX, or the mPT pore component, cyclophilin D, does not significantly alter L. pneumophila replication or the killing of macrophages. Moreover, we also demonstrate that the genetic deletion of BCL-RAMBO or BNIP3, reported host cell pro-apoptotic molecules inhibited by the bacterial effector SidF, have no impact on in vivo Legionella replication. Therefore, although several Legionella effectors may target mitochondria and activate apoptotic caspase activity (Zhu et al., 2013), our data suggest that key mitochondrial cell death signaling pathways do not facilitate bacterial replication or retard bacterial egress, and therefore do not significantly alter Legionella infectivity in mice.

Several T4SS effectors have been identified that trigger sustained NF-κB signaling and consequent transcriptional up-regulation of BCL-2 family members, that includes pro-survival BCL-2 and A1 (Losick and Isberg, 2006a; Abu-Zant et al., 2007). In agreement with this, infections with virulent L. pneumophila renders macrophages resistant to apoptosis inducing agents (Abu-Zant et al., 2005). However, protein levels of the major pro-survival factors in infected macrophages remain stable, or are reduced, consistent with the notion that L. pneumophila prevents translation of most host proteins (Speir et al., 2016). Thus, L. pneumophila may rely on other mechanisms to sustain macrophage viability during infection. In part, this may depend on effectors that directly inhibit pro-death factor which can be activated by post-translational processes. So far, however, only one effector, SidF, has been reported to directly block the pro-apoptotic activities of BCL-RAMBO and BNIP3 (Banga et al., 2007). Genetic deletion of SidF was reported to more than double the number of apoptotic BMDMs in late stage L. pneumophila infections (Banga et al., 2007). To define the role of SidF and apoptosis in L. pneumophila-infected BMDMs, we used live-cell imaging to follow the entire infection cycle and to measure macrophage health in real time by determining plasma membrane rupture and loss of mitochondrial membrane potential. Using this technique, we did not detect significantly increased apoptosis in BMDMs infected with an L. pneumophila strain lacking SidF and, furthermore, show that SidF is dispensable in lung infections in mice.

BMDMs derived from C57BL/6 mice readily detect flagellin present in wild-type L. pneumophila and induce caspase-1-mediated pyroptotic cell death. To specifically investigate the role of SidF and apoptosis in L. pneumophila-infected mice, we generated a ΔflaA/ΔsidF mutant, which evades caspase-1 detection. Because the ΔsidF strain in the original report was on a flagellated L. pneumophila background, it is possible that, in the absence of SidF, flagellin reached the cytosolic sensors of NAIP5 and NLRC4 to activate caspase-1 even in permissive macrophages, albeit at reduced rates (Zamboni et al., 2006; Lamkanfi et al., 2007). The establishment and integrity of the Legionella containing vacuole may directly dependent on SidF and its phosphoinositide phosphatase activity which thus likely promotes efficient bacterial growth (Hsu et al., 2012). Besides triggering pyroptosis, caspase-1 may also cleave apoptotic caspases, such as caspase-3 and 7 (Amer, 2010). Our study now shows that in the absence of flagellin-mediated pyroptosis, the loss of SidF does not significantly affect the ability of L. pneumophila to evade apoptosis. Of note, this and the previous study used genetically different Legionella strains, which can affect the degree of apoptotic death as not all of the effectors are conserved and as some strains infect more efficiently (Gomez-Valero et al., 2011). It is also possible that the L. pneumophila strain used in this study contains additional effectors that can compensate for the loss of SidF to inhibit macrophage cell death. Nevertheless, we demonstrate that genetic deletion of the proposed SidF pro-apoptotic host cell target proteins, BCL-RAMBO, or BNIP3, also does not alter L. pneumophila replication, infection or host cell death kinetics. While the co-deletion of BCL-RAMBO and BNIP3 together may be required to reveal a role for these potential pro-apoptotic factors in modulating intracellular bacterial infections, the limited effects of pan-caspase inhibition or genetic loss of cyclophilin D or BAX and BAK, argue that abrogating mitochondrial death signaling does not significantly influence bacterial replication and infectivity.

L. pneumophila is able to directly manipulate host cell apoptotic signaling during infection. For example, L. pneumophila-infected cells have been reported to contain high levels of active caspase-3, but only induce host cell death with apoptotic features, such as chromosome condensation and nucleic acid fragmentation, in late stages of infection (Gao and Abu Kwaik, 1999; Abu-Zant et al., 2005). This led to the notion that L. pneumophila may selectively trigger apoptosis to facilitate egress (Molmeret and Abu Kwaik, 2002). At least five effectors have been identified that are able to induce apoptosis when expressed in immortalized cell lines (Zhu et al., 2013). However, their exact roles during infections remain elusive, as the co-deletion of these five effectors in L. pneumophila does not influence bacterial infection and intracellular replication in macrophages (Zhu et al., 2013). This is consistent with our findings showing that deletion of the essential intrinsic apoptotic executioners, BAX and BAK, does not overtly reduce the ability of L. pneumophila to kill macrophages or to abrogated bacterial growth (Nogueira et al., 2009). Similarly, loss of BAX/BAK and caspase-3 did not affect L. pneumophila growth in vitro (Nogueira et al., 2009). In contrast to macrophages, the above effectors are able to induce apoptosis in dendritic cells and, thus, prevent bacterial survival (Zhu et al., 2013). Bacterial growth in dendritic cells can also be restored by overexpressing pro-survival BCL-2, or by loss of BAX/BAK, suggesting that at least some effectors may act upstream of BAX/BAK (Nogueira et al., 2009). This also highlights that host cell death signaling following L. pneumophila infection is likely to be cell-type specific, and depend on the host cell expression levels of different cell death components.

In the absence of apoptosis, it is possible that L. pneumophila may induce other forms of programmed cell death to facilitate bacterial egress. While the expression of flagellin is up-regulated in late stage infections (Molmeret et al., 2010), flagellin-deficient Legionella species (e.g., ΔflaA L. pneumophila or WT L. longbeachae, which is naturally deficient in flagellin; Cazalet et al., 2010), are still able to efficiently kill macrophages in the late stages of infection, suggesting that this is not mediated via flagellin/caspase-1-dependent pyroptosis. Furthermore, deletion of extrinsic apoptosis (Caspase-8 deficient BMDMs) and necroptosis (RIPK3 and MLKL deficient BMDMs) did not abrogate killing of macrophages by virulent L. pneumophila (Speir et al., 2016). L. pneumophila also activates a caspase-11-dependent form of pyroptotic cell death, particularly in LPS-primed cells, to induce caspase-11 expression (Case et al., 2013; Casson et al., 2013). Cytosolic caspase-11 recognizes and binds LPS directly to either induce NLRP3/caspase-1 dependent or caspase-1 independent pyroptosis (Hagar et al., 2013; Kayagaki et al., 2013). Although caspase-11 is not required for NLRC4-dependent pyroptosis, nor for the restriction of flagellated Legionella infection (Cerqueira et al., 2015), there is some evidence that Legionella complete their terminal rounds of proliferation within the cytosol (Molmeret et al., 2007) and, thus, may activate caspase-11 upon escaping its vacuole, in order to facilitate egress. Other vacuolar pathogens also induce caspase-11-mediated death to effectively escape, as is the case in Salmonella Typhimurium. Caspase-11 activation is detrimental to the host as it expedites bacterial egress, allowing S. Typhimurium to replicate extracellularly in the absence of a caspase-1-mediated immune response (Broz et al., 2012). However, the delay in cell death after Legionella infections in the absence of caspase- 11 is only detectable at low infection levels. Higher numbers of bacteria must be able to trigger escape independently of, and more quickly than, caspase-11 activation alone. Furthermore, even at a low infection rates, there is no corresponding defect in bacterial replication, indicating that this delay in cell death does not limit bacterial replication. It is formally possible that multiple programmed cell death pathways are activated during L. pneumophila infection to facilitate bacterial egress. Alternatively, bacterial-induced killing may include other mechanisms such as the expression of lytic enzymes or overwhelming bacterial burden that lead to host cell rupture (Molmeret et al., 2002).
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SI Figure 1. Genetic deletion of BCL-RAMBO. (A) Gene targeting strategy. The targeting construct replaces exon 2 (black bar on the WT locus) with a neomycin resistance cassette (neo) resulting also in a frame-shift. Restriction sites are indicated (H, Hind III; X, XbaI; S, SacI; B, BamHI). A 3′ probe was designed to recognize a 5.9 kb and 8.7 kb fragment from Sac1-digested wild-type and mutated genomic DNA alleles, respectively. (B) Southern blot analysis of Sac I digested mouse tail DNA using the 3′ probe, showing the wild-type (lower, 5.9 kb) and targeted (upper; 8.7 kb) alleles of Bcl-rambo gene. (C) Western blot analysis of embryonic fibroblast cell lysates using anti-Bcl-rambo antibodies (Abcam) and anti-Actin as internal control.

SI Figure 2. L. pneumophila replicates in BCL-RAMBO deficient macrophages. WT and BCL-RAMBO deficient immortalized macrophages were infected with ΔflaA and ΔflaA/ΔsidF (MOI 10) for 2 h and the colony forming units (CFUs) determined at 6 and 48 h post infection. Mean and SD (from three independent colonies) are shown.

SI Figure 3. Cell death of caspase-11 deficient BMDMs at high MOl. Draq7 positive (dead) WT, caspase-1/11 DKO and caspase-11 KO BMDMs infected at a MOl of 20 with ΔflaA L. pneumophila. Data are representative of two independent experiments. Mean and S.D. of three independent biological replicates shown.

SI Video 1. Detection of caspase-3/7 activity in cycloheximide treated macrophages. The mitochondria of BMDMs were labeled with TMRM (red), treated with cycloheximide and incubated with Draq7 (blue DNA stain) and caspase-3/7 fluorescent substrate (green). Fluorescent and bright field images were acquired every 60 min.

SI Video 2. Detection of caspase-3/7 activity in ΔflaA L. pneumophila infected macrophages. The mitochondria of BMDMs were labeled with TMRM (red), infected with ΔflaA L. pneumophila and incubated with Draq7 (blue DNA stain) and caspase-3/7 fluorescent substrate (green). Fluorescent and bright field images were acquired every 60 min.

SI Video 3. Detection of caspase-3/7 activity in WT L. pneumophila infected macrophages. The mitochondria of BMDMs were labeled with TMRM (red), infected with WT L. pneumophila and incubated with Draq7 (blue DNA stain) and caspase-3/7 fluorescent substrate (green). Fluorescent and bright field images were acquired every 60 min.

REFERENCES

 Abu-Zant, A., Jones, S., Asare, R., Suttles, J., Price, C., Graham, J., et al. (2007). Anti-apoptotic signalling by the Dot/Icm secretion system of L. pneumophila. Cell Microbiol. 9, 246–264. doi: 10.1111/j.1462-5822.2006.00785.x

 Abu-Zant, A., Santic, M., Molmeret, M., Jones, S., Helbig, J., and Abu Kwaik, Y. (2005). Incomplete activation of macrophage apoptosis during intracellular replication of Legionella pneumophila. Infect. Immun. 73, 5339–5349. doi: 10.1128/IAI.73.9.5339-5349.2005

 Akhter, A., Gavrilin, M. A., Frantz, L., Washington, S., Ditty, C., Limoli, D., et al. (2009). Caspase-7 activation by the Nlrc4/Ipaf inflammasome restricts Legionella pneumophila infection. PLoS Pathog. 5:e1000361. doi: 10.1371/journal.ppat.1000361

 Amer, A. O. (2010). Modulation of caspases and their non-apoptotic functions by Legionella pneumophila. Cell. Microbiol. 12, 140–147. doi: 10.1111/j.1462-5822.2009.01401.x

 Baines, C. P., Kaiser, R. A., Purcell, N. H., Blair, N. S., Osinska, H., Hambleton, M. A., et al. (2005). Loss of cyclophilin D reveals a critical role for mitochondrial permeability transition in cell death. Nature 434, 658–662. doi: 10.1038/nature03434

 Banga, S., Gao, P., Shen, X., Fiscus, V., Zong, W. X., Chen, L., et al. (2007). Legionella pneumophila inhibits macrophage apoptosis by targeting pro-death members of the Bcl2 protein family. Proc. Natl. Acad. Sci. U.S.A. 104, 5121–5126. doi: 10.1073/pnas.0611030104

 Broz, P., Ruby, T., Belhocine, K., Bouley, D. M., Kayagaki, N., Dixit, V. M., et al. (2012). Caspase-11 increases susceptibility to Salmonella infection in the absence of caspase-1. Nature 490, 288–291. doi: 10.1038/nature11419

 Carneiro, L. A., Travassos, L. H., Soares, F., Tattoli, I., Magalhaes, J. G., Bozza, M. T., et al. (2009). Shigella induces mitochondrial dysfunction and cell death in nonmyleoid cells. Cell Host Microbe 5, 123–136. doi: 10.1016/j.chom.2008.12.011

 Case, C. L., Kohler, L. J., Lima, J. B., Strowig, T., de Zoete, M. R., Flavell, R. A., et al. (2013). Caspase-11 stimulates rapid flagellin-independent pyroptosis in response to Legionella pneumophila. Proc. Natl. Acad. Sci. U.S.A. 110, 1851–1856. doi: 10.1073/pnas.1211521110

 Casson, C. N., Copenhaver, A. M., Zwack, E. E., Nguyen, H. T., Strowig, T., Javdan, B., et al. (2013). Caspase-11 activation in response to bacterial secretion systems that access the host cytosol. PLoS Pathog. 9:e1003400. doi: 10.1371/journal.ppat.1003400

 Cazalet, C., Gomez-Valero, L., Rusniok, C., Lomma, M., Dervins-Ravault, D., Newton, H. J., et al. (2010). Analysis of the legionella longbeachae genome and transcriptome uncovers unique strategies to cause Legionnaires' disease. PLoS Genet. 6:e1000851. doi: 10.1371/journal.pgen.1000851

 Cerqueira, D. M., Pereira, M. S., Silva, A. L., Cunha, L. D., and Zamboni, D. S. (2015). Caspase-1 but not Caspase-11 is required for NLRC4-mediated pyroptosis and restriction of infection by flagellated legionella species in mouse macrophages and in vivo. J. Immunol. 195, 2303–2311. doi: 10.4049/jimmunol.1501223

 Chipuk, J. E., Moldoveanu, T., Llambi, F., Parsons, M. J., and Green, D. R. (2010). The BCL-2 family reunion. Mol. Cell 37, 299–310. doi: 10.1016/j.molcel.2010.01.025

 Chow, S. H., Deo, P., and Naderer, T. (2016). Macrophage cell death in microbial infections. Cell Microbiol. 18, 466–474. doi: 10.1111/cmi.12573

 Croker, B. A., O'Donnell, J. A., Nowell, C. J., Metcalf, D., Dewson, G., Campbell, K. J., et al. (2011). Fas-mediated neutrophil apoptosis is accelerated by Bid, Bak, and Bax and inhibited by Bcl-2 and Mcl-1. Proc. Natl. Acad. Sci. U.S.A. 108, 13135–13140. doi: 10.1073/pnas.1110358108

 Cunha, B. A., Burillo, A., and Bouza, E. (2016). Legionnaires' disease. Lancet. 23, 376–385. doi: 10.1016/S0140-6736(15)60078-2

 Czabotar, P. E., Lessene, G., Strasser, A., and Adams, J. M. (2014). Control of apoptosis by the BCL-2 protein family: implications for physiology and therapy. Nat. Rev. Mol. Cell Biol. 15, 49–63. doi: 10.1038/nrm3722

 Diwan, A., Krenz, M., Syed, F. M., Wansapura, J., Ren, X., Koesters, A. G., et al. (2007). Inhibition of ischemic cardiomyocyte apoptosis through targeted ablation of Bnip3 restrains postinfarction remodeling in mice. J. Clin. Invest. 117, 2825–2833. doi: 10.1172/JCI32490

 Edelstein, P. H. (1986). Control of Legionella in hospitals. J. Hosp. Infect. 8, 109–115. doi: 10.1016/0195-6701(86)90037-X

 Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicol. Pathol. 35, 495–516. doi: 10.1080/01926230701320337

 Fischer, S. F., Vier, J., Müller-Thomas, C., and Häcker, G. (2006). Induction of apoptosis by Legionella pneumophila in mammalian cells requires the mitochondrial pathway for caspase activation. Microbes Infect. 8, 662–669. doi: 10.1016/j.micinf.2005.08.016

 Gao, L. Y., and Abu Kwaik, Y. (1999). Activation of caspase 3 during Legionella pneumophila-induced apoptosis. Infect. Immun. 67, 4886–4894.

 Gomez-Valero, L., Rusniok, C., Cazalet, C., and Buchrieser, C. (2011). Comparative and functional genomics of legionella identified eukaryotic like proteins as key players in host-pathogen interactions. Front. Microbiol. 2:208. doi: 10.3389/fmicb.2011.00208

 Gutiérrez-Aguilar, M., and Baines, C. P. (2015). Structural mechanisms of cyclophilin D-dependent control of the mitochondrial permeability transition pore. Biochim. Biophys. Acta 1850, 2041–2047. doi: 10.1016/j.bbagen.2014.11.009

 Hagar, J. A., Powell, D. A., Aachoui, Y., Ernst, R. K., and Miao, E. A. (2013). Cytoplasmic LPS activates caspase-11: implications in TLR4-independent endotoxic shock. Science 341, 1250–1253. doi: 10.1126/science.1240988

 Hsu, F., Zhu, W., Brennan, L., Tao, L., Luo, Z. Q., and Mao, Y. (2012). Structural basis for substrate recognition by a unique Legionella phosphoinositide phosphatase. Proc. Natl. Acad. Sci. U.S.A. 109, 13567–13572. doi: 10.1073/pnas.1207903109

 Isberg, R. R., O'Connor, T. J., and Heidtman, M. (2009). The Legionella pneumophila replication vacuole: making a cosy niche inside host cells. Nat. Rev. 7, 13–24. doi: 10.1038/nrmicro1967

 Kataoka, T., Holler, N., Micheau, O., Martinon, F., Tinel, A., Hofmann, K., et al. (2001). Bcl-rambo, a novel Bcl-2 homologue that induces apoptosis via its unique C-terminal extension. J. Biol. Chem. 276, 19548–19554. doi: 10.1074/jbc.M010520200

 Kayagaki, N., Wong, M. T., Stowe, I. B., Ramani, S. R., Gonzalez, L. C., Akashi-Takamura, S., et al. (2013). Noncanonical inflammasome activation by intracellular LPS independent of TLR4. Science 341, 1246–1249. doi: 10.1126/science.1240248

 Khemiri, A., Jouenne, T., and Cosette, P. (2008). Presence in Legionella pneumophila of a mammalian-like mitochondrial permeability transition pore? FEMS Microbiol. Lett. 278, 171–176. doi: 10.1111/j.1574-6968.2007.00985.x

 Kim, J. Y., Kim, Y. J., Lee, S., and Park, J. H. (2011). BNip3 is a mediator of TNF-induced necrotic cell death. Apoptosis 16, 114–126. doi: 10.1007/s10495-010-0550-4

 Lamkanfi, M., Amer, A., Kanneganti, T. D., Muñoz-Planillo, R., Chen, G., Vandenabeele, P., et al. (2007). The Nod-like receptor family member Naip5/Birc1e restricts Legionella pneumophila growth independently of caspase-1 activation. J. Immunol. 178, 8022–8027. doi: 10.4049/jimmunol.178.12.8022

 Losick, V. P., and Isberg, R. R. (2006a). NF-κB translocation prevents host cell death after low-dose challenge by Legionella pneumophila. J. Exp. Med. 203, 2177–2189. doi: 10.1084/jem.20060766

 Losick, V. P., and Isberg, R. R. (2006b). NF-κB translocation prevents host cell death after low-dose challenge by Legionella pneumophila. J. Exp. Med. 203, 2177–2189. doi: 10.1084/jem.20060766

 Miao, E. A., Leaf, I. A., Treuting, P. M., Mao, D. P., Dors, M., Sarkar, A., et al. (2010). Caspase-1-induced pyroptosis is an innate immune effector mechanism against intracellular bacteria. Nat. Immunol. 11, 1136–1142. doi: 10.1038/ni.1960

 Molmeret, M., and Abu Kwaik, Y. (2002). How does Legionella pneumophila exit the host cell? Trends Microbiol. 10, 258–260. doi: 10.1016/S0966-842X(02)02359-4

 Molmeret, M., Alli, O. A., Zink, S., Flieger, A., Cianciotto, N. P., and Kwaik, Y. A. (2002). icmT is essential for pore formation-mediated egress of Legionella pneumophila from mammalian and protozoan cells. Infect. Immun. 70, 69–78. doi: 10.1128/IAI.70.1.69-78.2002

 Molmeret, M., Jones, S., Santic, M., Habyarimana, F., Esteban, M. T., and Kwaik, Y. A. (2010). Temporal and spatial trigger of post-exponential virulence-associated regulatory cascades by Legionella pneumophila after bacterial escape into the host cell cytosol. Environ. Microbiol. 12, 704–715. doi: 10.1111/j.1462-2920.2009.02114.x

 Molmeret, M., Santic, M., Asare, R., Carabeo, R. A., and Abu Kwaik, Y. (2007). Rapid escape of the dot/icm mutants of Legionella pneumophila into the cytosol of mammalian and protozoan cells. Infect. Immun. 75, 3290–3304. doi: 10.1128/IAI.00292-07

 Molmeret, M., Zink, S. D., Han, L., Abu-Zant, A., Asari, R., Bitar, D. M., et al. (2004). Activation of caspase-3 by the Dot/Icm virulence system is essential for arrested biogenesis of the Legionella-containing phagosome. Cell. Microbiol. 6, 33–48. doi: 10.1046/j.1462-5822.2003.00335.x

 Molofsky, A. B., Byrne, B. G., Whitfield, N. N., Madigan, C. A., Fuse, E. T., Tateda, K., et al. (2006). Cytosolic recognition of flagellin by mouse macrophages restricts Legionella pneumophila infection. J. Exp. Med. 203, 1093–1104. doi: 10.1084/jem.20051659

 Nogueira, C. V, Lindsten, T., Jamieson, A. M., Case, C. L., Shin, S., Thompson, C. B., et al. (2009). Rapid pathogen-induced apoptosis: a mechanism used by dendritic cells to limit intracellular replication of Legionella pneumophila. PLoS Pathog. 5:e1000478. doi: 10.1371/journal.ppat.1000478

 Ren, T., Zamboni, D. S., Roy, C. R., Dietrich, W. F., and Vance, R. E. (2006). Flagellin-deficient Legionella mutants evade caspase-1- and Naip5-mediated macrophage immunity. PLoS Pathog. 2:e18. doi: 10.1371/journal.ppat.0020018

 Rikka, S., Quinsay, M. N., Thomas, R. L., Kubli, D. A., Zhang, X., Murphy, A. N., et al. (2011). Bnip3 impairs mitochondrial bioenergetics and stimulates mitochondrial turnover. Cell Death Differ. 18, 721–731. doi: 10.1038/cdd.2010.146

 Santic, M., Asare, R., Doric, M., and Abu Kwaik, Y. (2007). Host-dependent trigger of caspases and apoptosis by Legionella pneumophila. Infect. Immun. 75, 2903–2913. doi: 10.1128/IAI.00147-07

 Santic, M., Molmeret, M., and Abu Kwaik, Y. (2005). Maturation of the Legionella pneumophila-containing phagosome into a phagolysosome within gamma interferon-activated macrophages. Infect. Immun. 73, 3166–3171. doi: 10.1128/IAI.73.5.3166-3171.2005

 Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., et al. (2015). Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature 526, 660–665. doi: 10.1038/nature15514

 Speir, M., Lawler, K. E., Glaser, S. P., Abraham, G., Chow, S., Vogrin, A., et al. (2016). Eliminating Legionella by inhibiting BCL-XL to induce macrophage apoptosis. Nat. Microbiol. 1:15034. doi: 10.1038/nmicrobiol.2015.34

 Speir, M., Vince, J., and Naderer, T. (2014). Programmed cell death in Legionella infection. Future Microbiol. 9, 107–118. doi: 10.221/fmb.13.139

 van Delft, M. F., Wei, A. H., Mason, K. D., Vandenberg, C. J., Chen, L., Czabotar, P. E., et al. (2006). The BH3 mimetic ABT-737 targets selective Bcl-2 proteins and efficiently induces apoptosis via Bak/Bax if Mcl-1 is neutralized. Cancer Cell 10, 389–399. doi: 10.1016/j.ccr.2006.08.027

 Willis, S. N., Fletcher, J. I, Kaufmann, T., van Delft, M. F., Chen, L., Czabotar, P. E., et al. (2007). Apoptosis initiated when BH3 ligands engage multiple Bcl-2 homologs, not Bax or Bak. Science 315, 856–859. doi: 10.1126/science.1133289

 Youle, R. J., and Strasser, A. (2008). The BCL-2 protein family: opposing activities that mediate cell death. Nat. Rev. Mol. Cell Biol. 9, 47–59. doi: 10.1038/nrm2308

 Zamboni, D. S., Kobayashi, K. S., Kohlsdorf, T., Ogura, Y., Long, E. M., Vance, R. E., et al. (2006). The Birc1e cytosolic pattern-recognition receptor contributes to the detection and control of Legionella pneumophila infection. Nat. Immunol. 7, 318–325. doi: 10.1038/ni1305

 Zhang, J., and Ney, P. A. (2009). Role of BNIP3 and NIX in cell death, autophagy, and mitophagy. Cell Death Differ. 16, 939–946. doi: 10.1038/cdd.2009.16

 Zhao, Y., Yang, J., Shi, J., Gong, Y. N., Lu, Q., Xu, H., et al. (2011). The NLRC4 inflammasome receptors for bacterial flagellin and type III secretion apparatus. Nature 477, 596–600. doi: 10.1038/nature10510

 Zhu, W., Hammad, L. A., Hsu, F., Mao, Y., and Luo, Z. Q. (2013). Induction of caspase 3 activation by multiple L. pneumophila Dot/Icm substrates. Cell Microbiol. 15, 1783–1795. doi: 10.1111/cmi.12157

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

Copyright © 2017 Speir, Vogrin, Seidi, Abraham, Hunot, Han, Dorn II, Masters, Flavell, Vince and Naderer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcimb-07-00035-g005.gif
osusssszesd
prore

P

o338588388
osugsEsassd






OPS/images/fcimb-07-00035-g006.gif
= cHxamRw — CHX (Drea7)
— ah (TMRM) — afaA (Oraa?)

°
H
i i -
o H i
i i Tk
et
i g 8
i i
s N
‘ o AL
ok E
§i i
3a iz
- - =
21 oo DA
S et = oo
i v
i s
R
o sessn L

Howrs postinfection





OPS/images/fcimb-07-00035-g003.gif





OPS/images/fcimb-07-00035-g004.gif
>

[E3333333)
s

5






OPS/images/fcimb-07-00035-g001.gif





OPS/images/fcimb-07-00035-g002.gif
PrTee,

c3¥8888a88E






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

Legionella pneumophila Strain
130b Evades Macrophage Cell
Death Independent of the Effector
SidF in the Absence of Flagellin









OPS/images/crossmark.jpg
©

2

i

|





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





