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Foreword

P

seudomonas aeruginosa is a human opportunistic pathogen responsible for severe acute and chronic infections. Different secretions systems and surface proteins are involved in the virulence of P. aeruginosa. Among them, P. aeruginosa possesses several Type V secretion systems (T5SS), responsible for the secretion of toxins or adhesins. Here we stidied, a group of strains defined as clonal outliers, that don't possess the Type III secretion system (T3SS) considered as the major virulence factor but employ a novel T5SS toxin for their virulence. This toxin is named Exolysin (ExlA).

The major objective of this work was to decipher the molecular mechanisms of the Exolysin action, in particular, the mechanism of pore formation and its action towards eukaryotic cells. Moreover, I attempted to identify bacterial and eukaryotic host factors that could participate in the Exolysin function.

The first part of the Results section concerns the characterization of the poreforming activity of the Exolysin determined by biochemical approaches. In addition, I demonstrated, by a genetic screen of a transposon library, that the type IV pili are required for the Exolysin-dependent cytotoxicity. A part of this work was done in collaboration with the laboratory of Prof. Stephen Lory (Harvard Medical School (HMS, Boston)) and the screening facility of HMS (Article 1).

The second axis of my thesis was to understand the mechanism cell death and the host response after an infection with Exolysin-positive strains. Using bone marrow primary macrophage mutants and several Pseudomonas species, I demonstrated by live microscopy that ExlA induces pyroptosis cell death dependent of the NLRP3 inflamasomme. This work was performed in collaboration of the team of Thomas Henry from the International Center of Research in Infectiology (CIRI) (Lyon) and with the Chemogenomic facility of our Institute (CMBA, Grenoble) (Article 2). Furthermore, I started identifying the host factors involved in the Exolysindependent cytotoxicity, by a genetic screen of a CRISPR/Cas9 RAW library. The CRISPR RAW library was obtained from the Prof. Fikadu Tafesse (Broad Institute, Boston). This work is undergoing and will be presented in a separate chapter.

Finally, I participated in different projects of the team. To characterize the first hypervirulent strain, CLJ, of the PA7-like group, we employed a multi-omics approach. I contributed to this work by preparing the samples for the proteomic analysis, analyzing CLJ genomes and participating in analyzing multi-omics data.

The manuscript is in preparation.

I also performed the phylogeny tree analysis based on MLST and the genomic characterization of all the PA7-like stains studied by our team. These studies were published in Environmental Microbiology [1] and in Environmental Microbiology Report [2].

During my PhD, I developed competences in liposomes studies that allowed me to participate in two projects. The first concerns the characterization the activity of the phospholipase PlpD, a protein secreted through the type Vd secretion system of P. aeruginosa. This work, done in collaboration with Dr. Andrea Dessen's Laboratory was published in Journal of Molecular Biology [3]. The second project was done in collaboration with Dr. Charlotte Lombardi IBS, the aim was to study the activity of the T3SS translocon proteins PopB and PopD obtained by cell free methods against liposomes, compared to purified PopB and PopD proteins.

Moreover, my competences in high-content microscopy allowed me to work with Pierre Wallet on the Guanylate Binding Proteins (GBP) action in the Francisella novocida immune response [4].

Part I Introduction

Pseudomonas aeruginosa was described for the first time by Carle Gessard in 1882 [5].

Performing an experiment under the ultra-violet light, he described blue-green bacteria due to its pigments. The name Pseudomonas aeruginosa comes from the Greek composed of "pseudo" meaning imitation and "monas" meaning unity and the word of Latin origin "aeruginosa" meaning "vert-de-gris" (the color obtained from the copper oxidation). P. aeruginosa is a Gram-negative bacterium of the Pseudomonadae family and belongs to γ-proteobacteria. It is an aerobic bacterium and its optimal growth temperature is between 30 • C and 42 • C [6,7].

P. aeruginosa is an opportunistic human pathogen causing serious, sometimes lifethreatening infections. It colonizes diverse ecological niches including human tissues, causing a wide range of infections including pneumonia, bacteremia, keratitis, urinary tract infection, burns and surgical wound infections [8,9]. In France, P. aeruginosa is the third pathogen causing hospital-acquired infections (9%) after Escherichia coli (26%) and Staphylococcus aureus (16%) [10]. The major sites of infections acquired in hospitals are the urinary and respiratory tracts; P. aeruginosa represents more than 50 % of those infections. This can be explained by its capacity to adapt easily to different environments and to invade different organs. Approximately 13% of P. aeruginosa infections are caused by multidrug resistant strains ( Centers for Disease Control and Prevention (CDC) 2013 1 ) and nosocomial P. aeruginosa infections have been identified as a worldwide healthcare issue [11]. The World Health Organization has recently pointed out to P. aeruginosa as a target of the highest priority for the development of new antibiotics2 .

The adaptability of P. aeruginosa to different environments or stress conditions encountered in the host can be attributed to its genomic diversity, its large arsenal of virulence factors and its important number of regulatory genes [9,[12][13][14].

Evolutionary dynamics of the P. aeruginosa genome

The genome of P. aeruginosa PAO1 strain, isolated from wound infection, was the first to be sequenced and its complete genome was published in 2000 [15]. The PAO1 genome size is 6.3 Mbp with 5570 predicted open reading frames (ORFs). Since 2000, several hundred clinical and environmental strains have been sequenced, listed and analysed on a website dedicated to P. aeruginosa 3 . Their genomes vary in size between 5.5 and 7 Mbp.

Whole genome comparison of P. aeruginosa strains shows that 90 % of the genome is composed of a set of conserved genes, coding for functions necessary for survival and metabolism, corresponding to the core genome. Across the core genome are integrated dispersed polymorphic strain-specific segments called regions of genomic plasticity (RGP) [16] also referred as the accessory genome. The genetic sequences occupying many contiguous RGPs are often referred to as genomic islands (>10 kb)

or islets (<10 kb). The average size of the accessory genome of a P. aeruginosa strain was 727 kbp, representing 11.1% (with range of 6.9-18%) of the total genome.

The accessory genome can be identified by an aberrant GC content, lower than in the core genome of P. aeruginosa, and by an insertion targeted to the tRNA of the core genome [16][17][18], suggesting that the accessory genome have been acquired by horizontal genetic transfer from other bacteria or phages [16]. (from [17])

The Figure 1.1 shows that the genes encoding proteins of central metabolism, cellular processes and signalling are found principally in the core genome. More precisely, 1,840 out of the 2,304 metabolic genes were found in the core genome (79.9%). In contrast, genes involved in replication, recombination and DNA repair are found in the accessory genome. Moreover, many genes (more than 2,000) found in the accessory genome have no determined function yet [17]. Of importance, the accessory genome carries genes coding for virulence factors, proteins related to antibiotic resistance, survival and persistence of P. aeruginosa, during host infection [19].

PA7 is a non-respiratory clinical isolate collected in Argentina showing a highly divergent genome from the well-characterized strains as PAO1, LESB58 and PA14

classical strains [20]. Its 6.5 Mpb genome includes 6286 open reading frames (ORFs) representing 90 % of the total genomic DNA. The G+C content of the genome (66.5 %) is similar to those from PAO1, LESB58 and PA14. PA7 presents more coding DNA sequences (CDS) for the functions of the DNA replication, recombination and repair than the classical strains. This is predominantly due to the large number of additional transposase and integrase genes present in the genomic islands [20].

The genome of PA7 shares 93 % of identity on gene level with that of classical strains and is considered as a taxonomic outlier. The major genomic feature of the PA7 strain is the absence of the entire 36-genes locus encoding the Type III secretion system (T3SS) (PA1690-PA1725), considered as the major virulence factor.

In addition, genes encoding effectors exported by T3SS ExoS, ExoT, ExoY and ExoU are also absent from the PA7 genome [20]. Several other strains have been sequenced

and referenced in the Pseudomonas database as being PA7-like. The phenotypic and genomic characterization of these PA7-like strains has been done by our team, and will be developed in Section 1.6.

1.2 P. aeruginosa causes acute and chronic infections P. aeruginosa causes acute and chronic infections involving a balance between two lifestyles: "mobile" versus "sessile" (Figure 1.2) [21][22][23] .

Usually in acute infection, P. aeruginosa displays swimming and swarming motility using extracellular appendages, the flagellum and the type IV pili [24][25][26]. The motile bacteria are associated with a highly virulent phenotype [27].

P. aeruginosa employs several toxins including the effectors of the T3SS [28] and proteases, such as ToxA [29], AprA [30] and LasB [31] to target host cells. The Acute vs chronic infections by P. aeruginosa. Factors needed for acute and chronic infections and the phenotype evolution of the strains shown (adapted from [9]). The acute infection is synonym with virulence and motility of the bacteria. In contrast, during chronic infections, bacteria become sessile and loose their aggressive virulence determinants.

expression of these so-called "acute virulence factors" is reduced when shifting to a chronic infection stage, which is characterized by biofilm formation due to the overexpression of extracellular polysaccharides.

Biofilms confer resistance to phagocytosis, oxidative stress, nutrient restrictions, interspecies competitions and antibiotic treatment. P. aeruginosa produces three exopolysaccharides, alginate, PsI (stand for Polysaccharides Synthesis Locus) and Pel (for Pellicule) [32,33]. Alginate is the major component of so-called "mucoid" biofilms, which is the hallmark of chronic infection in (CF) patients, associated with a poor prognosis [34,35]. This mucoid phenotype is due to the overexpression of alginates due to mutations in mucA. MucA is a transmembrane protein with a cytoplasmic portion sequestering the alternative RNA polymerase AlgU [36]. Mutations in mucA lead to constitutive expression of algU and its large regulon including alginate biosynthesis genes [37][38][39]. In addition, AlgU responds to general cell envelope stress and plays a role in maintenance of envelope homeostasis, and regulation of metabolism, motility and virulence [37][38][39].

One of the best characterized regulators of this transition between acute and chronic infection is the two-component system GacS-GacA. The phosphorylated GacA activates the transcription of two sRNAs RsmY and RsmZ, leading to the inhibition of RsmA, which is a RNA-binding protein acting on post-transcriptional regulation [40,41]. RsmA binds to mRNAs of different genes (psl, pel, (T6SS) and degrades them; when RsmZ and RsmY are overproduced, they "titrate" RsmA and releave this repression, so there is more mRNAs of those operons and more products.

Recent studies showed the variation in clonally related isolates in chronically infected CF patient lungs. The P. aeruginosa isolates occupying different regions of the lung had evolved independently, and they differ in phenotypic characteristics such as nutritional requirements, antibiotic resistance, and virulence [42]. Thus divergent sublineages co-exist within individual patients with CF [43].

The virulence of P. aeruginosa is multifactorial and the bacteria possess an arsenal of virulence factors that facilitate successful infection and colonization in a wide range of environments. In a mouse model, it was shown that the T3SS, with elastase, is one of the main virulence factors associated with pneumonia [44].

Moreover, the prevalence of the T3SS-positive strains is significantly higher in acutely infected patients than in chronically infected CF patients [45].

1. 3 The Type III Secretion system is the major virulence factor of classical strains of P. aeruginosa.

Structure and regulation of the T3SS

The T3SS machinery (also called injectisome) is a needle-like apparatus, capable of crossing three membranes and dedicated to injection of exotoxins directly in the cytoplasm of host cells [46].

The T3SS machinery is composed of more than 20 proteins, many of them form oligomers and are membrane-embedded. There are four principal components: the sorting platform, the basal body inserted in IM and OM of the bacteria, an extracellular needle and the translocon, inserted in the host cell membrane (Figure 1.3). In P. aeruginosa, 36 genes encoded in five operons are involved in the biogenesis and regulation of the T3SS whereas genes encoding the effectors proteins (exoT, exoY, exoS and exoU) are scattered over the chromosome [46].

The sorting platform is the cytoplasmic base of the T3SS. PscN is the AT-Pase (ATP) of the T3SS and is localized in the cytoplasm. It has been proposed

that PscN is involved in the production of energy needed for the secretion of the proteins. PscN interacts with PscK and the regulator PscL inhibiting its activity. The T3SS consists of a needle complex, translocating apparatus, and effector toxins that are translocated directly from the bacterium to the host cell cytosol [47].

This complex is linked to a cytoplasmic ring constituted of PscQ [48,49]. The basal body is mainly composed of three proteins, named PscC, PscD and PscJ. The needle is a filament that forms an 80 nm long channel with an outer diameter of 8 nm and an inner diameter of 2 nm. The needle is composed of multiple copies of PscF [50].

The translocon is composed of three proteins PopD, PopB and PcrV [46,[51][52][53].

PopB and PopD are inserted in the host cell membrane and form a pore around 3 nm that provokes a cell death called "oncosis" due to swollen appearance of infected cells [54]. PcrV links the needle complex to the PopB/PopD translocation pore, forming part of a continuous conduit through which effector proteins move from the bacterial cytosol to the host cell cytosol.

The regulation of the T3SS takes place at two different levels, at the transcriptional level of T3SS genes and at the level of secretion itself. These two regulations are linked:

the transcription is induced upon the activation of the secretion process [55,56],

allowing the transcription of the T3SS genes when they are the most needed, following contact with host cells. The regulation involves a mechanism of "catch and release" of four majors regulators ExsA, ExsC, ExsD and ExsE. Under conditions that prevent the secretion, ExsA is bound to ExsD, an "anti-activator", which inhibits the ExsA-dependent transcription. ExsC is an "anti-anti-activator" which inhibits the ExsA-ExsD interaction by sequestrating ExsD and the released ExsA can bind to the target promoters. The coupling of transcription with secretion is achieved by the export of ExsE through the T3S-needle into the host cell cytoplasm and the subsequent release of ExsC [56][57][58]. In vitro, the T3SS can be activated by a calcium depletion.

Effectors of the T3SS

Different strains of P. aeruginosa have different combinations of genes encoding the effectors, and can be divided into two groups: those expressing either exoS or exoU, generally exoS and exoU are mutually exclusive. The first group represented by PAO1, LESB58 or PAK express ExoS, ExoT and ExoY, and in the second group, PA14, PA103 and PP34 express ExoT, sometimes ExoY, and ExoU. The clinical isolates possessing exoS are the majority and represent 80% of the strains compared to 20% for the ones that are exoU positive [59].

ExoS is a bifunctional toxin that possesses two domains with distinct activities, a

GTPase activating protein (GAP) domain and an adenosin diphosphatase ribosyl transferase domain (ADPRT) (Figure 1.4).

The GAP (GAP) domain of ExoS (96-233 residues) targets the small GTPase ((GTP) proteins Rho, Rac, Cdc42 in epithelial cells required for the stability of actin cytoskeleton. The inactivation of these GTPase proteins by the GAP domain of ExoS leads to the disruption of the host cell actin cytoskeleton, cell rounding and cell death [46].

The ADPRT (ADPRT) domain located from residues 233 to 453 catalyzes the transfer of ADP-ribose to other proteins in the host cell. Its main targets are the GTPase proteins Ras, Rac, Cdc42. Ras is linked to the cellular proliferation and to actin cytoskeleton structure. In addition, ADPRT blocks the reactive oxygen species burst in neutrophils by ADP-ribosylation of Ras, thereby preventing the activation of phosphoinositide-3-kinase (PI3K), which is required to stimulate the phagocytic NADPH-oxidase [60]. This domain is essential for the persistence of P. aeruginosa through escaping the immune system. The ADPRT domain contributes to disruption of the pulmonary-vascular barrier during pneumonia and leads to the rapid expansion of cell-injected region [61]. ExoS is a bi-functional toxin that has both GAP and ADPRT activity. Arg146 is required for GAP activity and both Glu379 and Glu381 are required for efficient catalytic addition of the ADP-ribose moiety of NAD+ to substrate. ExoT is closely related to ExoS. Arg149 is required for the GAP activity of ExoT 76 and residues Glu383 and Glu385 are crucial for its ADPRT activity. ExoU contains a patatin-like domain necessary for PLA2 activity. Residues Ser142 and Asp344 are required for this activity. ExoY is an adenylate cyclase. Residues Lys81, Lys88, Asp212, and Asp214 are required for its activity and are thought to be necessary for interactions between ExoY and ATP. S, secretion signal; CBD, chaperone binding site; MLD, membrane localization domain; GAP, GTPase activating protein activity; ADPRT, ADP-ribosyl transferase activity; PLA2, phospholipase A2; CF, cofactor binding site, from [46].

ExoT shares 76% of identity with ExoS and is composed of two domains, GAP and ADPRT (Figure 1.4). The GAP domain targets the same GTPases as ExoS protein and triggers the mitochondrial intrinsic pathway leading to apoptosis [62].

ADPRT domain activity transforms the focal adhesion adaptor protein Crk of the host cell into a cytotoxin that induces a form of programmed cell death known as anoikis, which occurs in cells when they detach from the surrounding extracellular matrix. The effect of ExoT on endothelial cells is similar to that of ExoS [63]. In acute pneumonia model, ExoT does not play a major role, but in the keratitis model, it can promote neutrophil apoptosis [64].

ExoU is encoded together with its chaperone, SpcU, in the PAPI-2 in PA14.

PAPI-2 is an 11-kb-integrative region conjugative element (ICE) probably acquired via horizontal gene transfer, inserted close to the tRNA-Lys gene (PA0976.1). Its acquisition was shown to increase the virulence of the PA14 P. aeruginosa strain [START_REF] Harrison | Pathogenicity Islands PAPI-1 and PAPI-2 Contribute Individually and Synergistically to the Virulence of Pseudomonas aeruginosa Strain PA14[END_REF][START_REF] Kulasekara | Acquisition and Evolution of the exoU Locus in Pseudomonas aeruginosa[END_REF]. ExoU is a 74 kDa protein containing a patatin-like domain with phospholipase A2 (PLA2) activity (Figure 1.3) [START_REF] Gendrin | Structural Basis of Cytotoxicity Mediated by the Type III Secretion Toxin ExoU from Pseudomonas aeruginosa[END_REF]. ExoU, after its injection, is rapidly associated to the host cell membrane and leads to the plasma membrane disintegration. The toxicity of ExoU has been demonstrated in vitro on many cell types including epithelial and endothelial cells [START_REF] Bouillot | Pharmacological Activation of Rap1 Antagonizes the Endothelial Barrier Disruption Induced by Exotoxins ExoS and ExoT of Pseudomonas aeruginosa[END_REF], neutrophils, and macrophages.

In vivo, ExoU is the most toxic of the T3SS-effectors. ExoU could also contribute to the pathogenesis of lung injury as it induces a tissue factor-dependent procoagulant activity in airway epithelial cells [START_REF] Plotkowski | ExoU-induced procoagulant activity in Pseudomonas aeruginosa-infected airway cells[END_REF], vascular hyperpermeability, platelet activation, and thrombus formation during P. aeruginosa pneumonia and sepsis. In a model of acute pneumonia, the alveolar macrophages are the first targets of ExoU [START_REF] Diaz | Pseudomonas aeruginosa Cytotoxin ExoU Is Injected into Phagocytic Cells during Acute Pneumonia[END_REF].

ExoY is a toxin with nucleotidyl cyclase activity involved in the production of cGMP and cUMP (Figure 1.4) [START_REF] Beckert | ExoY from Pseudomonas aeruginosa is a nucleotidyl cyclase with preference for cGMP and cUMP formation[END_REF][START_REF] Ochoa | Pseudomonas aeruginosa Exotoxin Y Is a Promiscuous Cyclase That Increases Endothelial Tau Phosphorylation and Permeability[END_REF]. Its effect on cells is still a matter of debate.

Some authors showed that ExoY has no important impact on epithelial cells [63,[START_REF] Ganter | Role of Small GTPases and αvβ5 Integrin in Pseudomonas aeruginosa -Induced Increase in Lung Endothelial Permeability[END_REF],

whereas others showed an increase of the Tau protein phosphorylation, leading to microtubule disassembly [START_REF] Ochoa | Pseudomonas aeruginosa Exotoxin Y Is a Promiscuous Cyclase That Increases Endothelial Tau Phosphorylation and Permeability[END_REF]. Moreover, a recent study showed that ExoY is an F-actin binding protein and that F-actin is a potent activator of ExoY, able to stimulate its adenylate and guanylate cyclase activity more than 10,000 fold [START_REF] Belyy | Actin activates Pseudomonas aeruginosa ExoY nucleotidyl cyclase toxin and ExoY-like effector domains from MARTX toxins[END_REF].

The role of ExoY during infection still needs to be elucidated. ExoY synthesizes numerous cyclic nucleotides (cCMPs and cUMP). cUMP is the most prominent cNMP generated in the lungs of mice infected with ExoY-overexpressing P. aeruginosa. cUMP was detectable in body fluids, suggesting that cUMP is not rapidly degraded and thus may interfere with the second messenger signalling of the host [START_REF] Bähre | cCMP and cUMP occur in vivo[END_REF].

Recently, some T3SS-positive strains highly resistant to antibiotics have emerged.

The prevalence of exoU+ strains among the multi-drugs resistant (MDR) strains (40.2 %) is higher than in non-MDR (25 %) [START_REF] Garey | Prevalence of Type III Secretion Protein Exoenzymes and Antimicrobial Susceptibility Patterns from Bloodstream Isolates of Patients with Pseudomonas aeruginosa Bacteremia[END_REF]. The exoU+ strains were shown to be more resistant to fluoroquinolone, carbapenems and gentamicin than exoS+ strains. These isolates have a mutation in the gyrA gene and exhibit an efflux pump overexpression phenotype. Although, there is no clear genetic explanation for this phenotype, clinical exoU+ MDR isolates are more dangerous especially for immunocompromised patients.

The role of the translocation apparatus may not be limited to transport of effector proteins; the translocation pore by itself may be sufficient to cause the death of host cells either directly through pore-mediated increase in membrane permeability or indirectly through the activation of cellular defense responses. The T3SS has been shown to activate NLRC4 inflammasome [START_REF] Latz | Activation and regulation of the inflammasomes[END_REF]; in particular, the inner rod PscI and the needle subunit PscF of the toxin-injection machinery T3SS [START_REF] Faure | Characterization of a novel two-partner secretion system implicated in the virulence of Pseudomonas aeruginosa[END_REF]. Activation of the inflammasome and caspase-1 results in IL-1β and IL-18 production and cell death by pyroptosis [START_REF] Faure | Characterization of a novel two-partner secretion system implicated in the virulence of Pseudomonas aeruginosa[END_REF][START_REF] Sutterwala | Immune recognition of Pseudomonas aeruginosa mediated by the IPAF/NLRC4 inflammasome[END_REF][START_REF] Miao | Pseudomonas aeruginosa activates caspase 1 through Ipaf[END_REF][START_REF] Yang | Human NAIP and mouse NAIP1 recognize bacterial type III secretion needle protein for inflammasome activation[END_REF][START_REF] Ince | Secretion of Flagellar Proteins by the Pseudomonas aeruginosa Type III Secretion-Injectisome System[END_REF][START_REF] Monlezun | PscI is a type III secretion needle anchoring protein with in vitro polymerization capacities[END_REF]. P. aeruginosa-triggered inflammasome activation induces autophagy, which seems to be associated with defective killing of the bacteria.

Moreover, in an acidic environment, as is typically the case within bacterial infection foci, P. aeruginosa T3SS triggers enhanced inflammasome activation of immune cells. Of note, the pH of the CF lung is more acidic than in healthy individuals [START_REF] Garey | Prevalence of Type III Secretion Protein Exoenzymes and Antimicrobial Susceptibility Patterns from Bloodstream Isolates of Patients with Pseudomonas aeruginosa Bacteremia[END_REF].

These findings can explain why CF patients are more vulnerable to P. aeruginosa lung infection, the lower pH being associated with more important inflammasome activation and decreased bacterial clearance.

The virulence factors employed by P. aeruginosa during infection are multiple, and exert different roles to successfully colonize host tissue, disseminate and avoid the host defense mechanisms. Tools and strategies of bacterial genetics have been extensively exploited for precise determination of the requirement for particular gene products during the different steps of infection process. Several studies based on DNA microarrays such as signature-tagged mutagenesis [START_REF] Bianconi | Positive Signature-Tagged Mutagenesis in Pseudomonas aeruginosa: Tracking Patho-Adaptive Mutations Promoting Airways Chronic Infection[END_REF] or transposon site hybridization [START_REF] Liberati | An ordered, nonredundant library of Pseudomonas aeruginosa strain PA14 transposon insertion mutants[END_REF] have demonstrated the importance of individual genes in the infection process and showed that genes involved in motility are key virulence determinants. Moreover, a genome-wide identification of genes important for PA14 fitness was performed employing high-throughput sequencing of transposon libraries (Tn-seq). In this work, Skurnik et al., developed a mouse model to study the gastrointestinal (GI) tract colonization and the systemic dissemination. Three functional classes of genes were found to be important: "Transport of small molecules", "Motility and Attachment" and "Chemotaxis". The examination of specific genes with transposon insertions revealed that many are involved in the formation of the type IVa pili [START_REF] Skurnik | A Comprehensive Analysis of In Vitro and In Vivo Genetic Fitness of Pseudomonas aeruginosa Using High-Throughput Sequencing of Transposon Libraries[END_REF].

Role of the Type IV pili in P. aeruginosa virulence

The Type IV pili (T4P) are long, polar and thin appendages found at the surface of bacteria, playing a role in the adherence, cell-cell aggregation, biofilm formation and motility. They play a role in the initiation of the immune response. In P. aeruginosa, there are two types of T4P, a and b characterized by differences in the major and minor pilin subunits. Type IVb pili are conjugative pili allowing the transfer of DNA between bacteria. Their role in P. aeruginosa virulence remains still unknown and will not be described in this Chapter.

Type IV pili assembly machinery

Pili are flexible filaments with a diameter estimated between 5 and 8 nm [START_REF] Beaussart | Nanoscale Adhesion Forces of Pseudomonas aeruginosa Type IV Pili[END_REF].

Figure 1.5 presents the organization of the type IV pili.

There are over 40 genes, distributed among the genome, involved in the assembly and the regulation of the T4P. Type IV pilus apparatus assembly can be divided in four interdependent sub-complexes, with most components located in the inner membrane (IM) [START_REF] Leighton | Biogenesis of P seudomonas aeruginosa type IV pili and regulation of their function[END_REF].

The outer membrane (OM) subcomplex consists of the secretin, a massive and highly stable dodecamer of PilQ subunits, and its lipoprotein pilotin PilF. PilF is responsible for the correct localization and oligomerization of PilQ in the OM. PilQ, provides an OM channel for the pilus fiber to exit the cell [START_REF] Leighton | Biogenesis of P seudomonas aeruginosa type IV pili and regulation of their function[END_REF][START_REF] Koo | Decoding the roles of pilotins and accessory proteins in secretin escort services[END_REF][START_REF] Chang | Architecture of the type IVa pilus machine[END_REF][START_REF] Korotkov | Secretins: Dynamic channels for protein transport across membranes[END_REF] .

The motor subcomplex comprises PilB, PilC, PilT and PilU proteins and plays a role in the assembly of the pilus. PilB is an hexameric ATPase required for the pilus assembly. PilT and PilU are PilB-like ATPases required for the pilin depolymerization and the adhesion to eukaryotic cells [START_REF] Graupner | Requirement of novel competence genes pilT and pilU of Pseudomonas stutzeri for natural transformation and suppression of pilT deficiency by a hexahistidine tag on the type IV pilus protein PilAI[END_REF][START_REF] Takhar | The platform protein is essential for type IV pilus biogenesis[END_REF].

The "alignment" subcomplex mediates the connection between the IM motor and the OM subcomplexes to ensure the correct position of the pilus to the bacterial surface. It is composed of four proteins PilM, PilN, PilO, PilP. PilM is cytoplasmic, actin-like protein bound to PilN. PilP is an IM lipoprotein that forms a heterodimer with PilN and PilO and interacts with PilQ secretin [START_REF] Leighton | Biogenesis of P seudomonas aeruginosa type IV pili and regulation of their function[END_REF][START_REF] Li | Type IV Pilus Proteins Form an Integrated Structure Extending from the Cytoplasm to the Outer Membrane[END_REF].

The pilus is the most dynamic subcomplex of the four because it is repeatedly assembled and disassembled. It is composed of the major pilin PilA and minor pilins FimU, PilV, PilW, and PilX. Both major and minor pilins are highly conserved. A large non-pilin protein PilY1 is the tip of the pilus and plays an important role for the pilus function, including the adherence [START_REF] Chang | Architecture of the type IVa pilus machine[END_REF][START_REF] Strom | Structure-Function and Biogenesis of the Type Iv Pili[END_REF][START_REF] Burrows | Pseudomonas aeruginosa Twitching Motility: Type IV Pili in Action[END_REF].

The major pilin PilA is O-glycosylated. In P. aeruginosa, two distinct Oglycosylation systems have been reported. The first is mediated by TfpO (PilO) that adds an O-antigen unit synthesized by the LPS pathway of the C-ter Ser148 of the PilA (Figure 1.6) [START_REF] Giltner | Type IV Pilin Proteins: Versatile Molecular Modules[END_REF].

The second pilin glycosylation system was identified in PA7, which lacks tfpO gene. However, it presents an unusual glycosylation at multiple Thr and Ser residues and are potentially α-1,5-linked arabinofuranose (Figure 1.6). This glycosylation is Note that the empty T4PM basal body is shown with five PilA major pilin subunits in the short stem; however, the short stem likely also contains minor pilins [START_REF] Chang | Architecture of the type IVa pilus machine[END_REF] mediated by TfpW. The lack of TfpW leads to fewer surface pili and reduced motility, suggesting that the glycosylation is involved in pilus assembly and dynamics [START_REF] Kus | Significant differences in type IV pilin allele distribution among Pseudomonas aeruginosa isolates from cystic fibrosis (CF) versus non-CF patients[END_REF].

Regulation of the IV pili

In P. aeruginosa, the transcription of the pilA gene is controlled by an alternate sigma factor RpoN (σ54) and a two-component system PilR-PilS in an autoregulatory model [START_REF] Boyd | Identification and characterization of PilS, an essential regulator of pilin expression in Pseudomonas aeruginosa[END_REF][START_REF] Mikkelsen | Key two-component regulatory systems that control biofilm formation in Pseudomonas aeruginosa[END_REF]. When levels of intracellular PilA are low, pilA transcription is significantly increased [START_REF] Leighton | Biogenesis of P seudomonas aeruginosa type IV pili and regulation of their function[END_REF]. Depletion of PilA in the IM leads to fewer PilA-PilS interactions. In the absence of such interactions, PilS adopts a kinase conformation and phosphorylates PilR, activating pilA transcription until intracellular PilA inventory increases. Conversely, when PilA levels are high, pilA transcription is dramatically reduced. It is also possible that PilS-PilR could impact PilA levels by regulating the expression of additional factors that indirectly impact pilA expression, contributing to the difference in magnitude between transcription and protein levels [START_REF] Leighton | Biogenesis of P seudomonas aeruginosa type IV pili and regulation of their function[END_REF].

The expression of the Type IV pili is controlled in part by the cyclic AMP (cAMP)binding protein called Vfr (Virulence factor regulator). Vfr regulates the expression (blue), polymerized into 1,5-linked homopolymers, translocated to the periplasm by an unknown enzyme(s), and attached to the pilin by TfpW. TfpW is significantly larger than TfpO (694 versus 461 amino acids) and may be responsible for both the flippase and 1,5-arabinosyltransferase (AT) functions (yellow) in the group IV system [START_REF] Giltner | Type IV Pilin Proteins: Versatile Molecular Modules[END_REF].

of genes encoding subcomplex (pilMONPQ) and minor pilins (fimU-pilVWXY1).

cAMP is synthesized by two adenylate cyclases CyaA and CyaB. Mutants lacking both cyaA and cyaB exhibit reduced virulence factor expression and are severely attenuated in a mouse model of acute pneumonia [START_REF] Fulcher | The Pseudomonas aeruginosa Chp chemosensory system regulates intracellular cAMP levels by modulating adenylate cyclase activity[END_REF]. P. aeruginosa mutants defective in cAMP synthesis or lacking vfr are nearly identical, suggesting that Vfr activity is dependent on cAMP availability [START_REF] West | The vfr gene product, required for Pseudomonas aeruginosa exotoxin A and protease production, belongs to the cyclic AMP receptor protein family[END_REF].

Role of the Type IV pili in virulence

The injection of purified pili proteins lead to a local inflammation. Indeed, mutants defective for the Type IV pili present an enhanced GI colonization, suggesting that during this stage of infection the pilus structure is a potential target of early recognition by host defense mechanisms, promoting clearance of bacteria. It was shown that type IV pilin is a novel activator of the inflammasome acting as pattern recognition receptor of the innate immune system.

Type IV pili are involved in the virulence by exerting different functions such as the adherence to cell surface or motility.

The most frequently reported function of the Type IV pili is adherence to a diverse range of surfaces, from glass, plastics to various host tissues. The major pilin subunits can act as the adhesive component [START_REF] Lee | The binding of Pseudomonas aeruginosa pili to glycosphingolipids is a tip-associated event involving the C-terminal region of the structural pilin subunit[END_REF]. Pilin was shown to bind to its receptors, the glycosphingolipid asialo-GM1, at the apical surface of the respiratory epithelial cells promoting the initial attachment of bacteria. At the basal surface of the cells, Type IV pili interact with integrins, mediated by the PilY1 that harbors an "RGD" motif [START_REF] Johnson | Pseudomonas aeruginosa PilY1 binds integrin in an RGDand calcium-dependent manner[END_REF]. Adherence plays a crucial role in the first step of colonization, biofilm formation and microcolony formation. Type IV pili are also necessary for the injection of T3SS toxins, promoting a contact between the bacteria and the cells [START_REF] Sundin | Type IV pili are not specifically required for contact dependent translocation of exoenzymes by Pseudomonas aeruginosa[END_REF][START_REF] Sheth | The pili of Pseudomonas aeruginosa strains PAK and PAO bind specifically to the carbohydrate sequence ?GalNAc(1?4)?Gal found in glycosphingolipids asialo-GM 1 and asialo-GM 2[END_REF][START_REF] Comolli | Pili binding to asialo-GM1 on epithelial cells can mediate cytotoxicity or bacterial internalization by Pseudomonas aeruginosa[END_REF]. The adhesin function of the pili, mediated by PilY1 is essential for the T3SS-toxin injection. It has been demonstrated that the injection of the T3SS was still possible after a substitution of the Type IV pili adhesin PilY1, by the nonfimbrial adhesin pH 6 antigen of Yersinia pestis.

Many Type IV pili-expressing strains exhibit pilus-mediated twitching motility, which is the best characterized type of movement associated with the T4P and is due to the retractile properties of pili. Twitching occurs on moist surfaces of moderate viscosity. Mutants lacking PilT or PilU, which are two ATPases of the system, are unable to twitch [109]. The second motility is the swarming, involving cooperation between the flagellum and the Type IV pili. The Type IV pili might be required for the coordinate movement of the bacteria by enhancing the bacterial interaction. The primary functions of these two type of motility are the exploration of surfaces and the dispersion of bacteria. Finally, it has been proposed that Type IV pili act as "mechanical sensors" during the infection, detecting the surfaces and enhancing the expression of virulence factors [START_REF] Persat | Type IV pili mechanochemically regulate virulence factors in Pseudomonas aeruginosa[END_REF].

Pili can further contribute to the virulence and P. aeruginosa adaptation by mediating of pilus-dependent phage infection [START_REF] Davies | Temperate phages both mediate and drive adaptive evolution in pathogen biofilms[END_REF]. Indeed there is evidence that temperate phages strengthen selection for mutations in type IV pilus associated genes, accelerating the evolutionary loss of type IV-pilus dependent motility presumably to avoid superinfection and subsequent lysis by phages which infect via the type IV pilus. A recent Tn-Seq of P. aeruginosa PA14 shows that mutations in type IV pilus genes increase bacterial fitness in the murine lung [START_REF] Roux | Fitness cost of antibiotic susceptibility during bacterial infection[END_REF]. Moreover, loss of both motility and quorum sensing (QS) functions are known to frequently evolve in P. aeruginosa chronic infections of the CF lung.

In P. aeruginosa the second factor mediating motility and attachment is the flagellum. Surprisingly, in the model of GI tract colonization and systemic dissemination, strains with Tn insertion in gene encoding components of the flagellum was also positively selected. Flagellum. The flagellum consists of the basal body, which acts as a reversible rotary motor, the hook, which functions as a universal joint and the filament, which works as a helical screw. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane.

Flagellum is typically expressed in environmental isolates of P. aeruginosa and in early clinical isolates of CF patients [24]. Loss of the flagellum is one of the charac-20 teristic changes accompanying the adaptation of P. aeruginosa in CF airways [25,26].

Biofilms are dynamic structures, and motile, flagellated bacteria likely break free from biofilms and are possibly detected by polymorphonuclear neutrophils (PMNs).

Flagellum is involved in two types of motility, the swimming and the swarming, in function of the viscosity of the media. The swimming motility happens in a low viscosity medium. The rotation of the hook triggers propulsion of the bacteria, forward (clockwise rotation) or backward (anti-clockwise rotation) in function of the orientation of the rotation. This type of motility is the most rapid, the velocity can reach several micrometres per seconds. The swarming motility occurs in semi-solid medium. The swarming also depends on others factors such as the quorum sensing or biosurfactant production, and Type IV pili as described before [START_REF] Wang | Coordination of Swarming Motility, Biosurfactant Synthesis, and Biofilm Matrix Exopolysaccharide Production in Pseudomonas aeruginosa[END_REF][START_REF] Conrad | Flagella and Pili-Mediated Near-Surface Single-Cell Motility Mechanisms in P. aeruginosa[END_REF][START_REF] Golovkine | Pseudomonas aeruginosa Transmigrates at Epithelial Cell-Cell Junctions, Exploiting Sites of Cell Division and Senescent Cell Extrusion[END_REF] Swimming motility triggers the formation of neutrophil extracellular traps (NETs) [START_REF] Floyd | Swimming Motility Mediates the Formation of Neutrophil Extracellular Traps Induced by Flagellated Pseudomonas aeruginosa[END_REF] and phagocytosis by neutrophils, the first line of defense in human infections. The flagellum is powered by a complex motor containing dual stator units, MotAB and MotCD, generating the torque used to turn the flagellar rotor. Both motAB and motCD mutants are severely impaired for NET release by human PMNs. These data highlight the importance of swimming motility in P. aeruginosa virulence [START_REF] Floyd | Swimming Motility Mediates the Formation of Neutrophil Extracellular Traps Induced by Flagellated Pseudomonas aeruginosa[END_REF] and imply that flagellum also contributes to bacterial virulence. P. aeruginosa-induced NET release is independent of the Toll-like receptor 5 (TLR5) (TLR) in both human and murine PMNs [25,33].

TLR5 is expressed in airway epithelial cells and in several innate immune cell types including PMNs [START_REF] Parker | Innate Immunity in the Respiratory Epithelium[END_REF]. TLR5 is the main receptor mediating activation of airway epithelial cells by P. aeruginosa via flagellin (FliC) recognition [START_REF] Zhang | Human Airway Epithelial Cells Sense Pseudomonas aeruginosa Infection via Recognition of Flagellin by Toll-Like Receptor 5[END_REF], which is detected as a Pathogen-Associated Molecular Pattern (PAMP). The TLR5-flagellin interaction is a major mediator of airway inflammation in CF by the production of pro-inflammatory cytokines and mucin, the major componemt of respiratory mucus [START_REF] Blohmke | TLR5 as an Anti-Inflammatory Target and Modifier Gene in Cystic Fibrosis[END_REF] that enhances the clearance of the pathogen [START_REF] Ramphal | Pseudomonas aeruginosa adhesins for tracheobronchial mucin[END_REF].

The flagellum also plays an important role in the adhesion of the bacteria in the early steps of infection [START_REF] Bruzaud | Flagella but not type IV pili are involved in the initial adhesion of Pseudomonas aeruginosa PAO1 to hydrophobic or superhydrophobic surfaces[END_REF]. Flagellum mediates bacterial binding to N-glycan at the apical surface of polarized epithelium. At the basolateral pole, flagellum binds heparan sulfate leading to the activation of EGFR and the PI3K/Akt pathways [START_REF] Bucior | Pseudomonas aeruginosa Pili and Flagella Mediate Distinct Binding and Signaling Events at the Apical and Basolateral Surface of Airway Epithelium[END_REF].

In addition to T3SS, Type IV pili and flagella, other molecules are important for P. aeruginosa virulence. For example, the LPS is recognized by the host via TLR4. It has been reported that the LPS-TLR4 binding stimulates the production of pro-inflammatory cytokines [START_REF] Tanase | Signal Transduction[END_REF]. In a chronic murine pulmonary infection model, IL-17 cytokine signalling was found to be essential for mouse survival and the prevention of chronic infection with P. aeruginosa. These examples demonstrate the context-dependent, balance of harm and benefit of host defense mechanisms against P. aeruginosa [START_REF] Bhagirath | Cystic fibrosis lung environment and Pseudomonas aeruginosa infection[END_REF][START_REF] Sahoo | Role of the Inflammasome, IL-1 β, and IL-18 in Bacterial Infections[END_REF].

P. aeruginosa renews its virulence factors

As mentioned in the first section, a new clade of strains lacking the T3SS has been characterized. However, this does not imply that these strains are innocuous. These strains harbor the recently discovered two-partner secretion system ExlAB, a new Type II secretion system and PumA.

Exolysin

Exolysin (ExlA) has been first identified by comparative proteomics in the supernatant of a clinical isolate CLJ1, collected from a patient suffering from a hemorrhagic pneumonia [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF]. ExlA shares 35% of identity with ShlA, the hemolysin of S.

marcescens. Moreover, ExlA is encoded by exlA in operon with exlB, encoding an OM porin, suggesting that ExlBA form a novel Two Partner Secretion (TPS) System.

CLJ1 exerts its virulence through the activity of ExlA. In vitro, ExlA provokes a rapid plasma membrane rupture on epithelial, endothelial cells and macrophages, leading to their death. The mechanism of action of ExlA, constitutes the main part of my work and will be developed in the Results section of this manuscript.

Up to date, 30 exlA-positive strains have been sequenced. The phenotypic and genomic characterizations of exlA-positive strains were done by Emeline Reboud, a PhD student in our team and were presented in the review paper presented here.

For these two manuscripts [1,2], I performed the phylogenetic analysis of all the strains, constructed the tree based on the MLST analysis (Figure 1) and performed analysis of major virulence gene content by genome comparison (Table1).

A phylogenic analysis based on the single nucleotides polymorphisms (SNPs) from the core genome of P. aeruginosa strains (exlA-positive strains and 97 classical PAO1 and PA14 strains) showed the high genomic diversity of the P. aeruginosa strains (Figure1.8). exlA-positive strains are probably more divergent between them, than the group of the PAO1-or PA14-like strains. Indeed, although most of the strains group together with PA7 in the group of taxonomic outliers, some other strains (for example CF_PA39) are closer to groups populated by strains possessing T3SS, such as PA14. Strains are divided into three major groups (group 1: PAO1 ( green circles), group 2: PA14 (blue circles) and group 3: PA7 (red circles)). Basso P, unpublished data

PumA is a PA7 protein modulating TLR signalling

PumA is encoded by PSPA7_2375 on RGP56 carries a TIR domain (Toll/interleukin-1 receptor) that interacts with the TIRAP domain of MyD88 or TLR4. PumA also recognizes the UBAP1 (Ubiquitin-associated protein 1) domain of the ESCRT-I (endosomal-sorting complex required for transport I) protein. These proteins are involved in the TNFR1 dependent pathway, leading to the transcription of genes involved in the pro-inflammatory response by NF-κB [127]. Therefore, the secretion of PumA by PA7 during infection leads to the inhibition of this gene transcription and inhibits the pro-inflammatory cytokines production. In fine, PumA allows PA7 to escape the innate immune response, disseminate and grow within the host (Figure 1.9) [START_REF] Imbert | A Pseudomonas aeruginosa TIR effector mediates immune evasion by targeting UBAP1 and TLR adaptors[END_REF]. Txc is a novel Type II secretion system of PA7

The Type II secretion system (T2SS) is found in different Pseudomonas species. T2SS transports folded proteins from the cytoplasm to the extracellular environment. T2SS

allows the secretion of a diverse array of proteins that contribute to the virulence of P. aeruginosa. These secreted proteins possess a large panel of biological functions, mainly enzymes, including proteases, lipases or phosphatases [53].

The T2SS is composed of (i) a platform at the basis in the IM, (ii) a large channel, called secretin anchored in the OM and (iii) a fimbrillar structure, called pseudopilus which can expel exoproteins through the channel out of the cell.

The classical strains like PAO1 or PA14 have two complete T2SSs [53]: the Xcp system and the Hcx sytem, whereas, PA7 strain possesses an additional system called Txc [20,[START_REF] Cadoret | Txc, a New Type II Secretion System of Pseudomonas aeruginosa Strain PA7, Is Regulated by the TtsS/TtsR Two-Component System and Directs Specific Secretion of the CbpE Chitin-Binding Protein[END_REF]. The proteins of the Xcp system are encoded by 11 genes xcpP-X, organized in two operons, one encodes xcpP-Q genes and the other xcpR-Z genes. The xcpA/pilD gene is encoded in the same operon as pilC. The Xcp system is constitutively expressed. The exoproteins secreted by the Xcp system are diverse and cover a large diversity of functions, including the elastase LasB [START_REF] Braun | Secretion of elastinolytic enzymes and their propeptides by Pseudomonas aeruginosa[END_REF],

the Staphylolysin LasA [START_REF] Braun | Secretion of elastinolytic enzymes and their propeptides by Pseudomonas aeruginosa[END_REF], the protease PrpL [START_REF] Bleves | Protein secretion systems in Pseudomonas aeruginosa: A wealth of pathogenic weapons[END_REF] and ToxA (Exotoxin-A) which is the only one to have an intracellular target [START_REF] Lu | A specific targeting domain in mature exotoxin A is required for its extracellular secretion from Pseudomonas aeruginosa[END_REF] and plays a major role in the virulence of P. aeruginosa acute infections. LasA cleaves peptide bonds Gly-Gly, and plays an important role in the defense against Staphyloccoccus aureus by cleaving its peptidogylycan. The other protease, PrpL cleaves host proteins such as the fibrinogen, plasminogen, immunoglobulin G and the proteins of the complement C3

and C1q [START_REF] Engel | Protease IV, a unique extracellular protease and virulence factor from Pseudomonas aeruginosa[END_REF]. This protease plays an important role in the acute lung injuries, by the cleavage of the surfactant proteins A, B and D [START_REF] Malloy | Pseudomonas aeruginosa protease IV degrades surfactant proteins and inhibits surfactant host defense and biophysical functions[END_REF]. LasB is a zinc metalloprotease capable of disrupting the tight junctions of epithelial cells through the degradation of elastin, the cadherin and collagen [31,[START_REF] Azghani | Virulence factors from Pseudomonas aeruginosa increase lung epithelial permeability[END_REF]. It is also encoded by 11 genes hxcP-Z. This system secretes the alkaline phosphatase LapA [START_REF] Ball | A novel type II secretion system in Pseudomonas aeruginosa[END_REF], which is encoded in the same cluster as the hxcP-Z genes.

The Txc system of PA7 is encoded within RGP69, composed of a cluster of 14 genes encoding the complete T2SS machinery, secreted and the regulatory proteins (Figure 1.10) [START_REF] Cadoret | Txc, a New Type II Secretion System of Pseudomonas aeruginosa Strain PA7, Is Regulated by the TtsS/TtsR Two-Component System and Directs Specific Secretion of the CbpE Chitin-Binding Protein[END_REF].

cbpE (PSPA7_1419) gene encodes a putative substrate for the Txc system.

CbpE is a chitin-binding protein belonging to the family of proteins binding Nacetyl-glucosamin. CbpE shares 28 % of residue identity with CbpD (chitin-binding protein D) that is secreted by the Xcp-T2SS. CbpE secretion is regulated by the two-component system TtsR/TtsS, in which TtsR is the transcriptional regulator and TtsS is the sensor [21,[START_REF] Cadoret | Txc, a New Type II Secretion System of Pseudomonas aeruginosa Strain PA7, Is Regulated by the TtsS/TtsR Two-Component System and Directs Specific Secretion of the CbpE Chitin-Binding Protein[END_REF]. The Txc system can also be found in other Pseudomonas species including P. fluorescens and P. putida. Genetic evidence suggests that RGP69 was not acquired by horizontal gene transfer but was lost in classical strains of P. aeruginosa. Indeed, marks of the RGP69 extremities were found in PAO1.

Furthermore the GC content of RGP69 and the rest of the PA7 genome are similar and finally the absence of prepilin petidase gene encoded in the RGP69 suggest that the Txc pseudopilins use the general prepilin peptidase XcpA/PilD for their maturation [21,[START_REF] Cadoret | Txc, a New Type II Secretion System of Pseudomonas aeruginosa Strain PA7, Is Regulated by the TtsS/TtsR Two-Component System and Directs Specific Secretion of the CbpE Chitin-Binding Protein[END_REF].

Introduction

The Gram-negative bacillus Pseudomonas aeruginosa is a wide-spread bacterium that inhabits soil and aquatic environments. Its metabolic versatility, adaptive regulatory systems and high intrinsic antibiotic resistance favor its persistence in different habitats, notably in hospital settings. P. aeruginosa is recognized as a major human opportunistic pathogen responsible for acute lifethreatening infections in individuals with diverse underlying affection, such as burns, cancer, HIV infections, or patients with surgical wounds, carrying catheters or submitted to bone marrow and organ transplantations which results in bacteremia, urinary tract infections and pneumonia. P. aeruginosa is also capable to provoke persistent, chronic infections, notably in patients with cystic fibrosis and chronic obstructive pulmonary disease [START_REF] Williams | Pseudomonas aeruginosa: host defence in lung diseases[END_REF]Gellatly and Hancock, 2013).

Access to genome sequences of several hundreds of P. aeruginosa isolates, together with several reports on the phenotypic characteristics of individual clones, suggested a highly diverse population structure. Indeed, detailed phylogenic analysis based on single nucleotide polymorphisms of the core genomes allowed to divide P. aeruginosa population in four major clades, with the most divergent clade populated by clonal outliers related to the PA7 strain (Thrane et al., 2015).

Genomics of P. aeruginosa outliers

In 2010, the teams of Roy and Paulsen (Roy et al., 2010), reported the whole-genome sequence of a P. aeruginosa wound isolate from Argentina, PA7, showing a highly divergent genome from all other classical strains, represented by two in-laboratory used strains: PAO1 and PA14. With on average 93.5% of pairwise identity, the PA7 strain is characterized by two major differences comparing to classical strains (i) the absence of the whole type III secretion system (T3SS) loci comprising five operons and 36 genes and (ii) the absence of all genes encoding the T3SS toxins (exoS, exoT, exoY and exoU). In addition, the PA7 genome possesses 1). Isolation of a hypervirulent PA7-like strain, named CLJ1, from a patient with hemorrhagic pneumonia in Grenoble University Hospital, France, allowed the identification and characterization of a novel two partner secretion (TPS) system exporting a 172-kDa protein, called Exolysin, belonging to the hemaglutinin/hemolysin family (Elsen et al., 2014). The identified TPS, encoded by a two-gene operon PSPA_4641 -PSPA_4642, dubbed exlB-exlA, was found directly related to the hyper-virulence of strains secreting ExlA in various and Basso, unpublished results). Therefore, exlB-exlA could be considered as a novel RGP, potentially specific to PA7-like strains. Interestingly, a recent systematic search for strains lacking the T3SS genes, but possessing exlA, revealed that, in addition to the PA7-like clonal outliers, exlB-exlA could be found in strains that are closer phylogenetically (using the divergence of seven housekeeping genes) to PAO1/PA14 than to PA7 (Fig. 1 and Table 1). We named those strains 'Group B', in comparison to the 'Group A' formed by the PA7-like strains (Reboud et al., 2016). Notably, Group A and Group B strains, while all lacking T3SS toxins, differ by the extent of the deletion occurring at the T3SS loci, suggesting that exlB-exlA locus has been acquired before exclusion of the T3SS. Finally, a phylogenetic analysis of recently published T3SS-negative, exlB-exlApositive strains (Boukerb et al., 2015;[START_REF] Van Belkum | Phylogenetic distribution of CRISPR-Cas systems in antibiotic-resistant pseudomonas aeruginosa[END_REF] revealed the existence of a third group of strains that we propose to call Group C (Fig. 1 and Table 1).

Strains

Strains from Group C possess the same type of T3SS deletion as in Group A and the exlB-exlA locus is inserted in the same genetic environment. Until now, no P. aeruginosa strain with both exlB-exlA and T3SS genes has been identified. ExlA rapidly induces the formation of a pore in eukaryotic host plasma membranes, eventually leading to plasma membrane rupture and cell death (Basso et al. unpublished). The secreted ExlA protein has no toxic Fig. 1. Phylogenetic tree of exlA1 P. aeruginosa strains. Maximal-likelihood tree based on single nucleotide polymorphisms of seven housekeeping genes (ascA, aroE, guaA, mutL, nuoD, ppsA and trpE). The gene sequences were concatenated and aligned using CLC bio software. The classical strains are represented by PAO1 and PA14 strains. See Table 1 for the references of the genome sequences. activity on nucleated cells, either because the protein is unstable in the medium or more likely (but not exclusively) because the bacterium has to be in the vicinity of the host, as shown in experiments where host cells and bacteria are filter-separated. This latter hypothesis is further supported by the requirement of Type IV pili proteins for toxicity, suggesting an involvement of pili in the toxic behavior of ExlA (Basso et al., unpublished). ExlA is present in purified host membranes after infection, yet the mechanisms of toxin insertion into host membranes are totally unknown. In particular, the putative receptor for ExlA on host cells is unidentified.

ExlA1 strains secrete variable amounts of ExlA (Table 2), although their exlBA locus sequences are highly homologous (> 85% identity) (Reboud et al., 2016), suggesting the existence of differential regulatory pathways for ExlA and ExlB expressions. The more detailed pangenomic analysis of exlA1 strains together with genomewide mutagenesis on selected strains for loss or gain of ExlA secretion could give a hint in the regulation of ExlAdependent virulence. Interestingly, the majority of the Group B strains neither express nor secrete the Exolysin, and in consequence are poorly cytotoxic.

Among the Group A strains, a direct correlation was observed between the secreted ExlA levels and cell lysis activity (Table 2) (Reboud et al., 2016). Target cells can be epithelial, endothelial, myeloid and fibroblastic cells from human, dog or mouse origins. Human erythrocytes are weakly lysed by exlA1 strains, unless ExlA is overexpressed, suggesting that high affinity receptors for ExlA are lacking at the surface of erythrocytes. Similar observations were made on mouse erythrocytes in vivo. Therefore, ExlA has to be considered as a cytolysin rather than an hemolysin.

ExlA-secreting strains displayed virulence in the mouse pneumonia model, but their toxicity were not completely correlated with their cytolytic properties (Reboud et al., 2016). Data on strain toxicity towards neutrophils and macrophages, as well as the capability of the inflammatory cells to phagocyte exlA1 strains are missing to better understand the behavior of these strains in vivo.

As for the classical strains, the capacity of exlA1 strains to infect plants is heterogeneous and there is a correlation neither with ExlA secretion levels, nor with their lytic activity on mammalian cells (Table 2) (Reboud et al., 2016). Therefore, it is likely that these bacteria use different virulence mechanisms to infect mammals and plants, and that ExlA is not required for bacterial toxicity on plants. It seems thus that exlA1 strains behave much like T3SS1 strains concerning global pathogenicity profiles (Hilker et al., 2015), meaning they show unequal level of virulence that could not be attributed only to one toxin, ExlA.

A third type II secretion system

Type II secretion is a two-stage process: effectors are first translocated into the periplasm through the Sec or Tat translocons, and then excreted in the extracellular milieu using macromolecular complexes called secretons. Two types of T2SS secretons have been identified in classical P. aeruginosa strains: the Xcp complex, which secretes a broad range of proteins, and the Hxc complex, which is only active under phosphate-limiting conditions and specialized in alkaline phosphatase secretion. These systems have been reviewed previously (Bleves et al., 2010;Filloux, 2011).

Xcp and Hxc complexes are present and functional in PA7 [START_REF] Cadoret | Txc, a new type II secretion system of pseudomonas aeruginosa strain PA7, is regulated by the TtsS/TtsR twocomponent system and directs specific secretion of the CbpE chitin-binding protein[END_REF]. The main effector of Xcp is exotoxin A (ToxA), a potent inhibitor of protein translation in the host. The gene encoding ToxA is lacking in PA7 genome (Roy et al., 2010), as well as in most genomes of Group A and Group C strains, except for LMG5031 and WH-SGI-V-07050, while toxA is present in the only reported Group B genome, CF_PA39 (Table 1). Other major Xcp substrates are proteases, including LasB that targets several extracellular proteins and host cell receptors (Hong and Ghebrehiwet, 1992 2), while this activity is present in most classical strain secretomes (Coin et al., 1997;Schaber et al., 2004). The lasB gene was found in all strains at same position and with sequence identity ranging 91-98% from the lasB PAO1 sequence. LasB expression is under the control of the quorum sensing (QS), and lack of the QS genes might affect lasB expression. The QS genes: vqsM vqsR, lasR, lasI, rhlR, rhlI are all present at identical locations in the genomes of all strains, and their sequences display 98% identity, except for strain PA39 (92%). However, an internal frameshift mutation in the mvfR gene, coding for an important regulator of the QS, was noted in PA7 genome (Roy et al., 2010). This mutation is also present in mvfR genes of WH-SGI-V-07050 and Group C strains (Table 1), but is absent in most Group A strains lacking LasB activity (Table 2). Thus, reported QS and lasB sequences cannot simply explain the absence of LasB activity in most of these strains.

The lack of these two major virulence factors, ToxA and LasB, in most Group A and C strains, in addition to the absence of T3SS, indicate that the toxic behavior of the exlA1 strains in vivo is likely totally different from that of classical strains.

A third T2SS has been identified in PA7, called Txc for third homolog for Xcp [START_REF] Cadoret | Txc, a new type II secretion system of pseudomonas aeruginosa strain PA7, is regulated by the TtsS/TtsR twocomponent system and directs specific secretion of the CbpE chitin-binding protein[END_REF]. A cluster of 14 genes, including 11 'core' genes (txcP to txcZ or PSPA7_1417 to PSPA7_1407), a secreted substrate (cbpE or PA7_1419) and a regulatory protein (ttsS or PSPA7_1420) have been identified in a region of genome plasticity (RGP69). CbpE is a chitin-binding protein that can only be secreted by the Txc system, and whose secretion is regulated by the two-component system TtsR/TtsS, in which TtsR is the regulator and TtsS the sensor. The Txc locus is a hallmark of strains from Group A, B and C, for which genomic data are available (Table 1), suggesting that these strains are adapted to grow on insect carapaces. Interestingly, Txc systems are also found in two other Pseudomonas species: P. fluorescens and P. putida, as well as in Yersinia enterocolitica. However, multiple genetic evidences are in favor of a loss of Txc locus in classical strains, rather than an acquisition in PA7-like strains [START_REF] Cadoret | Txc, a new type II secretion system of pseudomonas aeruginosa strain PA7, is regulated by the TtsS/TtsR twocomponent system and directs specific secretion of the CbpE chitin-binding protein[END_REF].

Serotype O12 is prevalent in exlA1 strains

Detailed phenotypic analysis of exlA1 strains established in our laboratory also revealed that the majority of strains are of O12 serotype (Table 2), as already reported for PA7 (Reboud et al., 2016). In recent years, O12 serotype isolates have attracted a lot of attention due to several related outbreaks and high antibiotic resistance (Maatallah et al., 2011;[START_REF] Witney | Genome sequencing and characterization of an extensively drug-resistant sequence type 111 serotype O12 hospital outbreak strain of Pseudomonas aeruginosa[END_REF]. Wide comparative genomic approach performed on 83 isolates pointed out the horizontal transfer of the so called 'serotype island' between PA7 and non-PA7 strains that confers to the majority of isolates both O12 serotype and resistance to fluoroquinolone, notably due to mutation in gyrA gene located in the island (PSPA7_1944 to PSPA7_2005). Intriguingly, 'serotype islands' in different O12 isolates may vary in size from 62 to 185 kbp (Thrane et al., 2015) possibly carrying other strain-specific genes of unknown function. The link between exlA and 'O12 serotype islands' still needs to be investigated.

Motility is nearly normal

Pseudomonas aeruginosa uses a polar flagellum for swimming in liquid medium and Type IV pili for surface motility, a motility type generally referred to as 'twitching'. A third motility behavior, called 'swarming', has been identified, which may use the flagellum, Type IV pili and bacterium-produced surfactants in different possible associations (Josenhans and Suerbaum, 2002;Burrows, 2012). Swarming allows bacterial motion on soft substrates. As for classical strains, all possible combinations exist for exlA1 strains, and the proportions of Pseudomonas aeruginosa renews its virulence factors 5

V C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 00, 00-00 swimming or twitching strains are similar in classical and exlA1 strains (Table 2) (Murray et al., 2010;Reboud et al., 2016). However, it was noticed that the proportion of strains able to engage swarming motility is lower in exlA1 strains compared to classical strains (21% and 63% respectively) (Murray et al., 2010;Reboud et al., 2016). Swarming may be considered as a transition step between attachment and biofilm formation, a process involved in tissue or material colonization, and promoting chronic infections. However, two exlA1 strains isolated from patients with chronic infections were unable to swarm (Reboud et al., 2016), suggesting that swarming deficiency does not preclude colonization.

Type IV pili are composed of monomeric subunits of pilin encoded by the pilA gene. In the majority of strains studied so far, the pilins are glycosylated at Ser148 [START_REF] Comer | Identification of the Pseudomonas aeruginosa 1244 pilin glycosylation site[END_REF]. An oligosaccharide transferase (TfpO) attaches an O-antigen subunit of membrane lipopolysaccharide to this single amino-acid. Therefore, pilins of classical strains have a glycan moiety that matches the serotype of the strain. In P. aeruginosa as well as in other bacteria, roles for pilin glycosylation have been demonstrated in adhesion, protection from proteolytic cleavage, solubility, antigenic variation and protective immunity [START_REF] Doig | Role of pili in adhesion of Pseudomonas aeruginosa to human respiratory epithelial cells[END_REF][START_REF] Kuo | An N-linked high-mannose type oligosaccharide, expressed at the major outer membrane protein of Chlamydia trachomatis, mediates attachment and infectivity of the microorganism to HeLa cells[END_REF][START_REF] Marceau | Role of glycosylation at Ser63 in production of soluble pilin in pathogenic Neisseria[END_REF][START_REF] Szymanski | Campylobacter protein glycosylation affects host cell interactions[END_REF]. However, in some strains, including PA7, the pilin is glycosylated at multiple sites with unusual a1,5-linked D-arabino-furanose (a1,5-D-Araf) glycans, identical to those found in the cell wall of Mycobacterium spp [START_REF] Voisin | Glycosylation of Pseudomonas aeruginosa strain Pa5196 type IV pilins with mycobacterium-like alpha-1,5-linked d-Araf oligosaccharides[END_REF]. In PA7, D-Araf biosynthetic pathway requires three genes: PSPA_6246, 6248 and 6249 that are sufficient for D-Araf synthesis in heterologous system [START_REF] Harvey | Pseudomonas aeruginosa D-arabinofuranose biosynthetic pathway and its role in type IV pilus assembly[END_REF]. The transfer on pili is operated by an arabinosyltransferase, TfpW, specific of these strains [START_REF] Kus | Modification of Pseudomonas aeruginosa Pa5196 type IV Pilins at multiple sites with D-Araf by a novel GT-C family Arabinosyltransferase[END_REF]. TfpW deficiency leads to fewer surface pili and reduced motility, indicating that arabinosylation modifies pili assembly or dynamics. The various genes encoding the D-Araf pathway were identified in all exlA1 strains, except WH-SGI-07050 and CF_PA39 (Table 1), indicating that this feature can be used as a general marker of these strains.

Hydrogen cyanide and pyocins

Hydrogen cyanide (HCN) is released as a volatile compound by most P. aeruginosa strains, and is relatively specific to P. aeruginosa species (Gilchrist et al., 2011;[START_REF] Smith | Hydrogen cyanide, a volatile biomarker of Pseudomonas aeruginosa infection[END_REF]. HCN is a poison inhibiting mitochondrial cytochrome c oxidase, hence halting cellular respiration of eukaryotic cells. HCN belongs to the arsenal of P. aeruginosa factors participating to its pathogenicity. Interestingly, exlA1 strains are much more heterogeneous regarding HCN production than classical strains, again suggesting that the entire repertoire of toxins, independent of the T3SS, is different in these strains (Table 2) (Reboud et al., 2016).

Another example is a specific bacteriocin, pyocin S6, released by the exlA1 strain CF_PA39 (Dingemans et al., 2014). Bacteriocins, called pyocins when secreted by P. aeruginosa, are produced as antagonistic molecules, usually in stress conditions, to compete with closely related bacteria (Michel-Briand and Baysse, 2002; [START_REF] Ghequire | Ribosomally encoded antibacterial proteins and peptides from Pseudomonas[END_REF].

Pyocin S6 is a soluble pyocin (S-type), endowed with 16S RNA cleavage activity, that kills bacteria lacking the immunity protein Imm6. The pyocin S6 gene is shared by other exlA strains (61% of reported genomes, Table 1). Thus, exlA1 strains developed (or retained) the ability to compete with other bacteria using a specific weapon.

Antibiotic resistance

In general, treatment of P. aeruginosa infections has become extremely difficult due to inefficiency of available antibiotics. The PA7 strain has been reported as multiresistant (Roy et al., 2010). Typical mutations in genes responsible for fluoroquinolone resistance, gyrA and parC, and to tobramycin, aacA4, have been identified in PA7 genome (Roy et al., 2010). In addition, the resistance to aminoglycosides (including, amikacin, gentamicin and tobramycin) can be attributed to the presence of an additional outer-membrane protein of the Opr family, OprA, encoded by a gene located in the operon of the major P. aeruginosa efflux pump, MexXY. While the deletion of the whole operon makes the strain sensitive to aminoglycosides, the deletion of oprA alone is not sufficient to modify resistant phenotype, suggesting that OprA could be replaced by other OMPs [START_REF] Morita | Primary mechanisms mediating aminoglycoside resistance in the multidrug-resistant pseudomonas aeruginosa clinical isolate PA7[END_REF]. Based on available genomes, the presence of oprA gene is a general feature of exlA1 strains, regardless of the phylogenetic group (Table 1). Moreover, Morita and colleagues 2015 identified in PA7 a novel variant of a regulatory gene, mexS, responsible for upregulation of another multidrug efflux pump, MexEF-OprN, contributing further to multi-antibiotic resistance of this strain. Although the integrated data of antibiograms are lacking for the majority of the exlA1 strains, we noted that the strain CLJ3, isolated from the same patient as CLJ1 but after the antibiotic treatment, has increased resistance to numerous hospital-used antibiotics (Elsen et al., 2014). Genetic determinants that are responsible for this adaptation and multiresistance are under investigation.

Conclusion

The discovery of these atypical strains demonstrates that P. aeruginosa species is not restricted to PAO1-and PA14-like strains, but encompasses a much larger and diverse bacterial family than previously thought.

Accession to bacterial whole genomes together with the characterization of virulence strategies of clinical strains allowed to re-classify P. aeruginosa members. Several strains lacking T3SS, but employing a novel virulence strategy to intoxicate host cells have been collected and analysed. Their presence in hospital units, together with reports on multi-drug resistance, calls for more research on their distribution, as well as their diversity and pathogenicity in order to foresee anti-infective interventions. In particular, as exlA1 strains use virulence modes highly different from classical P. aeruginosa strains, it will be important to diagnose these strains in hospital units, which is easy to perform using PCR or mass spectrometry approaches. Clearly, accumulation of genomic data and raising collections of phenotypically characterized exlA1 strains should give in the future a more global picture of evolution and occurrence of those strains in hospital settings. The genomic island RGP69 possesses 14 predicted ORFs encoding the 11 putative T2SS Txc components (TxcP to TxcZ) and 3 genes, a gene encoding a predicted chitin-binding protein (CbpE), a gene encoding an unorthodox sensor protein (TtsS), and PSPA7_1418, which is predicted to encode a protein belonging to the cytochrome b superfamily. RGP69 is externally flanked by the ttsR and PSPA7_1406 (1406) genes, which are homologous to the two contiguous genes PA3714 (3714) and PA3715 (3715), respectively, in strain PAO1, from [START_REF] Cadoret | Txc, a New Type II Secretion System of Pseudomonas aeruginosa Strain PA7, Is Regulated by the TtsS/TtsR Two-Component System and Directs Specific Secretion of the CbpE Chitin-Binding Protein[END_REF].

The Type V secretion systems (T5SS) are exclusively found in Gram-negative bacteria and are widespread among them. The T5SS are involved in diverse bacterial functions through the secretion of virulence factors directed against eukaryotic or bacteria cells. These functions are related for example to contact-dependent growth inhibition (CDI) systems , cell-to-cell adhesion and biofilm formation [START_REF] Leo | Type V secretion: mechanism(s) of autotransport through the bacterial outer membrane[END_REF].

Recent bioinformatics analysis showed different subtypes of T5SSs based on the functions of the substrates (Table 2.1). In general, secreted proteins are adhesins, proteases, cytolysins/haemolysins and toxins of CDI system [START_REF] Jacob-Dubuisson | Protein Secretion through Autotransporter and Two-Partner Pathways[END_REF][START_REF] Jacob-Dubuisson | Two-partner secretion in Gram-negative bacteria: a thrifty, specific pathway for large virulence proteins[END_REF].

T5SSs are composed of a so-called "passenger domain" polypeptide (T5SSsubstrates or secreted domain) and a transporter domain that forms a β-barrel pore. The passenger proteins are generally high-molecular proteins ranging from 70 kDa (McaP of M. catarrhalis) to 230 kDa (FHA of B. pertussis) and form fibrous structures, often β-helices. Two major classes comprise the T5SS: autotransporters (AT) and the Two-partner Secretion (TPS) systems. Among AT, four subtypes are defined (Va, Vc, Vd and Ve). The major difference between AT and TPS system resids in the localization of the passenger domain: in the AT system the passenger domain remains bound to the the membrane, whereas in TPSs (subtype Vb) the substrate is secreted in their environment. 

Signal peptide

The Sec machinery is composed of a membrane embedded protein conducting channel that consists of three integral membrane proteins, SecY, SecE and SecG, and a peripheral associated ATPase, SecA, that functions as a molecular motor to drive the translocation of secretory proteins across the membrane. This system is involved in the secretion of unfolded proteins across the IM and the insertion of membrane proteins into the OM [START_REF] Natale | Sec-and Tat-mediated protein secretion across the bacterial cytoplasmic membrane-Distinct translocases and mechanisms[END_REF]. The signal peptide is a short sequence recognized by the Sec machinery and allows the export. It is defined by 20 amino-acid residues with a tripartite structure: i.e. a positively charged amino-terminal (n-region), a hydrophobic core (h-region) and a polar carboxyl-terminal (c-region) region. This sequence is highly conserved and is required to direct transport of the AT proteins across the IM. It is typically cleaved after the translocation at the consensus motif (AxA) (Figure 2.3). The tripartite structure of Sec-dependent nonlipoprotein signal peptides, where the N-terminus is characterized by the presence of positively-charged residues (blue), the core of the peptide is comprised of hydrophobic residues (orange), and the C-terminus is typically neutral, but polar and contains the cleavage site (green) [START_REF] Palmer | The twin-arginine translocation (Tat) protein export pathway[END_REF].

Around 10% of identified ATs contain an unusual N-ter extension of 50 to 60residues signal peptide beginning by the motif MN(R/K). These long signal peptides maintain the passenger domain in a conformation compatible with its translocation across the OM. Long signal peptides are especially common in TAAs family [START_REF] Natale | Sec-and Tat-mediated protein secretion across the bacterial cytoplasmic membrane-Distinct translocases and mechanisms[END_REF].

Passenger domain

The passenger domains of the type V-proteins displays common features. Especially they adopt a stable and defined structure containing repeated structural units. This domain varies widely in size (from 20 kDa to 400 kDa) and in sequence and this variability reflects their functional diversity [142,145].

The primary structure of the passenger domain does not carry a specific motif. However, in silico and structural prediction analyses show that they possess a common tertiary structure. The passenger domain generally folds into elongated β-helical structure and these fibers appeared to be rigid rods. In many cases, the passenger is cleaved in an auto-catalytic process after translocation is completed, releasing the passenger into the extracellular medium. In some cases, the passenger domain remain anchored to the membrane. Generally, the difference of process results in the difference of "functions"; the passengers of cleavable proteins have enzymatic functions such as protease or lipases, while noncleavable ones, act as adhesins proteins [145].

The B. pertussis protein pertactin forms a sticking 16-turn parallel β helix with a hydrophobic core [START_REF] Emsley | Structure of Bordetella pertussis virulence factor P.69 pertactin[END_REF]. Recently the crystal structure of 1048-residues of Hbp, a member of serine protease ATs was solved and found similar to the pertactin except that it is longer (24 turns), less regular and twisted in the center. These two examples suggest a general design in which autotransporter use β-helix as scaffolding on which are appended various loops and domains that mediate the effector function of the protein. This structure was predicted in more than 95% of the passenger domains [START_REF] Otto | Crystal Structure of Hemoglobin Protease, a Heme Binding Autotransporter Protein from Pathogenic Escherichia coli[END_REF][START_REF] Van Den | Crystal Structure of a Full-Length Autotransporter[END_REF].

Linker domain

All the AT proteins possess a linker, defined as the region connecting the C-terminus domain of the passenger to the N-terminus of the transmembrane β-barrel domain [START_REF] Oliver | A conserved region within the Bordetella pertussis autotransporter BrkA is necessary for folding of its passenger domain[END_REF][START_REF] Velarde | Hydrophobic Residues of the Autotransporter EspP Linker Domain Are Important for Outer Membrane Translocation of Its Passenger[END_REF]. The linker is an α-helix within the center of the transmembrane β-barrel. In many ATs, the linker included a disordered region in N-ter to the α-helix. If the passenger is cleaved from the β-barrel after the OM translocation, this cleavage site can be located within the linker and after OM translocation will be positioned either on the cell surface or within the folded β-barrel structure.The linker is required for the secretion in all characterized ATs [START_REF] Oliver | A conserved region within the Bordetella pertussis autotransporter BrkA is necessary for folding of its passenger domain[END_REF][START_REF] Berthiaume | Mutations affecting the biogenesis of the AIDA-I autotransporter[END_REF].

β-barrel domain

The last domain of the ATs is the β-barrel. The first structure solved was the β-domain of Neisseria meningitidis NalP, a 12-stranded structure inserted in the OM. The β-barrel is a hydrophilic pore of 1 nm in diameter [START_REF] Oomen | Structure of the Translocator Domain of a Bacterial Autotransporter[END_REF] blocked by the α-helix of the linker. EspP of E. coli shows the same features as NalP [START_REF] Barnard | Autotransporter structure reveals intra-barrel cleavage followed by conformational changes[END_REF]. EstA also possesses a 12-stranded β-barrel linked to the passenger domain. Apparently, there is a common structure for the β-barrel, whether or not the passenger domain is cleaved.

The β-barrel is annotated in PFAM databases and corresponds to PFAM03797. It is relatively easy to identify this region in protein sequences. The β-domains, unlike the passenger domains are very similar in size consisting of the last 300 amino acids.

Outer membrane β-barrel (OMBBs) proteins form a major group of OM proteins in Gram-negative bacteria, chloroplasts and mitochondria. Remmert et al., found evidence that β-barrel domain from T5SS are homologous and evolved from an ancestral β-β hairpin sequence [START_REF] Remmert | Evolution of Outer Membrane β-Barrels from an Ancestral ββ Hairpin[END_REF].

Classification

Classical ATs (type Va)

The type Va systems are the prototype of the AT systems and were first described in 1987, with the example of IgA1 protease of Neisseria gonorrhoeae [START_REF] Pohlner | Gene structure and extracellular secretion of Neisseria gonorrhoeae IgA protease[END_REF].

It has been proposed that classical ATs are composed of a C-terminal 12-strandedβ-barrel domain forming a pore in the OM though which the passenger domain is transported toward bacterial surface (Figure 2.1). For example, IgA1 is further cleaved by auto-proteolyis and is found in the extracellular medium. Since, the discovery of IgA1, many other ATs have been described [START_REF] Pohlner | Gene structure and extracellular secretion of Neisseria gonorrhoeae IgA protease[END_REF] (Table 2.1).

In silico analyses identified three putative ATs in P. aeruginosa genome: PA0328, PA3535, PA5112 [START_REF] Ma | Protein secretion systems of Pseudomonas aeruginosa and P. fluorescens[END_REF][START_REF] Filloux | The underlying mechanisms of type II protein secretion[END_REF]. PA0328 (AaaA) is an arginine-specific aminopetidase. Absence of AaaA led to attenuation of virulence in a mouse chronic wound infection which correlated with lower levels of the cytokines TNF, IL-1α, KC and COX-2. The exact molecular mechanism of its action on the immune system remains still unclear.

EstA (PA3535) exhibits an esterase activity (PFAM00657) (Table 2.1) [START_REF] Wilhelm | A novel lipolytic enzyme located in the outer membrane of Pseudomonas aeruginosa[END_REF][START_REF] Wilhelm | The Autotransporter Esterase EstA of Pseudomonas aeruginosa Is Required for Rhamnolipid Production, Cell Motility, and Biofilm Formation[END_REF] and is composed of two distinct domains, of which the N-terminal domain harbors the enzymatic activity whereas the C-terminal transporter domain represents a β-barrel pore in the OM. EstA remains anchored to the OM [START_REF] Wilhelm | A novel lipolytic enzyme located in the outer membrane of Pseudomonas aeruginosa[END_REF][START_REF] Becker | A generic system for the Escherichia coli cell-surface display of lipolytic enzymes[END_REF]. EstA was the first AT for which the crystal structure of the entire protein has been solved. The EstA passenger domain displays the characteristic alpha-beta-alpha globular fold of the Serine-Glycine-Asparagine-histidine (SGNH) hydrolase family [START_REF] Akoh | GDSL family of serine esterases/lipases[END_REF], with a small central four-stranded parallel β-sheet sandwiched on both sides by α-helices (Figure 2.4) . EstA was first identified by signature-tagged mutagenesis (STM) performed in a rat model of chronic respiratory infection [START_REF] Potvin | In vivo functional genomics of Pseudomonas aeruginosa for high-throughput screening of new virulence factors and antibacterial targets[END_REF]. Furthermore, EstA is required for swimming, swarming, and twitching of P. aeruginosa. These effects were found to depend on the catalytic activity of EstA and it has been proposed that EstA may modify rhamnolipid biosynthesis [START_REF] Wilhelm | The Autotransporter Esterase EstA of Pseudomonas aeruginosa Is Required for Rhamnolipid Production, Cell Motility, and Biofilm Formation[END_REF].

Trimeric AT (type Vc)

The type Vc systems are the most complex of the AT systems and are called trimeric autotransporter adhesins (TAAs) [START_REF] Linke | Trimeric autotransporter adhesins: variable structure, common function[END_REF]. The best characterized TAA is YadA from enteropathogenic Yersinia species, which cause a variety of diseases in humans such as diarrhoea, septicaemia, reactive arthritis and plague [START_REF] Linke | Trimeric autotransporter adhesins: variable structure, common function[END_REF][START_REF] Roggenkamp | Molecular Analysis of Transport and Oligomerization of the Yersinia enterocolitica Adhesin YadA[END_REF]. YadA is essential for the infection [START_REF] Linke | Trimeric autotransporter adhesins: variable structure, common function[END_REF], because its provides to bacteria serum resistance thought its adhesin function. The passenger domains of TAA are highly diverse and modular while the translocation domains are highly conserved. Electron microscopy of several TAAs revealed a similar architecture that resembles a lollipop and consists of a head, stalk and anchor domains ( The anchor is a 70-residues long domain, essential and sufficient for the transport of the passenger domain through the OM [START_REF] Roggenkamp | Molecular Analysis of Transport and Oligomerization of the Yersinia enterocolitica Adhesin YadA[END_REF][START_REF] Surana | The Haemophilus influenzae Hia Autotransporter Contains an Unusually Short Trimeric Translocator Domain[END_REF]. The membrane anchor domain contains four heptads of a left-handed coiled coil followed by four transmembrane β-strands, which presumably assemble into 12-stranded β-barrel in the trimer.The stalk domain is fibrous, highly repetitive structure and extremely variable in length. It is composed of α-helices [START_REF] Linke | Trimeric autotransporter adhesins: variable structure, common function[END_REF]. The "neck" is a small part connecting the stalk and the head. It does not possess a defined secondary structure [START_REF] Szczesny | Structure of the Head of the Bartonella Adhesin BadA[END_REF]. Moreover, the neck creates a hydrophobic core thanks to several hydrogen liaisons. The head at the N-terminal extremity of the protein, after the signal peptide, is responsible for TAAs adherence capacity. This domain is a trimer of single-stranded left-handed β-helices. Up to date, no TAAs has been described in P. aeruginosa.

Patatin-like proteins (type Vd)

The Type Vd is very similar to the type Va systems with a C-terminal translocation domain and an N-terminal "passenger domain". The major difference between them is the presence of an additional periplasmic domain homologous to the periplasmic domain (POTRA) of the Type Vb translocation proteins. This new family of bacterial lipolytic enzymes is composed of patatin-like proteins (PLPs). The first PLP-protein that has been characterized in P. aeruginosa was ExoU which is a toxin secreted through the T3SS [START_REF] Finck-Barbançon | ExoU expression by Pseudomonas aeruginosa correlates with acute cytotoxicity and epithelial injury[END_REF][START_REF] Hauser | PepA, a secreted protein of Pseudomonas aeruginosa, is necessary for cytotoxicity and virulence[END_REF]. In silico analyses revealed that around 200 proteins harbor a PLP domains, both in Gram-negative or Gram-positive-bacteria. One of them was characterized from P. aeruginosa [START_REF] Salacha | The Pseudomonas aeruginosa patatin-like protein PlpD is the archetype of a novel Type V secretion system[END_REF]. PlpD is a 728-residue protein that harbors an N-terminal signal peptide, a central functional domain and a C-terminal region that is predicted to fold into a 16-stranded transporter β-barrel. The crystal structure of its passenger domain (amino-acids from 20 to 233) shows an extremely compact fold (Figure 2.6), characterized by an α/β-hydrolase fold with a twisted 6-stranded central β-sheet surrounded by 8 major helices, which is common to a number of esterases and hydrolytic enzymes, including human cPLA2, VipD and ExoU, PLPs from Legionella pneumophila and P. aeruginosa, respectively [3].

PlpD has a phospholipase A1 activity [3] and is the first example of an active phospholipase secreted by T5SS. In collaboration with the team of Dr. Andrea Dessen (IBS, Grenoble), I participated to demonstrate the functionality of PlpD. My work showed that PlpD destabilizes liposomes composed of Phosphatidyl-Choline and Phosphatidyl-Serine at pH8. Moreover, a mutation at Ser60 in the catalytic site provoked the loss of enzymatic activity of PlpD but not of its liposome disruption activity (Figure 2.7), suggesting that PlpD could employ both its catalytic activity and its membrane-interacting C-terminal region to bind to and disrupt membranes, possibly in a cooperative fashion [3].

The function of the POTRA domain of PlpD remains unclear as it is more comparable to Omp85/BamA family than to the TpsB one, suggesting a different function.

Inverted AT (type Ve)

The type Ve are called inverse autotransporters based on the fact that the domain order is reversed. The C-terminal part comprises the passenger domains, while the N-ter part forms the translocation pore [171]. Intimin and invasin are the prototypical members of inverted ATs composing a large family of virulence-related bacterial adhesins. Their modular passenger domains are composed of IgG-like and lectin-like domains. Intimins are found in enteropathogenic and enterohaemorrhagic E. coli (EPEC and EHEC), pathogens that adhere "intimately" to the colonic epithelium and cause the formation of actin pedestals and the disruption of the microvilli on the enterocyte surface. Intimin plays a central role in this attachment. Invasin is found in the two enteropathogenic Yersinia species, Y. enterocolitica and Y. pseudotuberculosis and binds directly to host β-1 integrins [START_REF] Leong | Identification of the integrin binding domain of the Yersinia pseudotuberculosis invasin protein[END_REF].

Polar localization of autotransporters

The polar localization of ATs has been established for some of ATs and is required for their function, as is the case for IcsA from Shigella flexeneri [START_REF] Jain | Polar Localization of the Autotransporter Family of Large Bacterial Virulence Proteins[END_REF]. AIDA-I, BrkA and SepA exhibit a unipolar localization, suggesting a secretion at the pole of the bacteria. While the Sec machinery is distributed uniformly in the IM, the peptidoglycan and the OM are relatively inert at the pole compared to along the length of the cell (Figure 2.8) [START_REF] Jain | Polar Localization of the Autotransporter Family of Large Bacterial Virulence Proteins[END_REF].

Since many ATs are widespread among gram-negative pathogens and have important roles in the virulence, their localization at the pole suggests an importance of orientation of the bacterial body in pathogen-host interactions.

Two-partner secretion system

The Type Vb or TPS systems are a split version of the classical AT systems (Type Va) (Figure 2.9). The passenger domain and the translocator domain (β-barrel) are two separate proteins, called TpsA and TpsB respectively. The TpsA is responsible for the toxic or adhesive activities and the TpsB allows the secretion of the TpsA. The term TPS was first used to define the ShlBA of S. marcescens [START_REF] Hertle | Cytotoxic action of Serratia marcescens hemolysin on human epithelial cells[END_REF], FhaBC of B. pertussis [START_REF] Kajava | Beta-helix model for the filamentous haemagglutinin adhesin of Bordetella pertussis and related bacterial secretory proteins[END_REF], HmpAB of P. mirabilis [START_REF] Willems | Mutational analysis of the Bordetella pertussis fim/fha gene cluster: identification of a gene with sequence similarities to haemolysin accessory genes involved in export of FHA[END_REF], HMW1ABC and HMWABC of non-typeable H. influenzae.

More than hundred genes encoding TpsA and TpsB are found in the genomes of both pathogenic and environmental bacterial species [START_REF] Jacob-Dubuisson | Protein Secretion through Autotransporter and Two-Partner Pathways[END_REF]. The hallmarks of the TPS systems are the POTRA domains of the TpsB proteins and the TPS domain of the TpsA proteins. By BLAST, it is easy to identify new TPS system by searching these specific sequences. Genome analyses and in particular the GC% content of these genes suggest that some of them may have been acquired by horizontal transfer [START_REF] Rojas | HecA, a member of a class of adhesins produced by diverse pathogenic bacteria, contributes to the attachment, aggregation, epidermal cell killing, and virulence phenotypes of Erwinia chrysanthemi EC16 on Nicotiana clevelandii seedlings[END_REF].

Anatomy of TpsA and TpsB proteins

TpsA

Functions associated to TpsA proteins are highly diverse and can be involved in cytolysis, adherence, CDI and iron acquisition (reviewed in [START_REF] Guérin | Two-Partner Secretion: Combining Efficiency and Simplicity in the Secretion of Large Proteins for Bacteria-Host and Bacteria-Bacteria Interactions[END_REF]). The TpsA proteins are proteins of more than 100 kDa that possess very divergent sequences. However, they carry some conserved domains, including the signal peptides allowing their export via the Sec machinery and the TPS domain for their secretion through the TpsB.

TPS domain All TpsA proteins share a conserved, 250-residue-long TPS domain corresponding to the minimal region needed for its secretion, as demonstrated for FHA, HMW1A and ShlA. Located at the N-terminus of the mature TpsA protein, this essential domain mediates molecular recognition of TpsB-POTRA domains in the periplasm. The direct interaction between TPS and POTRA domains has been observed by co-immunoprecipitation and surface plasmon resonance (SPR). This interaction allows the coupling of the secretion and the TpsA folding at the surface of the bacteria [START_REF] Jacob-Dubuisson | Lack of functional complementation between Bordetella pertussis filamentous hemagglutinin and Proteus mirabilis HpmA hemolysin secretion machineries[END_REF][START_REF] Grass | Maturation and secretion of the non-typable Haemophilus influenzae HMW1 adhesin: roles of the N-terminal and C-terminal domains[END_REF][START_REF] Schönherr | Amino acid replacements in the Serratia marcescens haemolysin ShIA define sites involved in activation and secretion[END_REF][START_REF] Renauld-Mongénie | Distinct roles of the N-terminal and C-terminal precursor domains in the biogenesis of the Bordetella pertussis filamentous hemagglutinin[END_REF][START_REF] Clantin | The crystal structure of filamentous hemagglutinin secretion domain and its implications for the two-partner secretion pathway[END_REF][START_REF] Hodak | Secretion signal of the filamentous haemagglutinin, a model two-partner secretion substrate[END_REF].

Sequence alignment of the TPS domains shows that few residues are highly conserved. Two motifs ILNEV (109-114 residues) and ANPNGI [START_REF] Casilag | The LasB Elastase of Pseudomonas aeruginosa Acts in Concert with Alkaline Protease AprA To Prevent Flagellin-Mediated Immune Recognition[END_REF][START_REF] Ball | A novel type II secretion system in Pseudomonas aeruginosa[END_REF][START_REF] Leo | Type V secretion: mechanism(s) of autotransport through the bacterial outer membrane[END_REF][START_REF] Jacob-Dubuisson | Protein Secretion through Autotransporter and Two-Partner Pathways[END_REF][START_REF] Jacob-Dubuisson | Two-partner secretion in Gram-negative bacteria: a thrifty, specific pathway for large virulence proteins[END_REF][START_REF] Guérin | Two-Partner Secretion: Combining Efficiency and Simplicity in the Secretion of Large Proteins for Bacteria-Host and Bacteria-Bacteria Interactions[END_REF] are essential in the secretion of the TpsA proteins (Figure 2.10). Moreover, theses motifs play a role in the stabilization of the protein structure. The mutation of the first asparagin residue in "ANPNGI" region leads to the loss of the secretion of FHA and ShlA [START_REF] Jacob-Dubuisson | Lack of functional complementation between Bordetella pertussis filamentous hemagglutinin and Proteus mirabilis HpmA hemolysin secretion machineries[END_REF][START_REF] Hodak | Secretion signal of the filamentous haemagglutinin, a model two-partner secretion substrate[END_REF]. However this same mutation has no impact on the secretion of HMW1A.

The phylogenetic tree based on TPS domains allows to distinguish subfamilies of TPS domains (Figure 2.10) [START_REF] Guérin | Two-Partner Secretion: Combining Efficiency and Simplicity in the Secretion of Large Proteins for Bacteria-Host and Bacteria-Bacteria Interactions[END_REF], with cytolysins/hemolysins (in red), the adhesins (in green), the CDI systems (in yellow) and the proteins involved in iron acquisition and proteases (black). The different TPS sub-families are in agreement with the functions exerting by the TpsA proteins.

The structures of TPS domains of FHA30 of B. pertussis [START_REF] Clantin | The crystal structure of filamentous hemagglutinin secretion domain and its implications for the two-partner secretion pathway[END_REF], HpmA of P. mirabilis [START_REF] Weaver | Structural and functional studies of truncated hemolysin A from Proteus mirabilis[END_REF], HMW of H. influenza [START_REF] Yeo | The Structure of the Haemophilus influenzae HMW1 Pro-piece Reveals a Structural Domain Essential for Bacterial Two-partner Secretion[END_REF] and HxuA of H. influenzae [START_REF] Baelen | Structure of the secretion domain of HxuA from Haemophilus influenzae[END_REF][START_REF] Zambolin | Structural basis for haem piracy from host haemopexin by Haemophilus influenzae[END_REF] are available (Figure 2.11). They show a similar β-helical structure with 3 extra-helical motifs displaying a triangular shape. The crystal structure itself does not explain the "secretion signal", because interactions between the cargo and the transporter only occur with an unfolded TPS domain [START_REF] Hodak | Secretion signal of the filamentous haemagglutinin, a model two-partner secretion substrate[END_REF].

Transported domain This part of the protein is responsible for the function of the TpsA. The different functions of the TpsA protein are detailed in the section 2.2.3.

Due to the large size of the TpsA proteins, the entire organization of the protein is still unknown. However, the structure of FHA was investigated using electron microscopy and the global shape was described as an elongated β-helix 50 nm long formed from regions of tandem repeats.

TpsB proteins

The second partner of the TPS system is the TpsB protein belonging to the superfamily of Omp85 from which BamA transporter, that assemble proteins in the OM, is the best known. The TpsB are composed from 500 to 800 residues. The structure of FhaC, the only one available, serves as a model for TpsB proteins [START_REF] Clantin | Structure of the Membrane Protein FhaC: A Member of the Omp85-TpsB Transporter Superfamily[END_REF]. They are composed of POTRA domains, located in the periplasm and the β-barrel in the OM. The resolution of the FhaC structure followed by biochemical approaches helped to understand the role of these domains.

The N-ter of FhaC is located on the extracellular side of the membrane domain and is followed by 20-residues organized in α-helix, called the H1. H1 passes through the β-barrel pore and is connected by a 30-residue proline-rich linker to two successive POTRA domains in the periplasm. It is constituted of a small sheet of 3 β-antiparallel strands lined by two α-helices (Figure 2.12) [START_REF] Clantin | Structure of the Membrane Protein FhaC: A Member of the Omp85-TpsB Transporter Superfamily[END_REF][START_REF] Kim | A critical role for IRAK4 kinase activity in Toll-like receptormediated innate immunity[END_REF]. These structures are organized as β-α-α-β-β motifs and create a hydrophobic cavity necessary for the secretion of the TpsA proteins. The deletion of POTRA domain does not destabilize the global conformation of the FhaC protein, but totally abolished the secretion of FHA [START_REF] Clantin | Structure of the Membrane Protein FhaC: A Member of the Omp85-TpsB Transporter Superfamily[END_REF][START_REF] Guédin | Novel Topological Features of FhaC, the Outer Membrane Transporter Involved in the Secretion of the Bordetella pertussis Filamentous Hemagglutinin[END_REF]. As previously described, the interaction of POTRA domains and TPS domains allows the secretion of the TpsA protein.

The C-ter domain of FhaC forms the β-barrel composed of 16 anti-parallel βstrands (B1 to B16) in the OM [START_REF] Baud | Translocation path of a substrate protein through its Omp85 transporter[END_REF]. The external diameter of the pore is around 3.5 nm and the internal diameter is around 0.3 nm. This difference of size is explained 10. Phylogenetic tree based on TPS domains. (A-B) TPS domain sequences of TpsA proteins were aligned and the unrooted phylogenetic tree was constructed using Neighbor joining method with CLC software. Red for cytolysins/hemolysins, green for adhesins, orange for CDI systems, black for proteases and iron acquisition, adapted from [START_REF] Guérin | Two-Partner Secretion: Combining Efficiency and Simplicity in the Secretion of Large Proteins for Bacteria-Host and Bacteria-Bacteria Interactions[END_REF] by the presence of the α-helix H1 and the long extracellular loop L6 occluding partially the pore. The loop L6 is a hallmark of the Omp85 transporters with the VRGY/F motif. L6 is essential for the activity of Omp85 proteins [START_REF] Delattre | Functional importance of a conserved sequence motif in FhaC, a prototypic member of the TpsB/Omp85 superfamily[END_REF][START_REF] Leonard-Rivera | Conserved Residues of the Putative L6 Loop of Escherichia coli BamA Play a Critical Role in the Assembly of -Barrel Outer Membrane Proteins, Including That of BamA Itself[END_REF][START_REF] Rigel | Conformation-specific labeling of BamA and suppressor analysis suggest a cyclic mechanism for -barrel assembly in Escherichia coli[END_REF].
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Pathway of TpsA proteins across the cell envelope

Inner membrane and periplasm. TpsA proteins are synthesized as preproteins and their N-terminal signal peptide determines the Sec-dependent export across the cytoplasmic membrane. The signal peptide has been already described in section 2.1.1. The TpsA proteins reach the periplasm, where they remain in extended conformations for their interactions with their TpsB transporters. Some periplasmic intermediates were detectable for TpsA proteins such as ShlA and OtpA. In the periplasm, ShlA was shown to be inactive (ShlA*) [START_REF] Schiebel | Subcellular location and unique secretion of the hemolysin of Serratia marcescens[END_REF][START_REF] Van Ulsen | Two-Partner Secretion Systems of Neisseria meningitidis Associated with Invasive Clonal Complexes[END_REF][START_REF] Choi | Sequential translocation of an Escherchia coli two-partner secretion pathway exoprotein across the inner and outer membranes[END_REF]. It was shown for OtpA of E. coli, that the export of OtpA in the periplasm can be done before the expression of otpB (TpsB), meaning that OtpA can remain stable in the periplasm until its export by OtpB [START_REF] Choi | Sequential translocation of an Escherchia coli two-partner secretion pathway exoprotein across the inner and outer membranes[END_REF]. In other TPS systems they appear to be quickly degraded, as it is the case for HMW1A and HMW2A. The passage in the periplasm was also described in the case of FHA. DegP, a protein-chaperonne associated with the cytoplasmic membrane, was shown to facilitate the secretion of FHA [START_REF] Baud | Role of DegP for two-partner secretion in Bordetella[END_REF][START_REF] Baud | Membrane-associated DegP in Bordetella chaperones a repeatrich secretory protein[END_REF]. The role of DegP has been shown in type Va, Vc, and Ve systems, suggesting that it might play a common role in the type V pathway [171,[START_REF] Mogensen | Interactions between folding factors and bacterial outer membrane proteins[END_REF][START_REF] Grosskinsky | A Conserved Glycine Residue of Trimeric Autotransporter Domains Plays a Key Role in Yersinia Adhesin A Autotransport[END_REF]. [START_REF] Maier | Conserved Omp85 lid-lock structure and substrate recognition in FhaC[END_REF] and BamA from N. gonorrhoeae (4k3b) [START_REF] Noinaj | Structural insight into the biogenesis of β-barrel membrane proteins[END_REF]. The common structural features include the 16-strand barrel in gold, the L6 loop in blue and the last two POTRA domains in wheat and brown (POTRA1 and POTRA2 for FhaC). The β-1 and β-16 strands are shown in red. Specific elements include the N-terminal α-helix of FhaC in purple, and the POTRA3-2-1 domains of BamA in yellow, pink, and cyan, respectively.

Outer membrane The first step of secretion is the binding of the TPS domain to the POTRA domains is followed by the transport of the TpsA protein to the cell surface. The path of translocation of FHA across the OM has been partially investigated and up to date two models have been proposed for the translocation across the TpsB (Figure 2.13).

In the first one, the TpsA protein forms a hairpin in the pore. The TPS domain remains bound to the POTRA domains of the TpsB protein throughout the entire process and the rest of the TpsA is progressively translocated and folds at the cell surface. The TPS domain is then released at the late stage of the translocation [START_REF] Mazar | Topology and maturation of filamentous haemagglutinin suggest a new model for two-partner secretion[END_REF].

According to the second model, the TPS domain reaches the surface first and nucleates the folding of the rest of the protein [START_REF] Hodak | Current challenges in autotransport and two-partner protein secretion pathways[END_REF]. The second mechanism seems to be confirmed for the secretion of FHA [START_REF] Jacob-Dubuisson | Protein Secretion through Autotransporter and Two-Partner Pathways[END_REF][START_REF] Guérin | Conformational dynamics of protein transporter FhaC: largescale motions of plug helix[END_REF]. In addition, the stable TPS fold and the observation that a TPS domain can initiate TpsA folding in vitro [START_REF] Walker | Activation of Serratia marcescens hemolysin through a conformational change[END_REF][START_REF] Weaver | Structural and Functional Studies of Truncated Hemolysin A from Proteus mirabilis[END_REF] indicate that the TPS domain may have a similar role in initiating folding in twopartner secretion as that suggested for autotransporter secretion [START_REF] Junker | Vectorial transport and folding of an autotransporter virulence protein during outer membrane secretion[END_REF][START_REF] Peterson | Secretion of a bacterial virulence factor is driven by the folding of a C-terminal segment[END_REF][START_REF] Besingi | An alternative outer membrane secretion mechanism for an autotransporter protein lacking a C-terminal stable core[END_REF].

The translocation by FhaC and the dynamic of FhaC have been extensively investigated by Jacob-Dubuisson and colleagues, using electron paramagnetic resonance (EPR). This model provides information on the mobility of specific regions of the protein as well as the distances between them, suggesting the existence of an equilibrium of several conformations of FhaC. In the first conformation, the N-terminal α-helix of H1 spontaneously moves to the periplasm [START_REF] Guérin | Conformational dynamics of protein transporter FhaC: largescale motions of plug helix[END_REF]. The movement of H1 breaks linker-POTRA interactions, thus allowing the TPS domain of the substrate protein to bind to the POTRA domains. The equilibrium between the resting, closed conformation of FhaC and the open conformation of FhaC with H1 in the periplasm might thus be displaced by the binding of FHA [START_REF] Maier | Conserved Omp85 lid-lock structure and substrate recognition in FhaC[END_REF][START_REF] Guérin | Conformational dynamics of protein transporter FhaC: largescale motions of plug helix[END_REF]. Similarly in the LepB transporter of LepA in P. aeruginosa, the linker may transiently interact with POTRA2 and be displaced by the substrate. The second equilibrium concerns the conserved loop L6 that is folded back inside the pore from the cell surface and interacts with the inner wall of the barrel [START_REF] Maier | Conserved Omp85 lid-lock structure and substrate recognition in FhaC[END_REF][START_REF] Guérin | Dynamic interplay of membrane-proximal POTRA domain and conserved loop L6 in Omp85 transporter FhaC[END_REF]. The position of L6 appears to change in the pore and to modulate channel opening [START_REF] Guérin | Dynamic interplay of membrane-proximal POTRA domain and conserved loop L6 in Omp85 transporter FhaC[END_REF].

Functions of the TpsA proteins

TpsA acting as adhesins The HMW adhesin from H. influenzae is one of the best characterized adhesins. HMW adhesins are widespread among the strains and were isolated from human respiratory tract infections [START_REF] Van Schilfgaarde | Characterization of Adherence of Nontypeable Haemophilus Influenzae to Human Epithelial Cells[END_REF]. HMW is encoded by hmw1A gene in the hmw1ABC operon. In this case HMW is glycosylated in the cytoplasm by a glycosyltransferase encoded by hmwC and then it is anchored to the cell surface through an interaction between its C-ter and HMWB [START_REF] Buscher | Surface Anchoring of a Bacterial Adhesin Secreted by the Two-Partner Secretion Pathway[END_REF].

Another example is the filamentous haemagglutinin FHA from B. pertussis. The mature FHA adhesin of B. pertussis results from several proteolytic maturation steps [START_REF] Coutte | Subtilisin-like autotransporter serves as maturation protease in a bacterial secretion pathway[END_REF][START_REF] Mazar | New insight into the molecular mechanisms of two-partner secretion[END_REF]. The protease involved in the release of the mature FHA protein from the cell surface is a subtilisin autotransporter called SphB1 [START_REF] Coutte | Subtilisin-like autotransporter serves as maturation protease in a bacterial secretion pathway[END_REF]. Although no other substrates are known for SphB1, its gene does not belong to the locus encompassing fhaB and fhaC. Nevertheless, all three are regulated in a coordinated fashion, being part of the virulence regulon of B. pertussis [START_REF] Antoine | New virulence-activated and virulence-repressed genes identified by systematic gene inactivation and generation of transcriptional fusions in Bordetella pertussis[END_REF]. FHA binds several components exposed at the cell surface such as carbohydrates, heparan sulfates and integrins. This binding leads to bacterial aggregation and the formation of microcolonies and biofilm [START_REF] Serra | FHA-Mediated Cell-Substrate and Cell-Cell Adhesions Are Critical for Bordetella pertussis Biofilm Formation on Abiotic Surfaces and in the Mouse Nose and the Trachea[END_REF]. Finally, FHA modulates the innate immune response of the hosts by suppression of the inflammation pathway mediated by IL-17 [START_REF] Cotter | Trimeric autotransporters: a distinct subfamily of autotransporter proteins[END_REF].

In P. aeruginosa, the adhesin CdrA is encoded by cdrA in operon with cdrB. CdrA is produced in biofilm condition and the intracellular level of cyclic diguanylate monophosphate (c-di-GMP) controls the cdrAB operon [START_REF] Borlee | Pseudomonas aeruginosa uses a cyclic-di-GMP-regulated adhesin to reinforce the biofilm extracellular matrix[END_REF] through the transcriptional regulator FleQ [START_REF] Baraquet | FleQ DNA Binding Consensus Sequence Revealed by Studies of FleQ-Dependent Regulation of Biofilm Gene Expression in Pseudomonas aeruginosa[END_REF]. CdrA is a substrate for the periplasmic protease LapG whose activity is also controlled by the intracellular level of c-di-GMP [START_REF] Cooley | Cyclic Di-GMP-Regulated Periplasmic Proteolysis of a Pseudomonas aeruginosa Type Vb Secretion System Substrate[END_REF][START_REF] Rybtke | The LapG protein plays a role in Pseudomonas aeruginosa biofilm formation by controlling the presence of the CdrA adhesin on the cell surface[END_REF]. At low c-di-GMP level, LapG cleaves the periplasmic C-terminal tail of CdrA and releases this adhesin from the cell surface to prevent CdrA-dependent biofilm formation.

In few cases, TpsB transporters have more than one TpsA substrates. This is the case for the TPS system found in Haemophilus ducreyi, where LspB transporter secretes LspA1 and LspA2. The TpsA proteins LspA1 and LspA2 of H. ducreyi are required for full virulence of this pathogen by inhibiting phagocytosis through the phosphorylation of the eukaryotic Src tyrosine kinase [START_REF] Vakevainen | Inhibition of phagocytosis by Haemophilus ducreyi requires expression of the LspA1 and LspA2 proteins[END_REF][START_REF] Dodd | The Haemophilus ducreyi LspA1 Protein Inhibits Phagocytosis By Using a New Mechanism Involving Activation of C-Terminal Src Kinase[END_REF].

In the case of enterotoxigenic E. coli (ETEC), the TpsA protein EtpA is necessary for intestinal colonization. By binding to the tips of flagella, EtpA mediates bacterial adherence to intestinal cells showing the cooperation between two extracellular appendices [START_REF] Roy | Enterotoxigenic Escherichia coli EtpA mediates adhesion between flagella and host cells[END_REF].

Growth contact inhibition (the CDI system) A new group of TPS named "contact-dependent growth inhibitions" (CDI) have been found in E. coli, Burkholderia pseudomallei and Yersinia pestis [START_REF] Aoki | Contact-Dependent Inhibition of Growth in Escherichia coli[END_REF] and were shown to mediate inter-bacterial interactions involving molecular recognition of closely related bacteria leading to collective-cooperative or competitive behaviors. Operons of CDI system contain also additional genes. For example, the cdiAB genes are followed by cdiI gene encoding for an immunity protein that protects the producing CDI+ cells from auto-inhibition.

The growth inhibition requires direct cell-to cell contact with the targets. The CdiB is a predicted OM β-barrel protein and CdiA protein is an exoprotein that adopts a β helical structure. The activation of growth inhibition is localized in the C-ter of CdiA (CdiA-CT), and the CdiI protein neutralizes the activity of CdiA-CT from auto-inhibition. The genetic organization differ between species [START_REF] Aoki | Contact-Dependent Inhibition of Growth in Escherichia coli[END_REF].

TpsA acting as toxins The TpsA cytolysin/hemolysin group is probably the most common in bacteria and more particularly, TpsA proteins acting as pore-forming toxins. The pore forming toxins characterization is detailed in the next Chapter. The hemolysin ShlA from S. marcescens and HmpA from P. mirabilis are the prototypes for this pore formation activity.

ShlA represents a new type of hemolysin in terms of structure, activation and secretion. It has nothing in common with the RTX hemolysin of E. coli. ShlA forms pores in eukaryotic membranes but not in prokaryotic membranes. The pore formation of ShlA has been observed using liposomes and RBC models. Using liposomes it has been shown that phosphaditylethanolamide is essential for the activation of the protein and the pore formation. Moreover, RBC model revealed that the ShlA pore is around 3 nm in diameter. ShlA provokes a rapid vacuolation of epithelial cells [START_REF] Hertle | Cytotoxic action of Serratia marcescens hemolysin on human epithelial cells[END_REF][START_REF] Hertle | Serratia marcescens Hemolysin (ShlA) Binds Artificial Membranes and Forms Pores in a Receptor-independent Manner[END_REF][START_REF] Hertle | Serratia marcescens internalization and replication in human bladder epithelial cells[END_REF] leading to cell lysis. In macrophages, it was shown that ShlA induced a necroptosis, dependent of RIPK pathway [START_REF] González-Juarbe | Pore-Forming Toxins Induce Macrophage Necroptosis during Acute Bacterial Pneumonia[END_REF]. In S. marcescens, the regulator RcsB controls the transcriptional level of shlBA expression by direct interaction with a specific recognition motif within the shlBA promoter region [START_REF] Venanzio | Serratia marcescens ShlA Pore-Forming Toxin Is Responsible for Early Induction of Autophagy in Host Cells and Is Transcriptionally Regulated by RcsB[END_REF]. Up to date, no structure of ShlA is available. Pore-forming toxins (PFT) are the most common bacterial cytotoxic proteins required for virulence in a large number of important pathogens, including Streptococcus pneumoniae, Staphylococcus aureus and Escherichia coli. 25% to 30% of cytotoxic bacterial proteins are PFTs, making them the largest category of virulence factors. PFTs generally disrupt host cell membranes, but they can have additional effects independent of pore formation. PFTs are classified into two groups α-PFTs and β-PFTs, based on whether the secondary structure of their membrane-spanning elements is composed of α-helices or β-barrels, respectively.

Mechanism of pore formation

PFTs initially fold generally into a water soluble, monomers. In many reported cases, PFTs recognize their target cell by binding to specific receptors, which can be sugars, proteins or lipids. The increased local concentration of PFTs in the proximity of the cell membrane allows their oligomerization. Proteins then change their conformation exposing hydrophobic domains and leading to the membrane insertion. The stoichiometry of the assembly of the PFTs varies, as well as the size of the pore from 1 to 30 nm [START_REF] Alouf | Molecular features of the cytolytic pore-forming bacterial protein toxins[END_REF].

α-PFT

α-PFTs are composed of α-helices when inserted in the membranes. α-PFTs regrouped Colicins, ClyA , Cry and Cyt toxins from Bacillus thuringiensis and RTX families. Cry and Cyt protein families are a diverse group of proteins with activity against insects, and will not be described in this Chapter.

Colicins are produced by E. coli to kill related bacterial species by forming pores in their IM [START_REF] Parker | Structure of the membrane-pore-forming fragment of colicin A[END_REF]. They have a crucial role in shaping the microbial population, by killing the competitors and invading the occupied niches [START_REF] Alves | Clostridium perfringens epsilon toxin: The third most potent bacterial toxin known[END_REF]. There are four types of Colicins E1, Ia, A and N. These colicins contain at least three domains: an N-terminal translocation domain responsible for transport across the OM and periplasmic space, central domain responsible for receptor recognition; and a Cterminal cytotoxic domain responsible for the channel formation in the cytoplasmic membrane [START_REF] Zakharov | On the role of lipid in colicin pore formation[END_REF]237].

The pore formation by colicins requires the insertion of the hydrophobic helical hairpin into the IM, producing a nonspecific voltage gated channel, that leads to a membrane depolarization, ATP depletion and target bacteria death (Figure 3.1). The structure of the colicins and their exact stoichiometry are not completely known due to incapacity to form stable oligomers in laboratory conditions. Upon interaction with the target membrane, the amphipathic helices move away from the hydrophobic helical hairpin, enabling its insertion into the membrane. This arrangement lead to the formation of the so-called "umbrella" structure. This structure was confirmed for the colicin by electron paramagnetic resonance (EPR). However, the formation of this "umbrella" structure seems to be insufficient for the channel formation. It is expected that other mechanisms operate in concert with the umbrella formation. For PFTs from this family, the extraction of the hydrophobic hairpin and its insertion into the membrane results in an "umbrella" conformation that is thought to drive pore formation by inducing oligomerization into dimers or higher-order assemblies of varied stochiometries (RCSB Protein Data Bank (PDB) entry 1COL) [START_REF] Parker | Refined structure of the pore-forming domain of colicin A at 2.4 A resolution[END_REF].

Indeed, the electrostatic complementary and negatively charged bacterial membranes may promote the insertion of amphipathic helices into the membranes [START_REF] Tilley | The mechanism of pore formation by bacterial toxins[END_REF][START_REF] Peraro | Pore-forming toxins: ancient, but never really out of fashion[END_REF].

The ClyA family includes the Cytolysin A, also known as hemolysin E (HlyE) produced by E.coli, S. enterica, S. flexneri, NhE (non-heamolytic tripartite enterotoxin) and Hbl B-component of hemolysin BL enterotoxin [START_REF] Madegowda | X-ray crystal structure of the B component of Hemolysin BL fromBacillus cereus[END_REF][START_REF] Hunt | SheA) and related toxins[END_REF]. The structure of ClyA has been solved, in both soluble [START_REF] Wallace | SheA): X-ray crystal structure of the toxin and observation of membrane pores by electron microscopy[END_REF] and transmembrane form [START_REF] Mueller | The structure of a cytolytic α-helical toxin pore reveals its assembly mechanism[END_REF], revealing the unique pore-formation process of this family, which involves several conformational changes. [START_REF] Wallace | SheA): X-ray crystal structure of the toxin and observation of membrane pores by electron microscopy[END_REF] and mature dodecameric pore conformation (PDB entry 2WCD) [START_REF] Mueller | The structure of a cytolytic α-helical toxin pore reveals its assembly mechanism[END_REF].

In solution, ClyA is an α-helices elongated protein with a short hydrophobic β-hairpin, called β-tongue (Figure 3.2). The cholesterol-containing membrane is required for the detachment of the β-tongue from the core of the protein its insertion into the membrane. This insertion triggers a massive rearrangement of the α-helices which swing around to reach the membrane and form a ring structure [START_REF] Wallace | SheA): X-ray crystal structure of the toxin and observation of membrane pores by electron microscopy[END_REF][START_REF] Mueller | The structure of a cytolytic α-helical toxin pore reveals its assembly mechanism[END_REF][START_REF] Vaidyanathan | Lysis dynamics and membrane oligomerization pathways for Cytolysin A (ClyA) pore-forming toxin[END_REF][START_REF] Roderer | Soluble Oligomers of the Pore-forming Toxin Cytolysin A from Escherichia coli Are Off-pathway Products of Pore Assembly[END_REF].

An alternative process for the pore formation of ClyA has been also proposed, in which ClyA would oligomerize into soluble pre-pores encapsulated with bacterial OM vesicles (OMVs) of E. coli [START_REF] Fahie | A Non-classical Assembly Pathway of Escherichia coli Poreforming Toxin Cytolysin A[END_REF]. Pre-pore containing OMVs would be protected from pore formation as the conformational changes leading to membrane insertion require cholesterol. A similar OMV-mediated delivery mechanism of PFTs has been proposed for V. cholerae cytolysin (VCC) and will be described in the next part [START_REF] Fahie | A Non-classical Assembly Pathway of Escherichia coli Poreforming Toxin Cytolysin A[END_REF].

The RTX family includes more than 1000 known toxins that exhibit various specific activities. These toxins possess a typical domain in the C-terminal half that contains a variable number of glycine-rich and aspartate-containing nonapeptide repeats of the consensus sequence G-G-X-G(N/D)-X-(L/I/F)-X, where X can be any amino acid. Alpha Hemolysin of E. coli (HlyA) is one of the best-studied RTX-toxin. The N-terminal hydrophobic domain is predicted to contain nine amphipathic αhelices [START_REF] Soloaga | Insertion of Escherichia coli alpha-haemolysin in lipid bilayers as a non-transmembrane integral protein: prediction and experiment[END_REF] where the region comprised between residues 177-411 is the one that becomes inserted into membranes. The C-terminal calcium-binding domain contains 11-17 of the glycine-and aspartate-rich nonapeptide β-strand repeats. Although the membrane interaction of HlyA is assumed to occur mainly through the amphipathic α-helical domain, both major domains of HlyA are directly involved in the membrane interaction of HlyA, with the calcium-binding domain in particular being responsible for the early stages of the HlyA's docking to the target membrane [START_REF] Sánchez-Magraner | The Calcium-binding C-terminal Domain of Escherichia coli α-Hemolysin Is a Major Determinant in the Surface-active Properties of the Protein[END_REF].

In summary, in α-PFTs monomers bind to the membrane in a step that precedes pore formation. Once bound to the membrane, pore formation relies on the extraction of α-helical domains from the monomer and subsequent insertion of the domain into the membrane.

β-PFT

The haemolysin family. This family is composed of the cytolysin VCC of V. cholerae, NetB, γ-toxin of C. perfringens and the several PFTs of S. aureus. This pathogen possesses an arsenal of PFTs such as the α-hemolysin (Hla), the two components γ-hemolysin AB (HlgAB), HlgCB, leukocidin ED (LukED), Panton-valentine leukocidin (PVL) and leukocidin AB (LukAB). These are not redundant toxins and target different cell types, such as epithelial, endothelial cells and monocytes for Hla, monocyte and neutrophils for PVL, monocytes and erythrocytes for HlgAB, and T-lymphocyte for LukED [START_REF] Dumont | Cell targeting by the Staphylococcus aureus pore-forming toxins: it's not just about lipids[END_REF][START_REF] Menestrina | Mode of action of beta-barrel pore-forming toxins of the staphylococcal alpha-hemolysin family[END_REF][START_REF] Jayasinghe | The leukocidin pore: evidence for an octamer with four LukF subunits and four LukS subunits alternating around a central axis[END_REF][START_REF] Aman | Structural model of the pre-pore ring-like structure of Panton-Valentine leukocidin: providing dimensionality to biophysical and mutational data[END_REF][START_REF] Song | Structure of staphylococcal alpha-hemolysin, a heptameric transmembrane pore[END_REF][START_REF] Yamashita | Crystal structure of the octameric pore of staphylococcal γhemolysin reveals the β-barrel pore formation mechanism by two components[END_REF]. The most studied one is HlA, which is a 33.2 kDa water soluble monomer. The structures of the soluble and transmembrane forms have been solved. In the soluble state, Hla forms a compact structure, rich in β-strands packed in three-stranded β-sheet in the core of the protein. Oligomerization into a heptamer or octamer leads to a ring-like structure of 14-stranded β-barrel (Figure 3.3). This barrel spontaneously inserts into the lipid bilayer [START_REF] Peraro | Pore-forming toxins: ancient, but never really out of fashion[END_REF]. The fully assembled toxin is 10 nm wide and 10 nm in height, with a minimum pore inner diameter of 1.4 nm. After binding to the membrane, the pre-stem loop starts extracting to form a partial β-barrel, leading to a pre-pore state, the structure of which has been solved for γ-hemolysin (Hlg). The pre-pore evolves into a mature pore by the insertion of the complete β-barrel into the membrane.

This family of PFTs also includes the VCC toxin of V. cholerae, VVH of Vibrio vulnificus or γ-toxin of Clostridium perfringens [START_REF] Peraro | Pore-forming toxins: ancient, but never really out of fashion[END_REF]. The aerolysin family. The first member which has been described is the toxin from Aeromonas spp. Others have also been described such as the monalysin produced by P. entomophila [START_REF] Opota | Monalysin, a Novel ß-Pore-Forming Toxin from the Drosophila Pathogen Pseudomonas entomophila, Contributes to Host Intestinal Damage and Lethality[END_REF] and several parasporins produced by B. thuringiensis. The soluble form of aerolysin is a highly elongated, multidomain protein. At high protein concentration, used for crystallography, aerolysin is dimeric. In this dimeric form, the pre-stem region forms a β-strand-containing loop in the middle region of the elongated domain. An uncommon feature of the aerolysin is that it is synthesized as a pro-toxin with a carboxyl-terminal extension that prevents premature oligomerization. Following cleavage of the C-terminal peptide, the toxin oligomerizes into heptameric ring-like structures (Figure 3.4) [START_REF] Iacovache | Cryo-EM structure of aerolysin variants reveals a novel protein fold and the pore-formation process[END_REF]. Aerolysin first assembles in a pre-pore state and, after extraction of the pre-stem loop (in grey), it eventually reaches the heptameric pore conformation, as determined by integrative modelling. [START_REF] Iacovache | Cryo-EM structure of aerolysin variants reveals a novel protein fold and the pore-formation process[END_REF].

New techniques combining X-ray crystallography and cryo-electron microscopy (cryo-EM) revealed that the pore of aerolysins has a large, flat, disk-like extracellular structure [START_REF] Peraro | Pore-forming toxins: ancient, but never really out of fashion[END_REF].

The cholesterol-dependent cytolysin family (CDC). This is a large family of proteins (more than 20 members) mostly produced by the Gram-positive bacteria such as C. perfringens and L. monocytogenes. The most characterized CDCs toxins with the role in virulence are the Streptolysin O (SLO), the Pneumolysin (Ply) from S. pneumoniae, the listeriolysin O (LLO) and perfringolysin O (PFO) [START_REF] Johnson | The antibacterial toxin colicin N binds to the inner core of lipopolysaccharide and close to its translocator protein[END_REF]. Ply is required for tissue invasion, and contributes to inflammation and activation of the complement cascade and PFO has an important role in the development of gangrene [START_REF] Hotze | Identification and Characterization of the First Cholesterol-Dependent Cytolysins from Gram-Negative Bacteria[END_REF][START_REF] Hotze | Membrane assembly of the cholesterol-dependent cytolysin pore complex[END_REF].

CDCs share a high degree of sequence similarities (40-80 %) suggesting that they have similar structures and activities. Several CDCs have been crystallized in their soluble forms, including PFO, SLO and LLO. However, no CDC have been crystallized in the pore configuration due to the stoichiometry of the complexes, in which up to 50 monomers could be assembled into a very large ring-link structures. Such structures can be visualized by electron microscopy (EM) [START_REF] Tilley | Structural Basis of Pore Formation by the Bacterial Toxin Pneumolysin[END_REF] and atomic force microscopy (AFM) [START_REF] Czajkowsky | Vertical collapse of a cytolysin prepore moves its transmembrane β-hairpins to the membrane[END_REF] providing information on the pore formation. Monomers of CDCs are elongated β-sheet rich multidomain proteins. Oligomerization leads to the formation of a giant β-barrel composed of 80 to 200 β-strands, depending on the protein. Oligomerization seems to occur by the sequential addition of monomers or multimers (Figure 3.5). [START_REF] Johnson | The antibacterial toxin colicin N binds to the inner core of lipopolysaccharide and close to its translocator protein[END_REF]; the undecapeptide that binds to cholesterol is shown in red). PFOs oligomerize to form large pre-pores, which, after an extended conformational change, form a membrane-inserted β-barrel. The models of the high-order assemblies of CDCs that form the pre-pore and pore; the stochiometries of these structures can be highly variable according to the conditions.

The most interesting structural aspect of CDCs is that they form very large pore around 30 nm in diameter. The correct alignment of the β-strands is essential for pore assembly, especially for such a large complex. It was shown that in the pore state, the β-barrel conformation is locked, producing a 20 • tilt in the orientation of the β-strands with respect to the membrane [START_REF] Sato | Disulfide-bond scanning reveals assembly state and β-strand tilt angle of the PFO β-barrel[END_REF].

In summary, for β-PFTs the pore formation relies on the extraction of a pre-stem loop that inserts into the membrane where it ultimately combines with the extracted pre-stem loops of other protomers to form a β-barrel.

PFTs are generally defined as toxins for which pore formation represents the primary toxic activity. However, many other proteins have pore-forming domains or subunits, which are used as translocons to deliver a catalytic subunits with a toxic activity into a target cell. As opposed to the effectors of bacterial secretion systems, bacterial toxins with pore-forming domains are autonomous, as a secretion system apparatus is not required for target cell entry. For example, the translocation subunit (protective antigen PA) of the anthrax toxin was shown to form heptameric or octameric pores. The lumen of the pore translocates the catalytic subunits, but remain impermeable to most ions. The T3SS is another example of the translocon formation in the host cell allowing the injection of toxins. Membrane insertion is associated with conformational changes, leading to oligomerization occurring through coiled-coil domain interactions, required for the pore formation. Interestingly, coiledcoil domain of translocator proteins shares homology with PFT, suggesting common origins and oligomerization mechanisms.

Specificity of PFTs towards eukaryotic cells membrane

PFTs evolved to target membranes by binding to exposed molecular components of the host cell surface, such as proteins, sugars or lipids, and thus using them as specific receptors.

Sugars

Many PFTs bind to sugar molecules. PFTs targeting eukaryotic plasma membranes usually bind glycans that are convalently attached to membrane-associated proteins or sugars that are present in the glycophosphatidylinositol (GPI) proteins with a GPI anchor [START_REF] Abrami | Adventures of a pore-forming toxin at the target cell surface[END_REF]. Aerolysin binds to the target membrane through its first N-terminal domain, which protrudes from the elongated core of the protein. Aerolysin requires N-glycan on GPI-anchored proteins for efficient host cell binding [START_REF] Hong | Requirement of N-glycan on GPI-anchored proteins for efficient binding of aerolysin but not Clostridium septicum α-toxin[END_REF][START_REF] Diep | Glycosylphosphatidylinositol anchors of membrane glycoproteins are binding determinants for the channel-forming toxin aerolysin[END_REF]. Moreover, Colicin N which is secreted and active against E. coli, binds to bacterial inner core of LPS which serves as high affinity receptor before translocating through OM porins to the IM [START_REF] Johnson | The antibacterial toxin colicin N binds to the inner core of lipopolysaccharide and close to its translocator protein[END_REF].

Lipids

The major structural lipids in eukaryotic membranes are the glycerophospholipids (GSL): phophatidylcholine (PC), phosphatidylserine (PS), phosphatidylethenolamine (PE), phosphatidylinositol (PI). Their hydrophobic portion is a diacylglycerol (DAG), which contains saturated or cis-unsaturated fatty acyl chains of varying lengths. PC represents almost 50 % of the phospholipids in most eukaryotic membranes [START_REF] Van Meer | Membrane lipids: where they are and how they behave[END_REF]. Sphingolipids constitute another class of structural lipids. Their hydrophobic backbone is ceramide (Cer). The major sphingolipids in cells are sphingomyelin (SM) and glycerophospholipids (GSLs), which contain mono-di-or oligo-saccharides (glucose or galactose) [START_REF] Van Meer | Membrane lipids: where they are and how they behave[END_REF].

Many PFTs have an affinity for specific lipids or lipid domains. Lipid rafts are specific membrane regions enriched in cholesterol and sphingolipids and their role in the pore formation process was proposed for CDCs toxins that require cholesterol to oligomerize and form pore [START_REF] Tweten | Cholesterol-Dependent Cytolysins, a Family of Versatile Pore-Forming Toxins[END_REF].

For example, the PFO C. perfringens oligomerization is dependent on the concentration of cholesterol in the target membrane. The membrane composition is asymmetric between the two-bilayer leaflets and it is crucial to maintain the optimal concentration in cholesterol for the stabilization of the intermediate state of the membrane-inserted toxin during the CDC pore formation. The cholesterol interaction is mediated by the highly conserved peptide composed of amino acids ECTGLAWR-WWR which is one of the most conserved among CDCs [START_REF] Dowd | The Cholesterol-Dependent Cytolysin Signature Motif: A Critical Element in the Allosteric Pathway that Couples Membrane Binding to Pore Assembly[END_REF]. Headgroups of lipid molecules are the primary target of PFTs and are generally more exposed in more fluid bilayers, promoting the binding.

Anthrax toxin PA binds to either CMG2 or TEM8 at the cell surface clustered in the lipid rafts. By using β-methyl-cyclodextrin, a reagent that removes cholesterol from the plasma membrane and thus disaggregates rafts, it has been demonstrated that anthrax toxin uses rafts for internalization [START_REF] Bann | LRP6 Holds the Key to the Entry of Anthrax Toxin[END_REF].

Lipids specificity has also been reported for lipids not directly associated with rafts. In the hemolysin family, Hla from S. aureus and NetB from C. perfringens have a PC binding pocket.

Finally, lipid specificity has also been reported in PFTs that target bacterial membranes. For colicins, the presence of anionic lipids species, such as cardiolipin, in the bacterial IM seems to promote the formation of the "umbrella" conformation and conductive pores [START_REF] Pulagam | Acidic pH-Induced Membrane Insertion of Colicin A into E. coli Natural Lipids Probed by Site-Directed Spin Labeling[END_REF].

Protein receptors

In addition to sugars and lipids, some PFTs require interaction with host membrane proteins to target the host cell membrane. These PFTs recognize the polypetides chains themselves.

For example, Hla oligomerizes and forms pores in the host cell plasma membranes in a wide range of eukaryotic cells. In 2010, Wilke and Bubeck Wardenburg used a biochemical approach to identify the cell surface metalloprotease, A Disintegrin and Metalloprotease 10 (ADAM10), as the specific proteinaceous receptor of Hla [START_REF] Wilke | Role of a disintegrin and metalloprotease 10 in Staphylococcus aureus -hemolysin-mediated cellular injury[END_REF][START_REF] Berube | Staphylococcus aureus α-toxin: nearly a century of intrigue[END_REF]. Loss of ADAM10 expression through shRNA knockdown reduced Hla binding and cytotoxicity, and ADAM10 surface expression levels on various cell lines correlated with Hla binding levels. The binding of Hla to ADAM10 increases the protease activity, which disrupts the epithelial barrier and leads to lung injuries. More recently, Winter et al. [START_REF] Virreira | Genome-wide CRISPR screen reveals novel host factors required for Staphylococcus aureus αhemolysin-mediated toxicity[END_REF] used a genome-wide CRISPR/cas screen in U937 cells to identify additional host factors that are involved in the Hla activity. They identified three proteins participating in ADAM10 regulation (SYS, ARFRP1 and TSPAN14) and thus Hla activity. Disruption of ADAM10 in the lung tissues turns mice resistant to lethal pneumonia. Moreover, when mice were treated with a metalloprotease inhibitor, they survived an otherwise lethal S. aureus dose and showed increased resistance to an intravenous challenge.

Consequences of pore formation

The primary consequence of pore formation by PFTs is membrane permeabilization, but there are generally additional effects. Bacteria that replicate in the host cytoplasm produce PFPs to trigger rupture of the vacuole in which the bacterium resides following cell entry. For example, Listeriolysin O (LLO) is required for the release of L. monocytogenes into the cytosol [START_REF] Hamon | Listeriolysin O: the Swiss army knife of Listeria[END_REF], an event that is potentiated by the cystic fibrosis transmembrane conductance regulator (CFTR) [START_REF] Radtke | Listeria monocytogenes exploits cystic fibrosis transmembrane conductance regulator (CFTR) to escape the phagosome[END_REF].

PFTs induce two major effects during in vivo infections. First, many PFT effects result in compromised integrity of epithelial and endothelial layers. PFTs can induce barrier dysfunction through (i) direct attack of epithelial and endothelial cells, (ii) damage caused by PFT-driven inflammation, (iii) local vascular effects (mediated either by affecting endothelial cells directly or via the modulation of the nervous system) and (iv) the hijacking of host cell molecular pathways that regulate the extracellular matrix.

Second, PFTs interfere with immune responses. PFTs can contribute to the disruption of the host immune response by (i) preventing the attraction of immune cells, (ii) destroying immune cells (by direct lysis or by inducing programmed cell death), (iii) aiding bacterial invasion of host cells and intracellular survival, and (iv) hijacking host molecular defense pathways.

Changes in cellular ion composition

The primary effects of PFTs are changes in the concentration of ions in the target cell cytosol. These changes trigger secondary effects, many of them are probably still unknown. Calcium, potassium and ATP have been identified as the major players in the cellular response to plasma membrane damage. The effects depend on the concentration of PFTs, the pore diameter, the number of pores per cell/membrane domain, and the stability of the pore.

For example, high concentrations of any CDC will lead to the formation of stable, nonselective pores of >30 nm in diameter that allow a rapid and massive calcium entry as well as potassium efflux [START_REF] Hotze | Membrane assembly of the cholesterol-dependent cytolysin pore complex[END_REF]. In contrast, PFTs of the RTX family make very transient pores (a few seconds life time) [START_REF] Linhartová | RTX proteins: a highly diverse family secreted by a common mechanism[END_REF], that can adopt two conformations, one that allows the passage of potassium and the other that allows the passage of calcium [START_REF] Fiser | Calcium Influx Rescues Adenylate Cyclase-Hemolysin from Rapid Cell Membrane Removal and Enables Phagocyte Permeabilization by Toxin Pores[END_REF][START_REF] Osickova | Adenylate cyclase toxin translocates across target cell membrane without forming a pore[END_REF]. The calcium entry does not lead to a sustained calcium rise but to calcium oscillations [280]. The efflux of cellular potassium was found in many PFTs to induce the activation of Nod-like receptor pyrin domain-containing 3 (NLRP3) inflammasome.

Changes in cellular ion composition following exposure to PFTs may also be the result of a secondary effect due to the activation of host channels. For example, if ATP is released into the extracellular milieu upon pore formation, it may trigger the activation of P2X receptors-ligand-gated cation channels activated by extracellular ATP [START_REF] Jiang | Intermediate closed channel state(s) precede(s) activation in the ATP-gated P2X2 receptor[END_REF] as it has been shown for the pore formed by E. coli HlyA [START_REF] Skals | Hemolysin from Escherichia coli uses endogenous amplification through P2X receptor activation to induce hemolysis[END_REF] and S. aureus HlA [START_REF] Skals | Haemolysis induced by α-toxin from Staphylococcus aureus requires P2X receptor activation[END_REF] in erythrocytes.

Cell death

It has been thought for a long time that the main purpose of PFTs is to kill cells, either to liberate materials necessary for bacterial growth and colonization or to protect the bacterium from cells of the immune system, such as phagocytes. Excessive pore formation indeed leads to target cell death. At high PFT concentrations, nucleated cells will generally undergo necrosis [START_REF] Kennedy | Programmed Cellular Necrosis Mediated by the Pore-Forming α-Toxin from Clostridium septicum[END_REF], in particular due to deregulation of mitochondrial activity resulting from dramatically reduced levels of ATP and potassium. At lower concentrations, death may occur via programmed necrosis (also known as pyronecrosis, oncosis, or necroptosis), apoptosis or pyroptosis (caspase-1 mediated cell death) [START_REF] Lin | Different Types of Cell Death Induced by Enterotoxins[END_REF].

Necroptosis is characterized by swelling, vacuolation of the cytoplasm, ATP depletion, early plasma membrane rupture and the release of pro-inflammatory proteins. S. aureus Hla [START_REF] Craven | Staphylococcus aureus α-Hemolysin Activates the NLRP3-Inflammasome in Human and Mouse Monocytic Cells[END_REF], C. septicum α-toxin [START_REF] Kennedy | Programmed Cellular Necrosis Mediated by the Pore-Forming α-Toxin from Clostridium septicum[END_REF] and H. pylori vacuolating toxin VacA [START_REF] Radin | Helicobacter pylori VacA Induces Programmed Necrosis in Gastric Epithelial Cells[END_REF] are the toxins that provoke necroptosis. However, these same toxins have also been shown, in some conditions, to trigger apoptosis towards epithelial cells.

VacA permeabilises the IM of the mitochondria leading to a change of membrane potential and decreased ATP production, consequently provoking an apoptosis cell death [START_REF] Rassow | Helicobacter pylori vacuolating toxin A and apoptosis[END_REF]. Moreover, VacA induces a necroptosis cell death of intestinal epithelial cells [START_REF] Radin | Helicobacter pylori VacA Induces Programmed Necrosis in Gastric Epithelial Cells[END_REF]. In the same way, Hla induces an apoptosis cell death of diverse cell types, such as epithelial, endothelial, keratinocytes, macrophages and lymphocytes. However, it induces pyroptosis of monocytes [START_REF] Craven | Staphylococcus aureus α-Hemolysin Activates the NLRP3-Inflammasome in Human and Mouse Monocytic Cells[END_REF].

It is currently unclear what determines the pathway activated upon exposure of cells to PFTs, although toxin concentration and cell type are no doubt important.

ShlA is the pore forming toxin of S. marcescens. Although no structural features have been characterized for ShlA, the consequences of the pore formation have been widely studied in several cell types. It has been demonstrated that ShlA provoked necroptosis of primary macrophages [START_REF] González-Juarbe | Pore-Forming Toxins Induce Macrophage Necroptosis during Acute Bacterial Pneumonia[END_REF].

Moreover, certain S. aureus toxins have also been described to have effects on necroptosis in a manner that may link to their activation of the inflammasome. For example, it was found that the virulent methicillin-resistant (MRSA) strain USA300 induces receptor-interacting serine-threonine kinase (RIP)1/RIP3/mixed lineage kinase domain-like (MLKL)-dependent necroptosis, thereby contributing to inflammatory lung pathology. Interestingly, Hla-induced inflammasome activation has been shown to be dependent on MLKL pore formation, supporting the link between the NLRP3 inflammasome and necrosome components RIP1, RIP3, and MLKL [START_REF] Smyth | Disease producing capability of netB positive isolates of C. perfringens recovered from normal chickens and a cow, and netB positive and negative isolates from chickens with necrotic enteritis[END_REF][START_REF] Cooper | Virulence of Clostridium perfringens in an experimental model of poultry necrotic enteritis[END_REF][START_REF] Keyburn | NetB, a New Toxin That Is Associated with Avian Necrotic Enteritis Caused by Clostridium perfringens[END_REF][START_REF] Sugimoto | Botulinolysin, a thiol-activated hemolysin produced by Clostridium botulinum, inhibits endothelium-dependent relaxation of rat aortic ring[END_REF][START_REF] Sugimoto | Coronary vasoconstriction is the most probable cause of death of rats intoxicated with botulinolysin, a hemolysin produced by Clostridium botulinum[END_REF]. Necroptosis contributes to lung pathology and reduced bacterial clearance in vivo by depleting immunoregulatory resident alveolar macrophages that are essential for bacterial clearance [START_REF] Sugimoto | Coronary vasoconstriction is the most probable cause of death of rats intoxicated with botulinolysin, a hemolysin produced by Clostridium botulinum[END_REF].

Inflammasome activation

Pyroptosis is a programmed cell death involving inflammosome complex leading to the release of mature IL-1β and IL-18. Pyroptosis is mediated by a Nod-like receptors (NLRs). NLR proteins are composed by a sensor domain, a NACHT nucleotide-binding domain (NBD) and a signaling/effector domain: a Pyrin domain, a baculoviral inhibitory repeat (BIR)-like domain or a CARD (Caspase Recruitment Domain) domain (reviewed in [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF]).

There are three different types of NLRs: NLRP1, NLRP3 and NLRC4. NLRC4 contains a CARD domain that directly interacts with the Pro-Caspase-1, in contrary to NLRP1 and NLRP3 that contain a pyrin domain [START_REF] Feuillet | Involvement of Toll-like receptor 5 in the recognition of flagellated bacteria[END_REF][START_REF] Miao | TLR5 and Ipaf: dual sensors of bacterial flagellin in the innate immune system[END_REF]. NLRs oligomers bind to pro-Caspase-1 and constitute the inflammasome (Figure3.6).

Many bacterial proteins have also been described activating inflammasome. For example, NLRC4 is able to recognize the flagellin and T3SS components including PscI and PscF. The response of the macrophages to P. aeruginosa infection includes the activation of Caspase-1 and IL-1β secretion (Figure 3.7). IL-1β, an inflammatory cytokine, mostly secreted by macrophages, but also by other cells (epithelial cells and neutrophils) induces a rapid recruitment of neutrophils to the site of infection [START_REF] Mijares | Airway Epithelial MyD88 Restores Control of Pseudomonas aeruginosa Murine Infection via an IL-1-Dependent Pathway[END_REF] leading to the bacterial clearance. PFTs also activate the inflammasome. They are the best example of an indirect activation of NLRP3. Indeed, the pore in the membrane leads to potassium (K+) efflux, decreasing the K+ intracellular concentration that triggers the activation of NLRP3.

The first demonstration of NLRP3-dependent inflammasome activation in response to a pore-forming toxin was reported with studies using aerolysin purified andNLRC4). The CARD of ASC is necessary to recruit pro-caspase 1. Following its proximity-induced autoproteolytic activation within the complex, caspase 1 processes pro-IL-1β and pro-IL-18 to their mature forms and cleaves gasdermin D. The N-terminal fragment of gasdermin D drives pyroptosis, which is a lytic type of cell death and allows the release of mature IL-1β and IL-18 from the cell. mtDNA, mitochondrial DNA; NOD, nucleotide-binding oligomerization domain; P2RX7, P2X purinoceptor; ROS, reactive oxygen species (adapted from [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF]).

from Aeromonas hydrophila [START_REF] Mccoy | Cytotoxins of the human pathogen Aeromonas hydrophila trigger, via the NLRP3 inflammasome, caspase-1 activation in macrophages[END_REF]. Interestingly, this study identified a novel caspase-1-dependent protective response in cells treated with either aerolysin or S. aureus Hla. In contrast to the pyroptosis usually observed following caspase-1 activation, NLRP3mediated activation of caspase-1 by sublytic doses of the pore-forming toxins resulted in induction of sterol regulatory element-binding proteins that altered membrane biogenesis and promoted cell survival [START_REF] Nishiwaki | Cloning, Functional Characterization, and Mode of Action of a Novel Insecticidal Pore-Forming Toxin, Sphaericolysin, Produced by Bacillus sphaericus[END_REF]. Other cholesterol-dependent pore-forming toxins similar to aerolysin were also previously linked to IL-1β production [START_REF] Srisucharitpanit | Expression and purification of the active soluble form of Bacillus sphaericus binary toxin for structural analysis[END_REF][START_REF] Brunet | Pore-forming properties of the Bacillus thuringiensis toxin Cry9Ca in Manduca sexta brush border membrane vesicles[END_REF]. For example, Tetanolysin O from Clostridium tetani induces maturation and release of IL-1β from bone marrow-derived macrophages (BMDMs) at low, non-lytic doses in an NLRP3-and caspase-1-dependent manner [START_REF] Gazit | The structure and organization within the membrane of the helices composing the pore-forming domain of Bacillus thuringiensis deltaendotoxin are consistent with an "umbrella-like" structure of the pore[END_REF]. Listeriolysin, originally suggested to play a role in IL-1β responses during Listeria infection via pore formation [START_REF] Lund | A new cytotoxin from Bacillus cereus that may cause necrotic enteritis[END_REF], directly activates the inflammasome by K+ efflux induction [START_REF] Grochulski | Bacillus thuringiensis CryIA(a) insecticidal toxin: crystal structure and channel formation[END_REF].

The host cytokine response to pneumolysin (PLY) (S. pneumoniae) has also been shown to increase protection against pneumonia in a mouse model [START_REF] Masson | A Novel Bacillus thuringiensis (PS149B1) Containing a Cry34Ab1/Cry35Ab1 Binary Toxin Specific for the Western Corn Rootworm Diabrotica virgifera virgifera LeConte Forms Ion Channels in Lipid Membranes[END_REF]. In a murine model of pneumococcal meningitis, the extent of caspase-1 activation via the NLRP3 inflammasome has been linked to clinical disease severity [START_REF] Schwartz | Early response of cultured lepidopteran cells to exposure to delta-endotoxin from Bacillus thuringiensis: involvement of calcium and anionic channels[END_REF]. In this model, inflammasome activation was associated with pathology rather than bacterial clearance. Pneumolysin was the key inducer of the IL-1β response associated with disease, and inhibitors of IL-1β and IL-18 signaling-altered pathological responses. Pneumolysin activation of the inflammasome was suggested to require ATP release and lysosomal destabilization associated with cathepsin B cytosolic activity [START_REF] Schwartz | Early response of cultured lepidopteran cells to exposure to delta-endotoxin from Bacillus thuringiensis: involvement of calcium and anionic channels[END_REF].

Gram-negative bacteria also produce a variety of heamolysins that have been implicated in activation of the NLRP3 inflammasome. Enterohemorrhagic E. coli (EHEC) O157:H7 produces hemolysin that induces IL-1β from the THP-1 macrophage/monocyte cell line in NLRP3-caspase-1 dependent manner [START_REF] Steinthorsdottir | Clostridium perfringens beta-toxin forms multimeric transmembrane pores in human endothelial cells[END_REF][START_REF] Springer | The control of necrotic enteritis in sucking piglets by means of a Clostridium perfringens toxoid vaccine[END_REF]. Vibrio fluvialis produces hemolysin that can activate the inflammasome in mouse and human macrophages. Importantly, in a mouse model, this toxin was associated with IL-1β production and toxin-containing cell-free culture supernatants induced higher levels of cytokine production. Hemolysin-deficient bacteria and their supernatants had lower levels of response in vivo [START_REF] Petit | Clostridium perfringens Epsilon Toxin Induces a Rapid Change of Cell Membrane Permeability to Ions and Forms Channels in Artificial Lipid Bilayers[END_REF].

Barrier dysfunction and dissemination

Another major consequence of the PFT activity is the loss of the epithelial and endothelial layer integrity.

Damage to epithelial and endothelial barriers is especially obvious in pneumonia where PFTs by themselves can cause the clinical manifestations of the disease, as observed with S. pneumoniae PLY and S.aureus PVL. PFTs cause damages directly or indirectly by the PFTs-induced inflammatory effects. These two mechanisms are not mutually exclusive and the available data cannot allow separation of these two mechanisms.

Examples of PFTs that directly damage epithelial cells are S. aureus Hla [START_REF] Brosnahan | Cytolysins Augment Superantigen Penetration of Stratified Mucosa[END_REF], C. perfringens β-toxin [START_REF] Springer | The control of necrotic enteritis in sucking piglets by means of a Clostridium perfringens toxoid vaccine[END_REF] and V. cholerae VCC [START_REF] Debellis | The Vibrio cholerae Cytolysin Promotes Chloride Secretion from Intact Human Intestinal Mucosa[END_REF][START_REF] Saka | Vibrio cholerae cytolysin is essential for high enterotoxicity and apoptosis induction produced by a cholera toxin gene-negative V. cholerae non-O1, non-O139 strain[END_REF].

PFTs can also kill epithelial cells by inducing programmed cell death, as observed in vivo for S. pneumoniae PLY [START_REF] García-Suárez | The role of pneumolysin in mediating lung damage in a lethal pneumococcal pneumonia murine model[END_REF] and V. cholerae VCC [START_REF] Saka | Vibrio cholerae cytolysin is essential for high enterotoxicity and apoptosis induction produced by a cholera toxin gene-negative V. cholerae non-O1, non-O139 strain[END_REF]. Another factor that induces barrier dysfunction is the disruption of cell-cell junctions, as seen with S. aureus Hla, and the CDCs SLO from S. pyogenes that provoke a rupture of aleolar-capillary barrier by the E-cadherin cleavage mediated by ADAM10 [START_REF] Inoshima | A Staphylococcus aureus pore-forming toxin subverts the activity of ADAM10 to cause lethal infection in mice[END_REF]. Also, in many cases, the PFT-induced damage to epithelia is secondary, caused by the actions of neutrophils that are recruited to the site of infection (described for S. pneumoniae PLY, S. aureus PVL, and V. cholerae VCC) or by ischemic effects due to PFT-induced damages. PVL triggers the increase of local levels of IL-8 and monocyte chemotactic protein 1 (MCP-1) resulting in a more extensive infiltration of neutrophils which is responsible for the necrosis, alveolar hemorrhage and pulmonary edema [START_REF] Diep | Polymorphonuclear leukocytes mediate Staphylococcus aureus Panton-Valentine leukocidin-induced lung inflammation and injury[END_REF]. Moreover, PLY (S. pneumoniae) at sublytic doses is capable of triggering the lethal effects of pneumonia, the destruction of lung tissues mediated by induction of apoptosis and recruitment of neutrophils to the site of infection. Purified PLY also caused increased alveolar epithelial permeability in mice after intracheal administration. Thus, it appears that PLY may cause barrier dysfunction via both direct and indirect mechanisms [START_REF] García-Suárez | The role of pneumolysin in mediating lung damage in a lethal pneumococcal pneumonia murine model[END_REF].

The barrier dysfunction and the innate immune response caused by the PFTs promote pathogen dissemination. For example, after infection via intracisternal injection in rat meningitis model, PLY did not affect bacterial growth in the cerebrospinal fluids, but it appears to be involved in breaching the blood-brain barrier. After intracerebral infection, PLY was dispensable for subsequent spreading to the spleen. Moreover, during intratracheal infection of rabbits with S. aureus, PVL was found dispensable for initial colonization and bacterial growth rates. However, in a rabbit bacteria model caused by intravenous injection of bacteria, PVL was found to contribute to early bacterial spreading to the kidney. Thus, PFTs are found to contribute, in some cases to colonization or early stages of bacterial growth, while in other studies no effects are found. Many experimental factors could influence these findings, such as the host model, host immune status and route of infection.

Membrane repair mechanism

The mechanism of the pore formation, the concentration of PFTs and the number of pores per cells play an essential role for the fate of the cells. The ability of cells to restore plasma membrane integrity following damage caused by PFTs, and the speed with which this occurs, varies between cell types and depends on the toxin and its concentration.

Furthermore, membrane repair following damage by cholesterol-dependent cytolysins (CDCs) is highly dependent on the entry of calcium. Three main mechanisms of membrane repair have been proposed.

The first is the disassembly of the pore-forming complex, although there is currently no real evidence for this and it is unlikely for pores such as those formed by aerolysin, the stability of which is remarkable [START_REF] Cooper | Membrane Repair: Mechanisms and Pathophysiology[END_REF].

The second is the uptake of the pores by endocytosis, with the aim of degrading the pores in lysosomes or secreting them into the extracellular space via exosomes. Repair by endocytosis has been proposed for Streptolysin O (SLO) and may involve the uptake of caveolae [START_REF] Los | Role of Pore-Forming Toxins in Bacterial Infectious Diseases[END_REF] (Figure 3.8). The third proposed mechanism is shedding of PFT-containing membrane patches through the formation of extracellular vesicles, which has also been proposed for SLO. It was recently shown that the endosomal sorting complex required for transport (ESCRT) machinery was required for membrane repairs following mechanical damage or damage caused by PFTs. This machinery is classically involved in the biogenesis of intraluminal vesicles or multivesicular bodies, but has also been shown to be involved in viral budding, consistent with the fact that both events require budding of the membrane away from the cytosol. This finding would be consistent with membrane repair through the budding of extracellular vesicles [START_REF] Los | Role of Pore-Forming Toxins in Bacterial Infectious Diseases[END_REF] (Figure 3.8).

Finally, a recent work reveals that different small β-pore-forming toxins may either trigger calcium influx-dependent repair. For example repair of PhylP (Phobalysin P from V. cholerae) pores involves calcium, lysosomal exocytosis and calveolin. In contrast, its orthologue VCC, subverts calcium influx-dependent repairs [START_REF] Von Hoven | Repair of a Bacterial Small β-Barrel Toxin Pore Depends on Channel Width[END_REF].

In summary, PFTs are sophisticated and widespread virulence factors produced by pathogenic bacteria. They disrupt barriers and modulate cellular pathways and kill cells of the host immune system, contributing to the bacterial dissemination. All PFTs are inactive, soluble and monomeric proteins undergoing changes to assemble into conductive transmembrane pores within plasma to target cell membranes. Identification of lipids, sugars and protein receptors of PFTs not only allows the global understanding of their action, but may lead to developing strategies that inhibit their function.
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Phenotype and toxicity of the recently discovered exlA-positive P. aeruginosa strains collected worldwide

Emeline Reboud, Sylvie Elsen, Stephanie Bouillot, Guillaume Golovkine, Pauline Basso, Katy Jeannot, Ina Attree, and Philippe Huber (Environmental Microbiology (2016))

We recently identified a hypervirulent strain of Pseudomonas aeruginosa, differing significantly from the classical strains in that it lacks the type 3 secretion system (T3SS), a major determinant of P. aeruginosa virulence. This new strain secretes a novel toxin, called ExlA, which induces plasma membrane rupture in host cells. For this study, we collected 18 other exlA-positive T3SS-negative strains, analyzed their main virulence factors and tested their toxicity in various models. Phylogenetic analysis revealed two groups. The strains were isolated on five continents from patients with various pathologies or in the environment. Their proteolytic activity and their motion abilities were highly different, as well as their capacity to infect epithelial, endothelial, fibroblastic and immune cells, which correlated directly with ExlA secretion levels. In contrast, their toxicity towards human erythrocytes was limited. Some strains were hypervirulent in a mouse pneumonia model and others on chicory leaves. We conclude that (i) exlA-positive strains can colonize different habitats and may induce various infection types, (ii) the strains secreting significant amounts of ExlA are cytotoxic for most cell types but are poorly hemolytic, (iii) toxicity in plants does not correlate with ExlA secretion.

My contribution in this work was to perform the phylogenetic analysis of all the exlA-positive strains, to construct the tree based on the MLST analysis (Figure 1C) and to determine the general content of putative virulence determinants by whole genome analysis.

Phenotype and toxicity of the recently discovered exlA-positive Pseudomonas aeruginosa strains collected worldwide Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium capable of surviving and thriving in various habitats. It can colonize a number of hosts ranging from plants to animals. In humans, P. aeruginosa behaves like an opportunistic pathogen and is frequently involved in nosocomial infections. In particular, it can induce acute infections in patients using internal medical devices, such as ventilators, blood and urinary catheters. It is also the main pathogen causing chronic infections in cystic fibrosis patients. P. aeruginosa produces numerous secreted or cell-surface-attached macromolecules affecting the host organisms in many different ways (reviewed by Hauser, 2009;Bleves et al., 2010;Filloux, 2011;Gellatly and Hancock, 2013). The most potent virulence factor of classical clinical strains is the type 3 secretion system (T3SS), a syringe-like apparatus injecting effectors directly into the cytoplasm of target cells. These effectors, namely ExoU, ExoS, ExoT and ExoY, alter eukaryotic signaling pathways causing plasma membrane rupture, disorganization of the cytoskeleton or apoptosis, depending on which ones are injected (Hauser, 2009). Two other secretion systems, T1SS and T2SS, secrete proteases and other effector molecules into the extracellular milieu (Bleves et al., 2010;Filloux, 2011). P. aeruginosa strains release several other virulence factors, including hydrogen cyanide (HCN), which inhibits many cellular processes, including aerobic respiration [START_REF] Smith | Hydrogen cyanide, a volatile biomarker of Pseudomonas aeruginosa infection[END_REF].

In addition to these virulence factors, P. aeruginosa possesses motility factors: type 4 pili (hereafter called pili) and a flagellum. These structures are located at bacterial poles and both contribute to its virulence (Josenhans and Suerbaum, 2002;Burrows, 2012). Pili promote twitching motility on solid surfaces, while the flagellum allows bacteria to swim in liquid media. A third means of locomotion, known as swarming, allows motility across semi-solid surfaces. This motion is powered by the flagellum, the pili and bacterial surfactants (mainly rhamnolipids), but the precise contribution of each of these factors has so far remained elusive (Murray et al., 2010). Finally, P. aeruginosa can also move passively on soft surfaces, by a process known as sliding, occurring in absence of pili and flagellum, but requiring surfactants [START_REF] Murray | Pseudomonas aeruginosa exhibits sliding motility in the absence of type IV pili and flagella[END_REF]. In addition to their role in motility, both pili and the flagellum mediate attachment to host cells and trigger inflammatory processes by activating pro-inflammatory receptor signaling [START_REF] Kazmierczak | Cross-regulation of Pseudomonas motility systems: The intimate relationship between flagella, pili and virulence[END_REF].

The individual role of each P. aeruginosa's virulence factors has been examined using mutant strains and various cellular models of infection, as well as animal and plant models (Tamura et al., 1992;[START_REF] Azghani | Pseudomonas aeruginosa and epithelial permeability: Role of virulence factors elastase and exotoxin A[END_REF] Kos et al., 2015). Although the PA7like strains were isolated from patients with a range of pathologies, only limited virulence studies have been reported so far (Elsen et al., 2014;Toska et al., 2014).

Our laboratory recently reported on a PA7-like strain named CLJ1, isolated from a patient with hemorrhagic pneumonia (Elsen et al., 2014). Despite the absence of a T3SS, this strain was hypervirulent in a mouse model of acute pneumonia and towards cultured human endothelial cells and macrophages. We identified a novel toxin, called exolysin A (ExlA), secreted by CLJ1, along with its cognate porin (ExlB). ExlA and ExlB form a novel two-partner secretion system (TPS/T5SS), inducing plasma membrane permeability in human cells and linked to hypervirulence in mice. As previously shown, exlA/exlB genes, constituting the exlBA locus, were detected in PA7 and in six other strains collected in Europe and Northern America. However, only four of the strains secreted ExlA and caused plasma membrane damage.

To further describe the virulence potential of PA7-like strains, we extended our original cohort with additional strains obtained from various collections. Strains were first selected based on the absence of the genes coding for two T3SS toxins, exoS and exoU, and then for the presence of exlA. The new cohort consisted of 19 isolates (hereafter, exlA1 strains) of various origins, e.g. human infections and environmental samples, which could be classed in two distinct genetic groups. We examined the capacity of the strains to display virulence-associated phenotypes in different models. To this end, we characterized their phenotypic properties by analyzing the presence of major recognized virulence factors and their toxicity toward various cell types, in mice and chicory leaves. This study represents the first comprehensive biological characterization of this group of P. aeruginosa isolates.

Results and discussion

Identification of exlA-positive P. aeruginosa strains

The previously identified exlA1 strains all lacked T3SSassociated genes (Elsen et al., 2014), therefore in our quest for exlA1 strains in different P. aeruginosa collections, we searched for strains annotated as lacking two T3SS effector genes: exoS and exoU . All strains were PCRscreened using primers amplifying either exlA, one end of the T3SS locus ('T3SS') or primers external of the T3SS locus ('DT3SS') (Fig. 1A). All the genes located outside the T3SS locus in classical strains, which encode T3SS effectors (ExoS, ExoT, ExoY and ExoU), were also absent from the genome of exlA1 strains (not shown). The retained strains are listed in Table 1.

This analysis revealed the existence of two amplicon sizes for the T3SS locus (Fig. 1A), corresponding to two distinct locus deletion patterns (represented in Fig. 1B). The sequences bordering the deleted loci were identical for the two types of isolates, suggesting two original excision events on the T3SS locus. When whole-genome sequence information was available, we searched for the location of the exlBA operon. In strains with either amplicon size, its position was identical to that in PA7 (www. pseudomonas.com), suggesting that the exlBA insertion occurred before either deletion event on the T3SS locus.

Interestingly, the origin of the different strains was not restricted to one country/continent or to a single pathological settings (Table 1). Disease-related strains were isolated in the lungs of cystic fibrosis and non-cystic fibrosis patients, or in outer ear, urinary, blood and peritoneal infections. The fact that some of the exlA1 strains were isolated from patients with acute infections indicates that they may cross the epithelial barrier despite the absence of T3SS, which is consistent with the results of our study of 3426 E. Reboud et al.

V C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3425-3439 CLJ1 infection in mice (Elsen et al., 2014). One strain was isolated from a dog, one from a pond and another from a plant. Altogether, these features suggest that the exlA-positive T3SS-negative strains appear able to colonize different habitats and to induce infections in diverse organs, like the classical strains.

To further assess the genetic relationship between strains in our collection, we performed multilocus sequence typing (MLST) analysis using seven housekeeping genes, as recommended at http://pubmlst.org/paeruginosa/. Based on this analysis, a sequence type (ST) was assigned to each strain. Among the 19 exlA1 strains, 16 different STs were identified, 7 of which had not previously been assigned. Two isolates from Newcastle, PA70 and PA213, shared the same ST number and thus probably derived from the same clone. Similarly, EML548 and DSM1128 shared the same ST number and serotype, and are also probably linked. Surprisingly, BL043, isolated in the United States, and PA7, isolated in Argentina, were in the same case, suggesting that the clone was dispersed across the two continents.

A phylogenetic tree was constructed based on the MLST analysis (Fig. 1C). This phylogenetic tree showed that A. Amplicons generated with primers annealing to the external boundaries of the deleted T3SS locus (DT3SS, primers 1 1 2 in B), to one end of the T3SS locus and one bordering gene (T3SS, primers 1 1 3 in B) and to an internal exlA sequence (exlA). Primers are listed in Table S1. B. Diagram showing the two possible genomic sequences found in place of the T3SS locus. C. Phylogenetic tree of maximal likelihood based on single nucleotide polymorphisms of seven housekeeping genes. The two distinct groups (A and B) of exlA1 strains match with the two excision patterns at the T3SS locus. D. Bacterial secretomes were TCA-precipitated and analyzed by Western blot using anti-ExlA antibodies. Molecular weight is indicated on the left. Group A strains are indicated in bold and Group B strains in grey. Data are representative of three independent experiments.
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V C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3425-3439 exlA1 strains can be subdivided into two different groups, hereafter called Groups A and B. Group A includes PA7, and thus can be designated as PA7-like strains. Group B strains are much phylogenetically closer to PAO1/PA14 strains and constitute an independent clade. Group B isolates corresponded to the strains producing a long PCR fragment at the DT3SS locus, while strains from Group A produced a short fragment, similar to PA7 (Fig. 1A). Based on the sequences of the two recombination patterns and the phylogenetic tree, we hypothesized that exlA1 strains have evolved from at least two different ancestors.

It was not possible at this stage to determine the original location of Group A strains, as they were identified from samples collected in a number of locations worldwide. However, all Group B strains except TA19 were isolated in Europe, hinting that they derive from a European clone.

After genetic screening, all the strains were tested for in vitro secretion of ExlA in LB medium (Fig. 1D). ExlA secretion levels were highly variable across the strains, from high for CLJ1 to undetectable levels for PA70, PA213, PA39, CAN5 and DVL1758. This suggests that ExlA synthesis and/or secretion is differentially regulated among these strains, which remains to be studied further. Importantly, no ExlA could be detected in Group B strain secretomes, except for TA19 for which a faint band was detected (Fig. 1D), indicating that this virulence factor is attenuated in these strains.

Serotyping revealed eight of fourteen typable strains (57%) to display an O12 serotype (Table 1), which is much higher than previously reported percentages for this type, ranging from 2 to 22% [START_REF] Allemeersch | Marked increase of Pseudomonas aeruginosa serotype 012 in Belgium since 1982[END_REF] Maatallah et al., 2011). In line with these findings, a recent study suggests that the gene cluster linked to serotype O12 originated from a PA7-like strain (Thrane et al., 2015). The predominance of the O12 serotype is thus a characteristic of most exlA1 strains and could be used as an inclusion criterion when attempting to discover strains in this clade in the future.

Infection of various cell types by exlA1 strains

We previously characterized the toxicity of a limited number of strains on human primary endothelial cells (HUVECs) and on a human macrophage cell line (J774) (Elsen et al., 2014). Here, we extended this study to all 19 isolates and tested their cytotoxicity on six different cell types. Two epithelial cell lines, A549 cells derived from human lung alveoli and MDCK from dog kidney, THP-1, a human monocytic cell line, Jurkat cells, derived from T lymphocytes, L929, a mouse fibroblastic cell line and HUVECs were used in this study. Damage to plasma membranes was assessed by measuring lactate dehydrogenase (LDH) activity in cell supernatants (Fig. 2A). A549, THP-1 and Jurkat cells were highly sensitive to most exlA1 strains, while MDCK, L929 cells and HUVECs were only sensitive to some strains and to a lesser extent, indicating that cell lines were differentially permissive to infection. Toxicity was also significantly different between strains (P < 0.0001 by Friedman's aligned rank test). The relative toxicity of the different strains was ranked for every cell line and the overall cytotoxicity was determined by adding the rank numbers for each strain (Table 2). This ranking revealed CLJ1, IHMA879472 and IHMA434930 to be the most toxic strains (sum of rank >100), whereas PA70, PA213, PA39 and TA19 were the least cytotoxic ones (sum of rank <25). The other strains had an intermediate phenotype. The differential responses of the six cell types to the 19 strains were assessed by calculating rank number differences (Table 2). Most strains had comparable relative toxicity for all the cellular models used. The main exception was LMG5031, which was toxic in most cell lines except in L929. The sum of the toxicity rank number was correlated to ExlA secretion (P 5 0.03, using Spearman's correlation test), suggesting that ExlA is one of the major factors used by these strains to cause damage to cell membrane. It is noteworthy that Group B strains were significantly less toxic than Group A strains (Table 2), possibly due to their lack of secretion of ExlA.

The hemolytic activity of the different strains was assessed using human blood (Fig. 2B). PP34, an ExoUsecreting strain, was used as positive control in this assay, while PAO1, which induces hemoglobin release much less effectively, was used as a low-activity control. The exlA1 strains had a hemolytic activity in the same range as or below PAO1 activity in this assay (Fig. 2B). The differential responses of exlA1 strains were not correlated with ExlA secretion levels. Thus, ExlA does not seem to be a major contributor of erythrocyte lysis.

Altogether, these results indicate that toxicity is generally strain-dependent, but the extent of toxicity depends on the target cell line. Importantly, the limited hemolysis induced by exlA1 strain corroborated previous reports in mice (Elsen et al., 2014), where the broncho-alveolar lavages of CLJ1-infected lungs contained erythrocytes, but not free hemoglobin, indicating that CLJ1 is hemorrhagic, but not hemolytic in this model.

Proteolytic activity of exlA strains

Secreted proteases have a significant impact on bacterial virulence both in vitro and in vivo (Hong and Ghebrehiwet, 1992;Tamura et al., 1992;[START_REF] Azghani | Pseudomonas aeruginosa and epithelial permeability: Role of virulence factors elastase and exotoxin A[END_REF]Bleves et al., 2010;Beaufort et al., 2011;Golovkine et al., 2014). The secreted proteolytic activity of the 19 isolates was first assessed for casein, using milk-agar plates. This functional test monitors both LasB, the main protease secreted by a T2SS of classical strains (PAO1-and PA14-like), and AprA, which is released by a T1SS [START_REF] Caballero | Pseudomonas aeruginosa protease IV enzyme assays and comparison to other Pseudomonas proteases[END_REF]. PAO1 was used as the positive control for T1SSand T2SS-dependent proteolytic activities and showed a proteolytic halo on plates (Fig. 3A). PAO1DxcpR, which cannot secrete T2SS proteases and PAO1DlasB, which lacks LasB, also presented some proteolytic activity, probably due to AprA secretion. Most exlA1 strains displayed a proteolytic halo of varying size, indicating that exoproteases form part of their arsenal of virulence factors. The only two protease-negative strains were BL043 and Zw26.

LasB was previously shown to be an important contributor to P. aeruginosa virulence (Bleves et al., 2010). This protease degrades various extracellular proteins, including fibronectin, plasma proteins and pulmonary surfactants, as well as membrane proteins, such as upaR and VEcadherin To precisely examine the LasB activity secreted by the strains, VE-cadherin and fibronectin were incubated with strain secretomes. CLJ1, IHMA 879472, IHMA 434930 and DVL 1758 secretomes, cleaved VE-cadherin to a similar extent to PAO1 secretome (Fig. 3B). PA70, PA213, PA39 and JT87 secretomes induced partial cleavages, but those of the other strains did not degrade VE-cadherin. Identical results were obtained using fibronectin as substrate (Fig. 3C). Thus, only 37% of exlA1 strains exhibited a LasB-dependent activity, which is much lower than the percentages previously reported for clinical strains of various origins (90-97.5%) (Coin et al., 1997;Schaber et al., 2004). However, the methodology was different and their results may not be comparable to ours. Nevertheless, we can conclude that LasB prototypical activity is not a common feature of exlA1 strains, as opposed to classical strains.

Motility of exlA1 strains P. aeruginosa's motility in various media mainly depends upon pili and the flagellum, while surfactant production contributes to swarming and sliding motions. The
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V C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3425-3439 swimming, twitching and swarming/sliding capacities of the exlA1 strains were investigated on agar plates of variable rigidity, using established procedures (Figs. S1-S3; data summarized in Table 3). The production of wetting material (surfactant) on the surface of swarming plates was also measured (Fig. S4; data are summarized in Table 3).

Most strains swarm and twitched, however CLJ1, IHMA879472, IHMA434930 and DVL1758 displayed atypical morphologies in the swimming assay (Fig. S1), similar to those generally observed in the swarming assay. To further examine the swimming abilities of these strains, we analyzed the bacterial behavior in a liquid medium by high- 2.

speed dark-field videomicroscopy (data summarized in Table 3). This microscopy analysis confirmed the swimming results obtained on agar plates, for all strains but CLJ1, which did not swim under the microscope, thus demonstrating the usefulness of microscopic examination of bacteria in assessing this type of motion. Interestingly, three strains with atypical morphology in the swimming plate assay (CLJ1, IHMA879472, IHMA434930) displayed no swarming (Fig. S3), suggesting that the atypical swimming behavior is not related to swarming. The few swarming strains exhibited the typical branching morphology of the colonies.

All possible situations were found among these 19 strains for the different types of motility, as for classical strains. The results suggest that the functionality or the presence of pili and flagellum is highly variable between these strains. Several strains (PA70, EML548, IHMA879472, IHMA434930, CAN5), displaying swimming and twitching abilities and producing surfactant, did not swarm, which indicates that the mechanisms promoting swarming motility remain elusive. Interestingly, TA19 did not twitch nor swim, but produced surfactant and exhibited a swarming phenotype that may be related to sliding [START_REF] Murray | Pseudomonas aeruginosa exhibits sliding motility in the absence of type IV pili and flagella[END_REF].

Altogether, the proportions of swimming and the twitching strains (79% and 74% respectively) were similar to those reported previously for classical strains (88% and 76% respectively) (Murray et al., 2010). The percentage of swarming strains (21%, taking the poorly swarming clones into account) was very low compared to classical isolates (63%). This concurs with previous linkage analyses showing that swarming is correlated with T3SS expression (Murray et al., 2010). In our hands, a correlation between swimming and twitching properties was noted (P 5 0.0009), suggesting that flagellum-positive isolates also harbor pili. Swarming was also correlated with surfactant production (P 5 0.04), as previously reported for classical strains (Murray et al., 2010).

All these results suggest that the functionality or the presence of pili and a flagellum is highly variable between strains. Swarming is the motility type most affected among exlA1 strains. Swarming could be considered to be part of the transition step between surface colonization and the development of biofilms [START_REF] Shrout | The impact of quorum sensing and swarming motility on Pseudomonas aeruginosa biofilm formation is nutritionally conditional[END_REF][START_REF] Caiazza | Inverse regulation of biofilm formation and swarming motility by Pseudomonas aeruginosa PA14[END_REF] usually associated with chronic infections. It will therefore be important to test exlA1 strains in chronic models of infection and to examine their behavior in this context.

HCN production

All P. aeruginosa strains tested so far release HCN in the gas phase (Gilchrist et al., 2011;[START_REF] Smith | Hydrogen cyanide, a volatile biomarker of Pseudomonas aeruginosa infection[END_REF]. This virulence factor is relatively specific to P. aeruginosa.

A paper impregnated with a reaction mixture containing Cu 21 was used to detect HCN production -revealed by a white-to-blue color transition. The detection paper was placed above bacteria seeded onto agar plates. As shown in Fig. S5, a gradient of decreasing HCN production was obtained for the different strains: CLJ1, IHMA879472, JT87 > PA7, IHMA434930, CAN5, DVL1758 > 70, 213 > EML548, DSM1128, TA19. No HCN production was detected for Zw26, PA39, BL043, IHMA567230, CPHL 11451, LMG5031 and ATCC3359 (data summarized in Table 4). Thus, 37% of exlA1 strains produced no HCN (or undetectable levels), suggesting that this clade is much more heterogeneous than the classical P. aeruginosa strains, with regard to this factor.

Toxicity in a mouse model of acute pneumonia

Pneumonia is the main infectious disease induced by P. aeruginosa. To evaluate strain toxicity in vivo, we used a mouse model of pneumonia induced by inhalation of bacteria. In this model, infection is mainly located in the lower 4.

Table 3. Motile capacities of exlA strains (summary of Figs. S1-S4).

Name a

Swimming (agar plates) Swimming c (microscopy) . Under these conditions, all mice infected with CLJ1 died within 24 h (Fig. 5A). Most (80%) JT87-infected mice died within 96 h, while the other infected mice recovered from the febrile state after 48 h (Fig. 4A).

Swarming c Twitching c Surfactant c CLJ1 1 b 2 2 2 1 1 PA70 1 1 2 1 1 1 PA213 1 1 2 1 2 Zw26 2 2 2 2 2 PA39 1 1 1 /2 1 /2 2 EML548 1 1 2 1 1 DSM1128 1 1 2 1 2 TA19 2 2 1 2 1 1 IHMA879472 1 b 1 2 1 1 JT87 1 1 1 1 1 1 BL043 1 1 2 2 2 PA7 1 1 2 1 /2 1 IHMA434930 1 b 1 2 1 1 1 IHMA567230 2 2 2 1 /2 2 CPHL11451 1 1 2 1 /2 2 CAN5 1 1 2 1 1 1 DVL1758 1 b 1 11 111 111 LMG5031 1 1 2 1 2 ATCC33359 1 1 2 1 /2
In a second set of experiments, the bacterial burden was increased to 15 3 10 6 bacteria (Fig. 4B). In these conditions, most or all mice infected with LMG5031, DVL1758 and IHMA879472 died within 7 days.

Taken together, the mouse survival experiments showed a gradient of toxicity among the strains that would not have been predictable from the in vitro data, as no direct correlation was found with any other datasets. For example, IHMA879472 and CAN5 were among the most toxic strains on cellular models but showed minimal toxicity in mice. More work will be needed to understand the behavior of these strains in vivo, notably their interactions with the immune system.

Chicory leaf infection

In addition to animals, P. aeruginosa is known to infect plants, and one of the exlA1 strain (LMG5031) was isolated from a plant. We therefore investigated the capacity of the 19 strains to infect chicory leaves (Fig. 5), a model of P. aeruginosa infection which has been used previously (Fito-Boncompte et al., 2011). Surprisingly, LMG5031 was not toxic in this assay, whereas it was highly virulent on cells and in mice. In contrast, some clinical isolates (DSM1128, IHMA879472, JT87 and IHMA434930) produced large necrotic areas on chicory leaves. Furthermore, CLJ1, the most toxic strain in all other assays, was avirulent on chicory leaves. No significant correlation was found with the other datasets. Notably, PAO1 induced a larger necrotic area than CLJ1, suggesting that ExlA does not play a major role in plant intoxication.

Taken together, these observations indicate that the virulence modes used by P. aeruginosa to infect animals and plants are different.

Conclusion

Genomic information about the PA7 clade is gradually becoming available, with a number of recent publications www.pseudomonas.com. Here, we investigated the general phenotypes of exlA1 strains that represent two distinct phylogenetic groups, one related to PA7 (Group A) and one much closer phylogenetically to PAO1/PA14 strains (Group B). We showed that the behavior and the virulence traits of exla1 strains are highly variable, even inside each group (the main results are summarized in Table 4). Interestingly, classical P. aeruginosa strains (i.e. PAO1-and PA14-like strains), although sharing the most recognized virulence mechanisms, namely the T3SS and its effectors, and LasB, displayed highly diverse phenotypes in classical laboratory models when tested for virulence (Hilker et al., 2015), similar to what was observed here for exlA1 strains. It is well established that P. aeruginosa strains possess a mosaic genome structure carrying a variable number of regions of genomic plasticity in addition to a conserved core genome, but the role these regions play in strainspecific phenotypes remains unknown. Our results show that not only the genetic content, but differences in gene expression and regulation may contribute to the infectionrelated phenotype. This may be a conserved feature of P. aeruginosa isolates and will need further functional genomic analysis to link overall virulence to gene regulation. Importantly, phylogenetic information suggested that these strains were likely to have originated from two clones with differential virulence; this hypothesis was supported by the PCR data. As suggested above, exlBA insertion likely occurred before T3SS locus deletion. It may thus be possible to find strains possessing both virulence factors. The approach used here, screening for T3SS-negative strains, could not have identified any such strains. A more systematic screen of P. aeruginosa strains should allow unbiased identification of any new exlA1 strains.

The exlA1 strains exhibited a gradient of virulence in cell line and in mouse models ranging from high (CLJ1, JT87) to very low (PA70, PA213, Zw26), with some specificities. These strains display some overrepresented traits, such as serotype O12, and some underrepresented like the capacity to engage in swarming behavior, to secrete LasB or produce HCN. However, all possible combinations were observed. Interestingly, Group B strains were less cytotoxic than Group A strains (Table 2) and ExlA was undetectable (or poorly for TA19) in Group B secretomes (Table 4) even though the exlBA locus is located in the same location in strains from both groups. This suggests a lack of appropriate transcriptional regulation pathways in Group B strains.

The results presented here demonstrate that exlA1 P. aeruginosa strains have a similar ability to colonize and infect animals and plants as classical strains. This suggests that the exlA1 strains can spread using different supports.

In addition, our results show that different repertoires of factors are required for virulence in mouse and plants. Furthermore, the pathogenicity of strains for specific organisms is independent of their origins. Interestingly, one strain, CAN5, displayed some toxicity in cellular models and in chicory leaves even though its secretome contained no detectable amounts of ExlA. Similarly, JT87 produced low levels of ExlA, but it exhibited high virulence in all cells and in vivo assays. It is thus possible that another, as yet unidentified, virulence factor is produced by these two strains.

This study is the first step towards the understanding of the general phenotypic properties of the exlA1 P. aeruginosa strains. Although they lack a major virulence factor, these strains emerged in a range of different habitats, and some of them efficiently infected various hosts. An important issue will now be to understand ExlA toxicity at the molecular level and its interaction with the other virulence determinants identified in these bacteria.

Experimental procedures

Ethical statement

All protocols in this study were conducted in strict accordance with the French guidelines for the care and use of laboratory animals. The protocols for mouse infection were approved by the animal research committee of the institute (CETEA, project number 13-024).

P. aeruginosa strains and culture

The strains used in this study are described in Tables 1 andS1. Bacteria were grown in liquid LB medium at 378C with agitation until the cultures reached an optical density value of 1.0 unless indicated.

Serotyping

Determination of the serotype of the strains was performed using polyvalent and monovalent antisera (BioRad) and interpreted according to the International Antigenic Typing Scheme [START_REF] Liu | Three new major somatic antigens of Pseudomonas aeruginosa[END_REF].

PCR

For each strain, the overnight culture was diluted 100 fold in sterile water and heated at 1008C for 10 min. Then, gene amplification was performed using GC Advantage Polymerase kit (Clontech), with specific primers designed from PAO1 and PA7 genomes (Table S1). The amplification fragments were analyzed by electrophoresis and Gel Red staining.

ExlA secretion

For ExlA detection, the secretomes were collected when bacterial cultures were at OD 5 1.0 were concentrated by trichloroacetic acid (TCA) precipitation. Briefly, 300 mL of 2% Na deoxycholate were added to 30 mL of bacterial Virulence of exlA1 strains 3435

V C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3425-3439 supernatant and incubated 30 min at 48C. Then, 3 mL of TCA were added and the mixture was incubated overnight at 48C. After centrifugation for 15 min, at 15,000g and 48C, the pellet was resuspended in 100 lL of electrophoresis loading buffer. For ExlA antibodies, rabbits were immunized with three synthetic peptides derived from the predicted protein sequence of the PSPA7_4642 gene (Elsen et al., 2014). The anti-ExlA serum was used at 1:1,000 dilution. The secondary anti-rabbit-HRP antibody (Sigma-Aldrich) was used at 1:10,000 dilution.

Phylogenetic tree and MLST analysis

Phylogenetic analysis was performed on seven housekeeping genes (ascA, aroE, guaA, mutL, nuoD, ppsA and trpE). The sequences of these seven genes were already available on Genebank for most strains, but for PA213, Zw26, EML548, DSM1128, TA19, BL043 and ATCC33359 strains, gene sequences were obtained by PCR amplification using specific primers (Table S1) followed by sequencing.

The gene sequences were concatenated and aligned using CLC bio software. A tree was generated by neighbor joining method with 500 bootstrap replicates for all sequences, using CLC bio software.

For each strain, we determined a ST which is the combination of the seven allele numbers. Strain STs were obtained from P. aeruginosa MLST website (http://pubmlst.org/paeruginosa/).

Cell culture and infection

A549, THP-1, Jurkat cells were grown in RPMI medium and MDCK, L929 cells in DMEM, both supplemented with 10% fetal calf serum (all from Invitrogen). HUVECs were prepared from human umbilical cords as previously described [START_REF] Huber | Sequential inactivation of Rho GTPases and Lim kinase by Pseudomonas aeruginosa toxins ExoS and ExoT leads to endothelial monolayer breakdown[END_REF] and were grown in supplemented EBM2 (Lonza).

LDH release in the supernatant was measured using the Cytotoxicity Detection Kit by Roche Applied Science, following the recommended protocol. Briefly, cells were seeded at 5 3 10 4 in 96-well plates the day before, and infected in nonsupplemented EBM2 medium at MOI 5 with bacteria at OD 5 1.0. At 4 hpi, 30 lL of supernatant were mixed with 100 lL of reaction mix and OD was read at 492 nm. OD values were substracted with that of uninfected cells and Tritonsolubilized cells were used to determine the total LDH present in the cell culture.

Human heparinized blood, obtained from the Etablissement Franc ¸ais du Sang, was centrifuged at 2,000g for 5 min at 48C, washed three times with PBS and stored at 48C for 1 week maximum. Infections were performed as previously described [START_REF] Dacheux | Pore-forming activity of type III system-secreted proteins leads to oncosis of Pseudomonas aeruginosa-infected macrophages[END_REF] the following days, to prevent bacteria killing by neutrophils. Briefly, 50 3 10 6 cells in 100 lL of EBM2 were distributed in microplates, together with 100 lL of bacteria also in EBM2 (MOI 5 5). The microplate was centrifuged for 5 min at 1,000 rpm at room temperature, in order to facilitate the contact between bacteria and cells, and incubated at 378C for 3 h. Then, the pellets were resuspended by gentle shaking, and the microplate was centrifuged (1,000 rpm, 5 min, 48C). The hemoglobin content of the supernatants was determined on 100 lL, by measuring the OD 560 .

Proteolytic activity assays

Elastase and alkaline protease activities were observed after plating on 'milk plates' (40 g L 21 Tryptic soy agar and 10% skim-milk from Difco).

VE-cadherin extracellular domain was prepared as previously described (Golovkine et al., 2014) and used as substrate for LasB activity in bacterial secretomes. The filtered bacterial secretomes at OD 1.5 were incubated with VEcadherin extracellular domain (100 ng) at 378C during 3 h. Then, samples were heated in electrophoresis loading buffer and VE-cadherin was revealed by Western blot using antibodies against VE-cadherin extracellular domain (cad3).

Purified fibronectin (300 ng) was incubated in presence of bacterial secretomes (OD 1.5) at 378C. After 2 h, samples were electrophoresed and stained with Coomassie dye.

Motility assays and surfactant production

The swarming motility test was performed on 0.5% agar M8 plates supplemented with 1 mM MgSO 4 , 0.2% glucose, 0.1 mM CaCl 2 , 0.5% casamino acid. The plates were incubated 24-48 h at 378C.

For twitching motility, bacteria were inoculated at the plastic-agar interface (10 g L 21 tryptone, 5 g L 21 yeast extract, 1% agar, 10 g L 21 NaCl, 1% agar). After 48 h at 378C, the agar medium was removed, and the twitching zone was observed after Coomassie blue staining.

Bacterial swimming was observed after 48 h at 308C in 0.3% agar medium plate (10 g L 21 tryptone, 5 g L 21 NaCl).

The swimming capacity was also evaluated by dark field microscopy. Bacteria were diluted in LB and observed with a LEICA DMIRE2 inverted microscope at 378C, using a 403 objective (oil, numerical aperture 0.5). Images were acquired at 25 frames s 21 for 100 s. Time projections were done using ImageJ software to obtain bacterial trajectories. Strains could be scored as immobile or swimming, with no intermediary phenotype.

The surfactant production was examined on the swarming plates by measuring the diameter of the visible zone of wetting material around the colonies at 24 h post-plating.

Production of HCN

Hundred microliters of bacterial suspension at 10 8 cells mL 21 were dropped at the center of the HCN induction medium plate (40 g L 21 tryptic soy agar, 4.4 g L 21 glycine) (Wei et al., 2013). Then a Whatman paper impregnated with reaction mix (CHCL 3 containing copper (II)-ethylacetoacetate complex (5 mg L 21 ) and N,N-dimethylaniline (5 mg L 21 ) (Nair et al., 2014) was fixed to the underside of the petri dish covers. Petri dishes were sealed with parafilm and incubated 24 h at 288C.

P. aeruginosa-induced lung injury

Pathogen-free BALB/c female mice (8-10 weeks) were obtained from Harlan Laboratories and housed in the institute animal care facility. Bacteria from exponential growth (OD 5 1.0) were centrifuged and resuspended in sterile PBS at 1.7 3 10 8 or 5.1 3 10 8 per mL. Mice were anesthetized by 3436 E. Reboud et al.

V C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3425-3439 intraperitoneal administration of a mixture of xylazine (10 mg Kg 21 ) and ketamine (50 mg Kg 21 ). Then, 30 lL of bacterial suspension (5 3 10 6 or 15 3 10 6 ) were deposited into the mouse nostrils. To study survival rates, mice were inspected six times per day; moribund mice were considered as dead. Experiments were stopped at day 7.

Chicory leaf infection

Chicory leaf infection was adapted from (Fito-Boncompte et al., 2011). Briefly chicory leaves were washed with 0.1% bleach and injected with 10 mL of a suspension of bacterial cells at 10 6 cells mL 21 in 10 mM MgSO 4 . Then chicory leaves were placed in hermetic boxes containing a Whatman filter impregnated with sterilized water. The boxes were incubated at 378C and the area of infection on the chicory leaves was measured at 72 h using ImageJ software on captured images.

Statistics

All experiments were reproduced at least three times, except for mouse infection, for which only one test was performed for ethical reasons. Spearman's correlation tests were performed between datasets of all experiments using StatXact software. Mann-Whitney's test and Friedman's aligned rank test were performed using StatXact software. Correlation or differences were considered significant when P < 0.05. 

Supporting information

Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Exolysin (ExlA) has been first identified in the clinical isolate of P. aeruginosa CLJ1 by comparative proteomic analysis and was found homologous to ShlA, the hemolysin of Serratia marcescens [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF].

This manuscript describes the results I obtained concerning the characterization of the in vitro activity of ExlA on eukaryotic cells. By comparison with the domains found in ShlA, I identified the different domains in the ExlA sequence and their roles. The N-terminal part corresponds to the Two-Partner Secretion (TPS) domain and is predicted to be responsible for the ExlA secretion. The POTRA domains of ExlB, an outer membrane protein, were found required for the ExlA secretion. The C-terminal part of ExlA was not found to be homologous to other proteins in databases. However its deletion abolished the cytotoxicity. Finally, the five RGD (Arginine-Glycine-Acid aspartic) motifs did not play a role in ExlA activity.

We succeeded in the purification of three forms of recombinant proteins, the full-length ExlA lacking the signal peptide (ExlA N oSP ), ExlA N oSP lacking the C-ter domain, and the C-ter domain exclusively. I demonstrated, using two models currently employed in pore-forming studies (liposomes and red blood cells (RBC) ) that ExlA forms 1.6-nm pores in membranes. The liposome model allowed to show that the negative charges brought by phosphatidyl-serine were necessary for pore-forming activity. Moreover, the C-ter domain of ExlA was required for the pore formation in liposomes, confirming results of cytotoxicity assays. Finally, kinetics of entry of Yo-Pro1, a membrane impermanent-dye, into epithelial cells were measured by timelapse fluorescence microscopy to show the formation of ExlA pores in membranes of nucleated cells.

We showed that the living bacteria were absolutely required for the ExlAdependent cytotoxicity. Neither the recombinant proteins nor the bacterial supernatant provoked cell damage. We hypothesized that other bacterial factors could be involved. A high-throughput cellular live-dead screening of a transposon library made in an ExlA-secreting clinical strain allowed to show that the type IV pili are involved in ExlA-dependent cytolysis. A part of this work has been done during my 3-months stay in the Laboratory of Prof. Stephen Lory (HMS, Boston) and at the HMS screening facility (Longwood facility, HMS). This cooperation between two virulence factors has already been demonstrated for the T3SS and the Type IV pili. However, this work showed the first example of cooperation between a pore forming toxin and Type IV pili [109].

We proposed a model in which the Type IV pili mediate a close bacterium-cell contact to increase the local concentration of ExlA at the membrane proximity. These results suggest that the ExlA mechanism of the pore formation is different from that of ShlA and of other pore forming toxins. The visualization of the pore formation in the membrane and the oligomerization of ExlA needs to be investigated in more detail. 
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ABSTRACT

Clinical strains of Pseudomonas aeruginosa lacking the type III secretion system genes employ a toxin, exolysin (ExlA), for host cell membrane disruption. Here, we demonstrated that ExlA export requires a predicted outer membrane protein, ExlB, showing that ExlA and ExlB define a new active two-partner secretion (TPS) system of P. aeruginosa. In addition to the TPS signals, ExlA harbors several distinct domains, which include one hemagglutinin domain, five arginine-glycineaspartic acid (RGD) motifs, and a C-terminal region lacking any identifiable sequence motifs. However, this C-terminal region is important for the toxic activity, since its deletion abolishes host cell lysis. Using lipid vesicles and eukaryotic cells, including red blood cells, we demonstrated that ExlA has a pore-forming activity which precedes cell membrane disruption of nucleated cells. Finally, we developed a highthroughput cell-based live-dead assay and used it to screen a transposon mutant library of an ExlA-producing P. aeruginosa clinical strain for bacterial factors required for ExlA-mediated toxicity. The screen resulted in the identification of proteins involved in the formation of type IV pili as being required for ExlA to exert its cytotoxic activity by promoting close contact between bacteria and the host cell. These findings represent the first example of cooperation between a pore-forming toxin of the TPS family and surface appendages in host cell intoxication.

IMPORTANCE The course and outcome of acute, toxigenic infections by Pseudomonas aeruginosa clinical isolates rely on the deployment of one of two virulence strategies: delivery of effectors by the well-known type III secretion system or the cytolytic activity of the recently identified two-partner secreted toxin, exolysin. Here, we characterize several features of the mammalian cell intoxication process mediated by exolysin. We found that exolysin requires the outer membrane protein ExlB for export into extracellular medium. Using in vitro recombinant protein and ex vivo assays, we demonstrated a pore-forming activity of exolysin. A cellular cytotoxicity screen of a transposon mutant library, made in an exolysin-producing clinical strain, identified type IV pili as bacterial appendages required for exolysin toxic function. This work deciphers molecular mechanisms underlying the activity of novel virulence factors used by P. aeruginosa clinical strains lacking the type III secretion system, including a requirement for the toxin-producing bacteria to be attached to the targeted cell to induce cytolysis, and defines new targets for developing antivirulence strategies.

P seudomonas aeruginosa is a major human opportunistic pathogen, frequently associated with nosocomial infections, notably in intensive care units, where it is responsible for approximately 40% of deaths of patients with ventilator-associated pneumonia (1). This Gram-negative bacterium also causes life-threatening chronic infections in cystic fibrosis patients and numerous acute infections of eyes, ears, urinary tracts, and injuries such as burns (2). A combination of several factors, including its metabolic adaptability, a panoply of virulence factors, and the development of multiresistance among clinical strains, makes P. aeruginosa extremely difficult to eradicate. Facing the rise in bacterial antibiotic resistance, there is an alarming deficiency in therapeutic options for the majority of human and animal bacterial pathogens. P. aeruginosa belongs to the family of so-called "ESKAPE" pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter species), which effectively "escape" the effects of currently available antibiotics and are considered by the Infectious Diseases Society of America (IDSA) as being the priority pathogens for the urgent development of novel antimicrobial agents (3). One of the strategies for novel therapeutics against bacterial pathogens is based on the discovery of molecules capable of interfering with their determinants of pathogenicity. This "antivirulence" approach requires a complete knowledge of factors and molecular mechanisms used by pathogens for successful colonization of humans and avoidance of host defenses.

Several hundred available whole-genome sequences of various P. aeruginosa strains (http://www.pseudomonas.com [4]) were used in phylogenetic analyses to define two distant clades. One of these contains strains previously referred to as "clonal outliers" (5-7); the first identified member of this group is strain PA7 (8). Although the virulence of P. aeruginosa is multifactorial, the two clades differ mainly in the way that they exert their cytolytic activity on human cells (6,9,10). The genomes of the PAO1/PA14 group contain the determinants of a well-studied export nanomachine called the type III secretion system (T3SS) that allows the injection of four main P. aeruginosa effectors harboring enzymatic activities (ExoS, ExoT, ExoY, and ExoU) directly into the host cell cytoplasm (reviewed in reference 11). The virulence of clinical strains from this clade in human infections has been clearly correlated with the synthesis of T3SS and the injection of the four exoenzymes (12)(13)(14)(15). The second clade not only lacks the entire T3SS-encoding locus composed of five operons but also lacks the genes encoding the type III secreted exoenzymes (6,9). We recently discovered a completely novel virulence mechanism used by those strains lacking T3SS (i.e., the PA7-like clade), by studying the highly virulent and cytolytic strain CLJ1, isolated from a patient with hemorrhagic pneumonia. Using quantitative comparative proteomic analysis of CLJ1 secreted proteins, we identified a toxin responsible for eukaryotic cell lysis and named it exolysin (ExlA) (6). Bioinformatics analysis of ExlA showed several sequence features found in two-partner secretion (TPS) systems (16), including an N-terminal general Sec (secretion) export signal peptide followed by a sequence with a TPS motif. Moreover, immediately upstream of exlA we identified a gene encoding the putative TPS outer membrane protein and designated it ExlB. It is noteworthy that the exlBA genes are present not only in strains of the PA7 clade but also in some clinical and environmental isolates phylogenetically closer to PAO1/PA14-like classical strains (reviewed in reference 9), and their localization between genes corresponding to PA0874 and PA0873 is conserved. All exlBA ϩ strains characterized until now lack the T3SS locus. Interestingly, the quantity of secreted ExlA differs greatly between the exlA-positive strains, determining the degree of their cytotoxic activity and virulence in mice (17).

In this work, we further characterize exolysin secretion and activity in vivo and in vitro. Using cellular cytotoxicity assays, hemoglobin release, and a liposome leakage assay with purified recombinant proteins, we show that exolysin is a TPS pore-forming toxin (PFT) and that its activity requires its C-terminal domain. A cellular screen of a transposon (Tn) mutant library for the loss of exolysin-dependent cytolysis, created in the ExlA-producing P. aeruginosa urinary isolate IHMA879472 (IHMA), resulted in the identification of type IV pili (T4P) as being required for host cell intoxication. This shows that type IV pili are cooperating with ExlA in its cytotoxic activity, probably by mediating bacterial adhesion and establishing adequate ExlA local concentrations.

RESULTS

The POTRA domains of the outer membrane partner ExlB are required for ExlA secretion. We previously showed that neither ExlB nor ExlA alone is able to induce eukaryotic cell lysis (6), suggesting that they form an ExlB-ExlA TPS system. Indeed, only a P. aeruginosa strain harboring both exlB-exlA genes, expressed from an arabinoseinducible promoter, was cytolytic on epithelial and endothelial cells (6). As with other TPS systems, the TpsB homologue ExlB, in addition to the ␤-barrel-forming domain, possesses two predicted conserved domains predicted to be oriented toward the bacterial periplasm and is responsible for TpsA (ExlA) export (18,19). These domains are called the POTRA domains (for polypeptide-associated transport) and are located in ExlB between amino acids 85 to 160 and 162 to 230 for POTRA1 and POTRA2, respectively (Fig. 1A). In TPS systems, these domains interact with the secreted proteins. In Bordetella pertussis TPS filamentous hemagglutinin (FHA)/FhaC, the deletion of the POTRA domains in FhaC does not affect its stability and outer membrane location but completely abolishes the secretion of FHA (20). In order to further demonstrate the dependence of ExlA secretion on ExlB and to assess the role of the two POTRA domains, we deleted the whole exlB gene and created two exlB mutants in which each POTRA domain is deleted. The mutations were done in the engineered heterologous PAO1 strain lacking both the essential components of the T2SS (ΔxcpR) and T3SS (ΔpscC), in order to abolish any cytotoxic activity due to these two systems, and harboring exlB-exlA genes on the integrative plasmid described previously (6). All strains synthesized the ExlA protein, but strains lacking ExlB and either POTRA1 or POTRA2 were unable to secrete it into bacterial supernatants, as visualized by immunoblotting using anti-ExlA antibodies (Fig. 1B). Consequently, the strains lacking ExlB or expressing ExlB without both POTRA domains were noncytotoxic (Fig. 1B). Therefore, we concluded that ExlB is indeed the cognate partner of ExlA permitting its secretion, probably through the interaction between the POTRA domains and the N-terminal TPS signal of ExlA, as previously shown for the FHA and FhaC of B. pertussis (21)(22)(23).

The C-terminal part of ExlA, but not the five RGD motifs, confers on the protein its cytolytic activity. ExlA is a 172-kDa protein belonging to the family of polymorphic toxins (24). In addition to the conserved secretion motifs based on an analysis in the Pfam database (http://pfam.xfam.org), ExlA shares five ␤-sheet domains (Fil HAEM) and one hemagglutinin domain (HAEMA) (Fig. 1C) with FHA (25). The ExlA protein also carries five arginine-glycine-aspartic acid (RGD) motifs that are often involved in cell-to-cell recognition with proteins of the integrin family (26). As well, in the majority of polymorphic toxins, as well as in the filamentous hemagglutinin adhesion protein FHA (27), the C-terminal portions specify various activity functions and share conserved features (24), However, the ExlA C-terminal part of approximately 300 amino acids shares no homology with any other protein or domain of known function. Therefore, we undertook to determine the roles of the RGD motifs and the C-terminal domain in cytotoxicity. To that aim, in ExlA we replaced the five RGD motifs with RGA, a mutation known to prevent integrin binding, and also engineered a truncated ExlA (ExlA ΔCter ) which lacks the last 296 amino acids. Both mutant proteins were produced and secreted at the same level as the wild-type protein (Fig. 1D). Cytotoxicity assays on epithelial A549 cells showed that while the ExlA RGA pentamutant exhibited high cytotoxicity (90%) similar to that of the wild-type ExlA, ExlA ΔCter completely lost the ability to lyse epithelial cells (Fig. 1D), showing that the cytolytic activity of the ExlA protein requires its C-terminal domain but does not depend on the RGD motifs.

ExlA forms pores in RBCs. Strains expressing ExlA induce plasma membrane rupture of cultured eukaryotic cells, leading to rapid cell death (within 3 h postinfection) (6). To further decipher the mechanism of ExlA action, we examined its capacity to form pores within membranes, as is the case for several bacterial membranedamaging toxins, including ShlA of Serratia marcescens (28). The classical model to study the ability of a toxin to form pores in biological membranes utilizes red blood cells (RBCs), where pore formation is evaluated by measuring hemoglobin release (29). RBCs were incubated with P. aeruginosa strains expressing different ExlA variants, and hemoglobin release was measured after 90 min of coincubation. The well-characterized pore-forming toxin ␣-hemolysin from Staphylococcus aureus, S. marcescens expressing ShlA, and P. aeruginosa PP34, which produces the T3SS-exported phospholipase ExoU, all induced more than 90% hemolysis within 90 min of incubation (Fig. 2A). Negative controls included S. marcescens strain 21c4, unable to secrete ShlA, and P. aeruginosa lacking ExoU (PP34ΔexoU), which showed weak (ca. 20%) hemolysis (Fig. 2A). The T2SS/T3SS-deficient P. aeruginosa PAO1⌬xcpR⌬pscC ("Parental" in Fig. 2A) was poorly hemolytic with approximately 25% hemolysis, whereas expression of exlB-exlA in the same strain resulted in Ͼ80% hemolysis. As already observed for the cytolysis of A549 cells, P. aeruginosa expressing ExlA ΔCter induced reduced hemolysis; however, this was higher (by about 50%) than that of the parental ExlA Ϫ strain (Fig. 2A). For the ® demonstration that ExlA is indeed a pore-forming toxin, we approximated the pore size using a variety of osmoprotectants in the cytolytic assays. In these experiments, osmoprotectants (sugars and polyethylene glycols [PEGs]) of different sizes allowed us to evaluate the diameter of the pore (Fig. 2B). As expected based on a previous report (30), the ␣-hemolysin forms a pore of about 1 nm and the hemolysis is inhibited by raffinose, while ShlA forms a pore of about 2 nm, with hemolysis being inhibited by PEG 2000 (31). Hemolysis induced by ExoU was not inhibited by any sugars or PEGs, an observation in agreement with the fact that ExoU is not a pore-forming toxin but a potent phospholipase (32). The smallest molecule inhibiting ExlA-induced hemolysis was maltopentaose, which indicated that the diameter of the ExlA pore is approximately 1.6 nm, based on the hydrodynamic radius of the osmoprotectant molecules, as described previously (29). In contrast, the 50% hemolysis generated by ExlA ΔCter could not be inhibited by any of the osmoprotectants. This response is similar to that observed with ExoU, suggesting that this hemolysis was not due to pore formation but rather was caused by some other membrane-disruptive activity detectable on RBCs. Initially, we observed that natural clinical isolates synthetizing ExlA are in general poorly hemolytic (9). We hypothesized that the difference between the clinical isolates and the PAO1 strain ectopically overexpressing ExlA, which was used in the hemolytic assays, is due to the difference in the quantities of ExlA secreted by individual strains. Since PA7 is not amenable to genetic manipulation, we selected strain IHMA, a clinical isolate from our laboratory collection that secretes ExlA and is lytic on epithelial cells (see Table S1 in the supplemental material). In this strain, we introduced pBAD-exlB-exlA into the

FIG 2
Exolysin is a pore-forming toxin. (A) Lysis of RBCs incubated with ␣-hemolysin from S. aureus or infected (at an MOI of 10) with S. marcescens secreting ShlA (Db11), an S. marcescens ShlA Ϫ mutant (21c4), P. aeruginosa strain PP34 expressing T3S toxin ExoU (ExoU), P. aeruginosa PP34ΔExoU, the P. aeruginosa PAO1ΔxcpRΔpscC strain (Parental), and the P. aeruginosa PAO1ΔxcpRΔpscC::pSW196exlBA strain secreting ExlA (ExlA) or the P. aeruginosa PAO1ΔxcpRΔpscC::pSW196exlBA ΔCter strain secreting ExlA ΔCter (ExlAΔCter). (B) Hemolysis assays performed with ␣-hemolysin (100 nM) and the indicated strains as described in the legend to Fig. 3A in the presence of 30 mM sugars and PEG osmoprotectants. (C) Hemolysis following incubation with P. aeruginosa IHMA or IHMA:: pSW196exlBA. For induction of exlBA, bacteria were grown in the presence of 0.025%, 0.075%, and 0.1% arabinose for 3 h and used at an MOI of 10. In a control, the hemolysis assay was done with IHMA in the presence of arabinose (0.1%) in EBM-2. In panels A to C, hemolysis was determined by measuring the release of hemoglobin into the supernatants (OD 549 ). Complete (100%) lysis of RBCs was accomplished using 1% SDS. Statistical analysis was performed by analysis of variance (*, P Յ 0.05; n.s., not significant). (D) Western blot analysis of ExlA secreted by IHMA or IHMA::pSW196exlBA in the presence of arabinose. FliC (Sup) probed with anti-FliC antibody was used as a loading control.
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® chromosome and performed a hemolysis assay using variable arabinose concentrations to induce different levels of exlA expression. Indeed, raising the concentrations of arabinose significantly increased the capacity of a clinical strain to lyse RBCs in a dose-dependent manner (Fig. 2C), and this lytic activity correlates with the increased quantity of secreted ExlA (Fig. 2D).

Both the recombinant ExlA and its C-terminal domain induce liposome leakage. The observed phenotypes of ExlA-expressing P. aeruginosa strains on nucleated cells and on RBCs strongly suggest that ExlA may directly interact with membranes to induce pore formation. To further gain insight into the mode of action and to evaluate the association of the protein with membranes, we purified recombinant ExlA variants and tested their ability to induce membrane damage on the phospholipid bilayers of lipid vesicles. Three ExlA variants were designed for the experiment: (i) the full-length ExlA protein lacking the N-terminal export signal peptide and starting at Gly 35 (Ex-lA noSP ), (ii) a truncated version of ExlA lacking the last C-terminal 296 amino acids (ExlA ΔCter ), and (iii) a polypeptide comprising the C-terminal 296-amino-acid region (Cter ExlA ). After optimization of the overexpression conditions and purification steps (see Materials and Methods for further details), the three variants were obtained in soluble forms and in quantities required for biochemical characterization (1, 6, and 28 mg of protein/liter of culture for ExlA noSP , ExlA ΔCter , and Cter ExlA , respectively). Proteins were stable except for ExlA noSP , which over time showed some degradation (Fig. 3A). Size exclusion chromatography with detection by multiangle laser light scattering analysis (SEC-MALLS) of the three variants showed that all of them are produced as soluble monomers (Fig. 3A). The various proteins were tested in a liposome leakage assay as described previously (33,34,35) (Materials and Methods), where the large unilamellar vesicles (LUVs) incorporating sulforhodamine B (SRB) were prepared by freeze-thaw cycles followed by extrusion and subsequently checked by dynamic light scattering. As a control for vesicle preparation, we used the T3SS translocator PopB, which was previously shown to promote membrane permeabilization at pH 5 (33,35). We tested the three ExlA variants at various pHs and on LUVs consisting of phosphatidylcholine (PC) alone or a mixture of PC and phosphatidylserine (PS) or other lipids. ExlA noSP was highly efficient in inducing SRB leakage from LUVs composed of PC/PS at neutral pH (Fig. 3B), whereas other types of LUVs were resistant to permeabilization even at higher protein concentration (up to 5 times the initial concentration) (Fig. S1). For comparison, ShlA similarly requires PS and PC for pore formation, and the addition of phosphatidylethanolamine (PE) furthermore increases the susceptibility of LUVs to ShlA (34). ExlA noSP lacking the C-terminal region (ExlA ΔCter ) was unable to induce significant liposome leakage at any tested pH, confirming the experiments on nucleated cells, which showed that the C-terminal domain is required for cytolysis (Fig. 3B). Moreover, the 35-kDa polypeptide comprising only the C-terminal domain (Cter ExlA ) possesses on its own a significant membrane permeabilization activity, though exclusively at pH 4 (Fig. 3B). This result shows that the Cter ExlA protein's activity requires conformational changes induced by low pH and these are not required for the full-length protein activity, suggesting that the N-terminal domain contributes to conformational changes required for membrane binding and the induction of liposome leakage.

Kinetics of pore formation and membrane disruption on nucleated cells seen by video microscopy. Having established that ExlA displays a pore-forming activity on RBCs and liposomes, we sought to determine the kinetics of the various events leading to the death of eukaryotic cells induced by clinical strains of P. aeruginosa expressing ExlA. To that aim, we observed epithelial A549 cells infected with IHMA or its genetic variants by time-lapse microscopy. To follow the plasma membrane permeability, the infection was performed in the presence of YoPro-1, a membraneimpermeant dye (629 Da) that fluoresces upon interaction with RNA in the cytoplasm and DNA in the nucleus and can be used as a marker of small pores occurring during early apoptosis (Invitrogen). In A549 cells infected with ExlA-expressing strains, we observed and measured an increase of YoPro-1 fluorescence at early time points in the cytoplasm and later in the nucleus (as illustrated in Fig. 4A). The data show an initial phase of slow fluorescence increase from 30 to 60 min corresponding to the complete entry of the dye in the cytoplasm. This is followed by a phase of rapid increase of fluorescence until it reaches a plateau corresponding to the entry into the nucleus. Infection with IHMAΔexlA and IHMAexlA ⌬Cter did not show any fluorescence in the cytoplasm or in the nuclei at any time points (Fig. 4A). We quantified the first phase of YoPro-1 incorporation on 100 cells for each condition and found significant differences in calculated slope values for IHMA versus IHMAΔexlA and IHMA versus IHMAΔexlA:: pSW196exlBA ⌬Cter (Fig. 4B). We conclude that the ExlA-induced pore formation, as visualized by YoPro-1 incorporation, starts at 30 min postinfection. To further characterize early steps of ExlA-induced morphological changes in epithelial cells, we performed time-lapse microscopy with a confocal microscope to generate threedimensional (3D) images. A549-EGFP (enhanced green fluorescent protein) cells, with membranes labeled with wheat germ agglutinin (WGA)-Alexa 647, were infected with various strains secreting ExlA. Under these conditions, we observed that IHMA-infected cells initially became round (Fig. 4C; time 140 min), followed by a loss of their internal EGFP content, leaving shells of empty plasma membranes (Fig. 4C; time 220 min). Therefore, ExlA rapidly forms pores in the membranes of A549 cells, allowing the entry of small molecules (such as YoPro-1) into the cytoplasm. At later time points, the cell morphology changes and cells become round. ExlA eventually leads to plasma membrane rupture, an event detected by GFP release and visualized by discontinuous WGA labeling.

Type IV pili are required for ExlA-dependent cytolysis. Our preliminary experiments indicated that secreted ExlA, recovered from the medium (LB) used to grow P. aeruginosa or from cell culture medium, is unable to induce epithelial cell lysis. Moreover, addition of chloramphenicol to washed bacteria prior to infection abolished the bacterial cytotoxicity, suggesting the requirement for de novo ExlA synthesis for efficient pore formation (Fig. S2A). Additionally, recombinant ExlA variants incubated with nucleated cells (epithelial A549 cells and RAW macrophages) and RBCs had no detectable cytolytic activity (Fig. S2A, B, andC). These observations suggest that ExlA is relatively unstable following secretion into the medium and, consequently, its action requires a contact between the toxin-producing bacteria and the eukaryotic cell. To determine whether a contact was indeed important for cytotoxicity, we used a Transwell system in which bacteria and the monolayer of A549 cells are separated by a filter (0.2-m-diameter pores), permeable by proteins but not the bacteria. Cytotoxicity after "in Transwell" infection was determined by the measurement of lactate dehydrogenase (LDH) release from A549 cells into the supernatant and compared to direct infection conditions (without separation by a filter) performed in parallel (Fig. 5A). When the bacteria are separated from the eukaryotic cells in the Transwell chamber, no LDH release at any time point can be detected and the result is ® comparable to that seen with an exlA mutant. In contrast, infection under normal conditions induced the release of Ͼ90% of total cell LDH within 90 min postinfection. Therefore, it appears that the ExlA cytotoxic effect depends on the bacteria being in close proximity to or even in contact with the eukaryotic target cell.

FIG 5

Type IV pili are required for ExlA-dependent cytolysis. (A) Cytotoxicity assays were performed using A549 cells and mutants identified during screening of a transposon (Tn) library, strains with engineered chromosomal deletions (ΔpilA, ΔpilU, and ΔpilT), and the complemented strains. The LDH release was measured as described in the Fig. 1 legend. Where indicated, infections were done in the Transwell system, where bacteria and A549 cells were separated with a membrane. Note the absence of LDH release for "in Transwell" conditions. When indicated, centrifugation was performed immediately after initiation of infection. Analysis of variance was used to compare pil mutants to WT (P Յ 0.05; n.s., not significant). (B) Secretion of ExlA in pil mutants. Immunoblot analysis was performed using anti-ExlA and anti-FliC antibodies on proteins TCA precipitated from the LB growth medium (Sup. LB) or from cell culture medium following infection of A549 cells with the bacteria (Sup. Infection). (C) Twitching motility of IHMA (WT), IHMAΔexlA and pil mutants, and complemented strains, assessed by Coomassie blue staining of motility plates after 48 h. (D) Adhesion of P. aeruginosa IHMA, IHMAΔexlA and various pil mutants, and complemented strains to A549 cells, quantified after 30 min of infection by enumerating the bacteria (as CFU) in cell-associated (adherent) and supernatant (nonadherent) fractions.
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We thus hypothesized that other bacterial factors, possibly adhesive organelles, may be required for ExlA-dependent cytolysis. To identify these factors, we developed a miniaturized cellular assay to screen a mariner transposon (Tn) library of P. aeruginosa for the loss of ExlA-mediated cytolysis. The clinical isolate P. aeruginosa IHMA was mutagenized by random insertions of the transposon, and a library of 7,400 mutants was obtained. A cytotoxicity test utilizes A549 cells, in which Draq7 and vital Hoechst staining revealed dead and live cells, respectively. Fluorescence images on both channels detecting Draq7 and Hoechst labeling were acquired with an automated high-throughput microscope. The primary screen was carried out in 384-well plates and yielded Ͼ200 low-cytotoxicity or noncytotoxic mutants using 30% cytotoxicity as a cutoff. The secondary screen was done manually in 96-well plates by measuring LDH release from infected A549 cells. Finally, 20 mutants were selected as being noncytotoxic, showing similar kinetics and levels of LDH release as the negative control IHMAΔexlA. The transposon insertion sites were determined by semiarbitrary PCR, sequencing, and a BLAST search against the PA7 genome on the Pseudomonas website (http://www.pseudomonas.com). Interestingly, out of the 20 selected mutants (Table S1), three mutants harbor the transposon insertion in genes shown previously to be required for type IV pilus biogenesis, with two different Tn insertions within pilQ encoding the outer membrane secretin (36) and one insertion in pilW encoding a minor pilus subunit (37). These results strongly suggest that T4P are necessary for ExlA to exert its full cytolytic activity. To support this conclusion, we engineered additional isogenic deletions affecting formation of type IV pili, including a mutant lacking the main T4P subunit PilA, and strains with deletions of pilU and pilT genes, encoding the two ATPases required for pilus extension and retraction (38,39) (IHMAΔpilA, IHMAΔpilU, and IHMAΔpilT). We also created the corresponding complemented strains (IHMAΔpilA::pilA, IHMAΔpilU::pilU, and IHMAΔpilT::pilT, respectively). We examined these strains for cytotoxicity, ExlA secretion, twitching, and adhesion to eukaryotic cells. In agreement with the results obtained from the transposon library screen and the levels of cytotoxicity provoked by the original transposon T4P mutants, the pilA, pilU, and pilT deletions significantly affected the cytotoxicity, while complemented strains restored the cytotoxicity to wild-type levels (Fig. 5A). Interestingly, bacteria affected in the biogenesis of the pili were still able to secrete ExlA (Fig. 5B), both into LB medium and during epithelial cell infection, suggesting that pili are not required for toxin expression and/or production but rather for promoting its cytolytic activity. We tested also the twitching motility of the mutants and their capacity to adhere to eukaryotic cells. As expected, mutants deleted for pilA, pilU, or pilT were not able to twitch. The complemented strains restored the twitching motility to the same level as IHMA (Fig. 5C). By comparing the CFU of bacteria attached and not attached to cells, we found that the exlA-deleted mutant adhered to cells in the same manner as the wild-type strain. All pil mutants, including the pilU and pilT mutants that were reported previously to produce pili but without the capacity to retract, could not adhere to cells (Fig. 5D). To establish whether the defect in pilus biogenesis affected the bacterial cytotoxic behavior and adhesion on different cell lines, the RAW macrophages were infected with different strains. As shown in Fig. S3 and S4, the absence of pili affected the ExlA-dependent cytotoxicity and bacterial adhesion to RAW macrophages to a similar extent as seen with A549 cells. Finally, to determine whether bringing the bacteria lacking pili artificially to the host cell surface could restore their cytotoxicity, we performed a centrifugation step immediately after infection. In all cases, the centrifugation increased the level of cytotoxic activity of pilus mutants, albeit without reaching the wild-type levels (Fig. 5A andS3).

These experiments demonstrate that adhesion of bacteria to cells is required for ExlA activity. Taken together, these results show that pili are mediating close contact between bacteria and eukaryotic cells, promoting localized action of ExlA, and that this interaction is required for the formation of the pores and subsequent cell death.

DISCUSSION

In this study, we further deciphered the structure-activity relationship and the biological function of exolysin, the recently identified potent toxin expressed by clinical strains of P. aeruginosa lacking T3SS (6,9,17). We first confirmed that ExlA requires the accessory protein ExlB for cytotoxic activity on epithelial cells. This finding, together with sequence analysis of the exlBA locus, shows that in P. aeruginosa ExlB and ExlA form a TPS system (TpsBA), in which exlB encodes the outer membrane protein TpsB serving as a cognate porin for the secretion of a TpsA protein, P. aeruginosa ExlA. All TpsB proteins are characterized by a domain capable of forming a ␤-barrel channel in the outer membrane and two periplasmic polypeptide transport-associated (POTRA) domains (18). As for other model TpsB proteins (16), secretion analysis and cytotoxicity assays showed that ExlB is required for ExlA secretion and cytolysis of epithelial cells, demonstrating that ExlB-ExlA constitute a new member of the TPS family.

ExlA is a 172-kDa secreted toxin composed of multiple distinct domains. In the majority of polymorphic proteins of the TpsA family, the activity of the protein resides within their C-terminal regions (24). A C-terminal deletion reduced the ExlA cytolytic activity by 85% without affecting its secretion; this is analogous to the effect of C-terminal deletion in FHA, which abolishes its adhesive properties (27). The secondary structure prediction of the C-terminal domain using the PSIPRED Protein Sequence Analysis Workbench (http://bioinf.cs.ucl.ac.uk/psipred/) and the Phyre2 web portal for protein modeling, prediction, and analysis (http://www.sbg.bio.ic.ac.uk/phyre2) (40) indicates a mixture of ␤-strands and ␣-helices (see Fig. S5 in the supplemental material). However, attempts to predict its tertiary structure with Phyre2 did not return any statistically reliable result, as the best model exhibited only 17.5% confidence with a coverage of 19% of the sequence. The N-terminal part of the ExlA protein could adopt an elongated form dominated by ␤-strands, as is the case for several proteins from the hemagglutinin/hemolysin family, represented by FHA and ShlA. In addition to secretion signals (type I secretion signal peptide and TPS) and hemagglutinin domains, ExlA possesses five RGD motifs and the C-terminal domain sharing no homology with any other proteins. The penta-RGD mutant retained full cytolytic activity, implying that ExlA uses other ways to interact with eukaryotic cell surfaces, at least under our ex vivo conditions. RGD motifs have been found in other bacterial adhesion molecules, such as in filamentous hemagglutinin of Bordetella; however, their role in cell host interaction could not be clearly demonstrated (41).

The efficient cell destruction by P. aeruginosa ExlA and the similarity with ShlA of S. marcescens prompted us to examine the capacity of exolysin to form pores in biological membranes, characteristics of various secreted bacterial toxins. Using two classical models for studying pore-forming toxins (PFTs), we established that ExlA, upon interaction with cell membranes or artificial lipid vesicles, gives rise to pores of 1.6 nm that ultimately result in leakage of hemoglobin from RBCs and release of fluorescent molecules from liposomes. We further show that the C-terminal domain is required for pore-forming activity. On different types of nucleated cells (epithelial/endothelial cells, macrophages, and lymphocytes), ExlA-expressing P. aeruginosa strains cause the release of the cytoplasmic enzyme LDH 3 to 4 h postinfection (17). Using 3D time-lapse microscopy and membrane-impermeant fluorescent dyes, we demonstrate that the membrane rupture is preceded by the formation of membrane pores revealed by the uptake of YoPro-1 within the cell cytoplasm. Therefore, ExlA performs clearly different activity on eukaryotic cells than do any T3S effectors, e.g., ExoS, ExoT, and ExoY, which enzymatically modify intracellular signaling molecules, and ExoU, which destroys membranes by its phospholipase activity (reviewed in reference 11).

The majority of PFTs can be grouped into two families, the ␣and ␤-PFTs; they are secreted as soluble, monomeric molecules that undergo conformational change upon membrane binding followed by formation of membrane-embedded multimers (42). ExlA shares no sequence homology with any other PFTs for which the mechanism of action has been extensively studied, and nothing is known about molecular mecha-nisms involved in pore formation by the closest ExlA homologue, ShlA. Therefore, the mechanisms of membrane binding, the oligomerization state, and the mechanism of pore formation by this toxin could not be assessed at present.

Recombinant ExlA, at high concentrations, was able to induce in vitro liposome leakage, strongly suggesting that the protein adopts the proper pore conformation following lipid binding. Interestingly, the C-terminal part of the protein, essential for ExlA-mediated P. aeruginosa cytolytic activity, was also able to induce liposome leakage, albeit only at acidic pH. This suggests that the first part of the protein, composed of several hemagglutinin domains organized in ␤-sheets, may play a role in lipid binding and/or protein oligomerization, or conformational changes at the C terminus, accounting for the difference in activity between the whole protein and the C-terminal domain alone. ExlA provokes a liposome leakage only in the presence of charged phospholipids (PS), probably involving electrostatic and hydrophobic interactions; a similar effect is seen for T3SS translocon proteins PopB and PopD (35) and several other membrane-binding proteins, such as colicins (43). In general, PFTs often recognize target cells either through binding to specific lipids or by recognition of a cognate receptor which drastically increases their local concentration at the membrane. This high local concentration promotes their oligomerization and membrane incorporation (42). Neither ExlA harvested from P. aeruginosa supernatant nor in vitro-purified ExlA variants showed lytic activity on nucleated cells, comparably to what was found for the T3SS toxins (35,44). Moreover, only bacteria in contact with eukaryotic cells were able to exert ExlA-dependent cytolysis. We postulated that P. aeruginosa could have adopted a strategy for ExlA-dependent cytolysis conceptually similar to the close-contact requirement for the action of T3SS and toxin translocation (45) with or without a need for translocation machinery. Using a cell-based screen for additional bacterial factors that may promote ExlA pore-forming activity, we identified P. aeruginosa pili as being absolutely required for cytolysis. Bacterial T4P are long extracellular appendages with multiple functions, including bacterial motility and adhesion (38). The role of pili in P. aeruginosa T3SS-dependent cell intoxication has been clearly documented in an in vivo corneal infection model (46) and in ex vivo models of epithelial cells (46)(47)(48)(49). They are also required for the injection of T3S toxins; however, the T4P could be exchanged for the nonfimbrial adhesin pH 6 antigen of Yersinia pestis, indicating that simple adhesion mediated by pili to cells plays a crucial role in T3S intoxication, presumably by positioning the injectisome onto the host cell surface, whereas the other pilus function, twitching, seems to be irrelevant (50). Cooperation between TPS adhesins and surface appendices involved in adhesion/motility has been previously demonstrated. In Bordetella, the fimbriae play a role in promoting further the adhesion properties of the TPS hemagglutinin to eukaryotic cells (51) and TPS protein EtpA binds to the flagella and facilitates Escherichia coli adhesion to eukaryotic cells (8). In the case of ExlA, T4P are clearly required for ExlA targeting to the eukaryotic cell membranes, as all pilus mutants secrete ExlA. This indicates that T4P play a role in bringing bacteria into close proximity with their target cell and thus possibly promoting a local increase of ExlA concentration (Fig. 6), a role played by specific lipid and/or protein receptors for other PFTs.

In conclusion, some P. aeruginosa strains, lacking T3SSs, have evolved a novel strategy of pathogenesis by acquiring the pore-forming TPS toxin exolysin and using pili as extracellular appendages to facilitate their cytolytic action. Whether this cooperation between the TPS pore-forming toxin and adhesive pili is unique for P. aeruginosa or is a conserved mechanism in other bacterial species possessing ExlA-like proteins remains to be investigated.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this study are listed in Table S2 in the supplemental material. Bacteria were grown in LB medium supplemented with antibiotics when needed. During construction of deletion mutants, introduction of complementing plasmids, and transposon mutagenesis, the selection for P. aeruginosa following mating with E. coli was done on LB medium supplemented with Irgasan (25 g/ml) and antibiotics (75 g/ml gentamicin [Gm], 75 g/ml tetracycline [Tc], and 500 g/ml carbenicillin [Cb]). Genetic manipulations. All deletion mutants were obtained by gene splice extension overlap (SOE) PCRs. The exlA RGA gene was synthesized by GenScript and cloned in BglII-AvrII sites of pUC57. exlB-exlA RGA was cloned into pSW196 between the EcoRI and SacI restriction sites, to obtain the plasmid pSW196exlB-exlA RGA . For complementation of mutants, wild-type genes were amplified by PCR and cloned into the integrative plasmid pSW196 containing the arabinose-inducible promoter pBAD (52). The constructs in the pSW196 plasmid were transferred into P. aeruginosa strains by triparental mating. Primers used in PCR are listed in Table S3.

Cell culture and cytotoxicity assays. The epithelial cell line A549 (ATCC CCL-185) was grown in 1ϫ RPMI (Gibco Life Technologies) supplemented with 10% fetal bovine serum (FBS; Sigma) at 37°C and 5% CO 2 . Cells were plated in 96-well plates (50,000 cells/well) and incubated for 1 night. Two hours before infection, RPMI medium was replaced by endothelial growth basal medium (EBM-2; Lonza Clonetics). The infection was done at a multiplicity of infection (MOI) of 10 (bacteria per eukaryotic cell). The level of cytotoxicity was determined by measuring the release of lactate dehydrogenase (LDH) using a cytotoxicity detection kit (Roche). Infection supernatants were sampled at 4 h postinfection. Negative controls were noninfected cells; positive controls were cells lysed by the addition of 200 l of 2% Triton X-100. The optical density (OD) was measured at 492 nm. The extent of cytotoxicity was calculated by determining the percent cytotoxicity.

Time-lapse microscopy. A549 cells were plated in 96-well plates (50,000 cells/well) in RPMI medium (1ϫ) for a night. Before infection, the RPMI medium was replaced with EBM-2 and the cells were labeled with vital Hoechst stain (1 g/ml) and YoPro-1 (1 M) followed by infection with the bacteria at an MOI of 10. Cell acquisitions were made using the ArrayScan high-content system (Thermo Fisher) every 5 min. Analyses were performed by measuring the fluorescence intensity of each cell using the HCS studio analysis software. Slopes were calculated between the 5 last time points before a sharp increase of fluorescence. The box plot was made using SigmaPlot software (Systat Software Inc., San Jose, CA), and statistical analysis was done by the Kruskal-Wallis test.

For confocal spinning-disk microscopy, the A549-EGFP cells were grown in RPMI medium supplemented with 10% fetal calf serum (all from Lonza). Cells were seeded at 25,000 cells per well on Lab-Tek II 8-chambered (Dutscher Scientific) coverslips and used 24 h later. Cell membranes were labeled after incubation with WGA-Alexa 647 (Life Technologies) for 10 min at 37°C and then infected with bacteria at an MOI of 10 in EBM-2. Cell infections were observed by confocal spinning-disk microscopy for 4 h, with images recorded every 20 min. Successive planes in 3D stacks were taken every 0.5 m. The 3D reconstruction was performed using the 3D viewer plug-in of ImageJ software.

Analysis of ExlA secretion. Secretion of ExlA was monitored either in liquid LB cultures or under infection conditions. A 30-ml bacterial culture, in LB at an optical density at 600 nm (OD 600 ) of 1, was centrifuged at 6,000 rpm for 15 min. The supernatants (9 ml) were filtered, followed by addition of 90 l of 2% sodium deoxycholate (DOC). After a 30-min incubation at 4°C, 900 l of 100% trichloroacetic acid (TCA) was added and the proteins were allowed to precipitate overnight at 4°C followed by centrifugation at 15,000 ϫ g for 15 min at 4°C. Pellets were resuspended in 100 l of Laemmli loading buffer. For the analysis of proteins during infection of cultured cells, the bacteria were added to 100-mm petri dishes (at an MOI of 10) for 2 h, the supernatants were centrifuged, and the proteins were precipitated with TCA as described above. Samples were separated by SDS-PAGE (12%) and transferred onto polyvinylidene difluoride (PVDF) membranes for Western immunoblotting. Primary rabbit polyclonal antibodies were raised against either synthetic peptides of ExlA (6) or the recombinant C-terminal portion of the ExlA fragment, used at a 1:1,000 dilution. Anti-RpoA (Neoclone) and anti-FliC (39) were used at 1:2,000 and 1:1,000 dilutions, respectively. For the detection of the abundant RpoA protein, the bacterial lysates were further diluted 5-fold. Secondary antibodies were anti-rabbit-horseradish peroxidase (HRP) and antimouse-HRP (Sigma). The membranes were developed with Luminata Classico Western HRP (Millipore) substrate. Hemolysis assay. Human red blood cells (RBCs) were obtained from the Etablissement Français du Sang (EFS), Grenoble, France. RBCs were counted, and 5 ϫ 10 7 were incubated in 100 l of EBM-2 with bacteria at the MOI of 10 or with 100 nM ␣-hemolysin from S. aureus, in 96-well plates. After centrifugation at 2,000 rpm and gentle agitation, the plates were incubated at 37°C for 90 min. The plates were centrifuged at 2,000 rpm at 4°C, allowing sampling of 100 l of the supernatant. The optical density was measured at 560 nm. The negative controls were noninfected RBCs, and the positive control was obtained by inducing complete lysis by adding 100 l of 1% SDS. For osmoprotection assays, RBCs were incubated with 30 mM osmoprotectants in EBM-2.

Expression and purification of ExlA variants. ExlA genes were cloned in pET15b for Cter ExlA and in pET28a for ExlA noSP and ExlA ΔCter . E. coli BL21(DE3) cells were used for the production of ExlA variants. Precultures were done in 30 ml of LB with ampicillin (Amp; 100 g/ml) for pET15b and kanamycin (Km; 30 g/ml) for pET28a at 25°C overnight. Expression of the recombinant proteins was induced in a 1-liter culture grown at 37°C by addition of 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 1.5 h. Bacteria were centrifuged, and the pellets were resuspended in 20 ml of IMAC10 buffer (25 mM Tris-HCl, 500 mM NaCl, 10 mM imidazole, pH 8) and lysed using a Microfluidizer M_110P2 (Microfluidics, Westwood, MA) at 15,000 lb/in 2 for 3 min. Soluble fractions were sampled after centrifugation at 30,000 rpm for 30 min at 4°C. Lysates were passed through a Ni 2ϩ affinity column (HisTrap HP; GE Healthcare) using the Äkta purifier 10 instrument (GE Healthcare), and the bound proteins were eluted using a 20 mM to 200 mM step gradient of imidazole. Fractions were monitored by gel electrophoresis, pooled, and further purified on cation exchanger (HiTrap SP) and anion exchanger (HiTrap Q) columns (HiTrap; GE Healthcare). Protein concentrations in each fraction were quantified by bicinchoninic acid assay (BCA) using the Optima kit.

Liposome leakage assay. L-R-phosphatidylcholine (PC), L-R-phosphatidylethanolamine (PE), L-Rphosphatidylserine (PS), and cholesterol (Ch) were from Avanti Polar. Lipids and liposomes were stored under nitrogen in chloroform at Ϫ20°C. Liposomes containing PS/PC (18%/82%), PC (100%), PC/PE (82%/18%), PC/PS/PE (72%/18%/10%), and PC/Ch (80%/20%) were prepared by evaporation of lipids in a rotatory evaporator, hydrated, and resuspended in 1 ml of 25 mM Tris-HCl, 250 mM NaCl, pH 8, containing 50 mM sulforhodamine B by six cycles of freezing-thawing. To obtain large unilamellar vesicles (LUVs) of 100 nm, liposomes were filtered through a 0.1-m filter by extrusion and the nonencapsulated dye was removed with size exclusion chromatography on a PD10 column (Amersham) equilibrated with 25 mM Tris-HCl, 250 mM NaCl, pH 8. LUV disruption was monitored by an increase of fluorescence intensity upon dye dilution in the same buffer. Measurements were performed on a Jasco FP6500 fluorimeter with excitation set at 565 nm and emission at 586 nm in 2 ml of 10 M LUV and recorded during 600 s after the addition of the protein. A 10 M concentration of LUV was incubated with 10 nM protein in Tris or acetate buffer at different pHs. Fluorescence intensities were normalized considering the initial intensity before protein addition and the maximal intensity generated by the addition of Triton X-100 at the end of each kinetics measurement. The initial rates of dye release were derived from the first 10 s of the kinetics, using linear regression.

Construction of transposon library. A transposon library was constructed in P. aeruginosa IHMA by mating with an E. coli donor carrying plasmid pBTK24 containing the mariner transposon with a Gm resistance cassette (53). P. aeruginosa IHMA was grown in LB at 42°C, and E. coli SM10pir harboring pBTK24 was grown at 37°C with agitation for 18 h. Bacteria in 300 separate aliquots (100 l) from each culture were combined, concentrated by centrifugation to 50 l, and spotted on LB agar plates which were further incubated for 5 h at 37°C. Spots were scraped off, resuspended in 100 l LB, and plated on LB agar plates containing Irgasan (25 mg/ml) and Gm (75 g/ml) to isolate single colonies for testing in the cytotoxicity assay. The locations of the transposon insertions in candidate mutants were determined by semirandom PCR (primers are listed in Table S2) and sequencing.

Cellular screen for noncytotoxic mutants by high-content microscopy. A549 cells were plated in 384-well plates (2,500 cells/well) in 1ϫ RPMI with 10% FBS and incubated overnight. IHMA_tn single colonies from the transposon library were robotically transferred one by one in 96-well plates containing LB with 15 g/ml Gm. The colonies were then transferred with 96-pin replicators into 384-well plates containing 30 l of LB and grown statically for 18 h. The day of the screen, A549 cells were washed once with EBM-2, and EBM-2 containing vital Hoechst (1 g/ml) and Draq7 (3 M final concentration) stains was added. Infection of cells was initiated with a 384-pin replicator and run for 3 h at 37°C, and then the cells were fixed by adding an equal volume of 2% formaldehyde in phosphate-buffered saline (PBS) to each well. The image acquisition was done using a high-content microscope (ImageXpress Micro; Molecular Devices) at the ICCB Longwood facility, Harvard Medical School, Boston, MA. Analysis was done using MetaXpress software.

Twitching motility assay. A determination of twitching motility by P. aeruginosa was carried out by inoculating bacteria at the interface between the plastic petri dish and LB agar (10 g/liter tryptone, 5 g/liter yeast extract, 10 g/liter NaCl, 1% agar). After 48 h of incubation at 37°C, agar was removed and the zone of twitching was revealed following Coomassie blue staining.

Adhesion assay. A549 cells (5 ϫ 10 5 ) were cultured in 1ϫ RPMI with 10% FBS. Before the adhesion assay, A549 cells were treated with trypsin (0.05% EDTA) for 2 min at 37°C, suspended in 1ϫ RPMI with 10% FBS, centrifuged at 2,000 rpm for 5 min, and suspended in EBM-2. Bacterial strains (5 ϫ 10 6 bacteria) were incubated with cells (MOI of 10) at 37°C with agitation. After 30 min, A549 cells and bacteria were centrifuged at 1,200 rpm for 5 min and pellets were resuspended in EBM-2. CFU in the supernatant and pellet fractions were quantified following serial dilutions in 1ϫ PBS and plating on LB agar. Table S3. Primers used in this study. 

Primers Sequences (5'-3')

PA7_4642_2F GCACCAGCCAGGTGAACG PA7_4642_2R CTCCGCCGCCCTGGCGTC exlB-EcoRI GAATTCGATACATGAAGGATGC exlB-SacI GAGCTCTCAGATCTGCAGGCTCAG SOE-ΔPOTRA1 rev GCCGTCGTGGTCTGCGATGG SOE-ΔPOTRA1 Forw CCATCGCAGACCACGACGGCTACGTCGAGTCCATC SOE-ΔPOTRA2 rev GGCGCCTTCGTCGACCAGGATATC SOE-ΔPOTRA2 Forw GATATCCTGGTCGACGAAGGCGCCGCGCGCTGGAGCC Round-1 RndomPA-1 GGCCACGCGTCGACTAGTACNNNNNNNNNNCGATG Round-1a GGCCACGCGTCGACTAGTAGNNNNNNNNNCAGCAG Round-1 pBTK GAAGCTGTGGTATGGCTGTGCAGG Round-2PA GGCCACGCGTCGACTAGTAC Round-2 pBTK CGCACTCCCGTTCTGGATAATGTT IHMA-Mut-pilA-F1 GGATCCGCCGTCGAGATCGACATCGT IHMA-Mut-pilA-R1 AGCGAAGCGCGCAACATCCTGATTT IHMA-Mut-pilA-F2 TCAGGATGTTGCGCTTTAGCGCTCAAAATAGATTGCA IHMA-Mut-pilA-R2 GAATTCGGTAGATTCCGCCAGCGGAGT IHMA-Comp-pilA-F1 GAATTCTTGGGTTTGGCATGGATCCTGCTGAA IHMA-Comp-pilA-R1 GGATCCTTAGGGCTTGCTTGCAGGCGCGTTCG IHMA-Mut-pilT-F1 CC GAA TTC CTG CAG GTA GTT CTC GCC GAA IHMA-Mut-pilT-R1 CTC GGT AAT ATC CAT GGG ACT C IHMA-Mut-pilT-F2 G AGT

Additional results

Characterization of the Tn mutants isolated after the screening.

The goal of this cell-based screening of Transposon library was to identify bacterial factors involved in the ExlA-mediated cytolysis. As described in the main publication, after a secondary screen on A549 cells, we obtained 20 Tn mutants presenting cytotoxicity lower than 30%. The transposon insertion sites were determined by semi-arbitrary PCR, sequencing, and a BLAST search against the PA7 genome on the Pseudomonas database1 . All genes disrupted by the transposon are presented in the Table S1. Three mutants had a Tn insertion in pil genes and we demonstrated that Type IV pili are essential to the pore formation activity of ExlA [START_REF] Basso | Pseudomonas aeruginosa Pore-Forming Exolysin and Type IV Pili Cooperate To Induce Host Cell Lysis[END_REF]. The 17 other mutants were further characterized in collaboration with Alice Berry, PhD student working with Dr. Sylvie Elsen on the exlBA regulation.

We determined the exact position of the insertion and the orientation of the promoter carried by the mariner transposon. The genes interrupted have been classified by their predicted functions into five classes. Three mutants have transposon insertion in genes involved in the adhesion and the motility of the bacteria (pil genes), five interrupted genes play a role in the DNA repair and metabolism (mfd, PSPA7_2595), five transposons are located in intergenic regions (PSPA7_4936-SOD, PSPA7_6278-79, PSPA7_5266-67, PSPA7_5735-36), three transposons are inserted in genes coding for hypothetical proteins (PSPA7_2207, PSPA7_4573, PSPA7_5946) and finally, one transposon is inserted in a gene coding for RHS-like toxin identified in RP73 genome (M062_20290).

To identify the step of the ExlA-dependent cytotoxicity affected by the mutation, namely the transcription or translation of exlA, secretion, activity of ExlA or the activity of a ExlA co-factor, we introduced in trans exlBA genes under a promoter inducible by arabinose (pSW196 exlBA) in each Tn mutant. We measured the cytotoxicity towards epithelial cells, by the incorporation of propidium iodide (PI) in the nuclei. If the transposon is inserted in a gene coding for a protein involved in the activity of ExlA, the cytotoxicity would not be restored. However, if the transposon is inserted in a gene coding for a transcriptional regulator or protein involved in secretion of ExlA, the cytotoxicity would be restored.

By measuring the kinetics of PI incorporation of cells infected with Tn mutants carrying pSW196 exlBA genes, we observed that four mutants (pilQ 1447 , pilQ 1424 , pilW and PSPA7_6248) were not cytotoxic towards epithelial cells. However the cytotoxicity was totally restored with the other mutants (Figure 5.1). 

Characterization of Tn PSPA7_6248 mutant

Among the four mutants in which the cytotoxicity was not restored, three mutants concern pil genes, and their characterization was already described in the main publication (Figure 5).

In the fourth mutant the transposon was inserted at 976 pb in PSPA7_6248 gene (Figures 5.2 A andB). This gene is encoded in the operon PSPA7 _6247-6251, and no homologue was found in the classical strains of P. aeruginosa, including PAO1 and PA14. Annotated as a FAD-linked oxidase in IHMA87 and PA7 genomes, this gene was renamed dprE1, at the beginning of February 2017 by Dr. Lori Burrows. The DprE1 protein is involved in the synthesis of D-arabinofuranose, a sugar that is attached to the type IV pilins of PA7 and its related strains [START_REF] Harvey | Pseudomonas aeruginosa d-Arabinofuranose Biosynthetic Pathway and Its Role in Type IV Pilus Assembly[END_REF]. DrpE1 catalyzes the epimerization of the decaprenyl-P-D-ribose (DPR) to decaprenyl-P-2'-keto-Dribose, a precursor of the decaprenyl-P-D-arabinofuranose (DPA). Inactivation of drpE1 gene resulted in a decrease in twitching motility, and in pilin production compared to the WT, suggesting that DrpE1 is involved in the pilus assembly. The secretion of ExlA in Tn drpE1 mutant was the same as the secretion in the wild-type IHMA, and in the Tn pil mutants used as controls. This result confirms that DrpE1 was not involved in production and secretion of ExlA (Figure 5.2 C).

In conclusion, in addition to the three pil mutants, we identified another mutant that may have impaired pilus biogenesis, supporting our findings that pili and ExlA cooperate in host cell intoxication. 

Examination of ExlA secretion in Tn mutants

To understand the role of genes disrupted by the transposon we examined the ExlA secretion after 3 hours of A459 cell infection, for each Tn mutant. We observed that the cytotoxicity was restored for mutants carrying pSW196 exlBA. However, Tn mutants were not able to secrete ExlA in infection conditions (Figure 5.3), suggesting that the gene disrupted by the transposon, might be involved in the production of ExlB or ExlA proteins or in ExlA secretion processes.

Twitching motility of Tn mutants

P. aeruginosa motility is mainly dependent on its T4P and its flagellum. As we showed that T4P are necessary for ExlA-dependent cytotoxicity in IHMA strain, we evaluated the twitching motility of other mutants to see if the insertion of transposon in gene other than pil genes can affect the twitching motility. We assessed the capacity of twitching motility of all the Tn mutants at the surface of semi-solid agar plate. All the mutants were able to twitch in the same manner as IHMA WT (Figure 5.4). These results suggest that the genes disrupted by transposons were not involved in the regulation or the activity of Type IV pili. In all these Tn mutants the Type IV pili were functional and the secretion of ExlA was lost, suggesting that some mutants might be affecting the regulation of the production of ExlA.

Protease activity of Tn mutants

LasB and AprA are the two major proteases secreted by the T2SS and T1SS respectively, of P. aeruginosa and have a significant impact on virulence of the bacteria [31,[START_REF] Bleves | Protein secretion systems in Pseudomonas aeruginosa: A wealth of pathogenic weapons[END_REF]. LasB is involved in the VE-cadherin cleavage of endothelial cells after more than 4 hours of infection [31]. To assess whether the mutations have a pleitropic effect, the proteolytic activity of the 20 Tn mutants was tested for casein, using milk-agar plates. PAO1 was used as the positive control for T1SS and T2SS-dependent proteolytic activities and showed a proteolytic halo on plates (Figure 5.5). PAO1∆xcpR and PAO1∆lasB, which cannot secrete T2SS proteases and LasB, also presented a proteolytic activity, probably due to AprA secretion. IHMA, as previously described by Reboud et al., displayed a strong proteolytic activity (Figure 5.5). All the Tn mutants presented a proteolytic halo of similar size, indicating that the gene disrupted by the transposons does not affect protease activity. 

Discussion on some potentially interesting mutants

Rhs-like toxin The gene annotated RS20690 (contig 35, AZPAE15042) in IHMA87 codes for "rearrangement hot spot" (rhs)-like protein. rhsT is an rhs gene found within the genomic island PAGI-9 of P. aeruginosa, and was first identified in a screen for genetic elements present in highly virulent PSE9 strain of P. aeruginosa. This gene was also found in another PA7-like strain LMG5031 but was absent in PA7, CLJ1, PAO1 and PA14, suggesting that this toxin was probably not essential for the activity of ExlA. Rhs-like toxin is a polymorphic toxin and carried a predicted RNase toxin domain. The toxin possesses an α/β fold with two conserved histidine residues. In bacterial polymorphic toxin systems, the toxin is usually exported by the T2SS or TcdB/TcaC-type secretion system of Photorhabdus. It was demonstrated that the expression of rhsT was induced upon contact with phagocytic cells. The RhsT protein is exposed to the bacteria and leads to the activation of ACS-dependent inflammasome and the production of proinflammatory cytokines IL-1β and IL-18 [START_REF] Kung | An rhs gene of Pseudomonas aeruginosa encodes a virulence protein that activates the inflammasome[END_REF]. In other bacteria including D. dadantii 3937 Rhs-toxin is involved in the intercellular competition by the degradation of the DNA [START_REF] Koskiniemi | Rhs proteins from diverse bacteria mediate intercellular competition[END_REF].

It would be interesting to see how Rhs-Toxin plays a role in the ExlA-dependent toxicity. To that aim, we could examine the production and the secretion of Rhs-toxin in IHMA and IHMA∆exlA, to see the level of the expression of both toxins, and to see if they are co-regulated.

A mutant lacking ExlA is not cytotoxic towards eukaryotic cells, there is no plasma-membrane rupture, PI incorporation or E-cadherin cleavage. However, it has been shown by Emeline Reboud, using confocal microscopy that bacteria lacking ExlA were able to cross between epithelial cells and growth the bottom of the cells, like IHMA WT bacteria, but without provoking E-cadherin cleavage. We hypothesize that Rhs and ExlA cooperate to cleave cellular junctions, allow the bacteria going to the basal pole of the cells to form the pore. To assess the role of Rhs in the passage of the bacteria behind the cells, we could repeat this experiment with a Rhs mutant, and see whether the bacteria are still able to pass under the cells.

PSPA7_5946

The gene PSPA7_5946 encoded a hypothetical protein, in operon with PSPA7 _5945 which encoded a protein with a "toxin expression" (tex) motif. This motif was originally described in B. pertussis in an essential protein involved in expression of critical toxin genes. The tex gene from P. aeruginosa appears to play an important role in pathogenesis, being required for lung infection in a chronic disease model. We hypothesized that the tex gene, encoded in the same orientation as the promoter of the transposon might play a role in the expression of ExlA. We created mutants in which either the tex gene was deleted or in which we inserted the pEXG2 plasmid to destabilize the whole operon.

The cytotoxicity of the tex mutants were assessed toward A549 cells. We did not observe significant differences compared to the IHMA WT (Figure 5.6A). In addition, no difference in ExlA secretion neither in LB condition nor in condition of infection was observed (Figure 5.6B). These results demonstrated that the Tex proteins were not involved in the ExlA dependent toxicity. However, we did not yet construct a mutant in the PSPA7_5946, in which the transposon was inserted. Moreover, downstream PSPA7_5946, is found the gshA gene. GshA is a Glutamate-cysteine ligase and it was shown to be required for full virulence of PA14 in C. elegans model [START_REF] Feinbaum | Genome-Wide Identification of Pseudomonas aeruginosa Virulence-Related Genes Using a Caenorhabditis elegans Infection Model[END_REF]. It was demonstrated by a genome-wide screening of a Tn library in PA14, that C. elegans infected with gshA mutant survives better than that infected with WT bacteria. We hypothesize that GshA plays an indirect role in the ExlAmediated cytotoxicity. The construction of the gshA mutant is underway. For further characterization, we would test the cytotoxicity of this mutant toward epithelial cells, and examine the ExlA secretion.

Additional experimental procedures.

Construction of the mutants. All deletion mutants were obtained by gene Splice Extention Overlap (SOE) PCRs using the primers listed in the Table 5.1. During construction of deletion mutants, the selection for P. aeruginosa following mating with E.coli was done on LB agar medium supplemented with Irgasan (25 µg/ml) and antibiotics (75 µg/ml gentamicin (Gm)).

Name

Sequence infection, RPMI medium was replaced by Endothelial growth Basal Medium (EBM-2) (LONZA Clonetics) medium. The infection was done with a multiplicity of infection (MOI) of 10 (bacteria per eukaryotic cell). The level of cytotoxicity was determined by measuring the release of lactate dehydrogenase (LDH) using the Cytotoxicity Detection Kit (Roche). Infection supernatants were sampled at 3 hours post infection. Negative controls were non-infected cells; positive controls were cells lysed by the addition of 200 µl of 2 % TritonX-100. The optical density (OD) was measured at 492 nm. The extent of cytotoxicity was calculated by determining the % cytotoxicity. For the kinetics of PI incorporation, A549 cells were plated in 96-well plate (50,000 cells/wells) in RPMI (1X) for a night. Before infection, the RPMI medium was replaced with EBM-2 medium and the cells were labeled with vital Hoechst (1 µg/ml) and PI (1 µM) followed by infection with the bacteria at an MOI of 10. Image acquisitions were made using the High Content system Array Scan (Thermo Fisher) every 15 min. Analyses were performed by measuring the fluorescence intensity of each cell using the HCS studio analysis software.

IHMA-Mut-tex-F1 GGGAATTCGCGGGACAGCAGGCGAT IHMA-Mut-tex-R1 TTGCTGCGGTTGAACGCGGC IHMA-Mut-tex-F2 GGCCGCGTTCAACCGCAGCAAGA- -GTTCCAGGAAGGCGTCGAG IHMA-Mut-tex-R2 CCAAGCTTTCTTCTTCAGTTGCCTGGCGT IHMA-Verif-tex-F0 GAGGACCACCAGCTGGAACAG IHMA-Verif-tex-R0 GCTCATGGACGGCTCCGTCA
Analysis of ExlA secretion Secretion of ExlA was monitored either in liquid LB cultures or in infection conditions. A 30 ml bacterial culture, in LB at an OD600 of 1 was centrifuged at 6,000 rpm for 15 min. The supernatants (9 mL) were filtered followed by addition of 90 µl of 2 % sodium deoxycholate (DOC). After a 30 min incubation at 4 • C, 900 µl of 100 % TCA was added and the proteins were allowed to precipitate overnight at 4 • C followed by centrifugation at 15,000 g for 15 min at 4 • C. Pellets were resuspended in 100 µl of Laemmli loading buffer. For the analysis of proteins during infection of cultured cells, the bacteria were added to 100 mm Petri dishes (at an MOI of 10) for 2 hours, supernatants were centrifuged and the proteins were precipitated with TCA as described above. Samples were separated by SDS-PAGE (8 %) and transferred onto polyvinyl difluoride (PVDF) membranes for Western immunobloting. Primary rabbit polyclonal antibodies were raised against either synthetic peptides of ExlA or the recombinant C-terminal of ExlA fragment were used at a 1:1,000 dilution. Anti-FliC was used at 1:1,000 dilution. Secondary antibodies were anti-rabbit-HRP and anti-mouse-HRP (Sigma). The membranes were developed by Luminata Classico Western HRP (Millipore) substrate.

Twitching motility assay Twitching motility by P. aeruginosa was tested out by inoculating bacteria at the interface between plastic petri dish and LB agar (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 1 % agar. After 48 hour incubation at 37 • C, agar was removed and the zone of twitching was revealed following Coomassie Blue staining.

Proteolytic activity assays Elastase and alkaline protease activities were observed after plating bacteria on 'milk plates' (40 g L21 Tryptic soy agar and 10 % skim-milk from Difco) for 24 hours at 37 • C.
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Multiple Pseudomonas species secrete Exolysin-like toxins and provoke Caspase-1-dependent macrophage death.

Pauline Basso, Pierre Wallet, Sylvie Elsen, Emmanuelle Soleilhac, Thomas Henry, Eric Faudry, Ina Attree (Environmental Microbiology (2017))

In this Chapter I present the identification of the pathway leading to the death induced by Pseudomonas aeruginosa secreting ExlA using a high-throughput liveimaging method and primary Bone Marrow-Derived Macrophages (BMDMs).

The method developed here allowed to follow the kinetics of infection mediated by several bacteria toward different eukaryotic cell genotypes by the incorporation of propidium iodide (PI) in the nuclei of dead cells. We compared the kinetics of macrophage mortality provoked by two major virulence factors of P. aeruginosa, ExlA and T3SS secreting either ExoS or ExoU.

As mentioned previously, ShlA is the closest homolog of ExlA. Recently, it has been shown that ShlA provoked a necroptosis cell death. We demonstrated, using inhibitors (Necrostatin 1, 5) directed against kinases (RIPK1, RIPK3) of the necroptosis pathways, that in RAW macrophages the cytotoxicity mediated by ShlA and ExlA was decreased. Moreover, we showed that the cytotoxicity with both toxins (ExlA and ShlA) was diminished after a treatment with a pan-caspases-inhibitor. These results suggest that caspases are involved in the death pathway. Furthermore, we compared the kinetic of PI incorporation and morphology of cells treated with drugs leading to apoptosis (Gliotoxin) pyroptosis (LPS+Nigericin) to cells infected with IHMA (ExlA). We observed that cells infected with ExlA, undergo rounding with rapid PI incorporation, similar to the cells treated with LPS+Nig, suggesting that ExlA provoked pyroptosis.

Pyroptosis is an inflammatory cell death largely described for the pore-forming toxins such as Streptolysin O (S. pyogenes), Listeriolysin O (L. monocytogenes) and α-hemolysin (E. coli) [START_REF] Greaney | Bacterial Exotoxins and the Inflammasome[END_REF]. Therefore we studied the response of macrophages deficient for the Caspase-1, NLRP3 sensor and ASC adaptor proteins upon infection with strains secreting ExlA. We demonstrated that the macrophages deleted for those pyroptosis effectors were resistant to ExlA intoxication. In contrast, strain PP34 (ExoU) provoked a rapid cell death independent of the Caspase-1 pathway and PAO1 (ExoS) led to the activation of Caspase-1 through the NLRC4 inflamasomme.

We also demonstrated that the Caspase-1 is activated during infection with ExlA-secreting strains and that pro-inflammatory cytokines interleukin-1β (IL-1β) and TNF were produced and secreted. Finally, we showed that the flagellum plays a role in macrophage activation probably through its interaction with the TLR5.

Mining of microbial genomic databases revealed the presence of exlA-like genes in other environmental Pseudomonas species P. putida, P. entomophila, P. protegens and P. fluorescens. Surprisingly, we showed that these environmental species secrete ExlA-like toxins and provoke a cell lysis through the Caspase-1 pathway.

In summary, we proposed a model in which flagellated bacteria activate macrophages by interaction with TLR5 leading to the transcription of genes encoding inflammatory cytokines (IL-1β). ExlA-like toxins, by forming pores in membranes allowed the efflux of ions, especially potassium, leading to the NLRP3-inflamasomme activation. The active Caspase-1 lead to the maturation of the IL-1β and pro-inflammatory cell death. Therefore, ExlA contributes to virulence of P. aeruginosa clonal outliers by provoking pro-inflammatory death of macrophages.

Multiple Pseudomonas species secrete exolysin-like toxins and provoke Caspase-1-dependent macrophage death Pauline Basso, 1 Pierre Wallet, 2 Sylvie Elsen, 1 Emmanuelle Soleilhac, 3 

Summary

Pathogenic bacteria secrete protein toxins that provoke apoptosis or necrosis of eukaryotic cells. Here, we developed a live-imaging method, based on incorporation of a DNA-intercalating dye into membranedamaged host cells, to study the kinetics of primary bone marrow-derived macrophages (BMDMs) mortality induced by opportunistic pathogen Pseudomonas aeruginosa expressing either Type III Secretion System (T3SS) toxins or the pore-forming toxin, Exolysin (ExlA). We found that ExlA promotes the activation of Caspase-1 and maturation of interleukin-1b. BMDMs deficient for Caspase-1 and Caspase-11 were resistant to ExlA-induced death. Furthermore, by using KO BMDMs, we determined that the upstream NLRP3/ ASC complex leads to the Caspase-1 activation. We also demonstrated that Pseudomonas putida and Pseudomonas protegens and the Drosophila pathogen Pseudomonas entomophila, which naturally express ExlA-like toxins, are cytotoxic toward macrophages and provoke the same type of proinflammatory death as does ExlA 1 P. aeruginosa.

These results demonstrate that ExlA-like toxins of two-partner secretion systems from diverse Pseudomonas species activate the NLRP3 inflammasome and provoke inflammatory pyroptotic death of macrophages.

Introduction

Toxicogenic bacterial pathogens employ variable virulence strategies to colonize host tissues and cause infections. Pseudomonas aeruginosa is a major Gram-negative human opportunistic pathogen responsible for diverse acute nosocomial infections (urinary tracts, lungs, burned wounds) and chronic infections in cystic fibrosis patients (Lyczak et al., 2000). The virulence of most P. aeruginosa clinical strains is multifactorial, but greatly relies on Exotoxins transported through a molecular syringe, called Type III Secretion System (T3SS), into the host eukaryotic cell cytoplasm (Engel and Balachandran, 2009;Hauser, 2009). A direct correlation between T3SS-active strains and patients' morbidity has been pointed out in several studies ( Pore-forming toxins are important weapons of bacterial pathogens. Depending on their origin, structure and targets, they show diverse mechanisms of action and effects on eukaryotic cells (Dal Peraro and van der Goot, 2016). Some toxins, such as Anthrax Lethal Toxin and VacA, provoke apoptosis [START_REF] Moayeri | Cellular and systemic effects of anthrax lethal toxin and edema toxin[END_REF]Rassow, 2011), a noninflammatory programmed cell death, whereas an increasing number of pore-forming toxins trigger necroptosis or pyroptosis [START_REF] Bischofberger | Pathogenic pore-forming proteins: function and host response[END_REF]. Necroptosis is a Caspase-independent programmed cell death triggering inflammation through the release of Damage-Associated Molecular Patterns (DAMPs) (Jorgensen et al., 2017). On the other hand, pyroptosis (from Greek pyro: fire) is a highly pro-inflammatory cell death resulting from Caspase-1 or Caspase-11 (the latter corresponding to Caspase-4 and Caspase-5 in human) activation through the host cell inflammasomes, the multiprotein signalling platforms that directly or indirectly sense microbes (Storek and Monack, 2015).

Sensing components of the inflammasome, the nucleotide-binding domain and leucine-rich repeat containing gene family (NLRs), are composed of (i) a sensor domain, (ii) a NACHT nucleotide-binding domain (NBD) and (iii) a signalling/effector domain: either an acidic transactivation domain, a Pyrin domain, a baculoviral inhibitory repeat (BIR)-like domain or a CARD (Caspase Recruitment Domain) domain [reviewed in [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF]]. NLRC4 contains a CARD domain that directly interacts with the Pro-Caspase-1 [START_REF] Miao | TLR5 and Ipaf: dual sensors of bacterial flagellin in the innate immune system[END_REF]. In contrast, NLRP3 contains a Pyrin signalling domain that recruits the adaptor protein ASC, allowing an indirect binding to the Pro-Caspase-1 (Schroder and Tschopp, 2010). Finally, the Pro-Caspase-1 is activated by a proteolytic cleavage within the inflammasome [START_REF] Broz | Differential requirement for caspase-1 autoproteolysis in pathogen-induced cell death and cytokine processing[END_REF]. Caspase-1 is the major pro-inflammatory Caspase responsible for the maturation of Interleukin-1ß (IL-1ß) into its mature cleaved form. Of note, the Toll-Like Receptor (TLR) pathway primes the NLRP3 inflammasome through the recognition of bacterial lipopolysaccharide (LPS) and flagellin inducing the expression of the pro-IL-1ß and regulating NLRP3 expression and post-translational modifications (Hajjar et In this work, we examined the cell death pathway induced by a T3SS -P. aeruginosa strain secreting ExlA, and compared it to the effects of strains expressing either ExoU or ExoS, two major, well-described, T3SS effectors, using a high-throughput live-imaging method and primary Bone Marrow-derived Macrophages (BMDMs). We found that BMDMs lacking Caspase-1 and Caspase-11 (Casp-1 2/2 Casp-11 2/2 ) are resistant to the cytotoxicity induced by ExlA 1 P. aeruginosa. Using ASC 2/2 and NLRP3 2/2 BMDMs, we demonstrated that Caspase-1 is activated through the NLPR3 inflammasome, leading to the release of IL1-b. Interestingly, Pseudomonas putida, Pseudomonas entomophila and Pseudomonas protegens also secrete ExlA-like toxins and provoke the same pyroptotic cell death as ExlA 1 P. aeruginosa.

Results

Macrophage killing by P. aeruginosa strains using live high-content imaging P. aeruginosa strains are divided in three main groups depending on their host-cell destruction toolbox. Two major groups with active T3SS express either ExoS or ExoU exoenzymes to provoke cytotoxicity toward eukaryotic cell, with ExoS displaying GTPase activating and ADPribosyltransferase activities and ExoU being a phospholipase [START_REF] Vallis | Biological effects of Pseudomonas aeruginosa type III-secreted proteins on CHO cells[END_REF][START_REF] Sato | The mechanism of action of the Pseudomonas aeruginosa-encoded type III cytotoxin, ExoU[END_REF]Hauser, 2009). On the other hand, a minor group of strains lacks T3SS but uses ExlA, a recently identified TPS pore-forming toxin [START_REF] Allen | Different paths to pathogenesis[END_REF]Elsen et al., 2014). To further gain knowledge on the characteristics of eukaryotic cell death triggered by ExlA, we developed a robust, reproducible high-throughput method to assess the kinetics of bacteriainduced macrophage death by live cellular imaging using a high-content (HC) microscope system. The timeline of a representative experiment is shown in Fig. 1A. Bacteria and macrophages were co-incubated in multiwell plates in the presence of two nuclear dyes, the membranepermeable vital-Hoechst and the membrane-impermeable, propidium iodide (PI). In each well, images from four noncontiguous fields were taken in bright field and in fluorescence every 30 min to detect morphological changes and PI entry, respectively (Fig. 1B). PI entry and labelling of the nucleus only occur upon membrane permeabilization, which is the gold criterion of cell death (Galluzzi 2 P. Basso et al.

V C 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00 et al., 2015). The percentage of PI positive cells was automatically calculated and reached a plateau commonly after 3 to 7 h of incubation depending on used strains. Three P. aeruginosa strains harbouring different types of toxins were tested. PAO1 and PP34 both possess active T3SS and express either ExoS (PAO1) or ExoU (PP34) (Table S1). The IHMA strain secretes the pore-forming toxin ExlA Pseudomonas ExlA provokes pyroptotic macrophage death 3 ). The area under the curves (A.U.C.) of the percentage of PI positive cells kinetics calculated for each condition allowed relative comparison between strains (Fig. 1D). We also checked that the method reflects the rates of target membrane destruction obtained by the standard colorimetric assay based on the activity of the lactate dehydrogenase (LDH) released from the cytosol of cells with damaged membranes. To that aim, BMDMs were incubated with the three strains and, at different timepoints postinfection (p.i), supernatants were collected for LDH assay and images were taken in parallel on the Array-Scan microscope. As presented in Supporting Information Fig. S1, the percentage of PI-positive cells and LDH release were very similar at the different time-points p.i. for all strains. Beyond reducing reagents cost, this HC method is almost an homogenous assay which permits to follow bacteria-induced cytotoxicity in real time without sample pipetting contrary to LDH quantification. Furthermore, it allows an extended recording of cell infection because only few samples can be successively taken from the same well of a 96-well plate in the case of LDH assays.

V C 2017
The live time-lapse imaging of cell death showed that selected strains exhibit different kinetics of cytotoxicity, reaching the plateau at different times p.i. The ExoUproducing strain (PP34) was the most aggressive, with 50% of dead cells detected after 120 min p.i. followed by ExoS-expressing PAO1 strain (50% reached in 240 min p.i.). The ExlA-dependent cytotoxicity was assessed using the IHMA isolate (Reboud et al., 2016; Basso et al., 2017) and its isogenic mutant IHMADexlA. This strain provoked a somewhat slower cytotoxic effects on macrophages than the ExoS 1 strain: 50% of PI-positive cells being reached at 300 min p.i. The isogenic mutant lacking ExlA (IHMA-exlA) exhibited very low cytotoxicity on macrophages, with less than 20% dead cells after 420 min p.i., clearly demonstrating the importance of the toxin in triggering the death of primary macrophages. Overall, HC-live imaging of P. aeruginosa-induced cell death allows measurement of bacterial cytotoxicity on macrophages and revealed differences in kinetics between strains.

ExlA and ShlA induce Caspase-dependent death in primary macrophages

We previously showed that ExlA is a pore-forming toxin (PFT) (Basso et al., 2017). It has been established that some PFTs cause pro-inflammatory cell death, either pyroptosis or necroptosis [START_REF] Bischofberger | Pathogenic pore-forming proteins: function and host response[END_REF]. ExlA shares 33% identity with the Serratia marcescens toxin ShlA which leads to necroptosis in different macrophage cell lines, including RAW 264.7 (Gonz alez-Juarbe et al., 2015). However, some immortalized macrophages carry defects in the cell death pathways; notably the RAW 264.7 macrophage cell line does not express ASC, a central player in Caspase-1-mediated pyroptosis [START_REF] Pelegrin | P2X7 receptor differentially couples to distinct release pathways for IL-1beta in mouse macrophage[END_REF]. Therefore, we reexamined cell death pathways initiated by ShlA and ExlA in RAW 264.7 and in primary macrophages BMDMs. We compared the macrophage cytotoxicity induced by P. aeruginosa strains and the ShlA-positive S. marcescens strain Db10 in presence of the necroptosis-inhibitors necrostatin-1 and necrostatin-5, respectively targeting Receptor-Interacting serine/threonine-Protein Kinase 1 (RIPK1) and RIPK3, key components of the necroptosis pathway [START_REF] Jorgensen | Programmed cell death as a defence against infection[END_REF]. As reported, both inhibitors diminished Db10induced cytotoxicity toward RAW 264.7 macrophages. Notably, these drugs protected RAW 264.7 macrophages from the ExlA-dependent cytotoxicity (Fig. 2A). Conversely, neither necrostatin-1 nor necrostatin-5 showed a significant inhibitory effect on RAW 264.7 death rate provoked by PP34 and PAO1. Surprisingly, when using BMDMs, necroptosis inhibitors showed no significant effect on Db10 (ShlA 1 ) and IHMA (ExlA 1 ) cytotoxicity (Fig. 2B), suggesting that alternative death pathways are activated and that necroptosis is not the predominant pathway induced in primary macrophages. Furthermore, the kinetics of BMDM death induced by Db10 (ShlA 1 ) and IHMA (ExlA 1 ) were delayed in presence of the pan-Caspase inhibitor Z-VAD-FMK (Fig. 2B), further pointing out to other host pathways involved in macrophage cell death. Taken together, these results indicate that Caspase-dependent death pathways, rather than necroptosis, are the main contributors to primary macrophages death induced by S. marcescens and P. aeruginosa ExlA 1 strains.

ExlA induces a Caspase-1/Caspase-11-dependent pyroptotic cell death

The main cell death pathways involving Caspase proteins are apoptosis and pyroptosis. To gain insights into the type of cell death caused by ExlA, we compared morphological changes and PI entry occurring upon incubation with bacteria and upon stimulation by known inducers of apoptosis and pyroptosis (Fig. 3A). Indeed, BMDM cells displayed 'swelling' and PI entry upon incubation with the IHMA (ExlA 1 ) strain that is reminiscent of the signs of pyroptosis induced by treatment consisting in LPS-priming followed by addition of the microbial toxin Nigericin known to induce Caspase-1 activation (LPS 1 Nig) [START_REF] Cheneval | Increased mature interleukin-1 (IL-1) secretion from THP-1 cells induced by nigericin is a result of activation of p45 IL-1 -converting enzyme processing[END_REF]. On the contrary, gliotoxin, known to induce apoptosis [START_REF] Stanzani | Aspergillus fumigatus suppresses the human cellular immune response via gliotoxin-mediated apoptosis of monocytes[END_REF]Pardo et al., 2006), provoked a severe cell shrinkage with delayed PI entry. Thus, the IHMA (ExlA 1 ) strain clearly does not induce apoptosis of macrophages. To further ascertain this conclusion, we took advantage of BMDMs isolated from mice with different genetic knock-outs (KO; 2/2 ) in components of known cell death pathways. We incubated wild-type and BMDMs deficient for pyroptotic caspases, that is, Caspase-1 and Caspase-11 (Casp-1 2/2 Casp-11 2/2 ), with the selected strains and evaluated the kinetics of bacteria-induced cytotoxicity by live-imaging (Fig. 3B). As positive control, we used the LPS 1 Nig treatment to induce pyroptosis (Mariathasan et al., 2006). As reported, Casp-1 2/2 Casp-11 2/ 2 BMDMs were largely resistant to LPS 1 Nig treatment (Sagulenko et al., 2013). The ExoU 1 strain provoked rapid BMDMs death independently of macrophages' genetic background, the same PI incorporation kinetics as the wild-type cells, suggesting that the phospholipase activity of ExoU (Sato and Frank, 2004) could kill macrophages in a Caspase-1/Caspase-11 independent manner. On the contrary, Casp-1 2/2 Casp-11 2/2 macrophages resisted to both PAO1-and IHMA-dependent cytotoxicity. To quantify the global inhibition of macrophage death, the A.U.C. of PI incorporation kinetics were calculated and compared. Indeed, the cytotoxicity toward Casp-1 2/2 Casp-11 2/2 BMDMs was reduced by 80% and 70% comparing to the wild-type macrophages for PAO1 and IHMA strains, respectively, while there was no significant difference for ExoU-positive strain. The Db10 ShlA 1 strain displayed only 40% of cytotoxicity reduction when calculated from A.U.C., and the levels of PI-positive cells were equal with both BMDM types 300 min p.i. (Fig. 3B). Furthermore, cell infection was performed in the presence of extracellular glycine, which is described to reduce macrophage death rate in the case of Caspase-dependent pyroptosis through a nonspecific blockage of ions fluxes (Fink and Cookson, 2006;[START_REF] Bergsbaken | Pyroptosis: host cell death and inflammation[END_REF]. Comparison of calculated A.U.C. clearly shows a significant reduction of cytotoxicity in the presence of glycine in the case of LPS 1 Nig (positive control), PAO1, IHMA and Db10 but not PP34 cell infection (Fig. 3C).

Altogether, the results obtained here indicate that ExlA produced by the IHMA strain induces a Caspase-1/ Caspase-11 pyroptotic cell death.

ExlA induces Caspase-1 activation and IL-1ß release

To confirm the induction of pyroptosis by the IHMA ExlA 1 strain, Caspase-1 activation was evaluated by immunoblotting using cellular lysates and supernatants recovered following incubation of BMDMs with bacteria. Anti-Caspase-1 antibodies recognize two forms of the protein: the nonactivated pro-Caspase-1 (47 kDa) and the cleaved, mature form of 10 kDa (Caspase-1 p10). As shown in Fig. 4A, a decrease of the intracellular pro-Caspase-1 amount along with the accumulation of the p10 fragment in the supernatants could be readily observed when macrophages were treated by LPS 1 Nig, as well as in samples from PP34, PAO1 and IHMA incubations. On the contrary, no release of the activated p-10 fragment was observed upon incubation with the Db10 (ShlA 1 ) strain and the level of intracellular pro-Caspase-1 remained similar to the one of the untreated cells. Caspase-1 activation results in the cleavage and release of the pro-inflammatory cytokine Interleukin-1 b, IL-1b. Therefore, IL-1b release from wildtype and Casp-1 2/2 Casp-11 2/2 BMDM was quantified by ELISA (Fig. 4B). Comparing to Casp-1 2/2 Casp-11 2/2 BMDMs, large amounts of IL-1b were detected in the supernatants of wild-type cells upon incubation with LPS 1 Nig, PP34, PAO1 and IHMA, but not with Db10.

The absence of substantial IL-1b release with the IHMA strain devoid of ExlA (IHMADexlA) revealed the direct role of ExlA in pro-inflammatory signal activation. To gain information on the specificity of pro-inflammatory cytokine release, we measured TNF release in both types of BMDMs by ELISA (Fig. 4C). The production of TNF is known to be induced through the TLR/NFjB pathway [START_REF] Kawai | TLR signaling[END_REF], which is notably induced by LPS and flagellin [START_REF] Hajjar | Human Toll-like receptor 4 recognizes hostspecific LPS modifications[END_REF][START_REF] Feuillet | Involvement of toll-like receptor 5 in the recognition of flagellated bacteria[END_REF][START_REF] Franchi | Critical role for Ipaf in Pseudomonas aeruginosa-induced caspase-1 activation[END_REF][START_REF] Miao | TLR5 and Ipaf: dual sensors of bacterial flagellin in the innate immune system[END_REF][START_REF] Descamps | Toll-like receptor 5 (TLR5), IL-1 secretion, and asparagine endopeptidase are critical factors for alveolar macrophage phagocytosis and bacterial killing[END_REF]. Contrary to IL-1b, TNF was detected in similar levels following infection by all tested strains, with slightly higher levels detected upon macrophages incubation with IHMA strains with or without ExlA. Therefore, TNF was induced by the bacteria independently of their cytotoxicity and of the presence/absence of different types of toxins. Furthermore, TNF levels were equal in wildtype and Caspase-1 KO BMDMs. These results show that all tested strains here have similar capacity to 'prime' macrophages through the TLR pathway and that the detection of IL-1 b in the macrophage supernatant was directly linked to Caspase-1 activation by ExlA.

Together, these results demonstrate that P. aeruginosa secreting ExlA specifically induces an inflammatory-Caspase-1-dependent macrophage death, along with the release of IL-1b.

NLRP3 sensor is required for ExlA-induced pyroptosis

Several upstream sensors, and their associated inflammasomes, induce Caspase-1 activation (Storek and Monack, 2015). The NLRP3 pathway can be triggered by poreforming toxins and is fully dependent on ASC for Caspase-1 activation while the NLRC4 pathway, which is activated by T3SS components delivered into the cytosol, is ASCindependent (Broz et al., 2010; Case and Roy, 2011; Zhao and Shao, 2015). Indeed, upon incubation with the T3SS 1 PAO1 strain known to activate the NLRC4 pathway, no significant delay of cell death kinetics of ASC 2/2 and NLRP3 2/2 BMDMs compared to wild-type BMDMs was observed (Fig. 5A). Strikingly, the macrophages deficient for ASC or NLRP3 were resistant to the infection by the IHMA strain, showing that the NLRP3 pathway was triggered by ExlA (Fig. 5A). The AIM2-inflammasome is dedicated to the detection of microbial DNA and was shown to poorly contribute to inflammasome activation by P. aeruginosa T3SS 1 strains (Jabir et al., 2015; [START_REF] Pang | AIM2 inflammasome is dispensable for the host defense against Pseudomonas aeruginosa infection[END_REF]. We tested the AIM2 2/2 cells and showed here that they were similarly sensitive to both ExoS 1 and ExlA 1 strains, indicating that the new ExlA 1 strain does not differ, on this point, from the classical strains.

Potassium efflux is a central signalling event activating the NLRP3 response and the reduction of cell death in the presence of extracellular potassium is a hallmark of the NLRP3 pyroptotic pathway (P etrilli et al., 2007; Muñoz-Planillo et al., 2013). Therefore, BMDMs incubation with the different bacterial strains was performed in the presence of 130 mM potassium (Fig. 5B). Under these conditions, a decrease of cell death rate was observed for the IHMA strain but not for Pseudomonas ExlA provokes pyroptotic macrophage death 7 V C 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00 the PAO1 strain. This lack of inhibition of the PAO1-induced cytotoxicity is expected as this strain harbours an active T3SS, which is known to induce NLRC4 activation. On the other hand, the inhibition observed with the IHMA strain further shows that it triggers the NLRP3 pathway.

In order to exclude that the observed 'resistance' phenotypes of the KO BMDMs were due to an impairment of bacterial adhesion or ExlA activity per se, these features were compared in wild-type and KO macrophages. Bacterial adhesion was quantified by enumerating bacteria bound to the BMDMs and in the supernatant, as previously described (Basso et al., 2017). As expected, bacterial adhesion to wildtype and KO BMDMs was indistinguishable (Fig. 5C). We previously showed that the formation of ExlA pores in host plasma membranes can be detected by monitoring the early incorporation of YoPro-1 into the cell cytoplasm that occurs before incorporation of PI into cell nuclei (Basso et al., 2017). To ascertain that the membranes of macrophages KO for inflammasome components are not resistant to the formation of the ExlA pores per se, we measured the incorporation of YoPro-1 in wild-type, Casp-1 2/2 Casp-11 2/2 , ASC 2/2 and NLRP3 2/2 BMDMs by live-cell imaging of YoPro-1 incorporation during incubation with IHMA (Basso et al., 2017). Contrary to PI, the YoPro-1 dye displays a high affinity for cytoplasmic nucleic acids and can therefore be used to detect early perturbation and pore formation in the plasma membrane before its global rupture. As presented in Fig. 5D no significant difference in the kinetics of YoPro-1 incorporation into the cytoplasm could be detected for the different cell types, indicating that ExlA pores are readily formed in the mutants BMDMs. Taken together, these results show that ExlA pores are detected by NLRP3 probably through potassium effluxes, triggering pyroptosis.

Role of bacterial flagella in ExlA-induced pro-inflammatory signalling

In addition to detection of flagellin by TLR5 and subsequent activation of TLR pathways (Feuillet et (Reboud et al., 2016), we tested the flagellindeficient strain IHMADfliC for cytotoxicity, IL-1b and TNF release and Caspase-1 maturation (Fig. 6). Although IHMADfliC induced the same levels of pyroptosis as the wild-type strain, the levels of IL-1b and TNF production were significantly lower for the strain devoid of flagellin than for the WT strain (Fig. 6A-C). These results show that IL-1b release from BMDMs depends on a priming event that relies at least partially on bacterial flagellin, in addition to inflammasome activation through ExlA pore. The two most studied ExlA 1 strains, PA7 and CLJ1 (Table 1), were also included in these experiments. PA7 is a fully sequenced exlA 1 T3SSnegative strain that is avirulent in a mouse model of pneumonia, certainly due to low ExlA secretion ( ). As expected, CLJ1 induced high levels of pyroptosis, but lower levels of IL-1 b and TNF, whereas PA7 was less efficient both in promoting pyroptosis and release of IL-1b and TNF, in agreement with the results obtained with IHMA strains. All strains induced different levels of Caspase-1 cleavage. Therefore, the IL-1b release results from the integration of flagellin recognition by TLR5 and ExlA-induced inflammasome activation.

Exolysin-like toxins of different Pseudomonas species induce BMDM death

The initial BLAST queries identified Exolysin as a member of the TPS hemagglutinin/hemolysin family, sharing 33% of amino acid identity with ShlA (Elsen et al., 2014). To extend this search and possibly find other ExlA orthologues, we explored bacterial genomes using the exlA sequence as bait by Reciprocal Best BLAST (Ward and Moreno-Hagelsieb, 2014) from the Pseudomonas Genome Database [www.pseudomonas.com [START_REF] Winsor | Pseudomonas Genome Database: improved comparative analysis and population genomics capability for Pseudomonas genomes[END_REF]2016)]. Interestingly, exlA-like sequences were found in different Fig. 5. Inflammasome-mediated cell death is NLRP3-dependent during IHMA infection. A. Kinetics of PI incorporation in WT, ASC 2/2 and NLRP3 2/2 BMDMs. BMDMs were incubated with PAO1 (ExoS 1 ) and IHMA (ExlA 1 ). A.U.C. were calculated and used in One-way ANOVA with Dunn's post hoc test to compare ASC 2/2 and NLRP3 2/2 to WT BMDMs. Stars indicate statistically significant differences between KO and WT BMDMs with p < 0.05. B. A.U.C. of PI incorporation for WT BMDMs treated with KCl at 130 mM and then incubated at MOI of 0.1 with PAO1 (ExoS 1 ) or IHMA (ExlA 1 ). LPS 1 Nigericin was used as positive control. Statistical analyses were done using ANOVA test. Stars indicate statistically significant differences between KCl and Mock treatments with p < 0.05. ns 5 nonsignificant. C. Adhesion assay of IHMA to WT, Casp1 2/2 Casp11 2/2 , ASC 2/2 and NLRP3 2/2 BMDMs. BMDMs were incubated with IHMA at a MOI of 0.1 for 30 min and CFU were counted in supernatants and cells fractions. No significant difference was found by one-way ANOVA. D. Pore formation by ExlA in WT, Casp1 2/2 Casp11 2/2 , ASC 2/2 and NLRP3 2/2 BMDMs. BMDMs were incubated at a MOI of 0.1 for 3 h with IHMA and IHMADexlA. YoPro1 entry in cytoplasm was quantified by HC microscopy. Fluorescence slopes were calculated from 100 different cells. Statistical analyses using One-way ANOVA with Dunn's post hoc test were performed. The star indicates a statistically significant difference between IHMA and IHMADexlA groups. No significant difference was found between the different BMDMs incubated with IHMA.

Pseudomonas ExlA provokes pyroptotic macrophage death 9 V C 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00 Pseudomonas species, notably in P. putida, P. fluorescens, P. protegens and P. entomophila (Fig. 7A). The closest orthologues of P. aeruginosa ExlA (59% identity) are found in the plant-associated bacteria P. fluorescens A506 (Stockwell et al., 2013) and P. protegens CHA0 that represent highly diverse groups in Pseudomonas genus, as reported [START_REF] Silby | Genomic and genetic analyses of diversity and plant interactions of Pseudomonas fluorescens[END_REF][START_REF] Garrido-Sanz | Genomic and Pseudomonas ExlA provokes pyroptotic macrophage death 17[END_REF]. In all cases, exlB-like gene encoding the TpsB outer membrane partner of the TPS system, was located adjacent to exlA. As previously reported (Reboud et al., 2016), T3SS or ExlA are mutually exclusive in all P. aeruginosa strains sequenced to date. In other Pseudomonas species in which exlA was present T3SS was also absent, except for the plant-protective biological control agent P. fluorescens A506 (Wilson and Lindow, 1994; Loper et al., 2012).

To gain insight into their pathogenicity repertoire we wondered whether selected strains of different Pseudomonas species harboring exlA-like sequences were able to provoke macrophage death. To that aim, BMDMs were incubated with selected strains of P. entomophila, P. fluorescens, P. protegens and P. putida and the cytotoxicity was monitored by live-cell imaging of PI incorporation (Fig. 7B). Three strains, P. entomophila L48, P. protegens CHA0 and P. putida KT2440, showed highly toxic phenotype on macrophages reaching 100% PI positive cells at 240, 210 and 270 min p.i., respectively. The engineered mutants in which exlA-like genes were disrupted (see Materials and Methods) lost the ability to kill macrophages as assayed by PI incorporation (Fig. 7B). These results strongly suggest that those selected Pseudomonas species synthetize and secrete active ExlA-like toxins. The ExlBA-like system from P. putida studied in this work was previously described by Molina et al. as the HlpBA TPS involved in the seed and root colonization (Molina et al., 2006) and were considered to be putative adhesins (Nelson et al., 2002). Therefore, we attempted to use anti-ExlA polyclonal antibodies raised against P. aeruginosa protein (Basso et al., 2017) to detect the ExlA-like proteins. S. marcescens wild-type strain Db10 and its isogenic ShlA-negative mutant were included for immunoblot assay. Secreted proteins from cell infection supernatants were prepared and analyzed by immunoblotting (Fig. 7C). Anti-ExlA antibodies were able to detect the ShlA protein, but also ExlA-like proteins in supernatant fractions of P. protegens, P. putida and P. entomophila, in accordance to their cytotoxic activities on macrophages.

Pseudomonas spp. secreting exolysin-like toxins induce NLRP3-dependent pro-inflammatory cell death

Finally, we asked whether the strains of P. putida, P. entomophila and P. protegens, in which ExlA-like toxins are secreted, could provoke Caspase-1 activation and pyroptosis through NLRP3 pathway triggering. We thus incubated Casp-1 2/2 Casp-11 2/2 , ASC 2/2 and NLRP3 2/2 macrophages with the different bacteria and compared the cytotoxicity kinetics. As shown in Fig. 8A, in all cases the KO macrophages died with significant delays compared to wild-type cells when incubated with indicated bacteria. As expected, no diminished death rate of the KO macrophages was observed with P. fluorescens, which does not secrete any Exolysin-like protein and induces a low basal cytotoxicity toward wild-type macrophages. Furthermore, Caspase-1 was examined by immunoblotting (Fig. 8B). In agreement with the previous results, no Caspase-1 activation could be detected with the noncytotoxic P. fluorescens strain. Inversely, P. protegens, P. putida and P. entomophila triggered the apparition of the mature Caspase-1 p10 fragment in the cells supernatants. The amounts of released IL-1ß in the supernatants of wild-type and KO BMDMs incubated with the different bacteria were quantified by ELISA (Fig. 8C). The levels of IL-1ß were low and comparable in the supernatants of all types of KO BMDMs. In contrast, upon incubation of WT BMDMs with P. protegens, P. putida and P. entomophila, but not P. fluorescens, the Fig. 7. ExlA-like toxins present through the Pseudomonas species are responsible for BMDM death. A. Phylogram of ExlA-like proteins in several Pseudomonas species. ExlA-like sequences were retrieved by BLAST and aligned using ClustalW. The tree was constructed using the neighbor-joining method. The percentages of identity were calculated by pairwise comparison using CLC software (CLC workbench genomic-Qiagen), scale bar 0.1 substitutions per site. Strains indicated in bold were used for the subsequent experiments. B. Kinetics of PI incorporation in WT BMDMs incubated with P. entomophila L48, P. putida KT2440, P. protegens CHA0 and their isogenic ExlA-like negative strains, and P. fluorescens A506 at a MOI of 0.1 for 400 min. C. Immunodetection of ExlA-like proteins in supernatants obtained from cell infection experiment. Proteins were detected using antibodies directed against the ExlA protein from P. aeruginosa. WT indicates the wild-type strains and mut their isogenic mutants.

Pseudomonas ExlA provokes pyroptotic macrophage death 11 V C 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00 amount of released IL-1ß was similar to the one obtained with the IHMA strain and was significantly reduced with the isogenic mutants lacking the ExlA-like proteins. Based on these results, we conclude that ExlA toxins present in several different Pseudomonas species endow those bacteria with the capacity to induce programmed pro-inflammatory macrophage death through the NLRP3-Caspase-1 complex.

In summary, we proposed an overview of the mechanism of pyroptosis in macrophages induced by Pseudomonas species harbouring ExlA-like toxins (Fig. 9). BMDMs priming by the LPS or the flagellin lead to the release of TNF. In parallel, ExlA-like toxins form pores within the macrophage plasma membrane. The potassium efflux through the ExlA pore leads to a decrease of intracellular concentration and triggers the activation of NLRP3 inflammasome. Caspase-1 is activated and induces the maturation of IL-1b. This lead to an inflammatory response and pyroptotic death. We showed that other ExlA-like toxins from diverse Pseudomonas species share the same mechanisms.

Discussion

P. aeruginosa is a major nosocomial bacterial pathogen ranked by the World Health Organization among the top three bacterial agents the most difficult to eradicate due to acquisition of drug-resistance (http://www.who.int/fr/). Their activity frequently leads to the activation of NLRP3 inflammasome, Caspase-1 processing and the maturation of IL-1b (Greaney et al., 2015), features of pyroptosis [START_REF] Lamkanfi | Mechanisms and functions of inflammasomes[END_REF]. Indeed, the efflux of cellular ions such as the potassium ions through the toxins pores, and the subsequent decrease of cellular potassium concentration, activate the NLRP3 inflammasome [START_REF] Yaron | K1 regulates Ca21 to drive inflammasome signaling: dynamic visualization of ion flux in live cells[END_REF], leading to pyroptosis (Fink and Cookson, 2006). Here, we showed that both NLRP3 2/2 and ASC 2/2 macrophages are resistant to the ExlA cytotoxicity, compared to ExoS 1 strain which induces a NLRP3independent cell death. Moreover, the presence of KCl in excess in the extracellular medium inhibits macrophages death following infection with ExlA 1 but not with ExoS 1 . These findings further confirmed that Caspase-1 is activated by the NLRP3 inflammasome in the case of ExlA 1 strains whereas ExoS 1 strains induce the NLRC4 inflammasome [START_REF] Miao | Pseudomonas aeruginosa activates caspase 1 through Ipaf[END_REF][START_REF] Yang | Human NAIP and mouse NAIP1 recognize bacterial type III secretion needle protein for inflammasome activation[END_REF][START_REF] Faure | Pseudomonas aeruginosa type-3 secretion system dampens host defense by exploiting the NLRC4-coupled inflammasome[END_REF][START_REF] Monlezun | PscI is a type III secretion needle anchoring protein with in vitro polymerization capacities[END_REF]. Therefore, P. aeruginosa clinical strains belonging to different clades and using different virulence strategy provoke similar pro-inflammatory response of immune cells, although through different pathways.

Recent study by Gonzalez-Juarbe et al., (Gonz alez-Juarbe et al., 2015) proposes that ShlA, and others PFTs from S. pneumoniae, L. monocytogenes and uropathogenic E. coli, induce necroptosis death of macrophages. ShlA and ExlA share 33% of identity, raising the question whether the two toxins share the same mechanisms. Indeed, our results show that ExlA-provoked cell death could be inhibited in RAW macrophages by necroptosis inhibitors, as described for ShlA. However, these inhibitors have no effect on the cytotoxicity toward BMDMs neither for ShlA nor for ExlA indicating that necroptosis is not a prominent cell-death pathway in primary macrophages, which harbour all inflammasome components. Furthermore, we observe a significant delay in the PI incorporation in Caspase-1/Caspase-11 2/2 meaning that caspase(s) are involved, at least, at the beginning of the ShlA cytotoxicity. Still, ShlA did not provoke cleavage of Caspase-1 and maturation of IL-1b. Therefore, our results suggest an implication of the noncanonical inflammasome triggered by cytoplasmic LPS and involving the capase-11 [START_REF] Shi | Inflammatory caspases are innate immune receptors for intracellular LPS[END_REF]. This could be related to S. marcescens internalization involving ShlA (Hertle and Schwarz, 2004; Di Venanzio et al., 2017) and deserves further investigations.

We recently found that the ExlA-secreting Chronic Obstructive Pulmonary Disease (COPD) isolate CLJ1 induces deleterious effects on pulmonary tissue without an important recruitment of neutrophils at the site of infection. The absence of neutrophils correlated with a low increased of IL-1b and TNF levels in broncho-alveolar lavages of CLJ1-infected mice compared to uninfected mice. However, in addition to ExlA, these features could be attributed to other, yet unidentified, strain-specific characteristics ( (Elsen et al., 2014;Bouillot et al., in press). Indeed, different P. aeruginosa strains potentially harbour a diversity of surface molecules such as the flagella, Type IV pili, polysaccharides and filamentous hemagglutinins. Flagellar motility, main flagellar subunit protein FliC and pilin expression contribute also to the activation of the inflammasome (Franchi et [START_REF] Hajjar | Human Toll-like receptor 4 recognizes hostspecific LPS modifications[END_REF]. Because the TLR pathways prime the innate immune response by inducing the synthesis of Pro-IL-1b, both, TLR and inflammasome pathways contribute to the inflammatory response. The CLJ1 strain does not swim nor twitch (Reboud et al., 2016), in agreement with the presence of insertion sequences within flagellum and pili-encoding genes revealed by the analysis of the CLJ1 genome. This particularity could explain the low proinflammatory response observed in vivo. Indeed, clearly lower levels of IL-1b were produced by BMBMs infected by FliC-negative IHMA mutant or CLJ1, which correlated with lower TNF production and caspase activation, although the level of cell death measured by PI incorporation was similar in all strains. The IHMA strain was shown to be less virulent than CLJ1 in the mouse pneumonia model while PA7 is avirulent (Reboud et al., 2016). This could be explained by, on one hand the high pro-inflammatory signalling induced by IHMA, and on the other hand, the low secretion of ExlA by PA7 (Reboud et al., 2016). Therefore, the comparative study of the three ExlA 1 strains (CLJ1, IHMA and PA7) uncovers the importance of the balance between inflammatory signalling and toxin secretion, explaining the high virulence of CLJ1 that combines low immune recognition and high toxin secretion.

In addition to P. aeruginosa isolates from different niches (Huber et al., 2016;Reboud et al., 2016), bioinformatics searches for exlA-like sequences revealed the presence of putative ExlA-encoding gene in P. entomophila, a drosophila pathogen, in the soil bacterium Pseudomonas putida, and plant-associated P. fluorescens and P. protegens. The sequence alignment of ExlA-proteins showed a global percentage of identity comprised between 35% and 59%. However, the different domains of the protein do not display equal degree of sequence conservation: the TPS domains are much conserved in all Pseudomonas species (over 60% of identity) compared to the filamentous haemagglutinin domains or the C-terminal domain (30% and 21%, respectively). The immunodetection of ExlA-like proteins in three Pseudomonas species raised the question whether those bacteria were able to provoke the pyroptosis of macrophages in a similar manner to P. aeruginosa. Surprisingly, P. entomophila L48 and plant-associated P. protegens CHA0 were able to provoke an ExlA-likedependent cell death. Moreover, the TPS system HlpB-HlpA playing a role in seed and root colonization by P. putida KT2440 (Molina et al., 2006), was found here to be responsible for death of primary macrophages. All ExlAlike toxins (including HplA) trigger the same death pathway in macrophages with activation of Caspase-1 by the NLRP3 inflammasome and release of a high amount of IL-1b during the infection. These finding is of importance considering the emergence over the three last decades of nosocomial infections caused by environmental Pseudomonas species [START_REF] Yoshino | Pseudomonas putida bacteremia in adult patients: five case reports and a review of the literature[END_REF] particularly with multidrug resistant P. putida [START_REF] Kim | Nosocomial Pseudomonas putida bacteremia: high rates of carbapenem resistance and mortality[END_REF]. Until now, the virulence-associated genes in P. putida were not clearly defined, and ExlA toxin may be a good candidate. Indeed, among sequenced P. putida strains, we found nine strains harboring exlA-like genes. Two of these strains, HB3267 and H8234, are clinical isolates for which attempts were made to identify genetic determinants of their virulence [START_REF] Molina | Specific gene loci of clinical Pseudomonas putida isolates[END_REF]. The inactivation of the exlA-like gene in these clinical strains, if feasible, could further establish the role of ExlA in this species. Indeed, here, we show that HlpA/ExlA proteins may confer to the bacteria cytotoxic phenotype on mammalian macrophages and thus may present a threat for immunocompromised individuals, even in soil bacteria. P. fluorescens A506 that possesses both, the T3SS and the ExlA-like protein, does not induce macrophages cell death and no ExlA protein was detected in the supernatant of infection. As no mutation(s) could be detected in the exlA-like gene, we cannot exclude that its expression might be activated in appropriate environment.

In conclusion, our results demonstrate that ExlA-like toxins from a clinical strain of P. aeruginosa are capable of inducing a pro-inflammatory pyroptosis in macrophages via the activation of the Caspase-1 triggered by the NLRP3 inflammasome. The level of produced and secreted IL-1b cytokine depends both on levels of ExlA and probably other bacterial surface molecules, such as flagella. Finally, the screen of Pseudomonas species for ExlA-like toxins, revealed that environmental bacteria, rarely associated with human infections, have the potential to secrete ExlA and induce pro-inflammatory pyroptosis.

Experimental procedures

Reagents and inhibitors

Necrostatin-1, -5 and Glycine were obtained from Sigma. The Caspase inhibitor Z-VAD-FMK was from Merck Millipore. Anti-Caspase-1 were from Santa-Cruz antibodies. Fluorescent dyes propidium iodide (PI), YoPro-1 and vital-Hoechst 33342, were from Sigma.

Bacterial strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are listed in the Supporting Information Table 1. Bacteria were grown in LB medium at 378C for P. aeruginosa strains, 288C for other Pseudomonas species and S. marcescens strains. Genetic constructions to generate isogenic mutants were obtained by insertion of internal sequences obtained by PCR and cloned in pEXG2 [START_REF] Rietsch | ExsE, a secreted regulator of type III secretion genes in Pseudomonas aeruginosa[END_REF]. All primers are listed in the Supporting Information Table S2. P. protegens Dc43010 was obtained by tri-parental mating with E. coli strain containing pRK2013 helper plasmid and E. coli (pEXG2::Dc43010-gm). P. entomophila DPEEN2177 was obtained by mating with E. coli SM10øpir (pINTIM2177). The selection of Pseudomonas was performed on PIA medium supplemented with gentamicin (200 mg/ml). The P. putida strain with deletion in the PP_1449 gene (D1449) was obtained by transformation. To that aim, the overnight culture grown in LB (1.5 ml) was centrifuged at room temperature for 2 min at 14 000 g. The pellet was washed twice with 1 ml of room temperature 300 mM sucrose and then resuspended in 100 ml of 300 mM sucrose. For electroporation, 400 ng of DNA was mixed with 100 ml of competent bacteria and transferred into an electroporation cuvette. Pulse was done at 25 mF, 200 X, 2.5 kV. Immediately, 1 ml of room temperature LB was added, then cells were shaken for 2 h at 378C and plated on LB with gentamicin (30 mg/ml).

Cell culture

Bone marrow derived macrophages (BMDMs) were prepared from the tibia and femurs from C57BL/6 mice and differentiated as previously described (Meunier et al., 2015). Before incubation with bacteria, BMDMs were grown in C0 2 independent medium (Gibco Life Technology) supplemented with 10% Fetal Bovine Serum (FBS, Sigma), 2 mM Glutamine (Sigma) and 10% M-CSF (Macrophage Colony-Stimulating Factor, Sigma) at 378C, 5% CO 2 . RAW 264.7 (ATCCV R TIB-71) macrophages were grown in DMEM 1x without pyruvate (Gibco Life Technology) supplemented with 10% Fetal Bovine Serum (FBS, Sigma) at 378C, 5% CO 2 . Before incubation with bacteria, medium was changed to EBM-2 (Lonza).

Cell infection assays

BMDMs were plated in 96-well plates (50 000 cells/wells) in CO 2 -independent medium supplemented with 10% FBS, 2 mM Glutamine and 10% M-CSF, the day before. One hour before the incubation with bacteria, cells were labelled with vital Hoechst (1 lg/ml) at 378C and propidium iodide (PI) (1 lM) at 378C followed by incubation with the bacteria at a Multiplicity Of Infection (MOI) of 0.1. All Pseudomonas species were grown to optical density at 600 nm (OD 600 ) of 1 before infection. MOI was calculated considering that one millilitre of bacteria suspension at OD 600 5 1 contains 6 3 10 8 bacteria.

When specified, RAW macrophages and BMDMs were treated with Necrostatin-1 (100 mM), Necrostatin-5 (50 mM), Z-VAD-FMK (10 mM), Glycine (5 mM) or KCl (130 mM) 1 h before incubation with bacteria or with LPS (10 ng/ml) for 3 h and the Nigericin (10 mM) for 1 h. 

Time lapse microscopy and data analysis

Propidium iodide (PI) incorporation was followed by time lapse microscopy. Kinetic experiments were performed on the highcontent ArrayScan automated fluorescent microscope (Thermo Fisher). Acquisitions were done every 30 min on four distinct fields per well using a 20X objective for 7 h.

Images from bright field (BGRFR-brightfield), UV channel (BGRFR-386/23 nm) and red channel (BGRFR-549/15 nm) were collected in all experiments to monitor cell morphology, vital-Hoechst staining and PI staining, respectively. After infection, the plate was placed in the ArraySacan live-cell chamber 1 h before beginning the acquisition in order to equilibrate the temperature and CO 2 chamber. Autofocus was done on the first time point only using UV channel. Images were analyzed using the ArrayScan HCS studiosoftware. Cell counts per well were obtained based on nuclei segmentation and enumeration in the UV channel. The nuclei mask was then applied to the red channel image, allowing enumerating the PI positive cells based on their fluorescence intensities. Data were used to calculate the percentage of PI positive cells at each time point, and curves in function of time were represented using Sigma-Plot software (Systat). Area Under the Curves (A.U.C.) were calculated using the SigmaPlot corresponding macro.

Pore-formation by YoPro-1

YoPro-1 incorporation was monitored as previously described (Basso et al., 2017). Briefly, BMDMs were plated in 96-well plate (50 000 cells/wells) in C0 2 independent medium supplement with 10% FBS, 2 mM Glutamine and 10% M-CSF the day before. One hour before the incubation with bacteria, cells were labelled with vital Hoechst (1 lg/ml), YoPro-1 (1 lM) and PI (1 lM) followed by incubation with the bacteria at a MOI of 0.1. Images acquisition were done on the ArrayScan every 5 min. YoPro-1 incorporation in the cytoplasm of each cells was analyzed and the slopes of fluorescence intensities in the cytoplasm were calculated considering the 5 last time points before the entry of YoPro-1 into the nuclei. The box plot was represented using SigmaPlot.

Adhesion assay

Adhesion assays were performed as previously described (Basso et al., 2017). Briefly, BMDMs were detached from the culture plates by scraping into cold PBS and incubated with IHMA at MOI of 0.1 for 30 min at 378C under gentle agitation. After centrifugation at 300 g for 5 min, cell and supernatants were kept and diluted by serial dilution, and spotted on LB agar plates. Colony Forming Units (CFU) were counted after 16 h incubation at 378C.

Phylogeny analysis

ExlA protein sequences used in this study were obtained from the Pseudomonas genome database (http://pseudomonas. com) [START_REF] Winsor | Pseudomonas Genome Database: improved comparative analysis and population genomics capability for Pseudomonas genomes[END_REF]2016). Phylogenetic analyses were performed with the neighbor joining method using Phylowidget (http://www.phylowidget.org). The robustness of the tree was evaluated using a bootstrap test. The percentage of identity was determined using a pairwise comparison.

Analysis of ExlA secretion

Detection of ExlA and ExlA-like proteins was performed as previously described (Basso et al., 2017). Briefly, bacterial cultures, in LB at an optical density at 600 nm (OD 600 ) of 1 were used to infect macrophages at MOI 0.1 for 3 h. Ten mL of cell medium were centrifuged and 0.02% (final concentration) of Sodium Deoxycholate (DOC) were added to the supernatant for 30 min at 48C. Then, 0.2 N (final concentration) of trichloroacetic acid (TCA) were added for 1 h at 48C. After a centrifugation at 15 000 g for 15 min, at 48C, the precipitated proteins were dissolved in 100 ml of Laemmli loading buffer. Samples were separated by SDS-PAGE (8%) and transferred onto polyvinylidene difluoride (PVDF) membranes for Western immunoblotting. Primary rabbit polyclonal antibodies raised against both the recombinant C-terminal fragment of ExlA and ExlADCter (Basso et al., 2017) were used combined at a 1:1000 dilution. Secondary antibodies were anti-rabbit-HRP (Sigma). The membranes were developed by Luminata Classico Western HRP (Millipore) substrate.

Analysis of Caspase-1 activation by immunoblotting

BMDMs (7.5 3 10 6 cells/well) were incubated with bacteria at a MOI of 0.1 for 220 min. Supernatants of cell infection were precipitated for > 16 h by addition of 10% TCA Samples were centrifuged at 14 000 rpm for 10 min, and washed twice in acetone. Proteins were dissolved in 30 ml of Laemmli loading buffer. In parallel cells were lysed in 60 ml of RIPA lysis buffer (50 mM Tris_HCl,150 mM NaCl, 1% NP-40, 0,1% SDS, 1% DOC, pH 7.4) supplemented with Complete protease inhibitor cocktail (Roche). Proteins were separated by SDS-PAGE, transferred onto PVDF membrane and revealed using rabbit anti-Caspase-1 p10.The membranes were developed by Luminata Crescendo Western HRP (Millipore) substrate.

IL-1ß and TNF detection

BMDMs (0.5 10 6 cells/well) were incubated with bacteria at a MOI of 0.1 for 3 h, 4 h and 6 h. At the indicated times supernatant were collected. IL-1ß quantity was evaluated using the ELISA kit (R&D Systems) following the manufacturer instructions. TNF quantity was evaluated using the ELISA kit (BD Biosciences) following the manufacturer instructions.

Statistical analysis

SigmaPlot Software was used for graph representation and statistical analyses. Mann-Whitney tests were used for twogroup comparisons and nonparametric ANOVA (Dunn's tests) were used for multiple-group comparisons.

Multi-omics approach reveals adaptation strategies of an Exolysin-positive Pseudomonas aeruginosa clonal outlier isolated from hemorrhagic pneumonia

Erwin Santausa, Pauline Basso, Alice Berry, Annie Adrait, Yohann Coute, Stephen Lory, Sylvie Elsen and Ina Attree. Manuscript in preparation Virulent Pseudomonas aeruginosa clonal outliers are characterized by the synthesis of a pore-forming toxin, Exolysin (ExlA), which has been first identified by comparative proteomic analysis in CLJ1 strain [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF]. CLJ strains were isolated from a patient suffering from hemorrhagic pulmonary infection in Intensive Care Units at Grenoble University Hospital [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF]. CLJ1 was susceptible to almost all antibiotics including β-lactam, aminoglycosides and fluoroquinolones. CLJ3, isolated from the patient after 12 days of antibiotherapy, appeared to be resistant to most of commonly used antibiotics [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF].

In this chapter I present the first genome-wide analysis of the two clonal CLJ variants. In this work, I participated by preparing the samples for the proteomics analysis, analyzing CLJ genomes, participating in analyzing multi-omics data and preparing figures for publication.

The two strains were analyzed by comparative transcriptomics (RNASeq) and proteomics. Whole-genome comparison of CLJ and PA7 strains revealed, the presence of 15 CLJ-specific regions (SRs), missing from PA7. Fourteen out these 15 SRs are found in other Pseudomonas aeruginosa strains. CLJ has also 8 phage-related regions among which five are absent from PA7. 77 genes were found significantly deferentially expressed between CLJ1 and CLJ3, both at the transcriptomic and proteomic levels. Out of these, 35 % are of phage origin, while 42 % are predicted to be localized in bacterial membranes, periplasm or secreted.

CLJ1 was unable to twitch and swim [1,[START_REF] Huber | Pseudomonas aeruginosa renews its virulence factors[END_REF]. A genome analysis revealed the presence of transposon insertion belonging to ISL3 family in the flgL gene encoding the flagellar hook-filament junction protein. Moreover, the same insertion sequence IS is found in pilM gene, the first gene of the pilMNOPQ operon important for Type 4 Pili biogenesis and twitching motility. The major genome modification event in CLJ3 compared to CLJ1 is a deletion of 20 kbs encompassing at least 21 genes. This region includes notably galU encoding UDP glucose pyrophosphorylase [START_REF] Chang | Characterization of a putative Pseudomonas UDPglucose pyrophosphorylase[END_REF] that add sugar moieties on the inner core lipid core, giving the anchor for the full length LPS. We demonstrated that CLJ3 was non-agglutinable and sensitive to serum compared to CLJ1, both phenotypes being in agreement with the loss of galU gene.

The proteomic analysis highlights the expression of six TPS systems annotated hemolysin/hemagglutinin in CLJ1, including Exolysin. These proteins may play an important role during colonization and infection, but their exact roles in adhesion, cytotoxicity and/or interbacterial competition need to be further investigated. In addition, the OprD outer membrane protein involved in the antibiotic fluxes was found absent from CLJ3 proteome [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF]. Again, the genome analysis showed that the oprD gene was interrupted by the CLJ1-ISL3 insertion sequence. In addition, proteomics, RNAseq and RTq-PCR have shown an over-expression of gene encoding MipA and AmpDH3, respectively involved in peptidoglycan synthesis and recycling, which may play a role in the antibiotic resistance. Proteomics analysis, confirmed by RNASeq, indicated the overexpression of HcnA, HcnB and HcnC, encoded by the same hcn operon. Those enzymes produce the metabolic product Hydrogen cyanide [START_REF] Castric | Hydrogen cyanide production by Pseudomonas aeruginosa at reduced oxygen levels[END_REF]. Indeed, in vitro CLJ1 was able to produce HCN in higher quantities than CLJ3 and other P. aeruginosa strains. Finally, rsmZ, was significantly more expressed in CLJ3 which was confirmed by targeted qRT-PCR. rsmZ plays a central role in regulatory pathways in classical PAO1 strains by maintaining the balance between virulence determinants involved in acute and chronic infections (e.g. T3SS versus extracellular polysaccharides, Psl and Pel), and its role in shaping the virulence of PA7-like clinical strains stays to be examined.

RESULTS AND DISCUSSION

P. aeruginosa CLJ possesses different genomic islands compared to PA7

Figure 1. Whole genome comparison between PA7 and CLJ strains. The outer ring shows all the genes in the strains colored according to their COG (Clusters of Orthologous Groups) functional categories as listed on the bottom, and the three other rings represent the PA7 (orange), CLJ3 (green), and CLJ1 (red) genomes, respectively. White color indicates that the gene is absent from the genome, grey color indicates that the gene or its homolog is present in a different position in the genome, while black color in the CLJ rings represents gaps between contigs. The inner labels show the CLJ-specific regions and the outer labels are the PA7-specific regions described in Table 1 andTable 2, respectively. 
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CONCLUSIONS

Here we present multi-omics approach on recent isolates belonging to the P. aeruginosa clonal outliers. We found that the genome of CLJ is highly dynamic with number of phage sequences and ISs. Global CLJ phenotypes in motility, adhesion and resistance to imipenem are modulated by IS. High expression levels of transposases in the CLJ3 clone suggest their activity in phenotypic adaptation.

Although we cannot exclude the co-existence of two isolates at the same time in the patient, the CLJ3 isolate acquired resistance toward antibiotics provided to the patients during the 12 days hospitalization, expresses components that are required for biofilm growth (overproduction of CdrA) and have lost the OSA part of the LPS by galU deletion, whereas CLJ1 shows more cytotoxic phenotype by secreting high amounts of pore-forming toxin ExlA. 
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Introduction

Clustered regularly interspaced short palindromic repeats (CRISPR) and Cas genes are the prokaryotic immune systems that are encoded in many bacteria and archaea [START_REF] Barrangou | CRISPR-Cas Systems: Prokaryotes Upgrade to Adaptive Immunity[END_REF][START_REF] Marraffini | CRISPR interference: RNA-directed adaptive immunity in bacteria and archaea[END_REF][START_REF] Barrangou | CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes[END_REF]. The CRISPR/Cas9 system from Streptococcus is now used for targeted disruption and modification of genes in eukaryotic cells (human, mice, yeast) [START_REF] Yu | Small Molecules Enhance CRISPR Genome Editing in Pluripotent Stem Cells[END_REF][START_REF] Wang | Applications of CRISPR Genome Engineering in Cell Biology[END_REF][START_REF] Hsu | Development and Applications of CRISPR-Cas9 for Genome Engineering[END_REF][START_REF] Wang | Genetic Screens in Human Cells Using the CRISPR-Cas9 System[END_REF][START_REF] Mali | RNA-Guided Human Genome Engineering via Cas9[END_REF][START_REF] Shalem | Genome-Scale CRISPR-Cas9 Knockout Screening in Human Cells[END_REF][START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF], but also in bacterial species [START_REF] Jiang | Multigene Editing in the Escherichia coli Genome via the CRISPR-Cas9 System[END_REF][START_REF] Altenbuchner | Editing of the Bacillus subtilis Genome by the CRISPR-Cas9 System[END_REF][START_REF] Burby | CRISPR/Cas9 Editing of the Bacillus subtilis Genome[END_REF]. Cas9 is a nuclease that can be directed to the sequence of interest by a single guide RNA (sgRNA) sequence to create double strand breaks in the DNA. This induces activation of the host repair mechanisms, often resulting in improper repair of the lesion site and disruption of the target gene. Several CRISPR libraries of sgRNAs targeting more than 20,000 genes were designed for mouse or human cells and created loss-of-function of genes in a variety of cell types. In particular, this technology coupled with the high-throughput sequencing Illumina allowed a better understanding of global host-pathogen interaction (viruses and bacteria). In the case of bacterial toxins (Anthrax, T3SS), screens of CRISPR/Cas libraries led to identification of novel cellular targets, receptors and regulatory proteins. For example α-HL of S. aureus forms pores in cell membranes and requires the A Disintegrin And Metalloproteinase domain-containing protein 10 (ADAM10) for the pore formation [START_REF] Wilke | Role of a disintegrin and metalloprotease 10 in Staphylococcus aureus -hemolysin-mediated cellular injury[END_REF][START_REF] Berube | Staphylococcus aureus α-toxin: nearly a century of intrigue[END_REF]. Recently Winter and colleagues [START_REF] Virreira | Genome-wide CRISPR screen reveals novel host factors required for Staphylococcus aureus αhemolysin-mediated toxicity[END_REF] used a genome-wide CRISPR screen in U937 cells to identify other host factors that may be involved in the α-HL activity. They demonstrated, in accordance with the previous study that ADAM10 is the protein receptor of the α-HL and also identified three other proteins that participate in ADAM10 regulation (SYS, ARFRP1 and TSPAN14).

Two clades of P. aeruginosa employ two distinct mechanism of virulence: the T3SS that injects effectors directly in the cytoplasm of the host cells and the TPS ExlBA, where ExlA is a pore-forming toxin [1,[START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF][START_REF] Basso | Pseudomonas aeruginosa Pore-Forming Exolysin and Type IV Pili Cooperate To Induce Host Cell Lysis[END_REF]. ExlA, to efficiently form a pore in the host plasma membrane requires close contact between the bacteria and the host cell, mediated by the Type IV pili. This mechanism is not common within the pore-forming toxins, which are usually active in their soluble form. Targeted approaches using individual genetically modified macrophages allowed to show that Caspase-1 and NLRP3 were involved in the ExlA-mediated death [START_REF] Basso | Multiple Pseudomonas species secrete exolysin-like toxins and provoke Caspase-1-dependent macrophage death[END_REF]. Moreover, the flagellum is able to prime the macrophages to enhance the inflammatory response [80-84, 343, 344]. In this study, we used a genome-wide screening to identify additional host factors interfering with ExlA-mediated cytotoxicity. The CRISPR library that we used contains 130 000 sgRNAs targeting more than 20 000 genes in mouse RAW macrophages. We used the E. coli strains expressing exlA gene to perform the screen. Approximately 200 macrophage clones survived after 6 hours of infection. Highthroughput sequencing revealed several highly enriched genes in the output clones, including those encoding Casp1, IRAK4 and PRKD2. Individual gene invalidations of some of them confirmed that these proteins identified in the screen indeed participate in ExlA-mediated cell death.

Experimental procedures

Selection of resistant CRISPR RAW macrophages to ExlA intoxication.

The mouse GecKov2 library1 contains 130,209 sgRNA sequences in the lentiCRISPR v2 vector [START_REF] Sanjana | Improved vectors and genome-wide libraries for CRISPR screening[END_REF]. The RAW library was seeded in ten flasks T225 (cm 2 ) for 16 hours in DMEM 1x without pyruvate (Gibco life technology) in 5 % of CO 2 , 37 • C.

Optimization steps.

The optimization steps were performed on RAW WT macrophages. We used a strain of E. coli expressing exlBA under a promoter inducible by arabinose [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF] . We optimized arabinose concentration, growth and MOI. For the arabinose concentration, we tested induction from 0.001 % to 0.05 % on the bacterial growth. We also compared two durations (1 hour or 3.5 hours) of induction with 0.05 % of arabinose on the bacterial growth and ExlA secretion.

Escherichia coli strain expressing exlBA genes under a promoter inducible with arabinose was cultured overnight and then diluted at OD 600 of 0.06 into Lysogeny broth (LB) and grown to OD 600 of 0.6. At this point, the bacterial culture was induced with 0.05% of arabinose for 1.5 hours. CRISPR RAW library was infected at a Multiplicity of Infection (MOI) of 20 and incubated at 37 • C with 5 % of CO 2 for 6 hours. After infection, the incubation media were replaced with fresh DMEM medium supplemented with 100 000 U of Penicillin and 100 mg of Streptomycin. The cells that survived were expanded for three weeks until macrophage colonies appeared.

Genomic DNA preparation, sequencing, and analyzes of results.

Genomic DNA (gDNA) was extracted from 8 × 10 7 cells after the cell expansion. Cells were lysed with 6 ml of Lysis Buffer (50 mM Tris, 50 mM EDTA, 1% SDS, pH 8) in presence of 30 µl of 20 mg/ml Proteinase K at 55 • C for 16 hours. The next day, 30 µl of 10 mg/ml RNase A was added to the sample and incubated at 37 • C for 30 min. Samples were cooled on ice before addition of 2 ml of pre-chilled 7.5 M ammonium acetate pH 8 to precipitate proteins. Stock solution of 7.5 M ammonium acetate was made in sterile H 2 O and kept at 4 • C until use. After adding ammonium acetate, the samples were vortexed for 20 s and then centrifuged at 4,000 g for 10 min. After the spin, 6 ml 100% isopropanol was added to the supernatant and centrifuged at 4,000 g for 10 min. The supernatant was discarded, 6 ml of freshly prepared 70 % ethanol was added and centrifuged at 4,000 g for 1 min. The pellet containing the genomic DNA was dried for 10-30 min and then 500 µl of 10 mM Tris-HCl, 1 mM EDTA pH 8 (TE) buffer was added and incubated first at 65 • C for 1 hour and then at room temperature overnight. The next day, the gDNA samples were briefly vortexed . PCRs to amplify sgRNA were done with primers PCR1_F: AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG and PCR1_R: CTTTAGTTTGTATGTCTGTTGCTATTATGTCTACTATTCTTTCC. The PCR conditions for 50 µl were 25 µl of Green mix Go-Taq (Promega), 2 µM of each primers, 2 µg of gDNA, 1 µl of Go-Taq enzyme. PCRs were done in two round using the following program, denaturation at 95 • C for 3 min, followed by 24 cycles 98 • C for 20 sec, 65 • C for 15 sec and 72 • C for 7 sec and final elonagtion at 72 • C for 5 min. The Illumina libraries were prepared following the method of the NEBNext kit (Biolabs, ref E7645S). Sequencing was performed by MiSeq, Illumina at Harvard Medical School.

Lentiviral vector construction.

The individual gene inactivation by CRISPR/Cas method was performed using the protocol described by Zhang et al. sgRNAs were design using the MIT CRISPR website2 . For each gene, 3 sgRNAs were designed targeting 3 different exons of the given gene (Table 8.1). LentiCRISPRv2 vector (5 µg) was digested and dephosphorylated for 30 min at 37 • C using 3 µl of FastDigest BsmBI enzyme and 3 µg of FastAP (Fermentas). The digested vector was purified on agarose gel. In parallel, each pair of oligos were phosphorylated and annealed. 1 µl of each oligo was mixed with 0.5 µl of T4 Polynucleotide Kinase (PNK) in 10x T4 ligation buffer supplemented with 1 mM ATP. The reaction was done in a thermocycler using the following parameters: 37 • C for 30 min and 95 • C for 5 min then ramp down to 25 • C at 5 • C/min. Then the annealed oligos were diluted in 1/200 in TE buffer and cloned into the digested lentiCRISPRv2 vector using the ligase (NEB). A negative control was done without oligos (empty vector). Plasmids were selected by transformation into E. coli Top10 on LB agar plated supplemented with 100 µg of Ampilicin. The clones were checked by BamHI and SpeI restriction enzymes. The sgRNA were designed by using the MIT CRISPR tools 3 . The genes were PTPRD for protein tyrosine phosphatase, receptor type, D, PTN14 for Tyrosine-protein phosphatase non-receptor type 14, PRKD2 for Serine/threonine-protein kinase D2, and IRAK4 for Interleukin-1 receptorassociated kinase 4.

Names

Lentivirus production and transduction.

HEK 293T cells were cultivated in DMEM 1x (Gibco Life technology) supplemented with 10 % of SVF. For the lentivirus production, 6 × 10 5 HEK 293T cells were plated in 10 cm 2 plates four days before the transfection. The transfection was done using the Calphos mammalian Transfection kit. 8.6 µg of psPAX2 vector expressing gag, pol, rev, and tat genes used for vector packaging was mixed with 8.6 µg lentiCRISPRv2sgRNA, 2 µg of pCMV vector carrying env vsv-g gene coding for the lentivirus envelope and 250 mM CaCl 2 . HBS were added drop by drop in the first solution under vortex. The mix was kept 10 min at room temperature and was added to HEK 293T cells overnight at 37 • C. The transfection medium was changed with fresh DMEM 1x medium. After 48 hours, the supernatant containing the lentivirus was harvested and centrifuged at 2, 000 rpm at 4 • C for a night. 5 × 10 5 RAW cells were seeded in DMEM 1x without pyruvate, supplemented with 10 % of SVF. Before the transduction, the cell medium was changed with DMEM supplemented with 8 ng/µl of polybrene. Lentiviruses were added and incubated for 6 hours, and then the medium was changed with DMEM for a night. The positive cells were selected by the addition of 7 µg/ml of puromycin for three weeks.

Cytotoxicity assay.

The cytotoxicity assays were performed as previously described [START_REF] Basso | Multiple Pseudomonas species secrete exolysin-like toxins and provoke Caspase-1-dependent macrophage death[END_REF]. Briefly, 1 × 104 RAW macrophages were seeded per well in 384-well plates for 16 hours and then incubated for 1 hour with Syto24 (0.5 µM, Life Technologies), a dye labelling the nuclei of all the cells. Propidium Iodide (1 µM, Sigma), an impermeant dye was added just before the infection. Cells were infected with different bacterial strains (Table 8.2) for 6 hours at an MOI of 20. The kinetics of PI incorporation was followed using an automatized microscope IncuCyte 

Results

Overview of the screening approach.

Prior to the screening of the library, we optimized several parameters such as bacterial growth, concentration of arabinose for ExlA induction and MOI. The goal was to eliminate more than 99 % of the RAW library in a relatively long period (5-6 hours) of infection. To summarize, based on the number of macrophage clones that we recovered in three independent experiments, we determined that the infection at a MOI of 20 for 6 hours was the best condition to perform the screen (Figure 8.1A). The library was seeded in 10 flasks and infected under optimized conditions (Figure 8.2). At the end of infection remaining cells were expanded for three weeks giving 20-30 clones per flask. Therefore, more than 99% of the library was killed confirming the stringency of the screen.

Screen of the Raw CRISPR/cas library revealed different susceptibility to ExlA in "output pools".

After the screen the output pools were amplified and tested for resistance by highthroughput method based on live-cell imaging of PI incorporation [START_REF] Basso | Multiple Pseudomonas species secrete exolysin-like toxins and provoke Caspase-1-dependent macrophage death[END_REF]. E. coli exlBA provoked rapid cell death of WT RAW macrophages, reaching 70 % of cytotoxicity after four hours. The input library showed a similar kinetics. On the contrary, the selected macrophages from the nine output pools were more resistant to ExlA and presented a survival between 70 % and 99 % (Figure 8.2 A). This result showed that the screen greatly enriched for the resistant macrophages.

Survival (%)

Then, we tested the survival of output macrophages following infection with P. aeruginosa IHMA secreting ExlA. Compared to the cytotoxicity of wild-type cells and "input" library, we observed a range of survival rates within the nine pools of macrophages. Pools numbered 2, 5 and 8 were found to be more sensitive to infection with P. aeruginosa IHMA compared to E. coli exlBA, suggesting that P. aeruginosa cytotoxicity involved other bacterial factors, in addition to ExlA. Finally, the other pools (1, 3, 4, 6, 7 and 9) were more resistant and presented a survival of 70 % compared to the input (Figure 8.2 B), similarly to the assay with E. coli exlBA.

To quantify the global survival of the macrophages from the nine output pools, the A.U.C of PI incorporation kinetics were calculated, compared and represented by polar plots (Figure 8.2 C). The more the macrophages were resistant to ExlAmediated toxicity, the higher is the A.U.C. We observed that the survival of output macrophages from pools 1, 3, 4, 6, 7 and 9, infected with E. coli exlBA and P. aeruginosa IHMA were increased between 2 and 3 fold (Figure 8.2 C), suggesting that in these pools we enriched macrophages containing a disruption of gene(s) involved in the ExlA-mediated toxicity.

Response to infection by different Pseudomonas strains.

We previously demonstrated that ExlA-like toxins were secreted by P. putida KT2440, P. entomophila L48 and P. protegens CHA0 and provoked a cell death dependent on the Caspase-1 [START_REF] Basso | Multiple Pseudomonas species secrete exolysin-like toxins and provoke Caspase-1-dependent macrophage death[END_REF]. We compared the survival of the "output" macrophages after infection with those Pseudomonas species. As control, we tested the S. marcescens strain Db10, secreting ShlA, the closest homolog of ExlA. For all the species, the kinetics of survival of output macrophages were monitored, the A.U.C were calculated and represented by a polar plot (Figure 8.3 A). Macrophages present in "output" pools showed different kinetics of mortality when infected with ExlA-secreting Pseudomonas. For the majority of pools the survival was increased for 2.5 fold compared to the WT cells, whereas, the pools 7 and 9 were more susceptible. In addition, the macrophages from pool 6 were more susceptible to S. marcescens (ShlA) than the other pools. Interestingly, macrophages from the pool 1 are totally resistant to the ExlA-like toxin effect (Figure 8.3 A).

These results suggest that all the ExlA-like toxins from Pseudomonas species target the same host factors modified at least in output pool 1.

Classical strains of P. aeruginosa with active T3SS, PAO1 (ExoS+) and PP34 (ExoU+) were also tested to challenge the survival of the macrophages. It has been previously shown that the two strains induced different cell responses, with ExoS-positive strain (PAO1) causing a cell death dependent of Caspase-1 in contrast to ExoU-positive strain (PP34). We observed that the survival of the nine output pools was not homogeneous and varied when challenged with the 2 strains. Indeed, pools 1, 2 and 3 were more susceptible to infection with PAO1 (ExoS+), whereas pools 2 and 3 infected with PP34 (ExoU+) were resistant (more than 2.5 fold) (Figure 8.3 B). In addition, pools 5, 6, 7, 8 and 9 were resistant to an infection with ExoS positive strains. The contribution of the effectors (ExoU and ExoS) and the pore formation by the translocon needs to be explored in more detail.

Altogether these results showed different patterns of macrophage survival in function of the bacterial virulence factors (ExlA vs T3SS) (Figure 8.3 C).

Identification of disrupted genes in resistant macrophages.

To identify the genes disrupted by the sgRNAs in the resistant macrophages, we isolated the genomic DNA, amplified the sgRNA by PCRs and analyzed the relative sgRNA abundance by high throughput sequencing. For the analysis, the reads were mapped to the initial library of sgRNAs using CLC workbench software and CaRpool5 . Reads from each of nine output pools were treated individually or they were merged and compared to the input. These different analyses allow to distinguish the enrichment of all sgRNAs in each pool. High throughput sequencing revealed that the input pool i.e, CRISPR library macrophages contained 85% (120 000) of all sgRNAs present in the initial Geckov2 library, whereas the output pools contained 2% of sgRNA (2 531). The number of reads per sgRNAs ranged from 1-1,000 (input library) to 1-400,000 (infected) showing that infection with E.coli exlBA greatly enriched the portion of sgRNAs (Figure 8.4 A).

We extracted the 30 most enriched genes where at least 3 different sgRNAs were found (Figure 8.4B). Among the 30 genes, we found Sperm Associated Antigen 16 (SPAG16), the protein phosphatase 1 regulatory subunit 27 (PPP1R27), the interleukin-1 receptor-associated kinase 4 (IRAK4), the Caspase-1 (CASP1) and the protein Kinase D2 (PRKD2) were most enriched. We also found four sgRNAs targeting micro RNAs, mir-6358, mir-741, mir-1969 and mir-192, which are small noncoding RNAs acting as potent regulators of gene expression (Table 8.5).

The correlation matrix between the pools (Figure 8.4C) shows that the input pool was very different from all the output pools. Nevertheless, within the output pools we can define 3 clusters. The first comprised the pools 3 and 4 in which IRAK4, canopy FGF signaling regulator 3 (CNPY3), transmembrane protein 201 (TMEM201), and zinc finger protein 606 ZFP606 were highly enriched. For these two (lymphocyte antigen 6 complex, locus C2) and LRRC40 (leucine rich repeat containing 40) were located in the plasma membrane (Figure 8.6). Those proteins could play a role as receptors for ExlA. For Example, PRKD2 that has one transmembrane domain, can bind to diacylglycerol (DAG) in the trans-Golgi network (TGN) and may regulate basolateral membrane protein exit from TGN was chosen for further validation by creating targeted CRISP/cas gene KOs.

Moreover, many cytoplasmic proteins were also enriched and among them were found CASP-1 and IRAK4. Caspase-1 is often associated with the defense against pathogens. It is a key protein of pyroptosis cell death and is responsible for the maturation of the Interleukin-1β to provoke an inflammatory cell death. As described in Chapter 6, we showed that Caspase-1-negative primary macrophages are resistant to ExlA which validates our screen [START_REF] Basso | Multiple Pseudomonas species secrete exolysin-like toxins and provoke Caspase-1-dependent macrophage death[END_REF].

Interleukin-Receptors-associated Kinase (IRAK4) is a Serine-Threonine kinase and is an essential component of the signal transduction complex downstream of the interleukin and Toll-like receptors playing a crucial role in pro-inflammatory response [START_REF] Kim | A critical role for IRAK4 kinase activity in Toll-like receptormediated innate immunity[END_REF][START_REF] Kawagoe | Essential role of IRAK-4 protein and its kinase activity in Toll-like receptor-mediated immune responses but not in TCR signaling[END_REF]. Indeed, TLR4 is activated by bacterial LPS, that allows the recruitment of MyD88 and IRAK4 leading to the expression of inflammatory cytokines such as IL-1β, IL-6 and IL-12. The validation of IRAK4 in the ExlA-mediated cytotoxicity will be detailed in the Figure 8.7.

The most interesting target, miRNA mir-741 plays a role in the regulation of enzymes involved in the biosynthesis and metabolism of the sphingolipid and glycerophospholipid pathways, involving ST8SIA1 and AGPAT5 enzymes. Both classes of lipids are the major components of the plasma membrane of eukaryotic cells [START_REF] Van Meer | Membrane lipids: where they are and how they behave[END_REF]. The composition of lipids in the plasma membrane may be important for the ExlA activity during the pore formation, and needs to be investigated in more detail. To that aim, we will target mir-741 by siRNA approach, create individual CRISPR KO for ST8SIA1 and AGPAT5 enzymes and use drugs to inhibits the sphingolipid biosynthesis pathway.

IRAK4 KO macrophages are resistant to ExlA-mediated cytotoxicity

To validate the role of IRAK4 in the ExlA-mediated cytotoxicity, we designed three new sgRNAs that target the three first exons of the gene in RAW macrophages. To increase the chance to inactivate the gene we combined the sgRNA targeting the different exons to obtain seven different combination of sgRNAs. As a control, we used an empty vector for the transfection (Table 5.1). After selection with puromycin, we isolated and amplified macrophages that integrated the sgRNA in the chromosome.

Although, the inactivation of the IRAK4 gene needs to be further confirmed by RT-qPCR and Western Blot, we tested the survival of these individual CRISPR macrophages after infection with E. coli exlBA or P. aeruginosa IHMA (ExlA+). We followed the kinetics of PI incorporation and calculated the A.U.C for each curve. The results showed that individual CRISPR macrophages were more resistant to E. coli exlBA toxicity than the control (empty vector) (Figure 8.7A). We can notice than the sgRNAs targeting the three individual exons or combined presented the same survival rate. However, to rule out that the resistant macrophages resulted from off-target mutation, complementation with the IRAK4 gene need to be performed. The survival of the individual IRAK knockout macrophages was also tested after P. aeruginosa IHMA infection. In this case, we observed that the IRAK KO macrophages were resistant to the ExlA activity at the beginning of the infection, during the first four hours, and then the survival decreased to 25 % at six hours post infection (Figure 8.7B). This result showed that IRAK4 promotes resistance against ExlA-mediated cytotoxicity, although to lower levels for P. aeruginosa ExlA+. To further characterize the role of IRAK4 in the ExlA cytotoxicity, we will also quantify the pro-inflammatory cytokines, and the activation of the Caspase-1.

The output pools 3 and 4, in which IRAK4 was highly enriched were shown to be resistant to the action of ExlA-like toxins for the diverse species of Pseudomonas. Survival of individual KOs for IRAK4 was measured and the A.U.C for each curve was calculated and represented by a polar plot. We observed that the survival of the macrophages was around 40% (Figure 8.8A) and did not vary between the Pseudomonas species. This result suggested that IRAK4 plays a role in the ExlA-like toxin-dependent cytotoxicity and its role needs to be characterized in more detail. In contrast, when we tested the T3SS positive strains PAO1 and PP34, we observed two different phenomena. IRAK4 KO macrophages infected with PAO1 (ExoS) were highly resistant to the infection (Figure 8.8 B). In contrast, with PP34 (ExoU) the IRAK4 KO macrophages were totally susceptible, confirming the caspaseindependent pathway death. These results suggest that the effectors of the T3SS act differently during an infection. It would be interesting to understand the difference between the two mechanisms.

Discussion

Genome editing technologies are powerful tools for studying biology, disease and host pathogen interaction. The advent of CRISPR/Cas technology revolutionized our capacity to inactivate genes in eukaryotes [START_REF] Yu | Small Molecules Enhance CRISPR Genome Editing in Pluripotent Stem Cells[END_REF][START_REF] Wang | Applications of CRISPR Genome Engineering in Cell Biology[END_REF][START_REF] Hsu | Development and Applications of CRISPR-Cas9 for Genome Engineering[END_REF] or in bacteria [START_REF] Jiang | Multigene Editing in the Escherichia coli Genome via the CRISPR-Cas9 System[END_REF][START_REF] Altenbuchner | Editing of the Bacillus subtilis Genome by the CRISPR-Cas9 System[END_REF][START_REF] Burby | CRISPR/Cas9 Editing of the Bacillus subtilis Genome[END_REF].

In this work we used a genome-wide CRISPR/cas9 mutants library of RAW macrophages library to identify host factors required in ExlA-dependent cytotoxicity. The library used here targeted more than 20 000 genes in RAW macrophages. The screen was performed with E. coli expressing exlA. At the end of the selection, we obtained around 200 macrophage clones which resist ExlA toxicity. The highthroughput sequencing allowed us to identify genes targeted by sgRNA. 30 genes were highly enriched in the resistant macrophages. Among them two distinct host cell pathways could be defined, one involved in the immune system, response to stimuli and inflammation and the other potentially involved in the lipid bio-synthesis pathway.

We investigated the kinetics of output macrophage survival following an infection with E. coli secreting ExlA or IHMA, a clinical isolate or P. aeruginosa secreting ExlA. Resistant macrophages from the nine output pools showed different survival rates after an infection with ExlA. This result is in agreement with the different genes enriched in these nine output pools. Pools 3 and 4 were enriched in IRAK4 KO macrophages. IRAK4 is recruited by MyD88 after the activation of the TLR4 by LPS leading to an inflammatory response [START_REF] Kawagoe | Essential role of IRAK-4 protein and its kinase activity in Toll-like receptor-mediated immune responses but not in TCR signaling[END_REF]. The macrophages in pools 3 and 4, were resistant to ExlA-intoxication showing 80 % of survival (Figure 8.3). This global survival is comparable to individual IRAK KO (Figure 8.7), confirming that IRAK4 is involved in the ExlA-mediated toxicity. The inflammatory response induced by IRAK4-dependent pathway needs to be further explored.

We previously demonstrated that ExlA-like toxins from environmental species of Pseudomonas provoked a Caspase-1-dependent cell death in macrophages [START_REF] Basso | Multiple Pseudomonas species secrete exolysin-like toxins and provoke Caspase-1-dependent macrophage death[END_REF]. The survival of macrophages from output pools 3, 4 and from individual IRAK4 KOs were tested towards the bacterial infection and surprisingly we observed the same survival rate as those observed with E. coli and IHMA. These results strongly suggest that ExlA-like toxins define a new class of pore-forming toxins and their activity probably induces the same cellular pathways to cytotoxicity with involvement of IRAK4. Classical strains of P. aeruginosa secreting either ExoS or ExoU were also tested toward selected macrophages. Two cell responses were observed. ExoU+ strain PP34 was highly cytotoxic, fewer than 10 % of the IRAK KO macrophages survived the infection. ExoU is a phospholipase acting on cell membranes and engenders an unregulated cell death. This result was not surprising and is in agreement with our previous work. However, the macrophages from pools 3 and 4 and individual IRAK4 KO infected with from PAO1 (ExoS) showed a resistance around 70-80 %.

The pool 6 is particularly interesting because the CASP-1 is one of the genes the most enriched. The survival of macrophages selected in this pool was evaluated with other species and showed that they were not cytotoxic towards these cells. Moreover, macrophages infected with ExoS-positive strain did not present a cell death in comparison with ExoU-positive strain which was highly toxic. These results are in agreement with our previous work. Other genes were highly enriched such as PRKD2, TNFSF13 and LRRC40. Their link with the CASP-1 needs to be further explored.

Construction of individual PRKD2 KOs is in progress. PRKD2 is a plasma membrane protein involved in cell death and response to bacterial stimuli.

In the pool 1, the most enriched sgRNAs are targeting mir-741. Micro RNAs are non-coding RNA that regulate the expression of many genes. mir-741 is involved in regulation of the expression of two major enzymes (ST8SIA1 and AGPAT5) involved in the lipid synthesis pathway. ST8SIA1 is an Alpha-N-acetylneuraminide alpha-2,8-sialyltransferase that plays a role in the production of gangliosides GD3 and GT3 from GM3 [START_REF] Lee | A novel pathway for lipid biosynthesis: the direct acylation of glycerol[END_REF][START_REF] Yu | Structures, biosynthesis, and functions of gangliosides-an overview[END_REF]. Gangliosides are glycosphingolipids (ceramide and oligosaccharide) with one or more sialic acids. This class of lipids is abundant in the plasma membrane.

The second enzyme is AGPAT5, a 1-acyl-sn-glycerol-3-phosphate acyltransferase epsilon that converts lysophosphatidic acid to phosphatidic acid, the second step in de novo phospholipid biosynthesis [START_REF] Prasad | Enzymatic activities of the human AGPAT isoform 3 and isoform 5: localization of AGPAT5 to mitochondria[END_REF]. Indeed, the plasma membrane composition is very important for the pore forming toxin activity [START_REF] Fuertes | Role of membrane lipids for the activity of pore forming peptides and proteins[END_REF][START_REF] Marchioretto | What planar lipid membranes tell us about the poreforming activity of cholesterol-dependent cytolysins[END_REF][START_REF] Rojko | How Lipid Membranes Affect Pore Forming Toxin Activity[END_REF]. The lipids are targeted by the pore-forming toxins and promote their oligomerization. mir-741 might negatively regulate the gene coding for the enzymes involved in the ganglioside and phospholipid synthesis. Hence, targeting mir-741, enhances the expression of these enzymes and activates the ganglioside and sphingolipid production involved in the membrane repair mechanism. This hypothesis could explain that the CRISPR/Cas macrophages, in which the sgRNA targets mir-741, are resistant to ExlA-mediated toxicity. In future work, we will target the mir-741 by siRNA approach, target ST8SIA1 and AGPAT5 by individual CRISPR/cas KOs, or use drugs to inhibit the sphingolipid biosynthesis. 191 P. aeruginosa is a major nosocomial bacterial pathogen responsible for severe acute and chronic infections. The WHO has recently named P. aeruginosa as a target of the highest priority for the development of new antibiotics. Up to now, the T3SS has been considered as the major virulence factor of P. aeruginosa. However, our team recently characterized a new group of 30 strains, majority isolated from clinical samples, that do not possess the T3SS locus and the genes for the effectors, but employ a novel T5SS toxin, Exolysin (ExlA) for their virulence [1,2,[START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF].

Diversity of the PA7-like strains

The genomic characterization of the PA7-like strains has shown that these 30 strains could be divided into three major groups (A, B and C) based on the MLST analysis. This classification into groups is correlated with the type of deletion that occurred at the T3SS locus; namely, strains from groups A and C lack entirely the T3SS genes with only 47 nucleotides left from the intergenic region between PA1689 and pscU, whereas strains of the group B present the "bigger scar" with up to 800 nucleotides of the first and the last gene of the T3SS locus. Those analyses suggested that the acquisition of exlBA genes occurred before the deletion of the T3SS genes [1,2].

Moreover, the phylogenetic analysis done on the SNP of the core genome from 97 P. aeruginosa strains (Figure 1.8), revealed that among the exlA-positive strains, the group B (first identified by the MLST analysis) is closer to PA14-like strains than the group A, however without any presence of the exoU gene. These results also showed that all the exlA-positive strains are probably more divergent between them than the group of the PAO1-or PA14-like strains. The whole core genome comparison of all the strains used in the SNP analysis showed the same results as the SNP analysis (data not shown). Other comparative analyses are underway in the team for several strains, including strains LMG, JT87, CPHL, DVL, Can 5 and PA70 that we have sequenced by MiSeq. This whole genome comparison could further allow the characterization of strains from the group B, identify potential specific regions from these strains, or on the contrary some missing genes. Interestingly, it was shown that strains of the groups B were not able to secrete ExlA, and were not virulent in mice [1], suggesting that the regulatory mechanism leading to the activation of exlBA is mutated or the secretion of ExlA is not functional. It has been widely documented that some major virulence factors, for example ExoU, are acquired by gene transfer [START_REF] Kulasekara | Acquisition and Evolution of the exoU Locus in Pseudomonas aeruginosa[END_REF]. It would be interesting to determine the origin and the time when exlBA had been acquired by some P. aeruginosa strains. This may be done using time-dependent phylogenetic reconstructions and calculations of evolutionary rates of these different strains using BEAST software [START_REF] Drummond | Bayesian Phylogenetics with BEAUti and the BEAST 1.7[END_REF].

The molecular mechanisms leading to tight regulation of exlBA are starting to be elucidated in our laboratory, with cAMP/Vfr being involved in exlBA activation (Berry et al., submitted). exlBA is under control of cAMP and its receptor Vfr and the absence of a functional Vfr in PA7 was found responsible for its reduced cytotoxicity. However, Vfr was present in all the strains of the group B. Moreover, a sequence alignment of the Vfr binding site on exlBA promoters did not reveal specific mutations, suggesting that Vfr was not responsible for the defect of cytotoxicity of the group B strains.

Finally, we still do not know whether there are some strains that possess both systems or the reason why strains favored one system rather than keeping both. 9.2 ExlA is a TPS pore forming toxin of P. aeruginosa

ExlA is a polymorphic toxin composed of a signal peptide required for its export in the periplasm by the Sec-pathway, a TPS domain, assumed to be essential for its secretion through the OM, filamentous haemagglutinin domains and a C-terminal domain which has been shown to be non-homologous to any other proteins in databases [START_REF] Basso | Pseudomonas aeruginosa Pore-Forming Exolysin and Type IV Pili Cooperate To Induce Host Cell Lysis[END_REF]. ExlA is encoded by exlA gene in operon with exlB. ExlB is an outer membrane protein belonging to the Omp85 superfamily of porins and possessing two periplasmic POTRA domains and a β-barrel anchored in the OM. We first demonstrated that ExlB is absolutely required for the secretion of ExlA in the extracellular medium. Moreover, the POTRA domains of ExlB are essential for the secretion of ExlA. These results were in agreement with the results described for FHA, the major adhesin of B. pertussis. In this FhaC-FHA system, the deletion of the POTRA domains of FhaC abolished the secretion of FHA without destabilizing the FhaC protein conformation [START_REF] Clantin | Structure of the Membrane Protein FhaC: A Member of the Omp85-TpsB Transporter Superfamily[END_REF]. The TPS systems are widespread among the gram-negative bacteria. The TPS domains of the TpsA proteins are highly conserved, possessing more than 45% of identity. TpsB proteins are highly similar. The interaction of TPS domains from TpsA proteins and the POTRA domains of the TpsB proteins have been widely demonstrated for FhaC-FHA system, using Surface Plasmon Resonance (SPR) [START_REF] Delattre | Substrate recognition by the POTRA domains of TpsB transporter FhaC[END_REF].

ExlA was identified in the secretome of bacterial culture by comparative proteomic analysis and shared 35% of amino-acids identity with ShlA, the hemolysin of S. marcescens [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF]. ShlB not only secretes ShlA across the OM, but also converts inactive, periplasmic ShlA to hemolytic, secreted ShlA [START_REF] Schiebel | Subcellular location and unique secretion of the hemolysin of Serratia marcescens[END_REF][START_REF] Poole | Molecular characterization of the hemolysin determinant of Serratia marcescens[END_REF]. Indeed, purified rExlA has no activity toward eukaryotic cells and ExlA obtained from the bacterial supernatants is inactive. However, those proteins are active on liposomes [START_REF] Basso | Pseudomonas aeruginosa Pore-Forming Exolysin and Type IV Pili Cooperate To Induce Host Cell Lysis[END_REF], suggesting that they do not require ExlB for activation.

The X-ray structures of the TPS domains have been solved for Fha30 [START_REF] Clantin | The crystal structure of filamentous hemagglutinin secretion domain and its implications for the two-partner secretion pathway[END_REF], Hpm, Hmw1 [START_REF] Yeo | The Structure of the Haemophilus influenzae HMW1 Pro-piece Reveals a Structural Domain Essential for Bacterial Two-partner Secretion[END_REF], and HxuA [START_REF] Baelen | Structure of the secretion domain of HxuA from Haemophilus influenzae[END_REF] showing similar β-helical structure with 3 helical motifs displaying a triangular shape. The structure of the TPS domain does not explain the secretion signal, because interactions between the TpsA and the POTRA domains only occur with unfolded TPS domain [START_REF] Clantin | Structure of the Membrane Protein FhaC: A Member of the Omp85-TpsB Transporter Superfamily[END_REF].

ExlA provokes a plasma membrane rupture in vitro on eukaryotic cells, characterized by an entry of EtBr in the nuclei [1,[START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF][START_REF] Basso | Pseudomonas aeruginosa Pore-Forming Exolysin and Type IV Pili Cooperate To Induce Host Cell Lysis[END_REF]. Using red blood cells model, currently employed for studying pore forming toxins, we demonstrated that ExlA, secreted from P. aeruginosa is able to lyse RBCs. The addition of sugars and PEGs of different sizes in the medium, deferentially inhibited the lysis of RBCs and allowed the determination of the diameter of the pore to 1.6 nm, demonstrating that ExlA is a pore forming toxin (PFTs). PFTs are classified into two large groups, α and β-PFTs based on the secondary structure of their membrane-spanning elements, composed of α-helices or β-barrels, respectively. Among the β-PFTs, the α-haemolysin of S. aureus was described to form pores of 1 nm [START_REF] Menestrina | Ion channels and bacterial infection: the case of β-barrel pore-forming protein toxins of Staphylococcus aureus[END_REF]. In addition, ShlA, the hemolysin of S. marcescens forms pore of 2 nm [START_REF] Hertle | Cytotoxic action of Serratia marcescens hemolysin on human epithelial cells[END_REF] and was predicted to belong to β-PFTs class, however, there is no data concerning the oligomerization and pore formation. The close relation of pore formation mechanism between ExlA and ShlA suggests that ExlA belongs to the β-PFTs group.

As in many polymorphic toxins, the C-terminal domain is responsible for the pore forming activity of ExlA, similarly to ShlA. The second model used to characterize the pore formation was liposomes composed of different lipids. Recombinant proteins were able to induce in vitro liposome leakage strongly suggesting that lipid binding helps ExlA to adopt its proper pore conformation. ExlA provokes a liposomes leakage only in presence of charged phospholipids (PS), probably involving electrostatic and hydrophobic interactions, a similar effect seen for T3SS translocon proteins PopB and PopD. Another well-studied example is the interaction of colicins with lipids. The presence of anionic lipids species, such as cardiolipin in the bacterial IM promotes the "umbrella" conformation and the active pore formation [START_REF] Zakharov | On the role of lipid in colicin pore formation[END_REF]. In the case of ShlA, the liposome leakage was also favored in presence of PS and PE [START_REF] Hertle | Serratia marcescens Hemolysin (ShlA) Binds Artificial Membranes and Forms Pores in a Receptor-independent Manner[END_REF]. Interestingly, the C-terminal part of the protein, essential for ExlA-mediated P. aeruginosa cytolytic activity was also able to induce liposome leakage, albeit only at acidic pH. This suggests that the first part of the protein, composed of several haemagglutinin domains organized in β-sheets, may play a role in lipid binding and/or protein oligomerization, or conformational changes at the C-terminus, accounting for the difference in the activity between the whole protein and the C-terminal domain alone. The determination of the crystal structure of this domain is a project of a PhD student in the Dr. Andrea DESSEN team at the IBS. The structure of this "toxic" domain of ExlA would help to understand its oligomerization and its insertion in plasma membrane. The 3D-structure would also help to determine the class of the PFTs to which ExlA belongs.

Another consequence of the pore formation in epithelial cells was the entry of calcium in the cytoplasm. Indeed, it has been demonstrated for several PFTs, such as HlA from S. aureus, that the pore formed by the toxin lead to the modification of ion concentration [START_REF] Berube | Staphylococcus aureus α-Toxin: Nearly a Century of Intrigue[END_REF]. Most of the time an entry of calcium and an efflux of potassium have been observed [START_REF] Berube | Staphylococcus aureus α-Toxin: Nearly a Century of Intrigue[END_REF]. Our team demonstrated that after the pore formation by ExlA, there is a massive calcium entry in the cytosol. This change in calcium promotes the maturation of ADAM10 that triggers the cleavage of E-and VE-cadherins, main proteins of the adherens junctions of epithelial and endothelial cells, respectively ( [START_REF] Reboud | Pseudomonas aeruginosa ExlA and Serratia marcescens ShlA trigger cadherin cleavage by promoting calcium influx and ADAM10 activation[END_REF]). In many PFTs, for example SLO, PLY, and HlA [START_REF] Wilke | Role of a disintegrin and metalloprotease 10 in Staphylococcus aureus -hemolysin-mediated cellular injury[END_REF][START_REF] Los | Role of Pore-Forming Toxins in Bacterial Infectious Diseases[END_REF], calcium entry leads to the activation of ADAM10 where ADAM10 plays the role of the receptor for these PFTs. However, ADAM10 did not directly interact with ExlA and a deletion of ADAM10 done by CRISPR/Cas9 did not prevent the ExlA pore formation.

Role of type IV pili in the ExlA pore formation

Neither ExlA harvested from P. aeruginosa supernatant nor in vitro purified ExlA variants showed lytic activity on eukaryotic cells. Moreover, only bacteria in contact with eukaryotic cells were able to exert ExlA-dependent cytolysis. Using a cellbased screen for bacterial factors that may promote ExlA pore-forming activity, we identified P. aeruginosa pili as being required for pore formation.

The bacterial pili are long extracellular appendages that play a vital role in the bacterial adhesion and initial colonization, particularly in mucosal cell surfaces [START_REF] Hahn | The type-4 pilus is the major virulence-associated adhesin of Pseudomonas aeruginosa -A review[END_REF]. Several studies based on Tn-seq have shown that type IV pili are involved in the GI tract colonization and the systemic dissemination [START_REF] Skurnik | A Comprehensive Analysis of In Vitro and In Vivo Genetic Fitness of Pseudomonas aeruginosa Using High-Throughput Sequencing of Transposon Libraries[END_REF]. Bacteria carrying transposons in pil genes were more able to disseminate in secondary organs than WT strain, suggesting that pili play a negative role in the bacterial fitness. This increase of dissemination and fitness can be explained by a lack of immune response from the host. Indeed, flagellum and type IV pili are recognized by the TLR5 [START_REF] Feuillet | Involvement of Toll-like receptor 5 in the recognition of flagellated bacteria[END_REF][START_REF] Miao | TLR5 and Ipaf: dual sensors of bacterial flagellin in the innate immune system[END_REF][START_REF] Franchi | Critical role for Ipaf inPseudomonas aeruginosa-induced caspase-1 activation[END_REF][START_REF] Descamps | Toll-like receptor 5 (TLR5), IL-1 secretion, and asparagine endopeptidase are critical factors for alveolar macrophage phagocytosis and bacterial killing[END_REF].

Type IV pili have been also reported to be involved at the beginning of the urinary tract colonization [START_REF] Newman | The contribution of Pseudomonas aeruginosa virulence factors and host factors in the establishment of urinary tract infections[END_REF]. Type IV pili can further contribute to virulence and bacterial adaptation through the mediation of pili-dependent phage infection [START_REF] Davies | Temperate phages both mediate and drive adaptive evolution in pathogen biofilms[END_REF]. The role of pili in P. aeruginosa T3SS-dependent cell intoxication has been clearly demonstrated in an in vivo corneal infection model [109] and in ex vivo models of epithelial cells. They are required for the injection of T3S toxins; however, the type IV pili could be exchanged for the nonfimbrial adhesin pH 6 antigen of Yersinia pestis, indicating that adhesion to cells mediated by pili plays a crucial role in T3S intoxication, probably by positioning the injectisome onto the host cell surface [START_REF] Sundin | Type IV pili are not specifically required for contact dependent translocation of exoenzymes by Pseudomonas aeruginosa[END_REF]. Moreover, it was suggested that type IV pili act as "mechanical sensors" during the infection, detecting the surfaces and promoting the expression of virulence factors [START_REF] Persat | Type IV pili mechanochemically regulate virulence factors in Pseudomonas aeruginosa[END_REF]. The type IV pili are important for the adhesion phase of colonization through the binding of asialoGM1 [START_REF] Comolli | Pili binding to asialo-GM1 on epithelial cells can mediate cytotoxicity or bacterial internalization by Pseudomonas aeruginosa[END_REF]. The Asialo Gangliosides M1 are expressed at the apical surface of the respiratory epithelial cells. At the basal surface of the cells, pili interact with integrins, mediated by the PilY1 that harbors an RGD motif [START_REF] Comolli | Pili binding to asialo-GM1 on epithelial cells can mediate cytotoxicity or bacterial internalization by Pseudomonas aeruginosa[END_REF]. Therefore, in our ExlBA TPS system, type IV pili may facilitate bringing the bacteria to the proximity of the host cell membrane. This close proximity would enhance a local concentration of ExlA near the membrane and trigger the pore formation.

TPS systems, with auto-transporter (AT) systems belong to T5SSs. It has been demonstrated that many ATs including IcsA of S. flexeneri localize at the pole of bacteria [START_REF] Steinhauer | The unipolar Shigella surface protein IcsA is targeted directly to the bacterial old pole: IcsP cleavage of IcsA occurs over the entire bacterial surface[END_REF]. This polar localization was required for the secretion of the protein. The secretion at the pole of the bacteria suggests that the bacteria are oriented during the interaction with the host [START_REF] Steinhauer | The unipolar Shigella surface protein IcsA is targeted directly to the bacterial old pole: IcsP cleavage of IcsA occurs over the entire bacterial surface[END_REF]. It would be interesting to see whether ExlB is located at a specific region in the OM, for example close to the type IV pili in order to cooperate to the pore formation. Immunofluorescence of ExlB and pilin would help in co-localization of these systems in vivo in the OM.

ExlA was first identified by comparative proteomics in the CLJ1 strain from a patient suffering from hemorraghic pneumonia [START_REF] Elsen | A Type III Secretion Negative Clinical Strain of Pseudomonas aeruginosa Employs a Two-Partner Secreted Exolysin to Induce Hemorrhagic Pneumonia[END_REF]. CLJ1 was characterized as a highly virulent strain. CLJ1 strain is unable to twitch or swim, as demonstrated by Reboud et al. [1]. The examination of the CLJ1 genomes has revealed the presence of insertion sequence in flgL and pilM gene coding for proteins of flagellum and type IV pili (Santausa., et al, in preparation). In a mouse model of pneumonia, CLJ1 strain was able to disseminate in secondary organs, including spleen, liver, kidney, and blood, demonstrating that pili are not involved in the dissemination [START_REF] Bouillot | Pseudomonas aeruginosa Exolysin promotes bacterial growth in lungs, alveolar damage and bacterial dissemination[END_REF]. However, proteomic analyses have revealed the presence of five additional TPS systems annotated as filamentous haemagglutinin/adhesins proteins. The synthesis of all these TPSs in CLJ1 strain indicates that these secreted proteins may play an important role during colonization and infection, but their exact roles in adhesion, cytotoxicity and/or inter-bacterial competition needs to be further investigated.

The dissemination of CLJ1 in the secondary organs was comparable to the T3SSpositive strains, but ExlA provokes more severe damage in the lungs, such as alveolar lesions [START_REF] Bouillot | Pseudomonas aeruginosa Exolysin promotes bacterial growth in lungs, alveolar damage and bacterial dissemination[END_REF]. Therefore it would be interesting to repeat these experiments with T4P+, Flagella+, ExlA+ IHMA87 strain, to compare the dissemination of this strain to CLJ1. Dissemination of the bacteria in the lung tissues is facilitated by the capacity of ExlA to cleave cells barriers, in particular E-cadherin and VE-caderin junctions ( [START_REF] Reboud | Pseudomonas aeruginosa ExlA and Serratia marcescens ShlA trigger cadherin cleavage by promoting calcium influx and ADAM10 activation[END_REF]). However, type IV pili mutants also showed the E-cadherin cleavage ( [START_REF] Reboud | Pseudomonas aeruginosa ExlA and Serratia marcescens ShlA trigger cadherin cleavage by promoting calcium influx and ADAM10 activation[END_REF]). Chronologically, ExlA forms the pore facilitated by adhesion through type IV pili, the calcium enters in the cytoplasm by the ExlA pore allowing the maturation of ADAM10 that will cleave the E-cadherin. At the same time, in the macrophages, the formation of the pore activates pyroptotic pathway and triggers cell death.

Role of ExlA in inflammation

Many factors of P. aeruginosa, including the T3SS, the type IV pili, the flagellum and the LPS, have been shown to play an important role in the modulation of the innate immune response. In particular, the inner rod PscI and the needle subunit PscF of the toxin-injection T3SS machinery, activate the NLRC4 inflammasome [START_REF] Faure | Characterization of a novel two-partner secretion system implicated in the virulence of Pseudomonas aeruginosa[END_REF]. Flagellin FliC that is injected by the T3SS is able also to activate NLRC4 pathway [START_REF] Faure | Characterization of a novel two-partner secretion system implicated in the virulence of Pseudomonas aeruginosa[END_REF][START_REF] Sutterwala | Immune recognition of Pseudomonas aeruginosa mediated by the IPAF/NLRC4 inflammasome[END_REF][START_REF] Miao | Pseudomonas aeruginosa activates caspase 1 through Ipaf[END_REF][START_REF] Yang | Human NAIP and mouse NAIP1 recognize bacterial type III secretion needle protein for inflammasome activation[END_REF][START_REF] Ince | Secretion of Flagellar Proteins by the Pseudomonas aeruginosa Type III Secretion-Injectisome System[END_REF][START_REF] Monlezun | PscI is a type III secretion needle anchoring protein with in vitro polymerization capacities[END_REF][START_REF] Miao | Innate immune detection of the type III secretion apparatus through the NLRC4 inflammasome[END_REF]. Flagellin and LPS have been demonstrated as critical extracellular PAMPs (Pathogen Associated Molecular Patterns) recognized by the host through the Toll-Like-Receptors TLR5 and TLR4, respectively [START_REF] Feuillet | Involvement of Toll-like receptor 5 in the recognition of flagellated bacteria[END_REF][START_REF] Franchi | Critical role for Ipaf inPseudomonas aeruginosa-induced caspase-1 activation[END_REF][START_REF] Hajjar | Human Toll-like receptor 4 recognizes host-specific LPS modifications[END_REF]. As mentioned previously, unflagellated CLJ1, due to the presence of an insertion sequence in flgL gene, was less immunogenic than flagellated strains. No pro-inflammatory cytokines, including IL-1β, TNF and IFNγ and no neutrophil recruitment were detected in the mice broncho alveolar lavages after an infection with CLJ1 [START_REF] Bouillot | Pseudomonas aeruginosa Exolysin promotes bacterial growth in lungs, alveolar damage and bacterial dissemination[END_REF].

CLJ3 was isolated 12 days after antibiotherapy from the same patient as CLJ1, and was shown to be less virulent but resistant to almost all antibiotics. Wholegenome comparison between CLJ1 and CLJ3 allowed to show the deletion of 20 kbs encompassing at least 21 genes including notably galU encoding UDP glucose pyrophosphorylase [START_REF] Chang | Characterization of a putative Pseudomonas UDPglucose pyrophosphorylase[END_REF]. GalU adds sugar moieties on the inner lipid core, giving the anchor for the full length LPS. In vitro experiments have demonstrated that CLJ3 was non-agglutinable and sensitive to human serum compared to CLJ1. It would be interesting to perform mouse experiments to examine the role of the LPS in the inflammatory response, and in the dissemination.

In addition, in vitro experiments done on BMDM macrophages, invalidated for major actors of pyroptosis, have shown that IHMA provokes a caspase-1 dependent cell death by the recruitment of the NLRP3 inflamasomme. The activity of several PFTs of major human bacterial pathogens such as S. pneumonia, S. aureus and E. coli [START_REF] Los | Role of Pore-Forming Toxins in Bacterial Infectious Diseases[END_REF] leads to the activation of NLRP3 inflammasome, caspase-1 processing and the maturation of IL-1β [START_REF] Greaney | Bacterial Exotoxins and the Inflammasome[END_REF][START_REF] Lamkanfi | Mechanisms and Functions of Inflammasomes[END_REF]. Indeed, the efflux of cellular ions such as the potassium through the toxin pores and the decrease of cellular potassium concentration, activate the NLRP3 inflammasome [START_REF] Yaron | K+ regulates Ca2+ to drive inflammasome signaling: dynamic visualization of ion flux in live cells[END_REF] leading to pyroptosis [START_REF] Fink | Caspase-1-dependent pore formation during pyroptosis leads to osmotic lysis of infected host macrophages[END_REF]. Strains lacking flagellum (IHMA∆fliC, CLJ1) showed the same cytotoxicity as the WT, but a 2-fold decrease of the caspase-1 activation and the IL-1β production.

Flagellin is recognized by TLR5 and the TLR pathway primes the innate immune response. IHMA strain was demonstrated to be less virulent than CLJ1 in a mouse pneumonia model [1]. This could be explained by the high pro-inflammatory response induced by IHMA and lower secretion of ExlA. On the other hand, higher amount of toxin explains the hyper virulence of CLJ1 and lower immune recognition due to the absence of pili and flagellum. exlA was found in several Pseudomonas species including P. putida, P. entomophila, P. fluorescens and P. protegens. Sequence alignment of the ExlA proteins showed that the TPS domain was highly conserved (60 % of identity). The phylogenetic tree analysis based on the ExlA comparison suggested that exlA has been acquired by horizontal gene transfer from environmental species. The response of the BMDMs infected by different Pseudomonas species was the same as for IHMA [START_REF] Basso | Multiple Pseudomonas species secrete exolysin-like toxins and provoke Caspase-1-dependent macrophage death[END_REF]. The emergence of nosocomial infections with environmental species has been noted over this last decade. Among the nine sequenced P. putida strains (NCBI databases) harboring exlA, two strains have been isolated from patients; H8234 was isolated from a patient presenting bacteremia, and HB3267, isolated from a patient that passed away, exhibited a broad antibiotic resistance spectrum [START_REF] Molina | Antibiotic Resistance Determinants in a Pseudomonas putida Strain Isolated from a Hospital[END_REF]. The contribution of ExlA in this kind of bacteremia could be investigated by creating exlA negative mutants and testing them in a bacteremia mouse model for virulence, survival in blood and for the inflammatory response of the host induced after the infection.

Search for host factors potentially involved in ExlA action

PFTs often recognize target cells through binding either to specific, sugar, lipid or protein receptors creating a high local concentration that promotes their oligomerization and membrane insertion. Colicins are bacterial toxins that recognize cardiolipin in bacterial membranes as receptors to adopt their "umbrella" conformation and form an active pore [237]. Hla from S. aureus recognizes ADAM10 at the surface of the eukaryotic cells. This binding increases the protease activity of ADAM10, which disrupts the epithelial barrier and leads to lung injuries. The interaction of Hla with ADAM10 was first demonstrated using co-immunoprecipitation followed by mass spectrometry. The recent development of the CRISPR/cas9 system allowed to target and to modify eukaryotic genes. CRISPR loss-of function genes libraries of eukaryotic cells have been created for mouse and human genomes. Recently described screens coupled to the next generation sequencing enhanced our understanding of global host-pathogen interaction for viruses and bacteria. In the case of bacterial toxins (Hla, anthrax, T3SS), screens of CRISPR/Cas libraries led to identification of novel cellular targets, receptors and regulatory proteins. In accordance with previous study, Winter and colleagues demonstrated that ADAM10 is the protein receptor of the HlA and also identified three other proteins that participate in the ADAM10 regulation (SYS, ARFRP1 and TSPAN14) [START_REF] Virreira | Genome-wide CRISPR screen reveals novel host factors required for Staphylococcus aureus αhemolysin-mediated toxicity[END_REF].

In the case of ExlA, co-immunoprecipitation assays did not allow us to identify a putative protein receptor of ExlA due to the small amount of ExlA inserted in the host membrane. Therefore, we set up a high-throughput screening of a CRISPR/Cas library made in RAW macrophages to identify potential protein or non-protein receptors of ExlA. The first analysis revealed several potentially interesting host cell molecules that be involved in ExlA-induced cytotoxicity in macrophages. One of those was a small RNA mir-741 that regulates the expression of two enzymes ST8SIA1 and AGPAT5. ST8SIA1 is a sialyltransferase playing a role in the production of gangliosides GD3 and GT3 from GM3 [381]. Gangliosides are glycosphingolipid (ceramide and oligosaccharide) very abundant in the plasma membrane. AGPAT5 is an acyltransferase that converts lysophosphatidic acid to phosphatidic acid, the second step in de novo phospholipid biosynthesis [381]. The composition of the host plasma membrane is a very important factor for the pore forming activity of several toxins. The lipids are targeted by the pore-forming toxins and promote their oligomerization, as was shown for SLO from L. monocytogenes or PLY from S. pneumonia, that both require cholesterol for their pore formation. Taking into account that in the case of ExlA, pili may be employed for creating high local concentration of the toxin at the host membrane proximity, it is possible that it does not require any specific protein receptor. However, the proper lipid environment may be required for its oligomerization and/or insertion. Lipid rafts are postulated to be cholesteroland glycosphingolipid-enriched microdomains of the cell plasma membrane that differ in their physical properties from the rest of the membrane [START_REF] Simons | Functional rafts in cell membranes[END_REF][START_REF] Abrami | Membrane insertion of anthrax protective antigen and cytoplasmic delivery of lethal factor occur at different stages of the endocytic pathway[END_REF] clearly demonstrated the physiological relevance of raft integrity to toxin effects. Anthrax toxin PA binds to either CMG2 or TEM8 at the cell surface clustered in the lipid rafts. By using β-methyl-cyclodextrin, a reagent that removes cholesterol from the plasma membrane and thus disaggregates rafts, it has been demonstrated that anthrax toxin was less internalized [START_REF] Sanchez | Methyl-β-Cyclodextrins Preferentially Remove Cholesterol from the Liquid Disordered Phase in Giant Unilamellar Vesicles[END_REF][START_REF] Mahammad | Cholesterol Depletion Using Methyl-βcyclodextrin[END_REF]. Thus β-methyl-cyclodextrin will be used on eukaryotic cells to test the role of the lipid rafts and cholesterol in the ExlA pore activity. Also, some inhibitors of lipid biosynthesis pathways may be used to confirm the data obtained by CRISPR/Cas screen.

In conclusion, I propose a general view of the mechanism leading to ExlA secretion and its action toward eukaryotic cells (Figure 9.1). I demonstrated that ExlB is absolutely required for the secretion of ExlA, involving the ExlA POTRA domains. Moreover, I showed that ExlA forms 1.6 nm-pores in the plasma membrane of eukaryotic cells leading to the complete plasma rupture. The pore formation of ExlA is possible thanks to the Type IV pili that promote a close contact between the bacteria and the host cells. ExlA toward primary macrophages induces a pyroptosis cell death with high levels of IL-1β release. Finally, I started the determination of the host factors involved in the ExlA-mediated cytotoxicity. Reboud E, Basso P, Maillard A, Huber P and Attree I (Toxins (2017))

In this chapter we review the structural features of the Exolysin, the mechanism of its secretion and the effects of the pore formation on eukaryotic cells ( [START_REF] Reboud | Exolysin Shapes the Virulence of Pseudomonas aeruginosa Clonal Outliers[END_REF]). This part includes results from Chapters 5, 6 and the work done by Emeline Reboud, PhD ( [START_REF] Reboud | Pseudomonas aeruginosa ExlA and Serratia marcescens ShlA trigger cadherin cleavage by promoting calcium influx and ADAM10 activation[END_REF]).

Bacterial toxins are important weapons of toxicogenic pathogens. Depending on their origin, structure and targets, they show diverse mechanisms of action and effects on eukaryotic cells. Exolysin is a secreted 170 kDa pore-forming toxin employed by clonal outliers of Pseudomonas aeruginosa providing to some strains a hyper-virulent behaviour. This group of strains lacks the major virulence factor used by classical strains, the Type III secretion system. 203

Introduction

Protein toxins are main weapons of bacterial pathogens. Most Gram-negative pathogens, including the major human opportunist Pseudomonas aeruginosa, secrete toxins in their surrounding milieu or inject toxic effectors directly into host-cell cytoplasm.

P. aeruginosa is a ubiquitous bacillus that thrives in most moisture environments and colonizes different hosts from plants to insects, and to mammals [1][2][3]. P. aeruginosa is particularly well adapted to human hosts and is capable of provoking infections of different tissues and organs, such as urinary tract, lungs, eyes and damaged skin. It is often associated with nosocomial infections in Intensive Care Units and affects elderly patients with underlying chronic diseases, as well as patients with cystic fibrosis where it is the primary cause of morbidity and mortality [4]. Whole-genome analysis approaches have clustered environmental and clinical isolates of P. aeruginosa into three major groups [5,6], represented by reference strains PAO1, PA14 and PA7 [7][8][9][10]. While the majority of world-wide collected samples populates the two first groups ("PAO1" and "PA14"), the third group ("PA7") harbours strains qualified as clonal outliers based on their sequence and genome divergence [5,6,[11][12][13].

The main difference between clonal outliers and the rest of the population is the way those bacteria exert their cytotoxicity and virulence toward mammalian hosts. The "classical" strains belonging to "PAO1" and "PA14" groups possess the well-studied virulence determinant Type III Secretion System (T3SS). T3SS is a molecular syringe that allows the export of bacterial proteins and their injection directly into the host cell across three membranes [14,15]. The T3SS machinery is encoded by a four-operon chromosomal locus of ~25 kb containing genes for structural and regulatory proteins (reviewed in [14]). Four toxin-effectors are transported by the T3SS machinery, two of them, ExoS and ExoU, being mutually exclusive in a majority of clinical strains [16,17]. In contrast, clonal outliers of the Toxins 2017, 9, 364 2 of 12 "PA7" group are devoid of a T3SS machinery and all T3SS toxins [7,18]. Instead, they employ a secreted toxin of 170 kDa, named Exolysin (ExlA), to establish infection [19]. Exolysin has been first detected by non-targeted proteomics in the secreted medium of a highly cytotoxic strain CLJ1, isolated from a patient with chronic obstructive pulmonary disease (COPD) accompanied by signs of haemorrhage in lungs [19]. The recombinant expression of exlBA was found to be sufficient to cause fatal outcome in a mouse model of acute pneumonia and both genes are necessary for cytotoxicity toward eukaryotic cells. The exlBA locus encoding the toxin is absent in classical strains of P. aeruginosa, and is located between genes corresponding to PA0874 and PA0873 in the reference strain PAO1. This genetic organization is conserved in all clonal outliers sequenced to date. Bioinformatics analysis performed on all genomes available in the Pseudomonas database [10] revealed the presence of exlBA genes in several Pseudomonas species, including P. putida, P. entomophila, P. protegens and P. fluorescens [20].

Here we bring insights regarding the structural and functional features of this novel toxin acquired by some multi-resistant P. aeruginosa strains.

Exolysin Belongs to a Family of Two-Partner-Secretion Pore-Forming Toxins

The exlA gene encodes a 1651 residue-long polypeptide that bears successive sequence signatures typical of (i) a signal peptide recognized by the general Sec machinery, (ii) a so-called Two-Partner Secretion (TPS) domain and (iii) several filamentous hemagglutinin (FH) repeats (Figure 1A). The absence of any known sequence signature beyond residue 1364 defines a ~280 residue-long C-terminal domain that was proved necessary for ExlA activity toward eukaryotic cells (see below) [19,21]. Upstream from exlA is exlB that encodes a 60 kDa outer membrane (OM) protein channel of the Omp85 superfamily [22]. Proteins of this superfamily possess a C-terminal 16-stranded membrane-embedded β-barrel downstream a variable number of POlypeptide TRansport Associated (POTRA) domains, of which ExlB has two. Together, P. aeruginosa ExlB and ExlA make a secretion system that belongs to a system that was named TPS systems, such as to account for the minimal set of proteins specifically involved in secretion, i.e., the effector and its cognate transporter [23]. This dominant picture shall not occlude instances where additional dedicated partners may modify, neutralize or proteolyse the substrate [22], although none of this seems to apply to ExlA which was detected as a single ~170 kDa band after SDS-PAGE analysis of bacterial culture supernatants. Some founding members of that group are well characterized homologs of ExlBA, like S. marcescens ShlBA and B. pertussis FhaCB. With analogy to these well-studied TPS systems [24], ExlA secretion is predicted to occur in two steps: (i) the 34 residue-long, cleavable signal peptide at the N-terminus of ExlA targets the precursor to the general secretion pathway, which delivers ExlA to the periplasm after signal peptide processing and (ii) mature ExlA gets translocated across the outer membrane through ExlB (Figure 1B). Targeting of ExlA to ExlB across the periplasm probably requires the TPS domain of ExlA to interact with ExlB POTRA domains 1 and 2, making them indispensable for ExlA secretion [21]. While ExlA was originally detected in the bacterial culture supernatant, it is not clear whether the secreted form is the active one, i.e., its poor solubility could severely restrain diffusion of the toxin in the milieu, perhaps tethering it to the envelope. Indeed, the fact that ExlA-mediated virulence requires close contact between bacteria and target cell also suggests that the diffusion of secreted While ExlA was originally detected in the bacterial culture supernatant, it is not clear whether the secreted form is the active one, i.e., its poor solubility could severely restrain diffusion of the toxin in the milieu, perhaps tethering it to the envelope. Indeed, the fact that ExlA-mediated virulence requires close contact between bacteria and target cell also suggests that the diffusion of secreted ExlA is confined around P. aeruginosa. This is in agreement with the limited diffusion reported for S. marcescens ShlA [26], with whom ExlA shares 34% overall identity.

ExlA belongs to a family of cytolysins/hemolysins, whose activity has been best characterized for ShlA. ShlA is responsible for the cell-bound hemolytic phenotype of S. marcescens [27]. ShlB and ShlA Toxins 2017, 9, 364 4 of 12 have been a major model in the early characterization of TPS. With bacterial cells and urea-extracts to palliate the minute-long half-life of the native toxin (hence "cell-bound"), in vitro hemolysis experiments allowed to establish that ShlA was secreted in two steps, the periplasmic form ShlA* being inactive, and hemolytic activity being acquired by ShlA concomitantly with outer-membrane translocation [28]. Strikingly, periplasmic ShlA obtained from shlB mutants of S. marcescens could be activated by either ShlB or secreted ShlA truncation constructs comprising the TPS domain [26]. A similar mechanism of activation has been documented for HpmA [29] and likely operates for ExlA. Active ShlA inserts in erythrocyte membranes where it adopts a new conformation [30] and makes 1-to-3 nm wide pores [27,31], similarly to what was found for ExlA (Figure 2A).

ExlA is confined around P. aeruginosa. This is in agreement with the limited diffusion reported for S. marcescens ShlA [25], with whom ExlA shares 34% overall identity.

ExlA belongs to a family of cytolysins/hemolysins, whose activity has been best characterized for ShlA. ShlA is responsible for the cell-bound hemolytic phenotype of S. marcescens [26]. ShlB and ShlA have been a major model in the early characterization of TPS. With bacterial cells and ureaextracts to palliate the minute-long half-life of the native toxin (hence "cell-bound"), in vitro hemolysis experiments allowed to establish that ShlA was secreted in two steps, the periplasmic form ShlA* being inactive, and hemolytic activity being acquired by ShlA concomitantly with outermembrane translocation [27]. Strikingly, periplasmic ShlA obtained from shlB mutants of S. marcescens could be activated by either ShlB or secreted ShlA truncation constructs comprising the TPS domain [25]. A similar mechanism of activation has been documented for HpmA [28] and likely operates for ExlA. Active ShlA inserts in erythrocyte membranes where it adopts a new conformation [29] and makes 1-to-3 nm wide pores [26,30], similarly to what was found for ExlA (Figure 2A). [19]). The priming signal is provided by LPS-TLR-4 or flagellum-TLR-5 interaction, leading to NF-κB nuclear translocation and synthesis of pro-IL-1β. The second signal is provided by ExlA pore formation inducing K + efflux. Alteration in K + cytosolic concentration elicits NLRP3/ASC inflammasome activation, which in turn activates caspase-1.

Caspase-1 has two major effects, (i) cleavage of pro-IL-1β into mature IL-1β and (ii) the rupture of the macrophage plasma membrane and the massive release if IL-1β, which promotes pro-inflammatory response. (C) ExlA induces the cleavage of the intercellular adhesive proteins E-and VE-cadherins in epithelial and endothelial cells, respectively, by diverting a natural mechanism of cadherin shedding of the host (adapted from [31]). In resting conditions, the metalloprotease ADAM10 is maintained inactive (pro-A10) within a complex with calmodulin (CaM), a protein with high affinity for Ca 2+ . ExlA pore formation induces a massive entry of Ca 2+ in the cytosol. The CaM-Ca 2+ association liberates pro-A10, which is available for cleavage by furin and for export to the plasma membrane. In turn, [20]). The priming signal is provided by LPS-TLR-4 or flagellum-TLR-5 interaction, leading to NF-κB nuclear translocation and synthesis of pro-IL-1β. The second signal is provided by ExlA pore formation inducing K + efflux. Alteration in K + cytosolic concentration elicits NLRP3/ASC inflammasome activation, which in turn activates caspase-1.

Caspase-1 has two major effects, (i) cleavage of pro-IL-1β into mature IL-1β and (ii) the rupture of the macrophage plasma membrane and the massive release if IL-1β, which promotes pro-inflammatory response. (C) ExlA induces the cleavage of the intercellular adhesive proteins E-and VE-cadherins in epithelial and endothelial cells, respectively, by diverting a natural mechanism of cadherin shedding of the host (adapted from [32]). In resting conditions, the metalloprotease ADAM10 is maintained inactive (pro-A10) within a complex with calmodulin (CaM), a protein with high affinity for Ca 2+ . ExlA pore formation induces a massive entry of Ca 2+ in the cytosol. The CaM-Ca 2+ association liberates pro-A10, which is available for cleavage by furin and for export to the plasma membrane. In turn, ADAM10 (A10) cleaves the cadherins, inducing junction disruption. Later on, Ca 2+ entry also induces necrotic cell death by unknown mechanisms.

Affinity of Exolysin to Membranes

Pore forming toxins (PFT) classically dock to a receptor as they reach a target membrane, be it a protein, a sugar moiety or a lipid head group. After binding, the PFTs oligomerize then form a pore into the plasma membrane [33]. The measure of haemoglobin release from red blood cells in presence of osmoprotectants of different sizes allowed to suggest that once inserted, ExlA assembles into ~1.6 nm-wide pores [21]. The requirement for lipids in ExlA-mediated pore formation was investigated in vitro using liposomes. It was found that ExlA requires phosphatidylserine (PS) to provoke liposome leakage, probably involving electrostatic and hydrophobic interactions with this anionic phospholipid [21]. Likewise, a dependence on lipid head group ionic charge was shown for the membrane insertion of T3SS translocon proteins PopB and PopD [34]. In the case of ShlA, liposome leakage was observed in presence of PS and enhanced in presence of phosphatidylethanolamine (PE) [35].

Neither ExlA harvested from P. aeruginosa supernatant nor purified non-native ExlA showed lytic activity on eukaryotic cells. Moreover, only bacteria in contact with eukaryotic cells were able to exert ExlA-dependent cytolysis. Using a cellular based screen for bacterial factors that may promote ExlA pore-forming activity, type IV pili were identified to facilitate ExlA-mediated cytotoxicity. Therefore, pili may support ExlBA function by bringing the bacteria close to the host cell membrane. This proximity would enhance a local concentration of ExlA near the membrane and trigger pore formation [21] (Figure 2A) highlighting the originality of this TPS pore-forming toxin. The question whether or not ExlA/ShlA family of pore forming toxins use a specific cellular receptor for docking to the host membranes, and if yes, the identity of this receptor, remains open.

Virulence of P. aeruginosa Strains Secreting Exolysin

The current cohort of ExlA-positive strains (ExlA+) includes isolates from various pathological conditions (ear and urinary tract infections, burns, abscesses, bacteremia, cystic fibrosis, pneumonia, COPD) or from the environment (plant and pond water) [18]. Laboratory assays for some general virulence features showed that only a small number of these strains exert LasB-type proteolytic activity or production of HCN, two virulence factors produced by most classical strains ("PAO1" and "PA14"). Similar to other P. aeruginosa strains, ExlA+ strains display a great diversity in their capacity to swim, swarm or twitch. All eukaryotic cell types tested (epithelial, endothelial, fibroblastic, myeloid) were found permissive to ExlA-cytotoxicity, suggesting that ExlA+ bacteria may affect various organs and tissues in vivo. The role of ExlA in the virulence of PA7-like strains was provided by two experiments: (i) strain toxicity levels on cells were correlated with the amount of secreted ExlA, and (ii) exlA mutation abrogated cytoxicity. Moreover, survival curves in mice showed gradient in in vivo toxicity, which was not directly predictable from in vitro cytotoxicity assays on cell lines, suggesting that the interaction with the immune components is variable between strains and plays a pivotal role in global pathogenesis [18]. In a pulmonary infection model in mice, the most virulent strain, CLJ1, induces a mortality significantly higher than that of the PAO1 strain expressing the T3SS and ExoS, ExoT and ExoY effectors [19]. The histological examination of CLJ1-infected lungs indicated the presence of erythrocytes in the alveoli space, in addition to infiltration of neutrophils, thus reproducing the hemorrhagic symptoms of the patient. Transmission electron microscopy showed that CLJ1 provoked striking lesions in the alveolar wall. In particular, the tissues were disorganized and some pneumocytes and endothelial cells were necrotic with their cytoplasmic contents spilled in alveoli and capillaries [36]. These types of lesions were not observed in lungs infected with the T3SS-positive strain PAO1. ExlA clearly endows the bacteria with the ability to proliferate in lungs and to disseminate from lungs to other organs: liver, spleen, kidney and brain. Therefore, the rupture of the alveolo-capillary barrier induced by ExlA opens the passage to the blood compartment allowing bacterial dissemination. However, when the blood was directly infected in a mouse bacteremia model, all P. aeruginosa strains were promptly eliminated, independently of the secretion of ExlA or T3SS-toxins, and even more rapidly for the ExlA+ strain CLJ1. These results show that the bacterial survival in blood and their ability to resist to the immune system depends mostly on bacterial genetic background rather than on the particular secreted toxin(s) [36].

The ShlA toxin from S. marcescens induces similar damage on lungs, i.e., hemorrhagic pneumonia, recruitment of neutrophils and rapid lung dysfunction followed by mouse death [37]. Some other PFTs induce dramatic damage on lungs, either by direct tissue damage or by inflammatory side effects; the two mechanisms being often dependent on each other. For example, Streptococcus pneumoniae, PLY toxin causes the destruction of lung tissue, mediated by the induction of apoptosis and the massive recruitment of neutrophils at the site of infection. The purified protein induces the permeability of pulmonary alveoli in mice, as well as severe pulmonary hypertension and dysfunction of the pulmonary barrier [38]. The leucocidin PVL of S. aureus indirectly induces deleterious effects on the lungs by increasing secretion of pro-inflammatory chemokines IL-8 and MCP-1 (monocyte chemotactic protein 1) by immune cells, which induces massive infiltration of monocytes at the site of infection. This infiltration is responsible for necrosis of lung tissue, alveolar hemorrhage, leading to rupture of the pulmonary barrier [39]. Thus, similar to ExlA, these PFTs, once delivered in the lung produce comparable deleterious effects, although using different mechanisms.

Caspase-1 Dependent Death of Macrophages

Pore formation by some PFTs induces additional effects on eukaryotic cells such as the activation of the inflammasome, ultimately leading to cell death [40]. ExlA-secreting bacteria induce inflammasome activation of primary macrophages by a two-step mechanism. The first, so called "priming" signal is mediated by the recognition of the LPS and the flagellum by TLR4 and TLR5, respectively, leading to transcription of genes encoding pro-inflammatory cytokines such as pro-Interleukin-1β (IL-1β). The second signal is initiated by the ExlA pore itself which leads to massive efflux of ions, among them potassium (K + ). The decrease in K + concentration triggers NLRP3-inflamasomme activation, which in turn activates caspase-1. Active caspase-1 induces the maturation of the pro-IL-1β into IL-1β. Caspase-1 also provokes the rupture of macrophage plasma membrane by a process called pyroptosis, releasing massive quantities of pro-inflammatory IL-1β in the surrounding environment [20] (Figure 2B). Therefore, similarly to T3SS-positive strains, ExlA-secreting bacteria are capable of triggering inflammasome activation and pro-inflammatory cell death of macrophages in vitro. How those effects contribute to overall pathogenicity of ExlA strains in vivo stays to be examined.

Exolysin Targets Host Cell Junctions

ExlA induces the degradation of E-and VE-cadherins, two adhesive proteins required for tissue integrity [32]. The cleavage is triggered by the ExlA pores formed in the plasma membrane and occurs earlier than plasma membrane breach. Following pore formation, a massive, rapid entry of calcium ions into the cytosol results in the maturation and activation of ADAM10, a eukaryotic protease inducing cadherin shedding (Figure 2C). In normal conditions, the ADAM10 precursor is maintained inactive within a complex with calmodulin, a protein having a high affinity for calcium. When intracellular calcium increases, calmodulin binds to calcium and dissociates from ADAM10, which in turn is proteolytically activated by furin, a proprotein convertase [41][42][43][44]. ADAM10 is then exported to the membrane, where it can exert its proteolytic activity against E-and VE-cadherins. Hence, bacterial strains secreting ExlA divert an endogenous cellular mechanism to compromise tissue integrity [32]. The disruption of adherens junctions by pore-forming toxins via ADAM10 activation was previously described for Hla from S. aureus, PLY from Streptococcus pneumoniae [45] and ShlA from S. marcescens [32]. While ADAM10 is the cellular receptor of Hla, two other toxins (PLY and ShlA) activate ADAM10 through pore-formation and calcium influx without using ADAM10 as the receptor [45,46], similar to ExlA. The dissociation of the junctions and the rupture of the plasma membrane induced by ExlA give an explanation for the striking effects observed in mouse alveoli during infection. This explains the facility of the bacteria to transmigrate across the lung mucosa and to colonize other organs.

Structural Features of Exolysin

Nothing is known about the molecular basis of the pore-forming activity of ShlA/ExlA toxins. In the case of ShlA, it has been reported that the hemolytic activity was virtually lost upon C-terminal truncation [47]. The C-terminal location of the activity is common in TPS substrates [48] and consistently, ExlA-mediated-hemolysis and cytotoxicity have been impaired when the last 295 residues of the protein were deleted [21]. PFTs belong to six classes clustered in two groups, α-helical and β-stranded, based on the secondary structure of the peptide lining the pore [33], with each family displaying characteristic stoichiometry and pore size. Due to the lack of homology to any other toxin and considering the lack of experimental data on pore formation or pore-forming (C-terminal) domain structure in the ShlA/ExlA family, how ExlA pores assemble in the host membranes is still unknown.

The C-terminal domain set aside, the structure of ShlA/ExlA proteins can be pictured by homology. TPS domains are very well conserved in sequence and in structure; sequence alignments allow to discriminate between at least two groups of TPS domains, depending on whether their closest homolog is B. pertussis FhaB, which is the case of ExlA, or H. influenzae HMW1A [48]. Several TPS domains have been crystallised to high resolution, including that of P. mirabilis HpmA which shares 44% identity with ExlA's [29]. All TPS domains are built on a right-handed β-helix, i.e., a helical arrangement of β-strands where each rung of the helix is made of three β-strands and each strand contributes to one of the three parallel β-sheets that together make the helix (Figure 3A). Based on the structure of a complete TPS substrate [49], it is possible to envision how the helix primed in the TPS domain extends into the filamentous repeats-rich domain of ExlA to yield a fiber-like structure of 1000-1200 residues called the shaft domain (Figure 3B). A remarkable feature of ExlA is to display five or six Arg-Gly-Asp (RGD) motifs depending on the strain; these motifs are usually involved in cell-to-cell interactions through integrin binding [50]. All but one of the RGD motifs belong to the shaft domain (Figure 1A) and none displays a clear conservation pattern beyond P. aeruginosa. When all five RGD motifs were mutated to RGA in ExlA, the cytotoxicity of ExlA was preserved, implying that ExlA uses other ways to interact with eukaryotic cells [21]. Similarly, the filamentous hemagglutinin FhaB harbours an RGD motif whose mutation had no phenotype in vivo [51,52]. Thus, until now no clear function is specifically associated to the shaft domain. When pore formation was tested in vitro, full-length ExlA induced liposome leakage and C-terminal truncation was found to inactivate ExlA thus suggesting that the shaft domain is inactive [21]. Accordingly, the isolated C-terminal domain was also active but to a lower extent than the full-length ExlA. Therefore, the shaft may contribute indirectly to the function of the C-terminal domain, e.g., by supporting target cell binding, ExlA oligomerization and/or conformational changes of the C-terminus [21]. Altogether, the secretion of mature ExlA by P. aeruginosa would release the ~30 kDa cytotoxicity domain at the tip of a-more-than-230 Å-long fiber (Figure 3B). [52]. The polypeptidic chain is rainbow colored from the N-(blue) to the C-terminus (red). At its N-terminus, the helix is capped, possibly primed by three βstrands whose particular arrangement is conserved (a β-arc ending in a hairpin, here in blue). In FHAlike TPS domains, a loop is inserted in rung number 2 of the helix and is predicted to fold as a hairpin back onto the core, next to the cap [53]. In all TPS domains, two extra-helical elements stem from rungs number 4 and 6: in FHA and HpmA, hence probably in ExlA as well, these are hairpin structures folded next to each other onto the core [53,54]. (B) Model representation of ExlA and ExlB as they could be pictured from the X-ray structures of HpmA (Protein Data Bank code: 4W8Q) and FhaC (4QKY), respectively [53,54]. The filamentous domain of ExlA was modeled by replicating the three last rungs present in the structure of the HpmA TPS domain, after extra-helical hairpin trimming. To estimate the number of rungs in the shaft domain, the number of residues actually spanned by the Fil_Haemagg_2 repeats annotated in Pfam [24] (Figure 1A, same color code applies here) was divided by the average 20-residue length of a β-helical rung [55]. This allows to suggest that the shaft domain of ExlA contains approximately 41 rungs. As an average pitch of 4.8 Å was measured in β-helices of known structure, the shaft domain could be 200 Å-long, in addition to the 30 Å-length of TPS domains. The C-terminal domain of ExlA is displayed as an oval shape where a 30-kDa globular protein could fit, as no other structural information is available. The ribbon representation of the models was prepared with UCSF Chimera [56].

Conclusions and Future Directions

ExlA is a toxin secreted by a growing family of P. aeruginosa strains, provoking devastating injuries in infected lungs. As such, ExlA-related histological lesions are highly different from those produced by classical P. aeruginosa strains, and patients infected with exlA+ strains should probably be treated differently than those infected with classical P. aeruginosa strains. Hospitals are not prepared to identify these types of strains. Relevant tests should be developed to specifically identify [53]. The polypeptidic chain is rainbow colored from the N-(blue) to the C-terminus (red). At its N-terminus, the helix is capped, possibly primed by three β-strands whose particular arrangement is conserved (a β-arc ending in a hairpin, here in blue). In FHA-like TPS domains, a loop is inserted in rung number 2 of the helix and is predicted to fold as a hairpin back onto the core, next to the cap [54]. In all TPS domains, two extra-helical elements stem from rungs number 4 and 6: in FHA and HpmA, hence probably in ExlA as well, these are hairpin structures folded next to each other onto the core [54,55]. (B) Model representation of ExlA and ExlB as they could be pictured from the X-ray structures of HpmA (Protein Data Bank code: 4W8Q) and FhaC (4QKY), respectively [54,55]. The filamentous domain of ExlA was modeled by replicating the three last rungs present in the structure of the HpmA TPS domain, after extra-helical hairpin trimming. To estimate the number of rungs in the shaft domain, the number of residues actually spanned by the Fil_Haemagg_2 repeats annotated in Pfam [25] (Figure 1A, same color code applies here) was divided by the average 20-residue length of a β-helical rung [56]. This allows to suggest that the shaft domain of ExlA contains approximately 41 rungs. As an average pitch of 4.8 Å was measured in β-helices of known structure, the shaft domain could be 200 Å-long, in addition to the 30 Å-length of TPS domains. The C-terminal domain of ExlA is displayed as an oval shape where a 30-kDa globular protein could fit, as no other structural information is available. The ribbon representation of the models was prepared with UCSF Chimera [57].

Conclusions and Future Directions

ExlA is a toxin secreted by a growing family of P. aeruginosa strains, provoking devastating injuries in infected lungs. As such, ExlA-related histological lesions are highly different from those produced by classical P. aeruginosa strains, and patients infected with exlA+ strains should probably be treated differently than those infected with classical P. aeruginosa strains. Hospitals are not prepared to identify these types of strains. Relevant tests should be developed to specifically identify strains secreting Exolysin in patients, which would also help to estimate the incidence of these strains in hospital-acquired infections.

ExlA is a member of a distinct family of PFTs for which little structural information is available. One of the main hindrance to study its 3-dimensional structure and the formation of the pore within membranes is the instability of the toxin in solution, complicating its manipulation. The related toxin ShlA was previously purified [58], which brings hope for a possible purification of active ExlA in the future.

The expression of ExlA is variable in different strains, with some strains harboring the genes without any detectable protein secretion. These observations suggest that exlBA expression and/or ExlBA secretion are regulated by yet unknown mechanisms. As most virulence factors of P. aeruginosa, exlBA expression may be susceptible to complex regulatory circuits.

Two main cellular effects have been reported for ExlA: cadherin degradation via ADAM10 activation and induction of cell death in various cell types. The mechanisms of ExlA-dependent cell death in macrophages were clarified, yet they are unknown and likely different in other cell types, including epithelial and endothelial cells. It will also be of particular importance to understand why membrane repair mechanisms, induced by several other PFTs [59][60][61][62], are ineffective for ExlA.

Finally, the identity and the nature of the cellular receptor for ExlA are unknown. The receptor is probably quite ubiquitous as many cell types are susceptible to ExlA toxicity. Large screening approaches or biochemical copurification studies should be undertaken to identify the host receptor(s) of ExlA.

The history of the ExlA toxin started in 2014 [19] and is still at its very beginning. The next few years should bring more information about the properties of the protein and more details on its mode of action, information that is needed to eventually prevent its action.

Structural basis of lipid targeting

and destruction by the type V secretion system of P. aeruginosa da Mata Madeira PV, Zouhir S, Basso P, Neves D, Laubier A, Salacha R, Bleves S, Faudry E, Contreras-Martel C, Dessen A (Journal of molecular biology ( 2016))

The type V secretion system is a macromolecular machine employed by a number of bacteria to secrete virulence factors into the environment. The human pathogen Pseudomonas aeruginosa employs the newly described type Vd secretion system to secrete a soluble variant of PlpD, a lipase of the patatin-like family synthesized as a single macromolecule that also carries a polypeptide transport-associated domain and a 16-stranded β-barrel. Here we report the crystal structure of the secreted form of PlpD in its biologically active state. PlpD displays a classical lipase α/β hydrolase fold with a catalytic site located within a highly hydrophobic channel that entraps a lipidic molecule. The active site is covered by a flexible lid, as in other lipases, indicating that this region in PlpD must modify its conformation in order for catalysis at the water-lipid interface to occur. PlpD displays phospholipase A1 activity and is able to recognize a number of phosphatidylinositols and other phosphatidyl analogs. PlpD is the first example of an active phospholipase secreted through the type V secretion system, for which there are more than 200 homologs, revealing details of the lipid destruction arsenal expressed by P. aeruginosa in order to establish infection.

Structural Basis of Lipid Targeting and Destruction by the Type V Secretion System of Pseudomonas aeruginosa

Introduction

Microbial pathogens have developed multiple means to subvert target cell functions in order to facilitate infection or outgrow competing bacteria in polymicrobial environments. Gram-negative bacteria possess a number of translocation nanomachines that allow passage of proteins, small molecules or DNA across the cell envelope to the external surroundings, or directly into the cytoplasm of target cells. To date, seven different secretion systems (types I-VI and IX) have been described in Gramnegative organisms, many of which play key roles in establishment of infection in eukaryotic hosts or in bacterial warfare [1,2]. Effectors that are translocated through the type I, III, IV and VI secretion systems (T1SS, T3SS, T4SS and T6SS), bypass periplasmic steps and are released into the surrounding environment (T1SS) or are injected directly into the eukaryotic cytoplasm (T3SS, T4SS and T6SS) or target bacteria (T6SS). This is distinct from the two-step mechanisms of the type II, V and IX secretion systems (T2SS, T5SS and T9SS) that involve the synthesis of a precursor and a periplasmic intermediate of the effector [1,[3][4][5]. The T5SS is the simplest secretion system, in which all substrates depend on the Sec machinery for transit through the inner membrane, and subsequently employ their common β-barrel domain to become inserted into the outer lipid bilayer, where they remain attached and exposed, or are secreted into the surrounding medium [1,6]. The T5SS secretes mainly virulence factors that target eukaryotic cells, but also plays roles in biofilm formation and cellular adherence [7]. The T5SS can also target other bacteria through a CDI (contact-dependent growth inhibition) mechanism [8] exerting both anti-eukaryotic and antibacterial functions.

The T5SS includes autotransporters (ATs) and twopartner secretion (TPS) systems [9]. Classical ATs (T5aSS) are synthesized as large precursors consisting of a signal sequence, followed by a passenger domain and a C-terminal, 12-stranded β-barrel transporter domain (Fig. 1a). Interestingly, the presence of the β-barrel domain is common to all T5SS molecules; the most notable distinction between ATs and TPS is that, in the latter, this domain is located on a different polypeptide, while in ATs, it is localized at the C-terminus of a unique protein [6]. It is commonly accepted that upon transport of the protein to the bacterial periplasm through the Sec system, the BamA complex plays an important role in the insertion of the transporter domain into the outer membrane [6,7]. This facilitates exposure of the "passenger" domain at the surface of the cell, where it may remain attached or be cleaved into the extracellular medium [6,10]. While the passenger domains of ATs differ widely in size and function, most of them display a similar overall structure feature a β-helical system. TPS (T5bSS) systems are mostly dedicated to the secretion of elongated proteins that fold as extended β-helices; the transporter domain (also called TpsB) is nonetheless essential for secretion of the functional region, the TpsA (Fig. 1b) [11]. Interestingly, in addition to the aforementioned β-barrel made up of 16 β-strands, TpsB proteins may also carry successive polypeptide transport-associated (POTRA) domains, whose function is to recognize the TPS domain of the TpsA in an unfolded conformation and aid in its threading through the C-terminal β-barrel. The growing complexity of details arising for T5SS has led to their classification into types Va-Ve [6,7,9].

Pseudomonas aeruginosa is a Gram-negative pathogen that harbors numerous secretion systems that translocate damaging enzymes and toxins to the outside environment, whose function is to initiate infection in eukaryotic hosts and/or compete with other bacteria for nutrients [12]. Recently, P. aeruginosa was shown to secrete a patatin-like protein, PlpD, through the type T5dSS [13]. PlpD is a 728-residue protein that harbors an N-terminal signal peptide, a central functional domain and a C-terminal region that is predicted to fold into a predicted 16-stranded β-barrel (Fig. 1c). Despite the fact that this arrangement is reminiscent of an AT system, the β-domain of PlpD displays characteristics of TpsB proteins of TPS systems, in that a POTRA motif precedes the sequence corresponding to the β-barrel [13]. Interestingly, sequence comparisons between PlpD and other bacterial lipolytic enzymes revealed that the N-terminal, functional domain of PlpD harbors 4 motifs that are found in bacterial patatin-like proteins (PLPs) which display lipolytic activities that are dependent on a Ser-Asp catalytic dyad [14]. The fact that recombinant PlpD present in whole cell extracts of Escherichia coli displays activity toward a lipidic substrate is evidence of its capacity to recognize and degrade/ hydrolyze lipids [13]. TpsA proteins have been reported to exert functions ranging from contact-dependent growth inhibition to pore formation and adherence [10]. However, the only other lipolytic T5SS are ATs with GDSL passenger domains, notably P. aeruginosa EstA, an esterase required for rhamnolipid production [15].

In this work, we have solved the crystal structure of the passenger domain of PlpD (PlpD 20-333 ) to 2.14 Å. PlpD 20-333 displays a compact fold that is highly reminiscent of the catalytic domains of PLPs such as ExoU, cPLA 2 and patatin. Interestingly, all catalytic motifs of PlpD 20-333 are clearly traceable in the electron density map, indicating that the crystallized form is in its active state. The active site resides at the bottom of a tight "channel" region that is rich in hydrophobic residues and is towered by an elongated α-helix not present in the structures of other lipases that have been characterized to date. Notably, a region of elongated electron density is snugly nestled within a channel in the vicinity of the active site, suggesting that our crystal structure of PlpD 20-333 harbors a "trapped" lipidic substrate or metabolized product. Purified, wild-type PlpD 20-333 displays phospholipase A 1 activity and recognizes phosphatidylinositols, indicating that it could play a role in the targeting of eukaryotic membranes. PlpD is thus the first example of an active lipase that is secreted through the T5SS and whose fold and structural arrangement are totally distinct from other passenger proteins secreted by the system.

Results

PlpD structure determination

Full-length PlpD is composed of a signal peptide, followed by the passenger domain, a TpsB region consisting of a POTRA domain, and the β domain at the C-terminus (Fig. 1c). In order to characterize the passenger region (TpsA) of PlpD from P. aeruginosa PAO1 (and due to the fact that the exact cleavage site between the passenger and the TpsB domains of PlpD was unknown), we initially constructed a short form containing all four "conserved lipase activity blocks" (PlpD 27-220 ) as well as a longer 2 Structure of a PLA 1 from the T5SS of P. aeruginosa Structure of a PLA 1 from the T5SS of P. aeruginosa form (PlpD 20-333 ), whose C-terminal boundary was located before the beginning of the sequence corresponding to the predicted POTRA domain. The two recombinant forms were N-terminally Histagged. Only PlpD 20-333 could be produced in stable form in E. coli. This recombinant form was thus expressed, purified and crystallized. Native PlpD 20-333 crystals diffracted to 2.14 Å; crystals were in space group P2 1 3 with two molecules in the asymmetric unit. In order to phase reflections, a selenomethionine derivative form of PlpD 20-333 was purified and crystallized in space group P2 1 2 1 2 1 . Anomalous data to 2.91 Å were collected on the f″ edge of selenium, and the structure of PlpD 20-333 was solved using single wavelength anomalous dispersion; the model constructed using the selenomethionine data was used to solve the higherresolution diffraction data by molecular replacement using phase extension protocols. Data collection, phasing and refinement statistics are included in Table 1.

PlpD displays a compact phospholipase fold

PlpD 20-333 displays an α/β hydrolase fold with a twisted six-stranded central β-sheet surrounded by eight major helices, which is common to a number of esterases and hydrolytic enzymes, including human cPLA 2 , or VipD and ExoU, PLPs from Legionella pneumophila and P. aeruginosa, respectively [16][17][18]. The only regions that could not be traced in the electron density map were the C-terminus beyond residue 307 and amino acids 89-126, which lie in the proximity of the active site. The structure of PlpD 20-333 seems to represent a "minimalistic" α/β hydrolase fold required for catalysis, in that it displays secondary structure elements necessary to support the formation of the catalytic site, but none of the other major helical regions observed in the abovementioned enzymes, which in those proteins participate in target lipid recognition (see below). One notable feature, however, is a major hydrophobic helix (α7; Fig. 1b), whose direct interaction with its counterpart in a neighboring molecule (Fig. 2a) stabilizes the dimer that is present in the asymmetric unit.

In order to further characterize PlpD 20-333 , we performed dynamic light scattering, size exclusion chromatography (SEC) and analytical ultracentrifugation experiments. SEC analyses revealed that PlpD 20-333 eluted as a single peak with a hydrodynamic radius of 4.1 nm (not shown); this was confirmed by DLS, which also pointed to a homogeneous sample with a hydrodynamic radius of 4.0 nm (Fig. 2b). To confirm these states, PlpD 20-333 was studied by analytical ultracentrifugation. The protein was submitted to sedimentation velocity measurements at different concentrations (0.5, 1.0 and 3.0 mg/ml), and the absorbance signal was monitored at 280 nm. The c(s) analysis of the data revealed that PlpD 20-333 sedimented as a unique species with an S value of 3.25 (Fig. 2d s 20,w = 3.8S for more than 95% of each preparation; Fig. 2c andd). The constant value of the sedimentation coefficient at different protein concentrations demonstrates that all samples presented the same stable oligomeric state. Solutions of the Lamm equation were obtained considering a frictional ration of 1.55, which is in agreement with a Stoke's radius of 4 nm. Consequently, the experimental s value observed corresponds to a protein with a molecular mass of 70 kDa, thus confirming the dimeric nature of 

An active catalytic site

Bacterial PLPs and their eukaryotic counterparts share conserved motifs including a Ser-Asp active site dyad instead of the classical Ser-His-Asp(Glu) triad of lipolytic enzymes [19]. The catalytic serine (Ser60) of PlpD 20-333 is located at an elbow between β2 and the following helix (α2), and lies at the bottom of a highly hydrophobic channel-like region. Two consecutive Gly residues (Gly31, Gly32), located in the loop between β1 and α1 and in close proximity to Ser60 (green in Fig. 3a), point their backbone residues Structure of a PLA 1 from the T5SS of P. aeruginosa toward Ser60 and could thus correspond to the oxyanion hole required to stabilize the charge that is developed during catalysis. Asp207, whose side chain (atom Oδ2) is 4.1 Å away from the OH moiety of Ser60, is in optimal position to complete the typical lipase active site. Notably, Asp207 is located at the tip of a β-hairpin (orange in Figs. 1d and3a) suggested as being part of a flexible "cap" region in the eukaryotic phospholipase cPLA 2 [17]; this region is also flexible in the structure of the catalytic domain of ExoU, the main PLP secreted by the T3SS of P. aeruginosa. Notably, in ExoU, the catalytic Asp could not be traced in the electron density map (Fig. 3c), indicating that this region was not apt for substrate recognition and that the crystallized structure was in the inactive form [16]. The visualization of Asp207 in the structure of PlpD 20-333 (Fig. 3a) suggests that it was crystallized in the active form. However, despite the fact that many lipases carry a classical Ser-Asp-His catalytic triad [20], the active site of PlpD 20-333 does not present any His residue in the vicinity of Ser60 and Asp207 that could play the role of the third member of such a triad, and thus, it carries only a Ser-Asp catalytic dyad, as seen in other PLPs such as ExoU, cPLA 2 and secreted phospholipases (Fig. 3b; [16,18,[20][21][22][23]). This arrangement is thus typical of patatin-like proteins [14,20].

Despite the fact that all catalytic elements of PlpD 20-333 were visible, residues 89-126, indicated as a dotted line in Fig. 1d, were not. Due to the proximity to the active site, this region could represent a "cap" or "lid" that becomes stabilized during the catalytic reaction in order to increase substrate stability within the active site. Interestingly, such a "lid" was also observed in cPLA 2 [17], monoacylglycerol lipases [24,25]and a number of other lipidmetabolizing enzymes [26,27] and is thought to play an important role in allowing such enzymes to carry out catalysis at the lipid-water interface [20].

A hydrophobic channel traps lipidic substrates

A remarkable feature of PlpD 20-333 is the presence of a hydrophobic channel in the vicinity of the active site, which places the catalytic cleft one-third of the way into the core of the protein. Notably, the 23-residue helix α7, which towers over the region, blocks direct access to the active site from any other side of the molecule that is not the channel itself. A comparison of the structure of PlpD 20-333 and those other bacterial lipases reveals that this "protective helix" feature is unique to PlpD (visible in the closeup images in Fig. 3). This suggests that, in addition to the "lid" described above, helix α7 could play a role in regulating substrate access or determining substrate specificity upon P. aeruginosa host cell targeting, by, for example, regulating lipolytic activity until PlpD is in the presence of its target substrate (outside of the bacterial cell; see below).

The elongated shape and hydrophobic characteristics of the channel that harbors the active site, as well as its approximate length of 20 Å, suggest that it has the potential to accommodate a C 18 -C 20 acyl chain from a lipidic molecule (Fig. 4a; hydrophobic residues in green). Notably, while we were refining the structure of PlpD 20-333 , we noticed a tube-like electron density feature that did not correspond to any protein regions and that was located within the channel itself (Fig. 4b). It is conceivable that this density corresponds to a lipidic substrate (acquired during the purification procedure, potentially from the E. coli cytoplasm), or metabolized product, that remained trapped within the hydrophobic channel of PlpD 20-333 . This observation comforts our theory that hydrophobic channel is in fact the binding site for substrates/products; the close proximity of α7 could play a role binding, stabilization or release.

PlpD displays phospholipase A 1 activity with broad phosphatidylinositol binding capacity

The lipase function of PlpD 20-333 had previously been studied in the context of whole cellular extracts [13]. In order to characterize this activity with the purified enzyme, we performed enzymatic tests by incubating PlpD 20-333 with p-nitrophenyl palmitate, a generic fluorogenic lipase substrate, and subsequently measuring the release of p-nitrophenol by following the spectrophotometric signal at 410 nm (Fig. 5a). PlpD 20-333 demonstrated clear lipolytic activity toward the substrate, while the active site mutant PlpD 20-333 Ser60Ala did not. This confirms that PlpD 20-333 catalyzes the release of p-nitrophenol in a manner that is dependent on the catalytic Ser60.

P. aeruginosa ExoU is a well-studied virulence factor that displays a patatin-like domain and shows clear phospholipase A activity [28][29][30][31]. In order to determine if PlpD 20-333 also possessed phospholipase Structure of a PLA 1 from the T5SS of P. aeruginosa activity, we used fluorescent phospholipid derivatives PED-A1 and BODIPY PC-A2 to test for phospholipase A 1 and A 2 activities, respectively. These results (Fig. 5b andc) clearly showed that PlpD 20-333 is a phospholipase A 1 but does not carry A 2 activity in these conditions, thus validating PlpD 20-333 's specificity for the sn-1 position of phospholipids and its capacity to generate fatty acids and lysophospholipids from target membranes. It is of note that the phospholipase A 1 activity of PlpD 20-333 is accentuated at 37 °C and even 42 °C when compared to tests performed at room temperature (25 °C) (Fig. 5d), indicating a robust activity that could be required for participation in infection of eukaryotic cells. To further explore this possibility, we performed protein-lipid overlay assays and demonstrated that the enzyme strongly interacts with phosphatidyl inositols (PI), as well as phosphatidic acid, phosphatidyl serine and phosphatidyl glycerol (Fig. 6a). Due to the participation of many of these lipids in eukaryotic cell signaling processes, this suggests a role for PlpD 20-333 in virulence toward eukaryotic targets. Furthermore, PlpD 20-333 displayed a concentration-dependent activity toward lipid bilay-ers (Fig. 6b). Dye encapsulated within lipid vesicles was readily released upon incubation with PlpD 20-333 , pointing the capacity of this phospholipase to disrupt membrane integrity. Interestingly, the active site variant PlpD 20-333 Ser60Ala also displayed liposomedisruption capacity, albeit with less efficiency than the wild-type enzyme. This points to the possibility that PlpD could employ both its catalytic activity and its membrane-interacting C-terminal region to bind to and disrupt bilayers, possibly in a cooperative fashion.

Discussion

Bacteria have devised a number of secretion systems with the goal of releasing enzymes and toxins toward the surrounding environment. Translocated molecules participate in overcoming host immune systems, penetrating eukaryotic targets or competing with different bacteria in a polymicrobial environment. The T5SS is a simple secretion system that depends on the insertion of a β-barrel protein or domain in the outer membrane, interaction with the Structure of a PLA 1 from the T5SS of P. aeruginosa BamA complex and finally translocation of the effector or domain. Despite the fact that a number of effector domains of T5SS molecules have been characterized, these are mostly elongated, multi-β-strand proteins, and represent systems T5aSS, T5cSS and T5eSS. Here we have structurally and functionally characterized the first effector of the T5dSS, PlpD, and shown that it is a compact, active phospholipase, in clear contrast to previously reported structures of T5SS passengers. It is of note that the only exception for the aforementioned structural rule for T5SS secretion is EstA, a mostly α-helical esterase [32].

PlpD 20-333 displays an extremely compact fold and clear PLA 1 activity. The overall size of the molecule (30 × 36 × 38 Å) would preclude it from being translocated in its fully folded state, but its compactness could be a particular advantage for partial refolding upon translocation to the exterior of the cell. It is of interest, however, that the full-length sequence of PlpD (Fig. 1a) carries a POTRA domain between the PLP domain and the β-domain. Since POTRA domains are commonly found in TPS (T5bSS) and their function is to aid in targeting the TpsA to the TpsB, the function of PlpD's POTRA domain remains unclear. Moreover, the POTRA in PlpD is strikingly different from a TpsB POTRA, being more comparable to the Omp85/BamA family, suggesting a different function [33]. It is conceivable that prior to translocation, the passenger domain of PlpD could be docked onto the POTRA in order to prevent its premature folding. This could make sense given the fact that PlpD 20-333 is active even in the absence of any cofactors, indicating that if folded within the bacterial cytoplasm, it could be highly deleterious for the cell. Subsequent to translocation, the exposed (or secreted) form of the passenger domain of PlpD could act on target membranes either as a monomer or as a multimeric species, as shown here, the latter potentially displaying a higher capacity to metabolize target lipids. It is of note that the PlpD residues located at the dimer interface (Leu242, Val248, Leu255, Met256) are highly non-polar and are mostly located within helix α7 (which is unique to PlpD 20-333 when compared to other phospholipases, as mentioned above), which could point to a potential unique role for this helix.

PlpD 20-333 carries a Ser-Asp catalytic dyad seen in other patatin-like molecules [14] and displays a flexible "lid" region in the proximity of the active site. It is of interest that VipD, a well-studied lipase from L. pneumophila, also displays a lid region in the vicinity of its catalytic cleft. The binding of VipD to its partner molecule Rab5 causes a conformational modification of the lid, opening the active site, providing evidence of an allosteric mechanism that activates the lipase [18]. The presence of a lid region in PlpD, as in other structurally characterized lipases, underlines the possibility that substrate access to the active site or activity itself must be regulated, either viewing lipid target binding or macromolecular partner recognition.

PlpD 20-333 displays PLA 1 activity toward model substrates, is able to disrupt lipid bilayers and recognizes lipids involved in eukaryotic signaling or apoptosis, such as PIs and phosphatidyl serine, and phosphatidylgycerol, a lipid that is normally found in pulmonary surfactant (Fig. 6a). Another phospholipase of note that is secreted by P. aeruginosa is ExoU, whose basic C-terminal membrane-recognition helixturn-helix region has been shown to play a key role in the enzyme's affinity for PI (4,5)P2 [16,34]. PlpD 20-333 also displays a highly basic region on its surface, which also involves its C-terminal helix and is in proximity to a hydrophobic patch located in the region of β6 (Fig. 6c andd). It is thus conceivable that this face of the molecule is responsible for recognition of PI analogs, with Lys and Arg residues participating in binding to the negative charges of the phosphate moieties of the lipids, while the hydrophobic patch could play a role in stabilization of the apolar regions.

Interestingly, PlpD 20-333 does not bind to phosphatidylethanolamine, the principal phospholipid in bacterial membranes. This observation, as well as the increased PLA 1 activity of PlpD 20-333 at physiological temperatures, argues toward the action of PlpD 20-333 as an eukaryotic-targeted virulence factor, rather than an enzyme involved in bacterial warfare. Indeed, we were not able to measure any difference in E. coli killing capacity between wild type and ΔplpD P. aeruginosa strains (not shown). Notably, bacterial pathogens secrete a number of phospholipase-like virulence factors in order to initiate infection. Despite the fact that phospholipases C are the best-studied bacterial phospholipases involved in virulence [14], a number of bacterial outer-membrane or secreted phospholipases are involved in tissue damage in infectious processes [35]. Helicobacter pylori, for example, employs PLA 1 , PLA 2 and phospholipase C activities to degrade phospholipid components of the mucosal barrier, which is crucial for colonization and bacterial persistence [35,36]. In addition, the lung pathogen L. pneumophila expresses at least 15 different phospholipases, one of which was shown to play a role in bacterial replication in the lung and dissemination to the spleen in a guinea pig infection model [37]. ExoU itself, mentioned above, is addressed to the plasma membrane by translocation through the T3SS, where it destroys the bilayer upon recognition of PI (4,5)P 2 [16,[28][29][30][31]34,38]. However, PlpD is the first phospholipase reported to be secreted through the T5SS, reflecting the flexibility that bacteria have developed in order to secrete virulence factors and establish infection. Since genomic searches have identified more than 200 PlpD-like molecules in bacterial genomes [13], it is clear that target membrane destruction is a mechanism of choice in the virulence factor arsenal of bacterial pathogens.
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Materialsand Methods

Protein production, purification and crystallization

The plpD gene was amplified from P. aeruginosa strain PAO1, and the region corresponding to residues 27-220 (primers ALO9: 5′-CATATGCTGGTCCTCTCCGGCGG TGCC-3′ and ALO10: 5′-CTCGAGTTATTAGCGCGC-CACGTCCACCGGGAT-3′) and 20-333 (ALO7: 5′-CATA TGGAGGCCCGGCCGAAGATC-3′ and ALO8: 5′-CTCGAG TTATTACGGCTTGCGCTGGTTCGG-3′) were cloned into pET15b (Novagen) leading to pAL17 and pAL18, respectively. For the Ser60Ala mutant, the mutation was inserted by overlapping PCR using ALO1 (5′-CTATAATAGCCGCCTT TTCA-3′)/RSO37 (5′-CCGCGCCCATGGCGGTGCCGGC-GAT-3′), RSO41 (5′-ATCGGCCGGCACCGCCATGGGC GCGGT-3′)/ALO2 (5′-TTAATGGTGATGGTGATGATG-GAAGTTCTGCCCGAGGTT-3′), the former introducing a 6His-tag at the C-terminus of PlpD. The PCR product was cloned into pCR2.1 (TA-cloning KIT, Invitrogen) under the P lac promote r (pAL5). For the Ser60Ala mutant, the mutation was inserted by overlapping PCR using ALO1 (5′-CTATAA-TAGCCGCCTTTTCA-3′)/RSO37 (5′-CCGCGCCCATG GCGGTGCCGGCGAT-3′), RSO41 (5′-ATCGGCCGG-CACCGCCATGGGCGCGGT-3′)/ALO2 (5′-TTAATGGT-GATGGTGATGATGGAAGTTCTGCCCGAGGTT-3′), the former introducing a 6His-tag at the C-terminus of PlpD. The PCR product was cloned into pCR2.1 (TA-cloning KIT, Invitrogen) under the P lac promote r (pAL5). The PlpD variants were produced in E. coli strain C41 (DE3). Bacteria were grown in LB medium containing 100 μg/ml of ampicillin at 37 °C. At mid-exponential growth phase (OD 600nm = 0.6-0.8 A.U.), 0.1 mM of IPTG was added to induce expression of the recombinant gene during 16 h at 18 °C. Cells were harvested by centrifugation at 6000g for 15 min at 4 °C, and the cell pellet was subsequently resuspended in lysis buffer [50 mM Tris-HCl (pH 7.5), 200 mM NaCl]. A commercial mixture of protease inhibitors (Sigma) was added to the suspension, which was then sonicated, and the cell lysate was centrifuged at 20,000g for 40 min at 4 °C. The supernatant was loaded onto a Ni 2+ -NTA column equilibrated in lysis buffer. After extensive washing with lysis buffer with 75 mM imidazole, PlpD 20-333 was eluted in lysis buffer containing 200 mM imidazole. The eluate was further purified on a SEC column (Superdex S200 16/60) equilibrated in 50 mM Tris-HCl (pH 7.5), 200 mM NaCl. The PlpD 20-333 Ser60Ala mutant was purified using the same protocol.

Selenomethionine-labeled protein was produced from E. coli strain C41 (DE3) transformed with the PlpD 20-333expressing plasmid. An isolated colony was grown in 50 ml of LB medium containing 100 μg/ml of ampicillin at 37 °C during 16 h. Cells were then harvested twice by centrifugation at 5000g for 15 min. The cell pellet was resuspended in 10 ml of M9 minimal medium supplemented with 200 mg/L thiamine and 100 μg/ml ampicillin. Bacteria were grown in M9 minimal medium at 37 °C until the culture reached OD 600nm = 0.4 A.U., at which point 100 mg/L of lysine, phenylalanine, threonine and 50 mg/L of isoleucine, leucine, valine and 60 mg/L of selenomethionine were added. Protein was expressed by addition of 0.1 mM of IPTG and growth continued during 16 h at 18 °C. The purification protocol employed was the same as described for the wildtype protein.

Samples for crystallization were gel filtered in HiLoad 16/ 600 Superdex 200 column (GE Healthcare). Crystals were obtained by vapor diffusion using the hanging drop method. Native crystals of PlpD 20-333 were obtained in 1.4 M magnesium sulfate and 0.1 M Bis-Tris propane (pH 7.0), while the selenomethionine protein crystallized in 20% (wt/vol) PEG 3350, 200 mM sodium nitrate and 0.6% N-dodecyl-β-Dmaltoside.

Data collection, structure determination and refinement

Crystals were flash cooled in the crystallization solution supplemented with 20% glycerol prior to collection of diffraction data collection at 100K on beamline ID29 at the European Synchrotron Radiation Facility (ESRF, Grenoble). Diffraction data from selenomethionine labeled crystals were collected at a single energy (12.663 eV) corresponding to the maximum value of f″, while the native data set was collected at a wavelength of 0.980 Å. Both data sets were processed using the XDS package [39], and the single wavelength anomalous dispersion data set was further improved excluding the high mosaicity images identified with XDSAPP [40]. The sub-structure determination was performed with SHARP/autoSHARP [41,42]. All 16 selenium sites were used for initial phase calculation using PHASER [43] and density modification for map improvement was carried out with PARROT [44]. The partial model was built using Autobuild and then used as input for phase improvement and completion of the sub-structure using PHASER, followed by a new run of PARROT. Subsequent model building was done manually with COOT [45] alternating with cycles of refinement using BUSTER [46] and PHENIX [43]. Non-crystallographic symmetry was applied in the first steps of refinement using the local structure similarity restraints method. The resulting model was used for refinement against the 2.14 Å resolution data set of the native PlpD 20-333 . During the last rounds of refinement, water molecules were added manually. The quality of the final model was evaluated using MolProbity [47]. Data collection, structure solution and refinement statistics are summarized in Table 1.

Dynamic light scattering

Prior to analysis, the sample was centrifuged at 20,000g for 10 min. Purified PlpD 20-333 (20 μl) at 1 mg/ml was used for the measurement of the Z-average particle size and the polydispersity index (%Pd). Experiments were performed at 20 °C with a Zetasizer Nano ZS90 (Malvern, UK) system using a 633 nm He-Ne laser.

Analytical ultracentrifugation

Sedimentation velocity experiments were performed in a Beckman Coulter OptimaTM XL-A (Beckman) ultracentrifuge at 15 °C for 22 h. Samples were rotated at 40,000 rpm (rotor ANTI60), with the absorbance being monitored at 280 nm. Protein concentrations ranged from 0.5 to 3.0 mg/ml, and samples were tested in storage buffer [50 mM Tris-HCl (pH 7.5), 200 mM NaCl]. Consecutive scans were automatically recorded at regular intervals and analyzed with Sedfit [48] using the continuous size 11 Structure of a PLA 1 from the T5SS of P. aeruginosa distribution c(s) analysis method to determine s20,w values. Buffer density (1.0088 g/ml) and viscosity (1.139 cp) at 15 °C were calculated by SEDNTERP (http://www.rasmb. bbri.org/). The partial specific volume v was computed as 0.73821 ml/g.

Activity assays

The lipase activity of the purified PlpD 20-333 was tested according to the previously described protocol of Salacha and co-workers [13] by employing para-nitrophenyl-palmitate as a substrate. The substrate solution was prepared by mixing 5 ml of para-nitrophenyl palmitate stock solution (8 mM in propan-2-ol) with 50 ml of a solution containing 50 mM Na 2 HPO 4 , 50 mM KH 2 PO 4 , 5 mM sodium deoxycholate, 0.1% (wt/vol) gum arabic and 1 ml Triton X-100. A volume of 200 μl of substrate was added to a 10 μl aliquot of purified PlpD 20-333 for a final concentration of 7 μM in a 96-well plate. As the positive control, 10 units of commercial phospholipase A 1 from Thermomyces lanuginosus was employed (Sigma). As negative controls, both gel filtration buffer and the active site mutant PlpD 20-333 Ser60Ala were tested. The absorbance of para-nitrophenol was recorded in 1-min intervals for 1 h at 30 °C. Each sample was measured in triplicate.

The phospholipase A 1 activity of the purified PlpD 20-333 was tested employing PED-A1 [(N-((6-(2,4-dinitrophenyl)amino)hexanoyl)-1-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-2-hexyl-sn-glycero-3-phosphoethanolamine)] purchased from Life Technologies as a substrate. All reagents were dissolved in buffer consisting of 50 mM Tris (pH 8.0) and 200 mM NaCl. The substrate solution was used at a final concentration of 5 μM. PlpD 20-333 was added to a final concentration of 7 μM and fluorescence intensity was measured using 485 nm and 530 nm as excitation and emission wavelengths, respectively. Fluorescence points were recorded after an incubation period of 30 min in 1-min intervals during 1 h at 30 °C. As the positive control, 10 units of commercial phospholipase A 1 from T. lanuginosus was employed (Sigma). As negative controls, both gel filtration buffer and the active site mutant PlpD 20-333 Ser60Ala were tested. Each sample was measured in triplicate.

PlpD 20-333 was tested for phospholipase A 2 activity employing Red/Green BODIPY PC-A2 (1-O-(6-BODIPY® 558/568-Aminohexyl)-2-BODIPY® FL C5-Sn-Glycero-3-Phosphocholine) purchased from Life Technologies as a substrate. All reagents were dissolved in buffer containing 50 mM Tris pH 8.0, 200 mM NaCl and 1 mM CaCl 2 . The substrate solution was used at a final concentration of 7 μM. The experiment was conducted as above. As the positive control, 5 units of commercial phospholipase A 2 from bovine pancreas were employed (Sigma). As negative controls, both gel filtration buffer and the active site mutant PlpD 20-333 Ser60Ala were tested. Each sample was measured in triplicate.

Detection of protein-lipid interactions

Membrane lipid strips (Echelon Biosciences) were blocked in Tris-buffered saline + 3% bovine serum albumin, and incubated overnight with PlpD 20-333 at 0.5 μg/ml. Detection of bound proteins was performed according to the manufacturer's recommendations.

Liposome disruption assays

Liposome disruption assay was performed as previously described [49] with some modifications. Phosphatidylserine and phosphatidylcholine (Avantipolar) were dissolved in chloroform and mixed to a 18:82 molar ratio. After solvent evaporation, lipids were hydrated and resuspended in 25 mM Tris and 250 mM NaCl (pH 8) containing 50 mM sulforhodamine B (Sigma) prior to extrusion through 0.1-μm filters and removal of the non-encapsulated dye by gel filtration. This led to the production of large unilamellar vesicles of 100 nm (verified by DLS) containing sulforhodamine B at a concentration that precludes fluorescence emission due to self-quenching. Membrane disruption and the subsequent dye dilution in the buffer could thus be monitored as an increase in fluorescence intensity. This was performed on a Jasco FP6500 fluorimeter with excitation set at 565 nm and emission at 586 nm and recorded for 700 s after the addition of the protein. The reaction took place in a 2-ml cuvette containing the liposomes (100 μM) diluted in a pH 7 solution containing 50 mM Na 2 HPO 4 and 50 mM KH 2 PO 4 . Fluorescence intensities were normalized considering the initial intensity before protein addition and the maximal intensity generated by the addition of Triton X100 at the end of each kinetic measurement.

Accession numbers

Coordinates and structure factors of PlpD 20-333 were deposited in the Protein Data Bank with accession numbers 5FQU (selenomethionine) and 5FYA (native).

IFNγ extends the immune functions

of Guanylate Binding Proteins to inflammasome-independent antibacterial activities during Francisella novocida infection Guanylate binding proteins (GBPs) are interferon-inducible proteins involved in the cell-intrinsic immunity against numerous intracellular pathogens. The molecular mechanisms underlying the potent antibacterial activity of GBPs are still unclear. GBPs have been functionally linked to the NLRP3, the AIM2 and the caspase-11 inflammasomes. Two opposing models are currently proposed to explain the GBPs-inflammasome link: i) GBPs would target intracellular bacteria or bacteriacontaining vacuoles to increase cytosolic PAMPs release ii) GBPs would directly facilitate inflammasome complex assembly. Using Francisella novicida infection, we investigated the functional interactions between GBPs and the inflammasome. GBPs, induced in a type I IFN-dependent manner, are required for the F. novicidamediated AIM2-inflammasome pathway. Here, we demonstrate that GBPs action is not restricted to the AIM2 inflammasome, but controls in a hierarchical manner the activation of different inflammasomes complexes and apoptotic caspases. IFN-γ induces a quantitative switch in GBPs levels and redirects pyroptotic and apoptotic pathways under the control of GBPs. Furthermore, upon IFN-γ priming, F. novicidainfected macrophages restrict cytosolic bacterial replication in a GBP-dependent and inflammasome-independent manner. Finally, in a mouse model of tularemia, we demonstrate that the inflammasome and the GBPs are two key immune pathways functioning largely independently to control F. novicida infection. Altogether, our results indicate that GBPs are the master effectors of IFN-γ-mediated responses against F. novicida to control antibacterial immune responses in inflammasomedependent and independent manners.

In this work, I set experiment of time-lapse microscopy to demonstrates the BMDMs cell death triggered by F. novicida (Figure S3 and Movies S1-S2) 1 .

Introduction

Intracellular pathogens have evolved sophisticated mechanisms to invade and replicate within host cells. In parallel, multi-cellular organisms have evolved multiple mechanisms allowing a host cell to detect microbial infection and to mount an effective antimicrobial response. Key actors of the host cell intrinsic immunity include the Guanylate Binding Proteins (GBPs) [1][2][3]. GBPs constitute a family of interferon-inducible dynamin-like GTPases [4,5]. 11 GBPs are encoded by the murine genome in two clusters on chromosomes 3 and 5 [6,7]. The antimicrobial functions of GBPs are still poorly understood. One key mechanism of GBPs' potent antimicrobial activity resides in their ability to target and disrupt pathogen-containing vacuoles. Indeed, chromosome 3-encoded GBPs (Gbp chr3 ) are required to disrupt Toxoplasma gondii parasitophorous membrane and to control the parasite replication in mice [8,9]. Similarly, Gbp chr3 are required to lyse the Salmonella-containing vacuole leading to the release of this bacterium into the host cytosol and to the subsequent activation of the caspase-11 non-canonical inflammasome [10].

Cooperation between GBPs and the NLRP3, the AIM2 and the non-canonical caspase-11 inflammasome complexes have emerged recently as central to the innate immune responses against intracellular bacteria [10][11][12][13][14]. However, the functional molecular links between GBPs and the inflammasomes remain unclear. GBP5 was described to bind NLRP3 and directly promote NLRP3-dependent inflammasome assembly [14]. This finding was later challenged by several groups [10,15]. Chromosome 3-encoded GBPs are key host factors to trigger the noncanonical caspase-11 inflammasome in macrophages infected with various Gram-negative bacteria [16] including Salmonella typhimurium [10], Legionella pneumophila [12] and Chlamydia trachomatis [11]. Three different models have been proposed to explain the role of GBPs in promoting non-canonical inflammasome activation. Similarly to what have been demonstrated for IFN-γ-inducible Immunity-Related GTPases (IRG) in their antimicrobial role against Toxoplasma gondii [17], GBPs might disrupt the Salmonella-containing vacuole leading to the release of this bacterium and its associated LPS into the host cytosol [10]. Alternatively, GBPs might orchestrate the recruitment of IRGB10 onto cytosolic bacteria to liberate LPS for sensing by caspase-11 [16]. Finally, as GBPs can promote caspase-11 activation without any detectable recruitment around Chlamydia muridarum inclusions and upon Legionella LPS transfection into the host cytosol, Coers and colleagues suggested that GBPs might directly facilitate caspase-11 activation [11,12].

The link between GBPs and the AIM2 inflammasome is less controversial and has been mostly studied by our group and others in macrophages infected with Francisella novicida [13,15,18]. F. novicida is a close relative of F. tularensis, the agent of tularemia. The virulence of Francisella strains is linked to their ability to rapidly lyse the phagosome, escape into the host cytosol [19,20] and replicate within this compartment. This process is dependent on a cluster of genes in the Francisella-pathogenicity island [21,22], which encodes an atypical type VI secretion system [23]. GBP2 and GBP5 are recruited onto cytosolic F. novicida and are required to lyse bacteria and release the bacterial genomic DNA into the host cytosol. DNA in the host cytosol is then recognized by AIM2 [13,15,[24][25][26]. Recently, GBPs were demonstrated to be required for IRGB10 recruitment onto cytosolic F. novicida to mediate cytosolic bacterial killing, DNA release and AIM2 inflammasome activation [16].

Chromosome 3-encoded GBPs and the AIM2 inflammasome are both equally required to resist F. novicida infection in vivo [13,15]. Yet, whether GBPs might have anti-F. novicida functions dependent on other inflammasomes or inflammasome-independent antibacterial responses remain unclear [10,16]. In this work, we demonstrate that GBPs control F. novicidamediated host cell death in a hierarchical manner implicating at least 3 different canonical and non-canonical inflammasome complexes as well as apoptotic caspases 8, 9 and 3. Furthermore, we demonstrate that upon IFN-γ treatment, GBPs control F. novicida replication independently of the canonical and non-canonical inflammasome pathways and independently of macrophage cell death. IFN-γ-, GBPs-mediated inhibition of intracellular bacterial growth was also effective during F. tularensis spp. holarctica Live Vaccine Strain infection, while IFN-γ was inefficient to block the replication of the highly virulent F. tularensis SCHU S4 strain. Finally, we demonstrate in vivo that IFN-γ-mediated host protection against F. novicida is largely GBPs-dependent and inflammasome-independent. Our work thus positions the GBPs as the master effectors of the IFN-γ-mediated anti-F. novicida responses.

Results

Gbp chr3 and the inflammasome control in vivo host resistance to F. novicida in a non-redundant manner

We and others have previously reported that Gbp chr3 -deficient and inflammasome-deficient mice (Aim2 -/-, Asc -/-and Casp1/Casp11 -/-mice) were highly susceptible to F. novicida infection [13,15,24,25,27,28]. In vitro studies have demonstrated that GBPs act upstream of the AIM2 inflammasome [13,15,16] suggesting that the Gbp chr3 deficiency should phenocopy deficiencies in the AIM2 inflammasome. In a survival experiment, Gbp chr3 -KO and Asc -/-were almost as susceptible to F. novicida infection (Fig 1A ) although we consistently noticed that Gbp chr3 KO mice died slightly faster than Asc -/-mice. Similarly, Gbp chr3 -KO and Asc -/-mice displayed very high bacterial burden both in the spleen and in the liver at day 2 post-infection (PI) with an average of 40-fold more bacteria than WT mice (Fig 1B ). Surprisingly, at 48 h PI, IFN-γ level in the serum of Gbp chr3 -deficient mice reached WT levels while in agreement with previous work [28], IFN-γ level in the serum of Asc -/-mice was strongly decreased (Fig 1C).

We and others have previously reported that early (16 h PI [13], 24 h PI [16]) IL-18 production in vivo is GBPs-dependent, a finding which we reproduced here (Fig 1D). However, at later time points (48 h PI), IL-18 levels were similar in Gbp chr3 -KO and in WT mice (Fig 1E). As expected, IL-18 levels in infected Asc -/-mice were not statistically different from the levels observed in uninfected mice. These results indicated that inflammasome activation was only delayed in vivo in Gbp chr3 -deficient mice. The increase in IL-18 levels observed over 48h in infected Gbp chr3 -KO mice likely explained the high IFN-γ serum level observed in these mice. The high susceptibility of Gbp chr3 -KO mice to F. novicida infection despite high levels of circulating IFN-γ is remarkable since IFN-γ is considered to be one of the most important cytokine to fight Francisella infection [29][30][31]. This conundrum led us to hypothesize that GBPs might be the main IFN-γ effector in F. novicida-infected mice. Furthermore, this result indicates that while the overall susceptibility of Gbp chr3 -deficient mice and Asc -/-mice to F. novicida infection are similar, the in vivo antibacterial mechanisms of GBPs are, at least partially, independent of the inflammasome.

IFN-γ priming induces a quantitative shift in GBPs levels

The action of GBPs against F. novicida has been mostly studied in unprimed macrophages [13,15,16]. Under these conditions, GBPs induction relies on the endogenous recognition of nucleic acids by the cGAS pathway, secretion of type I IFN, signaling through the type I IFN receptor (IFNAR1) and activation of the IRF-1 pathway [15,24,32]. Importantly, there was a drastic quantitative shift in GBP2 and GBP5 transcripts levels upon priming with IFN-γ compared with F. novicida-mediated endogenous induction or to induction following IFN-β priming (S1A Fig) . Indeed while GBP2 transcript levels increased by a factor of 15 upon F. novicida infection, IFN-γ priming of infected macrophages, led to a 325-fold increase in GBP2 transcript levels relative to its level in uninfected macrophages. As previously reported, this very strong induction likely results from synergistic NF-κB and IFN signaling [14,33,34]. Indeed, we obtained comparable levels of GBP2 induction when BMDMs were primed with both IFN- 

GBPs control F. novicida-mediated cell death in an AIM2 inflammasomedependent and -independent manner

In F. novicida-infected bone marrow-derived macrophages (BMDMs), the only reported cell death pathways are dependent on the AIM2/ASC complex [24,25,27,35]. By monitoring, in real time, propidium iodide influx and fluorescence over 24 h in unprimed macrophages deficient for various inflammasome components, we observed substantial differences in the kinetics of propidium iodide between various knock-out macrophages suggesting that several cell death pathways were engaged following F. novicida infection (Fig 2A). These differences in the kinetics of propidium iodide incorporation/ fluorescence were demonstrated to be statistically significant by calculating the area under the curve corresponding to each kinetics (Fig 2B). As previously described [13,15,24,25], in the absence of IFN-γ priming, F. novicida-infected BMDMs died in an AIM2-dependent manner. Indeed, at MOI 10, propidium iodide incorporation/fluorescence sharply increased around 6 h post-infection in WT macrophages while Aim2 -/-BMDMs presented cell death kinetics delayed by more than 7 h compared with that of WT macrophages. Interestingly, incorporation/fluorescence increase of propidium iodide was significantly further delayed in Gbp chr3 -KO BMDMs compared to Aim2 -/-BMDMs suggesting that GBPs control both AIM2-dependent and -independent cell death pathways. Accordingly, by monitoring macrophage cell death in real time and in single cells using time-lapse microscopy (Fig 2E . This assay confirmed that Gbp chr3 -KO BMDMs survived longer than Aim2 -/-BMDMs upon F. novicida infection. Altogether, our data strongly suggest that GBPs control both AIM2-dependent and -independent cell death/survival pathways.

F. novicida infection triggers GBPs-dependent AIM2-, NLRP3-dependent canonical and non-canonical caspase-11 inflammasomes

In F. novicida-infected murine macrophages, the only inflammasomes described so far are dependent on AIM2, while our results (Fig 2A -2G) clearly demonstrate that F. novicida-mediated cell death can proceed independently of AIM2. We thus used Aim2 -/-macrophages to unravel other cell death pathways controlled by GBPs. Using siRNA, we first knock-downed various inflammasome NLRs (S4A Fig) and observed a contribution of NLRP3 in F. novicidamediated cell death (S4B Fig) . To confirm this result, we generated Aim2 -/-/Nlrp3 -/-mice and compared their BMDMs response with that of BMDMs single knock-out for Aim2 (Fig 3A and3B). Aim2 -/-/Nlrp3 -/-BMDMs displayed a kinetics of propidium iodide incorporation/fluorescence slower than that of Aim2 -/-BMDMs, indicating that in the absence of AIM2, NLRP3 controls F. novicida-mediated cell death. Aim2 -/-/Nlrp3 -/-BMDMs phenocopied Asc -/-BMDMs indicating that activation of the canonical inflammasome pathways in F. novicida-infected BMDMs is exclusively dependent on AIM2 and NLRP3.

To assess whether the non-canonical caspase-11 inflammasome could be involved in the AIM2-independent detection of F. novicida, we used siRNA against caspase-11. We observed a consistent and significant delay in Aim2 -/-macrophage death upon treatment with a caspase-11 siRNA (Fig 3C of caspase-11 in the immune response of Aim2 -/-macrophages was further strengthened by investigating IL-1β release. Indeed, caspase-11 expression knock-down strongly decreased the late secretion of IL-1β observed in Aim2 -/-macrophages (Fig 3F). Nlrp3 expression knockdown or knock-out also consistently decreased IL-1β release in Aim2 -/-macrophages (Fig 3F and3G). This decrease may be partly due to its involvement downstream of caspase-11 [37].

Altogether, our data demonstrate the involvement of at least two sequential cell death pathways (mediated by the sensors AIM2, NLRP3 and caspase-11) elicited in response to F. novicida infection. The extensive survival of Gbp chr3 -KO BMDMs strongly suggests that GBPs contribute to activation of these three inflammasome complexes during F. novicida infection. Of note, at 24 h post-infection in absence of IFN-γ, propidium iodide incorporation/ fluorescence was similar in Asc -/-and Gbp chr3 -KO BMDMs. The late cell death occurring in Gbp 

GBPs control F. novicida-mediated apoptotic pathways

In addition to uncovering AIM2-independent cell death pathways, real time cell death analysis of F. novicida-infected BMDMs (Figs 2A-2F and 3A-3D and S3 and S4 Figs) revealed both known and unsuspected cell death pathways. In agreement with previously reported LDHrelease quantifications [13], IFN-γ could complement Ifnar1 -/-BMDMs inability to rapidly undergo cell death upon F. novicida infection (Fig 2). Furthermore, as previously described [35,38], Casp1/Casp11 -/-BMDMs died significantly faster than Aim2 -/-BMDMs (Fig 2A -2G, S3 Fig) . Apoptosis is associated with cell retraction while pyroptosis is associated with cell swelling [39]. We took advantage of wheat germ agglutinin (which binds cell membrane glycoproteins) staining intensity to quantify cell retraction and of well-characterized stimuli triggering pyroptosis (LPS + nigericin [40]) and apoptosis (gliotoxin [41]) to validate this cell retraction quantification (Fig 4A). F. novicida-infected Casp1/Casp11 -/-BMDMs cell death proceeded via a major cell retraction (S1 Movie, Fig 4B and4C), a morphological feature of apoptosis. The ability of AIM2/ASC complex to recruit caspase-8 and trigger apoptosis in Casp1/Casp11 -/-BMDMs [35,38] may explain the kinetics of cell death observed in Casp1/ Casp11 -/-BMDMs. Indeed, at 10 h post-infection, we observed processing of the apoptotic caspases-8, 9 and 3 in infected Casp1/Casp11 -/-BMDMs. As expected and as previously reported [35], we did not observe such apoptotic caspases processing in WT pyroptotic macrophages (Fig 4D). Furthermore, a strong DEVDase activity suggestive of active caspase-3 (or caspase-7) was observed in Casp1/Casp11 -/-BMDMs but not in WT macrophages (Fig 4E and4F). Interestingly, the kinetics of propidium iodide incorporation/fluorescence in infected Gbp chr3 -KO BMDMs were even slower than the corresponding kinetics of Casp1/Casp11 -/-BMDMs (Fig 2A -2D). This difference strongly suggests that GBPs not only control pyroptosis, but also has the ability to control apoptotic pathways.

This conclusion was further strengthened by comparing cell death kinetics, morphological and molecular features of IFN-γ-primed Asc -/-and Gbp chr3 -KO BMDMs. Priming with IFN-γ accelerated the cell death kinetics in the different macrophages with one notable exception (Fig 2C -2F). Indeed, we did not detect any substantial propidium iodide incorporation/fluorescence increase in IFN-γ-primed Gbp chr3 -KO macrophages while IFN-γ-primed Asc -/- BMDMs died although with delayed kinetics compared with that of WT macrophages (Fig 2C -2F, S3B Fig) . The death of Asc -/-BMDMs was confirmed by addition of triton (TX100) at the end of the 24 h kinetics. Indeed, TX100 treatment did not further increase propidium iodide incorporation/fluorescence in Asc -/-BMDMs (S2B Fig) . In contrast, TX100 addition in Gbp chr3 -KO BMDMs led to a strong increase in propidium iodide fluorescence indicating that the plasma membrane of most Gbp chr3 -KO BMDMs was still intact (and not permeable to This result suggests that in infected Gbp chr3 -KO BMDMs, IFN-γ might inhibit inflammasome activation possibly via nitrosylation, an IFN-inducible mechanism previously reported to inhibit inflammasome activation [42,43]. While the three different cell death/survival assays showed subtle differences [44], these assays converge to indicate that upon IFN-γ priming, Gbp chr3 -KO BMDMs survive better than Casp1/Casp11 -/- and Asc -/-BMDMs suggesting that GBPs control both pyroptotic and apoptotic pathways. Importantly, the GBPs-mediated control of apoptosis was confirmed by generating mice doubly deficient for Asc and Gbp chr3 . Macrophages deficient for both Asc and Gbp chr3 failed to demonstrate caspase-8/9 and 3 maturation and DEVDase activity in contrast to Asc -/-macrophages (S6D and S6E Fig) . Altogether, our results demonstrate that GBPs act as major cell death regulators by controlling numerous pyroptotic and apoptotic cell death pathways.

IFN-γ-induced GBPs control bacterial killing independently of inflammasomes

The high IFN-γ levels observed in Gbp chr3 -KO mice in the mouse model of tularemia coupled to the inability of Gbp chr3 -KO mice to control F. novicida burden (Fig 1) led us to investigate if GBPs contribute to the IFN-γ-mediated growth restriction observed in vitro [45]. As previously described [13,15,24,35], we observed a robust F. novicida replication in unprimed macrophages (Fig 5A corresponding to the Raw data presented in S7 Fig), which was partially controlled in a GBP-dependent manner by the inflammasome. IFN-γ priming led to F. novicida killing as visualized by a net decrease in the recovered intracellular colony forming units (Fig 5A ) as soon as 6 h PI. Bacterial killing was highly dependent on GBPs. Indeed, F. novicida was not killed in IFN-γ-primed Gbp chr3 -KO macrophages, but robustly replicated by a 40-fold over 12 h of infection. We did not observe any substantial effect of IFN-γ on phagosomal rupture (S8 Fig) suggesting that IFN-γ does not act by restricting F. novicida access to its cytosolic niche. This finding is consistent with a previous study demonstrating a direct activity of IFN-γ on cytosolic F. tularensis [45]. Furthermore, the IFN-γ-mediated bacterial growth inhibition was independent of the NADPH oxidase and of the IFN-γ-inducible NO synthase (iNOS also known as NOS2), two immune effectors described to act downstream of GBPs [46] (S9C-S9E Fig) . In WT macrophages, the GBPs-mediated bacterial killing was difficult to segregate from the antibacterial effects of host cell death due to the very rapid inflammasome activation (see Fig 2B). Yet, bacterial killing was also observed in IFN-γ-primed Asc -/-macrophages infected for 6 h at a MOI of 1 in the absence of substantial pyroptotic and apoptotic cell death. Similarly, IFN-γ-mediated blockage in bacterial replication was observed in Casp1/Casp11 -/- and Aim2 -/-macrophages (S9A Fig) suggesting that intracellular bacterial killing is independent of canonical and non-canonical inflammasomes. To assess whether IFN-γ-mediated inhibition of bacterial growth was dependent or independent of cell death we took advantage of flow cytometry using GFP-expressing F. novicida and propidium iodide to exclude dead cells. In the absence of IFN-γ priming, replication was observed in %30% of live Asc -/-and %50% Gbp chr3 -KO macrophages (as determined by the number of propidium iodide -GFP + cells). In the presence of IFN-γ, this number dropped to less than 4% in Asc -/-macrophages indicating a robust bacterial growth restriction in these cells. In contrast, a large number of Gbp chr3 -KO macrophages (>40%) sustained F. novicida replication despite IFN-γ priming (Fig 5B). These results suggest that this anti-bacterial GBP-dependent mechanism proceeds independently of cell death at least in Asc -/-BMDMs.

To quantify F. novicida replication in a large number of macrophages, we analyzed infected macrophages using high-resolution microscopy in Flow (ImagestreamX). This single cell quantification technique further demonstrated that in the absence of Gbp chr3 , IFN-γ was almost ineffective to control bacterial replication. Indeed, in the presence of IFN-γ, there was a 100-fold increase in the number of Gbp chr3 -KO macrophages permissive for bacterial replication (containing more than 100 bacteria) compared with that of Asc -/-macrophages (Fig 5C, S9F Fig) . Representative immunofluorescence images of this striking phenotype are presented in Fig 5D . While this difference was exacerbated in the presence of IFN-γ and as previously noticed using Aim2 -/-macrophages [13], we observed that in unprimed macrophages, GBPs also controlled in an ASC-independent manner the bacterial burden.

GBP5-associated F. novicida loose their GFP expression, which has been associated with a loss of bacterial viability [15]. We thus quantified GFP intensity in single bacteria in propidium iodide-negative BMDMs as a surrogate marker of bacterial viability/metabolic activity (Fig 5E). In WT macrophages, IFN-γ treatment led to a significant reduction in the average GFP intensity (-10.2%) of intracellular F. novicida with a large increase (30%, n = 640) in the number of bacteria expressing low GFP levels (as defined by a GFP intensity <80% of the average intensity of bacteria in unprimed WT macrophages). Similarly, IFN-γ priming significantly reduced the average GFP intensity of bacteria in Asc -/-BMDMs (-8.4%) with a large increase (+19%, n = 843) in the number of low GFP-expressing bacteria. Surprisingly, IFN-γ priming had a paradoxical effect on bacterial GFP expression in Gbp chr3 -KO BMDMs with an increase in the average GFP intensity (+20.6%) and a strong decrease in the number of low GFPexpressing bacteria (-30%, n = 658). While this paradoxical increase (also visible in Fig 5D )  remains to be understood, this experiment demonstrates that IFN-γ-induced GBPs in live macrophages affect the metabolic activity of bacteria. The decrease GFP expression observed in the presence of IFN-γ and GBPs is likely due to GBP-mediated antibacterial activity although we were unable to directly quantify bacteriolysis in single cells. Importantly, the antibacterial activity of IFN-γ against F. tularensis live vaccine strain (LVS) was also fully dependent on Gbp chr3 extending our results to an attenuated strain of the F. tularensis species ( The synergistic roles of GBP2 and 5 in promoting the antibacterial effect of IFN-γ could be demonstrated in J774.1 macrophage-like cells using CRISPR/cas9 (S11 Fig) . This result rules out that the extensive replication observed in Gbp chr3 -KO BMDMs despite the priming with IFN-γ could be due to a non-specific defect of Gbp chr3 -KO BMDMs associated with their large genomic deletion. This is well in line with control experiments previously performed on Gbp chr3 -KO mice demonstrating normal induction of IFN-inducible genes and normal susceptibility/resistance to certain pathogens including L. monocytogenes [8,16]. Altogether, these findings demonstrate that, in vitro, in infected macrophages, the anti-bacterial function of IFN-γ, a cytokine known to induce a large number of antibacterial effectors relies almost exclusively on Gbp chr3 .

rIFN-γ administration partly rescues the in vivo antimicrobial function of Asc -/-mice but fails to complement Gbp chr3 deficiency GBPs have been tightly linked to inflammasome complexes [10][11][12][13][14][15][16]. Yet our in vitro data clearly demonstrate that GBPs have potent inflammasome-independent antimicrobial functions. Particularly, in vitro, GBPs are the main IFN-γ antimicrobial effectors. In contrast, in the presence of IFN-γ, the inflammasome complex seems largely facultative to control F. novicida replication. ASC is required in vivo to induce IFN-γ via IL-18 release [27,28,47]. To further explore these potential differences in vivo, we administered rIFN-γ to F. novicida-infected mice. Early rIFN-γ administration allowed WT mice to survive To assess the functional links in vivo between IFN-γ, GBPs or the inflammasomes and their impact on bacterial replication, we analyzed the bacterial burden in the spleen and the liver at 48h PI following rIFN-γ injection at day 0 and day 1 PI. rIFN-γ was highly efficient to control the bacterial burden in both WT (Fig 6E ) and Asc -/-mice (Fig 6F). In contrast, upon IFN-γ injection in Gbp chr3 -deficient mice, there was no statistical reduction in the bacterial burden in the liver and the spleen (4-fold reduction in the average splenic burden in Gbp chr3 -KO mice versus a 40-fold reduction in Asc -/-mice) (Fig 6F). These results demonstrate that, as observed in infected macrophages, the antibacterial action of IFN-γ is mostly mediated by GBPs in vivo and is largely independent of the canonical inflammasomes.

Discussion

With the recent discoveries of the tight links between the inflammasome complexes and the GBPs, it became unclear whether most antimicrobial functions of GBPs in infected macrophages were mediated by various inflammasome complexes or were independent of the inflammasomes [48]. Indeed, Gbp chr3 -and inflammasome-deficient mice are similarly highly susceptible to F. novicida infection. One of the current models to explain the link between GBPs and the inflammasomes positions GBPs as the molecular platform promoting the inflammasome supramolecular complex [2,3,48,49]. This model is strongly supported by evolution since GBPs from jawed fish display inflammasome-related CARD domains [14]. During F. novicida infection, we and other have previously demonstrated that GBPs are required to trigger AIM2 inflammasome activation while they are dispensable upon direct delivery of DNA into the host cytosol [13,15]. GBPs, in cooperation with IRGB10, were demonstrated to participate in F. novicida lysis into the host cytosol [13,15,16] suggesting that GBPs mostly act to release bacterial DNA into the host cytosol. The polymeric nature of DNA might alleviate the requirement for host factors to promote AIM2 inflammasome activation. Indeed, cytosolic dsDNA could provide the scaffold for AIM2 oligomerization and subsequent inflammasome activation [50,51].

In this work, we demonstrate that GBPs are required not only for the AIM2 canonical inflammasome activation but for most of the programmed cell death pathways that can take place in F. novicida-infected macrophages. In vitro, in F. novicida-infected WT murine BMDMs, so far the only described cell death pathway was the AIM2 inflammasome. Yet, using various knock-out macrophages, we have demonstrated here that several canonical and noncanonical inflammasome complexes can be active during F. novicida infection. These alternative pathways were revealed thanks to the use of Aim2 -/-BMDMs and are masked in WT macrophages. Interestingly, Harton and colleagues recently demonstrated that F. tularensis strains, in contrast to F. novicida, elicit NLRP3 inflammasome activation in BMDMs [52]. This result suggests that F. tularensis has evolved to escape AIM2 inflammasome activation while the delayed NLRP3-dependent sensing is conserved in response to various Francisella species. The identification of a caspase-11-dependent role in mediating Aim2 -/-BMDMs death and IL-1β release in the absence of AIM2 was unexpected. Indeed, the direct delivery of Francisella LPS into BMDMs cytosol does not activate caspase-11 due to its underacylated structure ( [36]). It is still unclear whether the delayed caspase-11-dependent activation observed in Aim2 -/- BMDMs is due to sensing of F. novicida LPS or of another endogenous or bacterial ligand. The large number of inflammasome complexes activated upon F. novicida infection is reminiscent of what have been observed during infection with other intracellular bacteria [11,53,54], although F. novicida infection of murine macrophages is somewhat unique due to its high dependence on AIM2 [18]. Remarkably, IFN-γ-induced GBPs are required to trigger all these pathways suggesting that they either act upstream of the inflammasomes or that they have conserved mechanisms to facilitate activation of several (AIM2, NLRP3, caspase-11) inflammasome sensors. Such facilitation of the activation of multiple inflammasomes by GBPs has been previously observed upon Chlamydia infection [11]. Yet, GBPs-mediated control of Chlamydia-mediated cell death was only partial in contrast to what we observed upon F. novicida infection. Importantly, Asc -/-(and Casp1/Casp11 -/-) BMDMs died by apoptosis as demonstrated by morphological and molecular analyses (Fig 4, S1 and S2 Movies) [35] indicating that GBPs control both pyroptotic and apoptotic pathways. Indeed, processing of caspase-8, 9 and 3 and DEVDase activity were clearly visible in Asc -/-BMDMs but absent in Asc -/-Gbp chr3 -KO BMDMs (S6D and S6E Fig) . The GBP-dependent pathway leading to apoptotic caspase activation in Asc -/-BMDMs is still unclear. Antibiotic-mediated bacteriolysis of another cytosolic pathogen (Shigella flexneri) triggers massive caspase-9-dependent apoptosis of epithelial cells [55]. Based on the antibacterial role of GBPs ( [13,15,16], this work), we speculate that GBPsmediated action releases a PAMPs that directly or indirectly triggers apoptosis in the absence of the inflammasome adaptor ASC. The concurrent maturation of both caspase-8 and caspase-9 suggests activation of both extrinsic and intrinsic (e.g. mitochondrial) apoptotic pathways. This dual activation may be due to the cross-activation of the mitochondrial intrinsic apoptosis pathway following cleavage of Bid by caspase-8 [56]. Yet, we cannot exclude a direct GBPsdependent induction of mitochondrial dysfunction such as the one occurring in S. flexneriinfected cells of non-myeloid lineages [57]. IRGs can lyse T. gondii vacuole leading to parasite permeabilisation and a caspase-1-independent necrotic death in mouse embryonic fibroblats [58]. Due to the diversity of cell death pathways controlled by GBPs and IRGs, we favor the hypothesis that these IFN-induced GTPases act as PAMPs-shedders to release/uncover various microbial cell death-activating ligands. Future studies are needed to establish the pathways linking GBPs to the different cell death pathways.

IFN-γ is the most potent cytokine against intracellular bacteria due to its ability to induce hundreds of genes promoting host defense [1]. Remarkably, our data indicate that the antimicrobial action of IFN-γ against F. novicida and F. tularensis Live Vaccine Strain is almost exclusively dependent on GBPs. While it was previously known that IFN-γ could restrict cytosolic Francisella growth independently of cell death, reactive oxygen or nitrogen species, autophagy and IDO-mediated tryptophan degradation [45], the mechanisms responsible for this growth restriction were unknown. The IFN-γ-mediated F. novicida growth restriction is independent of caspase-1 and caspase-11 (S3 Fig) . It thus differs from the recently described mechanisms responsible for growth inhibition of cytosolic Salmonella [59]. Interestingly, the highly virulent F. tularensis SCHU S4 largely escaped IFN-γ-mediated antibacterial activity in BMDMs (S10 Fig) . It remains unclear whether this escape is the result of an active process or due to the failure of innate immune sensors to detect/recognize cytosolic F. tularensis SCHU S4.

In a concurrent work, Kanneganti and colleagues identified IRGB10 as an IFN-inducible GTPase recruited onto cytosolic F. novicida and required to lyse the bacterium and trigger AIM2 inflammasome activation [16]. IRGB10 recruitment is abolished in Gbp chr3 -KO macrophages indicating that GBPs and IRGB10 may act together and that the latter protein is likely involved in IFN-γ-mediated growth restriction in murine macrophages. In contrast to GBPs [6], IRGs (with the exception of the constitutively expressed IRGM) are absent in humans [60]. Yet, IFN-γ priming efficiently restricts cytosolic Francisella growth in human macrophages ( [45] 

Materials and methods

Ethics statement

All animal experiments were reviewed and approved by the animal ethics committee (CEC-CAPP, Lyon) of the University of Lyon, France under the protocol number #ENS_2012_061, #ENS_2014_017 and #ENS_2017_002 and in strict accordance with the European regulations (#2010/63/UE from 2010/09/22) and the French laws ("De ´cret n 2013-118 du 1er fe ´vrier 2013 relatif à la protection des animaux utilise ´s à des fins scientifiques" and "Arrête ´ministe ´riel du 1er fe ´vrier 2013 relatif à l'e ´valuation e ´thique et à l'autorisation des projets impliquant l'utilisation d'animaux dans des proce ´dures expe ´rimentales").

Mice

Gbp chr3 -KO, Nos2 -/-, Cybb -/-, Casp1 -/-/Casp11 -/-(a.k.a caspase-1 knockout), Asc -/-, Aim2 -/-, Nlrp3 -/-mice, all in the C57BL/6, have been previously described [8,24]. Double knock-out mice (Nlrp3 -/-Aim2 -/-and Asc -/-Gbp chr3 -KO) were generated in the framework of this project. The presence of the functional C57BL/6 caspase-11 was verified by PCR amplification of exon 7 boundaries followed by sequencing [37]. Mice were bred at the PBES (Lyon, France).

Mouse infections

Age-and sex-matched animals (6-10 weeks old) were infected subcutaneously with 5x10 3 or 5x10 4 or 4x10 5 CFU of F. novicida in 100 μl PBS (as indicated in the figure legends). When applicable, 10 6 U/ml of rIFN-γ was injected intraperitonealy in 100 μl PBS. Blood was collected by retro-orbital bleeding at 16 h post-infection or intra-cardiac puncture at 48 h post-infection. Animals were sacrificed at the indicated time point post-infection. Mice were examined twice daily for signs of severe infection and euthanized as soon as they displayed signs of irreversible morbidity or as soon as weight loss exceeded 20%.

Bacterial strains and plasmids

F. novicida strain U112, its isogenic ΔFPI mutant [61] and F. tularensis subspecies holarctica Live Vaccine Strain (LVS) were used. When applicable, strains were transformed with pKK219-GFP [62].

Cell culture and infections

Preparation and culture of BMDMs were performed as previously described [63]. BMDMs were differentiated in DMEM medium (Invitrogen) with 10% v/v FCS (Thermo Fisher Scientific), 10% MCSF (L929 cell supernatant), 10 mM HEPES (Invitrogen), 5% Sodium pyruvate. 1 day before infection, macrophages were seeded into 6-, 24-, or 96-well plates at a density of 1.25x10 6 , 2.5x10 5 , or 5x10 4 per well. When applicable macrophages were pre-stimulated with 100ng/ml Pam 3 CSK 4 , LPS O111:B4 (InvivoGen) or 100u/ml mIFN-β or mIFN-γ (immunotools). For infections with F. novicida, bacteria were grown overnight in TSB supplemented with 0.1% (w/v) cysteine at 37˚C with aeration. The bacteria were added to the macrophages at the indicated MOI. The plates were centrifuged for 15 min at 1500 g and placed at 37˚C for 60 min. Cells were washed and fresh medium containing 10 μg.ml -1 gentamycin (Invitrogen) was added. For LVS, cells were infected for 2 h at an MOI of 0.4, washed and incubated in the presence of gentamicin at 5 μg.ml -1 .

Replication assay

For F. novicida intracellular replication assay, macrophages were lysed with 1% (w/v) saponin (Sigma) in water for 5 min. Dilution, plating on TSA supplemented with 0.1% (w/v) cysteine and counting was performed using the easySpirale Dilute (Interscience). For LVS replication assay, cells were lysed in PBS with 0.1% deoxycholate, serially diluted in PBS and plated on modified GC-agar base plates.

siRNA knockdown

Gene expression knockdown was done using GenMute (SignaGen laboratories) and siRNA pools (siGenome, Dharmacon). Briefly, wild-type BMDMs were seeded into 24-, or 96-well plates at a density of 1.5x10 5 or 3x10 4 per well. siRNA complexes were prepared at 25 nM in GenMute Buffer according to the manufacturer's instructions for forward knockdowns. siRNA complexes were mixed with BMDMs medium and added onto the cells. BMDMs were infected with F. novicida at an MOI of 10:1 after 48 h of knockdown and analyzed for inflammasome activation as outlined below. siRNA pools included: Aim2 (M-044968-01), Caspase-11 (that is, Casp4) (M-042432-01), Mefv (M-048693-00), Nlrp3 (M-053455-01), Caspase-1 (M-048913-01) and NT (non-targeting) pool 2 (D-001206-14).

Cytokine measurement and cell death assays

IL-1β and IL-18 were measured by ELISA (R&D systems and platinum ebioscience, respectively). Cell viability was determined by the CellTiter-Glo Luminescent Cell Viability Assay (Promega). Global cell death kinetics was monitored in BMDMs by assessing in real time incorporation of propidium iodide (used at 5 μg/ml) through measurement of fluorescence emission at 635 nm every 15 min on a microplate reader (Tecan, see. S2A Fig for the sensitivity of the technique). When indicated triton X100 (Sigma) at 1% (v/v) was added at the end of the kinetics to further control cell death/viability. Area under the curve were computed using Prism software (GraphPad) to obtain a single quantitative readout of the full kinetics as recently described [64]. Gliotoxin (Enzo Pharma) and Nigericin (Sigma) were used at 5 μM, the latter after a 3 h priming with LPS at 100 ng/ml. Single cell death kinetics was determined using an automated time-lapse video microscope (Arrayscan high-content system, Thermo Fisher Scientific). Image analyses of four sparse fields per well were performed using the HCS studio analysis software. Wheat-germ agglutinin (WGA)-labelled BMDMs were used. Individual dead cells were detected and numerated based on the propidium iodide fluorescence staining and normalized to the total number of cells numerated through the vital Hoechst staining at time 0. WGA intensity in propidium iodide positive cells was calculated to quantify cell retraction using HCS studio software. CO2-independent medium (ThermoFisher Scientific) was used for all cytokines dosage and cell death kinetics.

Statistical analysis

Statistical data analysis was done using Prism 5.0a (GraphPad Software, Inc.). To evaluate the differences between three selected groups or more (cell death, cytokine release, FACS, CFU and immunofluorescence-based counts) one-way ANOVA analysis was performed with Tukey's correction for multiple analysis. Komogorov-Smirnov test was used to compare the cell distribution as determined by Imagestream and the distribution of GFP intensity in single bacteria. P values were adjusted for multiple comparisons with the Bonferroni correction approach. Animal experiments were evaluated using Kruskal-Wallis analysis with Dunn's correction except when only two groups were present in the analysis, Mann-Whitney analysis was performed. Survival experiment was analyzed thanks to log-rank Cox-Mantel test. In figures NS indicates 'not significant', P values are given according to the following nomenclature: Ã P<0.05; ÃÃ P<0.01; ÃÃÃ P<0.001.

Structure-function relationship of the Pseudomonas aeruginosa two-partner secreted toxin Exolysin Basso P, Faudry E, Ragno M, Elsen S, Attree I.

INSERM-UMR-S1036; Bacterial Pathogenesis and Cellular Responses, ERL5261 CNRS, iRTSV, CEA/Grenoble, France

The Pseudomonas aeruginosa CLJ1 strain isolated from hemorrhagic pneumonia exerts its virulence through a two partner secreted toxin, that we named Exolysin ExlA (Elsen et al., 2014). ExlA belongs to a large family of polymorphic toxins [START_REF] Zhang | Polymorphic toxin systems: comprehensive characterization of trafficking modes, processing, mechanisms of action, immunity and ecology using comparative genomics[END_REF] characterized by the presence of a secretion domain in the N-terminus, multiple repeats proposed to participate in host-cell adhesion, and a toxic domain usually present in C-terminal part. In addition, ExlA possesses five Arginine-Glycine-Aspartic Acid (RGD) motifs that may be involved in integrin binding.

ExlA secretion provokes damages of the eukaryotic membrane and cell lysis, which can be attenuated by addition of PEG 3350 during the infection. We further characterized the activity of ExlA by cellular and in vitro assays. We showed that the C-Terminal domain was absolutely required for cell lysis, and that RGD motifs were not essential for the action of ExlA on eukaryotic cells. In addition, the recombinant C-terminal domain of ExlA exhibited permeabilization activity on liposomes. We used PAO1∆xcpR∆pscC recombinant strain to express exlA WT genes, exlA RGA gene or exlA ∆Cter gene to assess the production and secretion of ExlA. The expression of exlBA is under the control of a promotor inducible by arabinose. Supernatants were precipitated using TCA-DOC. The samples were analyzed by immunoblotting using anti-ExlA antibodies. ExlA is a 172 kDa secreted protein, belonging to the family of polymorphic toxins [START_REF] Zhang | Polymorphic toxin systems: comprehensive characterization of trafficking modes, processing, mechanisms of action, immunity and ecology using comparative genomics[END_REF]. It carries a Two Partner Secretion domain (TPS), filamentous haemaglutinin-like domains and a C-terminal domain of unknown function. In addition, ExlA possesses five RGD motifs that may be involved in integrin recognition (Figure 2). ExlA is secreted via a TPS system through ExlB, an outer membrane protein belonging to the Omp85 family. ExlB is composed of a beta barrel, anchored in the outer membrane and two Polypeptides Associated Transport (POTRA) domains (Figure 3). The ExlA secretion is mediated by its TPS domain and the ExlB POTRA domains are required Pseudomonas aeruginosa strains belonging to the PA7-like group of taxonomic outliers do not possess Type 3 Secretion System, a major virulence determinant. Instead, they produce a Two Partner Secreted toxin, named Exolysin (ExlA). Expression and secretion of Exolysin provide to the strains a hyper virulent phenotype, as documented for the CLJ1 strain, isolated from a patient with hemorrhagic pneumonia in Intensive Care Unit at Grenoble (France) (Elsen et al., 2014). Exolysin induces cell membrane permeabilization in vitro and is sufficient for mouse mortality in vivo. Exolysin is homologous to ShlA hemolysin from Serratia marecesens and is conserved in different bacterial species (Figure 1). To decipher the ExlA structure-function relationship, we created a mutant protein in which the five RGD motifs were changed into RGA, and a mutant deleted for the 300 amino acids in the C-terminal part. ExlA ∆Cter and ExlA RGA are expressed and secreted, as verified by Western blot (Figure 4). While RGD motifs do not play any role in cytotoxicity, the deletion of the Cter completely abolishes ExlA cytolytic activity. To understand the role of the C-terminal domain of ExlA in cytolysis, we compared the sequences from several bacterial species and highlighted the most conserved residues (Figure 9) . To decipher the role of the ExlA C-terminal part in cytotoxicity, we produced and purified the recombinant C-terminal part, and evaluated its activity toward lipid vesicles. We cloned the C-terminal part of exlA in pET15b vector, expressed and purified the recombinant protein on a His-trap column (Figure 10). We tested the ability to the recombinant protein to disrupt liposome with different lipids composition. We demonstrated that the recombinant protein is able to disrupt liposomes composed of PS-PC (80%-20%) (Figure 11). We also tested the rate of of liposome disruption at different pH and we showed that the membrane disrupting activity of the Cter part was dependent on pH, with an optimum activity at pH4 (Figure12) . 

Activity of ExlA cter toward lipid vesicles

ExlA is a polymorphic toxin secreted by PA7-like strains

Conclusion

The C-terminal domain of ExlA is required, unlike RGD motifs for the cytotoxicity of ExlA toward epithelial cells. We demonstrated that the ExlA related cytotoxicity is contact dependent and that the Type IV pilus is involved in the ExlA-dependent cytotoxicity. By in vitro approaches, we showed that the C-terminal part of ExlA is highly conserved in Exolysin-like toxins through the bacterial species, and that it is able to disrupt liposomes made of PS and PC. We created a library of 7400 mutants from the exlA-positive IHMA 87 strain by mariner transposon mutagenesis. Mutants were screened for a loss of ExlA-dependent cytotoxicity towards A549 epithelial cells. Screen was based on live/dead system using appropriate dyes (Hoechst and Draq7). The permeabilization of plasma membrane allowed the incorporation of Draq7 in the nucleus (Figure7). Pseudomonas aeruginosa clinical strains lacking Type III secretion system genes employ a novel toxin, Exolysin (ExlA), for host cell destruction. Here, we demonstrated that ExlA uses a predicted outer membrane protein ExlB for its export through two POTRA domains showing that ExlA-ExlB represent new members of a Two-Partner Secretion (TPS) systems. In addition of TPS secretion signals, ExlA harbors several distinct domains, which comprise notably hemagglutinin FHA domains, five integrin binding motifs Arginine-Glycine-Aspartic acid (RGD) and a non-conserved C-terminal region. Cytotoxic assays showed that the deletion of the C-terminal region abolishes host-cell cytolysis. Using red blood cells and lipid vesicles, we demonstrate that ExlA has a pore-forming activity that precedes cell membrane disruption in nucleated cells. Finally, by setting up a miniaturized cellular live-death assay, we screened a transposon mutant library of an ExlA-producing P. aeruginosa clinical strain for bacterial factors required for ExlA-dependent toxicity. The screen allowed the identification of proteins of Type IV pili as being absolutely required for ExlA-dependent cell destruction. This is the first example of cooperation between a TPS pore-forming toxin and surface appendages in host cell intoxication.

Pseudomonas aeruginosa Exolysin requires Type IV Pili for cytolysis We wish to search for eukaryotic partners to ExlA by a cellular screening of RAW macrophages library mutated by CRISPR-Cas9 technology.

We used IHMA87 strain expressing ExlA (WT). A549-EGFP cells were infected at MOI 10 for 6 hours. As negative control, we used IHMA87∆exlA. Membranes were labelled with WGA.

Transposon mutagenesis strategy was used to determine the bacterial factors involved in ExlA-dependent cytotoxicity

Among 20 selected mutants that lost ExlA-dependent cytotoxicity, we identified three independent Tn-insertions in genes required for type IV pilus biogenesis. We created also three other mutants in pilA, pilU and pilT genes to confirm this phenotype. Therefore, these pili seem to be involved in the ExlA-dependent cytotoxicity.

We created a library of 7400 mutants from the exlA- 
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Exolysin, a novel virulence factor of Pseudomonas aeruginosa clonal outliers

Pseudomonas aeruginosa is a human opportunistic pathogen responsible for nosocomial infections associated with high mortality. The type III secretion system (T3SS) and T3SS-exported toxins have been considered as key infectivity virulence factors. Our team recently characterized a group of strains lacking T3SS, but employing a new toxin: Exolysin (ExlA) that provokes cell membrane disruption. In this work we demonstrated that ExlA secretion requires ExlB, a predicted outer membrane protein encoded in the same operon, showing that ExlA-ExlB define a new active TPS system. In addition to the TPS secretion signals, ExlA harbors several distinct domains, which comprise hemagglutinin domains, five Arginine-Glycine-Aspartic acid (RGD) motifs and a non-conserved C-terminal region lacking any identifiable sequence motifs. Cytotoxic assays showed that the deletion of the C-terminal region abolishes host-cell cytolysis. Using liposomes and eukaryotic cells, we demonstrated that ExlA forms membrane pores of 1.6 nm. Based on a transposon mutagenesis strategy and a high throughput cellular live-dead screen, we identified additional bacterial factors required for ExlA-mediated cell lysis. We identified three transposons inserted in genes encoding components of the Type IV pili, which are adhesive extracellular appendices. Type IV pili probably mediate close contact between bacteria and host cells and facilitate ExlA cytotoxic activity. These findings represent the first example of cooperation between a pore-forming toxin of the TPS family and surface appendages to achieve host cell intoxication. Using mice primary bone marrow macrophages we showed that ExlA pores provoke activation of Caspase-1 via the NLRP3-inflamasomme followed by the maturation of the pro-interleukin-1β. Mining of microbial genomic databases revealed the presence of exlA-like genes in other Pseudomonas species rarely associated with human infections. Interestingly, we showed that these environmental bacteria are also able to provoke Caspase-1 cleavage and pro-inflammatory cell death of macrophages. Finally, genome-wide loss-of-function CRISPR/cas9 RAW library screen revealed that several components of the immune system response, indirectly linked to Caspase-1 are involved in the ExlA-mediated cell lysis. Moreover, we found that at least three sgRNAs targeting miRNA, mir-741 were highly enriched in resistant macrophages challenged by ExlA. This miRNA regulates enzymes (St8sIa1 and Agpat5) in the sphingolipids and glycerophololipids biosynthesis pathways, suggesting that ExlA activity may require proper lipid environment. Pore-forming toxin; Type IV pili; Pyroptosis; High-throughput screening; CRISPR/cas9

Exolysine, un facteur de virulence majeur de Pseudomonas aeruginosa

Pseudomonas aeruginosa est un pathogène opportuniste responsable d'infections nosocomiales sévères associées à un taux élevé de mortalité. Le système de sécrétion de Type III (SST3) et les effecteurs qu'il injecte sont considérés comme des facteurs de virulence prépondérants de P. aeruginosa. Récemment nous avons caractérisé, un groupe de souches ne possédant pas les gènes du SST3, mais dont la virulence repose sur la sécrétion d'une nouvelle toxine: Exolysine (ExlA) qui provoque la perméabilisation de la membrane des cellules hôtes. ExlA est sécrétée dans le milieu par une porine de la membrane externe, nommée ExlB, formant ainsi un nouveau système TPS, ExlBA. ExlA possède différents domaines : des répétitions hémagglutinines, cinq motifs Arginine-Glycine-Acide Aspartique (RGD) et un domaine C-Terminal faiblement conservé. Des tests de cytotoxicité sur des cellules eucaryotes ont montrés que la délétion du domaine C-terminal abolissait l'activité toxique d'ExlA. En utilisant un modèle de liposomes et différents types de cellules eucaryotes, nous avons démontré qu'ExlA forme des pores membranaires de 1.6 nm. De plus, par un criblage cellulaire à haut-débit d'une banque de mutants, nous avons montré qu'un facteur bactérien additionnel était requis dans la toxicité d'ExlA. Nous avons identifiés 3 transposons insérés dans des gènes codant pour le pili de type IV, démontrant ainsi que cet appendice impliqué dans l'adhésion des bactéries participe à la toxicité d'ExlA, en permettant un contact rapproché entre la bactérie et les cellules hôtes. Un criblage de macrophages primaires de souris KO pour différentes protéines impliquées dans la voie de l'activation de l'inflammasome, nous a permis de démontrer que le pore formé par ExlA est responsable de l'activation de la Caspase-1 par l'inflammasome NLRP3 conduisant à la maturation de l'interleukine-1β. Une étude bio-informatique a révélé la présence de gènes homologues à exlA chez d'autres espèces de Pseudomonas non pathogènes. Nous avons montré que ces bactéries environnementales sont aussi capables de provoquer une mort cellulaire dépendante de la Caspase-1. Finalement, un criblage d'une banque de macrophages dont les gènes ont été invalidés par la technologie CRISPR/cas9 a révélé que plusieurs protéines du système immunitaire, indirectement liées à l'activation de la Caspase-1 sont impliquées dans la mort cellulaire médiée par ExlA. De plus, nous avons montré que plusieurs sgRNAs ciblant un microARN, mir-741, était grandement enrichi dans les macrophages ayant résisté à une infection avec ExlA. Mir-741 est impliqué dans la régulation d'enzymes (St8sIa1 et Agpat5) de la voie de biosynthèse des sphingolipides et des glycérophospholipides. Toxine formatrice de pore; Pili de type IV; Pyroptose; Criblage à haut débit; CRISPR/cas9
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 11 Figure 1.1. Distribution of the core and accessory genes in P. aeruginosa strains. (from [17])

Figure 1 .

 1 Figure 1.2.Acute vs chronic infections by P. aeruginosa. Factors needed for acute and chronic infections and the phenotype evolution of the strains shown (adapted from[9]). The acute infection is synonym with virulence and motility of the bacteria. In contrast, during chronic infections, bacteria become sessile and loose their aggressive virulence determinants.
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 13 Figure 1.3. Structure of the T3SS. The T3SS consists of a needle complex, translocating apparatus, and effector toxins that are translocated directly from the bacterium to the host cell cytosol [47].

Figure 1 . 4 .

 14 Figure 1.4. Modular domains of ExoS, ExoT, ExoU, and ExoY.ExoS is a bi-functional toxin that has both GAP and ADPRT activity. Arg146 is required for GAP activity and both Glu379 and Glu381 are required for efficient catalytic addition of the ADP-ribose moiety of NAD+ to substrate. ExoT is closely related to ExoS. Arg149 is required for the GAP activity of ExoT 76 and residues Glu383 and Glu385 are crucial for its ADPRT activity. ExoU contains a patatin-like domain necessary for PLA2 activity. Residues Ser142 and Asp344 are required for this activity. ExoY is an adenylate cyclase. Residues Lys81, Lys88, Asp212, and Asp214 are required for its activity and are thought to be necessary for interactions between ExoY and ATP. S, secretion signal; CBD, chaperone binding site; MLD, membrane localization domain; GAP, GTPase activating protein activity; ADPRT, ADP-ribosyl transferase activity; PLA2, phospholipase A2; CF, cofactor binding site, from[46].
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 15 Figure 1.5. Type IV pili. (A) Summary schematics showing the component locations identified in the piliated and empty T4PM basal body structures. (B andC) Central slices of the architectural models of piliated and empty T4PM basal bodies, respectively, in which atomic models of T4PM components are placed in the in vivo envelopes according to the component maps in (A) and previously reported constraints and filtered to 3-nm resolution. Models of each component are colored as in (A), with the transmembrane segments of PilN and PilO shown as cylinders; "x3" indicates three AMIN domains per PilQ monomer, only one of which is shown. Note that the empty T4PM basal body is shown with five PilA major pilin subunits in the short stem; however, the short stem likely also contains minor pilins[START_REF] Chang | Architecture of the type IVa pilus machine[END_REF] 

Figure 1 . 6 .

 16 Figure 1.6. Type IV pili glycosylation systems. In P. aeruginosa , group I pilins are modified at the C-terminal Ser148 by TfpO (PilO) with an undecaprenollinked O-antigen subunit generated by the Wbp enzymes of the lipopolysaccharide pathway (orange) and are flipped to the periplasmic face of the membrane by the O-unit flippase, Wzx (orange). Group IV pilins are modified at multiple Ser and Thr residues by monomers, dimers, and longer polymers of D-arabinofuranose synthesized by cytoplasmic enzymes on a lipid carrier to form decaprenol-arabinofuranose (DPA) (blue), polymerized into 1,5-linked homopolymers, translocated to the periplasm by an unknown enzyme(s), and attached to the pilin by TfpW. TfpW is significantly larger than TfpO (694 versus 461 amino acids) and may be responsible for both the flippase and 1,5-arabinosyltransferase (AT) functions (yellow) in the group IV system [98].

1. 5

 5 Role of the flagellum in virulence P. aeruginosa has a single polar flagellum of 15-20 µm long that provides the ability to swim in a liquid environment and to swarm in a semi-solid surface. The flagella play a critical role in the pathogenesis through motility and adhesion to cells. The flagellum is constituted of three parts (Figure 1.7): (i) the rotor embedded in the membrane and playing a role in the rotation of the flagella (ii) the hook, and (iii) the filament which is principally composed of flagellin (FliC) subunits.

Figure 1 . 7 .

 17 Figure 1.7. Flagellum. The flagellum consists of the basal body, which acts as a reversible rotary motor, the hook, which functions as a universal joint and the filament, which works as a helical screw. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane.
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 18 Figure 1.8. Phylogenetic tree based on the core genome single nucleotides polymorphisms (SNPs). Unrooted maximum likelihood tree of 97 Pseudomonas aeruginosa genomes based on SNPs within the core genome as defined by Harvest (100 bootstraps). The tree representation was done using CLC workbench software. Strains are divided into three major groups (group 1: PAO1 ( green circles), group 2: PA14 (blue circles) and group 3: PA7 (red circles)). Basso P, unpublished data
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 19 Figure 1.9. PumA is a virulence factor of PA7. PumA is a TIR domaincontaining protein. PumA interacts with TLR adaptors but also UBAP1, targeting ESCRT-I to simultaneously inhibit TLR and TNFR1 signalling [128].

  It was shown to be a pro-inflammatory factor since it can contribute to an inflammatory response (production of IL-8 and neutrophil recruitment) after 4 hours of infection in a mouse model. It can also alter lung permeability and modify innate immune response by degrading surfactant proteins A and D. More recently, LasB was shown to degrade exogenous flagellin, under calcium-replete conditions and ensure effective immune evasion. By degrading free flagellin, the ligand of immune receptors, the pathogen retains its motility phenotype but escapes flagellin-dependent immune recognition [136]. The Hcx system (homologous to Xcp) is functional only in phosphate limitation conditions.

  et al., 2015) SAMN04128503 models of infection (see below). When comparing with the PAO1 genome organization, exlB-exlA locus is present between genes corresponding to PA0874 and PA0873, and this organization is conserved in all PA7like strains sequenced to date ((Reboud et al., 2016) 

Figure 1 . 10 .

 110 Figure1.10. Genomic organization of the RGP69 of PA7. The genomic island RGP69 possesses 14 predicted ORFs encoding the 11 putative T2SS Txc components (TxcP to TxcZ) and 3 genes, a gene encoding a predicted chitin-binding protein (CbpE), a gene encoding an unorthodox sensor protein (TtsS), and PSPA7_1418, which is predicted to encode a protein belonging to the cytochrome b superfamily. RGP69 is externally flanked by the ttsR and PSPA7_1406 (1406) genes, which are homologous to the two contiguous genes PA3714 (3714) and PA3715 (3715), respectively, in strain PAO1, from[START_REF] Cadoret | Txc, a New Type II Secretion System of Pseudomonas aeruginosa Strain PA7, Is Regulated by the TtsS/TtsR Two-Component System and Directs Specific Secretion of the CbpE Chitin-Binding Protein[END_REF].
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 21 Figure 2.1. Type V secretion subtypes. A linear representation is shown underneath the schematics. The orientation of each protein is indicated by its N and C termini (denoted N and C). The POTRA domains (small ovals) are denoted P1, P2, and P' (POTRA-like domain in PlpD). s, signal peptide; pass, passenger domain; β-barrel domain; tps, TPS domain of TpsA proteins; pd, periplasmic domain of type Ve proteins [141].

2. 1

 1 Autotransporters 2.1.1 Architecture and biogenesis of AT ATs are single polypeptide containing components that allow them to secrete themselves. ATs carry (i) a signal peptide (SP) in N-terminal region (N-ter) that targets the protein to the Sec translocon for the transport across the IM, (ii) a passenger domain which is the actual secreted and functional protein, (iii) a linker and (iv) in C-terminal region (C-ter) a 12-stranded transmembrane β-barrel of 30 kDa (the β-domain), that facilitates, with the linker domain, the translocation of the passenger domain across the OM constituting a translocation pore to transfer the passenger (Figure 2.2) [142].

Figure 2 . 2 .

 22 Figure 2.2. Schematic representation of domain organization among ATs. SP: signal peptide; Passenger domain; Linker; β-barrel (from)

Figure 2 . 3 .

 23 Figure 2.3. Signal peptide.The tripartite structure of Sec-dependent nonlipoprotein signal peptides, where the N-terminus is characterized by the presence of positively-charged residues (blue), the core of the peptide is comprised of hydrophobic residues (orange), and the C-terminus is typically neutral, but polar and contains the cleavage site (green)[START_REF] Palmer | The twin-arginine translocation (Tat) protein export pathway[END_REF].

Figure 2 . 4 .

 24 Figure 2.4. P. aeruginosa EstA autotransporter (T5aSS). Structure of the P. aeruginosa EstA autotransporter (T5aSS), reproduced from [148]. (A) Backbone representation viewed from the side, with the protein colored by a gradient from blue at the N-terminus to red at the C-terminus. (B) Backbone view 90 • C rotated within the plane of the membrane relative to (A), with helices colored red β-strands colored green, and loops colored gray. The catalytic triad residues are shown as blue stick models. Horizontal lines indicate the approximate location of the OM core. (C) Surface view of EstA from the side with the β-barrel domain colored green and the passenger domain colored red. (D) Stereo view of the EstA passenger from the extracellular side, colored as a rainbow from dark blue at the N-terminus to dark red at the C-terminus. The numbers are those for the central residue of the α-helix.
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 25 [START_REF] Hoiczyk | Structure and sequence analysis of Yersinia YadA and Moraxella UspAs reveal a novel class of adhesins[END_REF].
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 25 Figure 2.5. Structure of YadA. The head and neck domains are known in molecular detail and crystals have been obtained for parts of the stalk and for the anchor domain [163].
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 26 Figure 2.6. Tertiary fold of PlpD 20-333. PlpD 20-333 presents a compact α/β-hydrolase fold and an unusual 23-residue helix (α-7) towering over the active site [3].
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 27 Figure 2.7. PlpD displays phospholipase activity. (Top) Liposome disruption assay showing that PlpD20-333 is active against lipid bilayers. Large unilamellar vesicles containing the encapsulated sulforhodamine B dye were incubated with 100 nM PlpD20-333Ser60Ala (gray) and fluorescence increase was monitored, reflecting dye release upon vesicle disruption. (Bottom) Initial rates were calculated during the first 50 s of liposome disruption at three protein concentrations [3].

Figure 2 . 8 .

 28 Figure 2.8. Distribution of autotransporter proteins as detected by labeling live bacteria prior to fixation. (A) S. flexneri autotransporter IcsA on the surface of intact S. flexneri. (B) Diffusely adherent E. coli autotransporter AIDA-I on the surface of intact E. coli cells, which express a complete LPS. (C) Bordetella autotransporter BrkA on the surface of intact E. coli cells . (D) N. meningitidis autotransporter NalP on the surface of intact E. coli BL21(DE3) cells, which expresses a complete LPS. Arrows, polarly localized autotransporter protein. Left panel, fluorescence image; right panel, phase-contrast image. Size bar, 5 µm [173].
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 29 Figure 2.9. Two Partner Secretion system (TPS). SP: signal peptide (red), TPS domain (purple); passenger domain (blue); POTRA domains (orange); β-barrel (green)

Figure 2 .

 2 Figure 2.11. X-ray structures of TpsA proteins. (A) Views from the Nterminal top of the β-helix axis. Residues of the aromatic cluster are shown in stick representation. (B) Side view of TpsA structures. Red arrows indicate the end of the TPS domain.

Figure 2 .

 2 Figure 2.12. Omp85 transporters: X-ray structures to mechanistic models. (A) Cartoon representations of FhaC from B. pertussis (PDB entry 4ql0)[START_REF] Maier | Conserved Omp85 lid-lock structure and substrate recognition in FhaC[END_REF] and BamA from N. gonorrhoeae (4k3b)[START_REF] Noinaj | Structural insight into the biogenesis of β-barrel membrane proteins[END_REF]. The common structural features include the 16-strand barrel in gold, the L6 loop in blue and the last two POTRA domains in wheat and brown (POTRA1 and POTRA2 for FhaC). The β-1 and β-16 strands are shown in red. Specific elements include the N-terminal α-helix of FhaC in purple, and the POTRA3-2-1 domains of BamA in yellow, pink, and cyan, respectively.

Figure 2 .

 2 Figure 2.13. The TPS secretion models [204].
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 31 Figure 3.1. Structural architectures and pore formation mechanism of the Colicins family.For PFTs from this family, the extraction of the hydrophobic hairpin and its insertion into the membrane results in an "umbrella" conformation that is thought to drive pore formation by inducing oligomerization into dimers or higher-order assemblies of varied stochiometries (RCSB Protein Data Bank (PDB) entry 1COL)[START_REF] Parker | Refined structure of the pore-forming domain of colicin A at 2.4 A resolution[END_REF].
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 32 Figure 3.2. Structural architectures and pore formation mechanism of the ClyA family. The structure of ClyA has been solved in its soluble monomers form (PDB entry 1QOY)[START_REF] Wallace | SheA): X-ray crystal structure of the toxin and observation of membrane pores by electron microscopy[END_REF] and mature dodecameric pore conformation (PDB entry 2WCD)[START_REF] Mueller | The structure of a cytolytic α-helical toxin pore reveals its assembly mechanism[END_REF].
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 33 Figure 3.3. Structural architectures and pore formation mechanism of the heamolysin family. The structure of α-haemolysin (Hla) from Staphylococcus aureus has been solved in monomer conformation (PDB entry 4IDJ) and singlecomponent heptameric conformation (PDB entry 7AHL) [254].
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 34 Figure 3.4. Structural architectures and pore formation mechanism of the aerolysin family. Aerolysin first assembles in a pre-pore state and, after extraction of the pre-stem loop (in grey), it eventually reaches the heptameric pore conformation, as determined by integrative modelling. [257].
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 35 Figure 3.5. Structural architectures and pore formation mechanism of the CDC family. The structure of the CDC family PFT perfringolysin (PFO) has been solved in its monomer form (PDB entry 1PFO95[START_REF] Johnson | The antibacterial toxin colicin N binds to the inner core of lipopolysaccharide and close to its translocator protein[END_REF]; the undecapeptide that binds to cholesterol is shown in red). PFOs oligomerize to form large pre-pores, which, after an extended conformational change, form a membrane-inserted β-barrel. The models of the high-order assemblies of CDCs that form the pre-pore and pore; the stochiometries of these structures can be highly variable according to the conditions.
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 36 Figure 3.6. Infammasome. Canonical inflammasomes contain sensors belonging to the NLR or ALR family. NLRC4 is activated by bacterial flagellin and T3SS components, NLRP1b is activated by the anthrax lethal toxin, and AIM2 is activated by cytosolic dsDNA. NLRP3 is activated by a wide variety of signals including pore-forming cytotoxins, ATP, uric acid, and alum. Once activated the receptors form an inflammasome complex with or without the adaptor, ASC, and recruit procaspase-1, which is subsequently cleaved into active caspase-1. Caspase-1 cleaves pro-forms of IL-1β and IL-18 into their active forms as well as induces cell death from [297].

Figure 3 . 7 .

 37 Figure 3.7. NLR Infammasome. NLR family, apoptosis inhibitory proteins (NAIPs) are direct receptors for flagellin and T3SS needle and rod subunits. Activated receptors recruit adaptor protein ASC, which consists of a pyrin domain (PYD) and a caspase recruitment domain (CARD), through PYD-PYD (NLRP3) or CARD-CARD interactions (NLRP1B and NLRC4). The CARD of ASC is necessary to recruit pro-caspase 1. Following its proximity-induced autoproteolytic activation within the complex, caspase 1 processes pro-IL-1β and pro-IL-18 to their mature forms and cleaves gasdermin D. The N-terminal fragment of gasdermin D drives pyroptosis, which is a lytic type of cell death and allows the release of mature IL-1β and IL-18 from the cell. mtDNA, mitochondrial DNA; NOD, nucleotide-binding oligomerization domain; P2RX7, P2X purinoceptor; ROS, reactive oxygen species (adapted from[START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF]).
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 38 Figure 3.8. Membrane repair mechanism.. Endocytosis and Exocytosis mechanisms [317].

  (Pirnay et al., 2009; Toska et al., 2014). A few strains were recovered based on their whole-genome sequence and similarity to PA7 (Dingemans et al., 2014; Boukerb et al., 2015; Kos et al., 2015; Mai-Prochnow et al., 2015)

Fig. 1 .

 1 Fig.1. Genetic analysis of T3SS and exlA loci, and ExlA secretion. A. Amplicons generated with primers annealing to the external boundaries of the deleted T3SS locus (DT3SS, primers 1 1 2 in B), to one end of the T3SS locus and one bordering gene (T3SS, primers 1 1 3 in B) and to an internal exlA sequence (exlA). Primers are listed in TableS1. B. Diagram showing the two possible genomic sequences found in place of the T3SS locus. C. Phylogenetic tree of maximal likelihood based on single nucleotide polymorphisms of seven housekeeping genes. The two distinct groups (A and B) of exlA1 strains match with the two excision patterns at the T3SS locus. D. Bacterial secretomes were TCA-precipitated and analyzed by Western blot using anti-ExlA antibodies. Molecular weight is indicated on the left. Group A strains are indicated in bold and Group B strains in grey. Data are representative of three independent experiments.

  [START_REF] Alcorn | Degradation of pulmonary surfactant protein D by Pseudomonas aeruginosa elastase abrogates innate immune function[END_REF]; Leduc et al., 2007; Beaufort et al., 2011; Kuang et al., 2011; Golovkine et al., 2014). Degradation of these proteins is known to facilitate bacteria-epithelium interactions and transmigration across the vascular barrier, and promote breach of the basal lamina.

Fig. 2 .

 2 Fig. 2. Cytotoxicity of exlA1 strains on different cell types and erythrocytes. A. Disruption of plasma membrane was examined by LDH release in the cell supernatant at 4 hpi. Data show the percentages of total cellular LDH and are representative of three independent experiments performed in triplicate. PAO1 was not toxic in this assay, while PP34 (ExoU1) was highly toxic (not shown). B. Hemolytic activity towards human erythrocytes, measured by hemoglobin release at 3 hpi. Results are shown with black bars for Group A strains and with grey bars for Group B strains. Data are representative of three independent experiments. The results are summarized in Table2.

Fig. 3 .

 3 Fig. 3. Proteolytic activity of exlA1 strains. A. LasB and AprA activities were determined by growing bacteria onto milk-agar plates. The white halo around the colonies results from casein degradation. Strains PAO1F as well as PAO1DxcpR and PAO1DlasB were used as controls for full and reduced proteolytic activities respectively. B. The purified extracellular domain of VE-cadherin was incubated for 3 h at 378C with filtered bacterial secretomes. The reaction products were analyzed by Western blot using anti-VE-cadherin antibodies. The full-length (FL) extracellular domain and the cleaved product (C) are indicated by arrows. (*) designates degradation products already present in the starting VE-cadherin preparation. C. Fibronectin was incubated with filtered bacterial secretomes at 378C for 2 h, and was analyzed by electrophoresis and Coomassie staining. Group A strains are indicated in bold and Group B strains in grey. Data are representative of three independent experiments. The results are summarized in Table4.

Virulence of exlA1 strains 3433 V

 3433 C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3425-3439 airways. Based on the above results, seven strains were selected from the 19 studied here, representing several functional characteristics. In a first set of experiments, the mice (10 per lot) were infected with 5 3 10 6 bacteria, a dose calibrated in previous studies using classical strains (PAO1, CHA, PP34) and also CLJ1 (Elsen et al., 2014; Perdu et al., 2015)

Fig. 4 .

 4 Fig. 4. Strain virulence in mouse model of acute pneumonia. A. Bacterial suspensions (5 3 10 6 ) were instilled in mouse airways to induce acute pneumonia. Kaplan-Meyer survival curves are presented for CLJ1, IHMA879472, JT87, CPHL11451, CAN5, DVL1758, and LMG5031 (8-10 mice per condition). B. Similar experiment with 15 3 10 6 bacteria per mouse. Group A strains are indicated in bold and Group B strains in grey. Data are summarized in Table4.
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 5 Fig. 5. Chicory leaf infection.The center part of the leaf was injected with 10 4 bacteria (n 5 6 leaves per strain). Infected leaves were incubated for 72 h at 378C and the infection areas were measured (images are shown in Fig.S6). Individual data are presented as circles and medians by red lines. Group A strains are indicated in bold and Group B strains in grey. Data are representative of three independent experiments. Results are summarized in Table4.
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  Fig. 5. Chicory leaf infection.The center part of the leaf was injected with 10 4 bacteria (n 5 6 leaves per strain). Infected leaves were incubated for 72 h at 378C and the infection areas were measured (images are shown in Fig.S6). Individual data are presented as circles and medians by red lines. Group A strains are indicated in bold and Group B strains in grey. Data are representative of three independent experiments. Results are summarized in Table4.

  and database releases (Roy et al., 2010; Dingemans et al., 2014; Elsen et al., 2014; Toska et al., 2014; Boukerb et al., 2015; Kos et al., 2015; Mai-Prochnow et al., 2015)
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FIG 1

 1 FIG 1 ExlB and ExlA represent a P. aeruginosa TPS system, and the ExlA C-terminal region is required for toxicity. (A) ExlB possesses an N-terminal type I secretion signal peptide (SP) and two POTRA domains. (B) (Left) The cytotoxic effect of P. aeruginosa PAO1 expressing ExlB mutant proteins on epithelial A549 cells. Analysis of variance was used to compare mutants (*, P Յ 0.05; n.s., not significant). Monolayers were infected with PAO1ΔxcpRΔpscC::pSW196exlBA (ExlB) or PAO1ΔxcpRΔpscC:: pSW196exlA carrying the deletion of exlB (ΔExlB) or the deletion of either POTRA domain 1 (PAO1ΔxcpRΔpscC::pSW196exlBΔP1-exlA) (ΔP1) or POTRA domain 2 (PAO1ΔxcpRΔpscC::pSW196exlBΔP2-exlA) (ΔP2), and cytotoxicity was measured by the release of lactate dehydrogenase (LDH). (Right) Immunoblot analysis of the corresponding strains. Western blot assays were performed on bacterial lysates (whole cells) and secreted proteins (supernatant), and proteins were revealed by anti-ExlA antibodies. FliC and RpoA were used as loading controls, probed with the corresponding antibodies. (C) ExlA belongs to the family of polymorphic toxins and carries the N-terminal type I secretion signal peptide (SP), the conserved TPS secretion domain, hemagglutinin-like domains, FHA repeats, and a C-terminal domain of unknown function. ExlA also possesses five RGD motifs. (D) Cytotoxicity assays of A549 cells infected with P. aeruginosa PAO1 expressing ExlA mutants (left) (analysis of variance was used to compare mutants [*, P Յ 0.05; n.s., not significant]) and Western blot analysis (right) of PAO1ΔxcpRΔpscC::pSW196exlBA (ExlA) and penta-RGA PAO1ΔxcpRΔpscC::pSW196exlBA RGA (RGA) and PAO1ΔxcpRΔpscC::pSW196exlBA ΔCter (ΔCter) mutants, performed as described for panel B.

FIG 3

 3 FIG 3 ExlA induces dye leakage from PC/PS liposome. (A) SEC-MALLS analysis of three ExlA variants, ExlA lacking the signal peptide (ExlA noSP ), ExlA noSP lacking the C-terminal domain (ExlA ΔCter ), and the C-terminal fragment of ExlA (Cter ExlA ), showing their soluble and monomeric form. The insets show SDS-PAGE analyses of the corresponding proteins at different stages of purification (lane 1, total lysate; lane 2, soluble lysate; lane 3, eluted fraction after the second step of purification). The values to the left are molecular masses in kilodaltons. (B) Permeabilization of PC/PS liposomes by ExlA proteins. Sulforhodamine B-containing liposomes composed of PC and PS were incubated with ExlA proteins, and the release of SRB was measured over 500 s. The initial rate of dye release (V0) was plotted for the three ExlA proteins, at pH 4 and pH 7. Statistical analysis was done by analysis of variance (*, P Յ 0.05).

FIG 4

 4 FIG 4 ExlA-induced pore formation precedes plasma membrane disruption. (A) Incorporation of YoPro-1 (green) into infected A549 cells was visualized and measured by time-lapse microscopy. The representative images (inset figures) taken with an ArrayScan wide-field microscope are shown for the wild-type infection. Bars, 10 m. A549 cells were infected with P. aeruginosa IHMA (WT), IHMAΔexlA (⌬exlA), and IHMAexlA ΔCter (exlA ΔCter ). (B) YoPro-1 incorporation was analyzed for P. aeruginosa IHMA (WT)-, IHMAΔexlA (ΔexlA)-, IHMAΔexlA:: pSW196exlBA (ΔexlA/exlBA)-, and IHMAΔexlA::pSW196exlBA ΔCter (ΔexlA/exlBA ΔCter )-infected A549 cells and compared to a noninfected (NI) control. Fluorescence intensities were measured using HCS studio analysis software. The box plot represents slopes of phase I YoPro-1 intensities (from 30 to 60 min postinfection) (n ϭ 100 cells per condition). Asterisks indicate statistically significant differences (Kruskal-Wallis, P Ͻ 0.05). (C) A549-EGFP cells, whose plasma membranes were labeled with WGA-Alexa 647, were infected at an MOI of 10 with P. aeruginosa IHMA (WT) or IHMAΔexlA (ΔexlA) and observed by confocal spinning-disk microscopy. Two inset images represent the same cell infected by the wild-type strain at 200-min and 220-min time points. Note the cell rounding (at 140 min postinfection), absence of EGFP labeling, and rupture of cell membrane (at 220 min postinfection) for infection with the wild-type strain (WT). 3D images were constructed from z-planes. Bars, 10 m. The film with the entire sequence is provided in Movie S1 in the supplemental material.

FIG 6

 6 FIG6 Schematic view of cooperation between T4P and ExlA in cytotoxicity. T4P are required for adhesion of bacteria and promote direct contact between bacterial and mammalian cell surfaces. This brings ExlA-secreting P. aeruginosa (Pa) to the proximity of the host cell membrane, increasing its local concentration at the site of action. The interaction of ExlA with membranes results in pore formation, followed by LDH release and death of infected eukaryotic cells. ExlB is the cognate outer membrane transporter of ExlA.

  CCC ATG GAT ATT ACC GAG TGA CAC CTG GTA TTC GGC ACC CTG IHMA-Mut-pilT-R2 CC CCC GGG CTA GAC GCA GTT CCG GGA TTC IHMA-Comp-pilT-F CC CTG CAG ACG GCG GCT TTG GCG GC IHMA-Comp-pilT-R CC ACT AGT CTA GAC GCA GTT CCG GGA TTC IHMA-Mut-pilU-F1 CC CTG CAG CGA GAA GGC GAA GAT CCC GGA IHMA-Mut-pilU-R1 TCA CTG CTC GTT CAT CAC GCC GAG IHMA-Mut-pilU-F2 GGC GTG ATG AAC GAG CAG TGA ATC GAG GTG CTG CTG AAC ACT C IHMA-Mut-pilU-R2 CC CTC GAG ACT AGT CGC TAC GAG ATC GAA CAC AGC A IHMA-Comp-pilU-F CC CTG CAG CCA AAT CCT TGT CGG CGA GCG
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 51 Figure 5.1. Characterization of Tn mutants. Kinetic of PI incorporation into A549 cells infected at MOI 10 for 190 min with Tn mutants carrying pSW196 exlBA. Percentage of PI positive cells were calculated for each time point.
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 52 Figure 5.2. Characterization of drpE1 mutant. (A) Genetic organization of the drpE1 locus with the position of the transposon insertion. (B) Kinetic of PI incorporation into A459 cells infected with Tn mutants, Tn mutants supplemented with pSW196exlBA. As control we used Tn pil mutants, ∆exlA and IHMA WT. (C) Immunoblot analysis of the Tn mutants. Western blot were performed after 3 hours of A549 cells infection at MOI 10. Proteins were revealed by anti-ExlA antibodies. FliC was used as loading controls, probed with the corresponding antibodies.
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 53 Figure 5.3. Immunoblot analysis of the Tn mutants. Western blots were performed after 3 hours of A549 cells infection at MOI 10. Proteins were revealed by anti-ExlA antibodies. FliC was used as loading control, probed with the corresponding antibodies.
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 54 Figure 5.4. Twitching motility of the Tn mutants.Twitching motility of IHMA (WT), IHMA∆exlA, Transposon mutants assessed by Coomassie Blue staining of motility plates after 48 hours

Figure 5 . 5 .

 55 Figure 5.5. Proteases activities of the Tn mutants. LasB and AprA activities of Tn mutants determined by growing bacteria onto milk-agar plates for 24 hours at 37 • C. As control we used PAO1, PAO1∆lasB, PAO1∆xcpR.

Figure 5 . 6 .

 56 Figure 5.6. Characterization of the tex mutant. (A) Cytotoxicity of IHMA∆tex mutant towards A459 cells. Cells were infected for 3 hours at MOI 10. (B) Western Blot of ExlA secretion after 3 hours of A459 cells infection or in LB conditions.
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 1 Fig. 1. Quantification of bacteria-induced cell death by high-content live-imaging. A. Schematic workflow of the quantification of PI-incorporation into eukaryotic cells incubated with cytotoxic bacteria using high-content live imaging. Major steps are indicated, as well as time course of each step. B. Images of BMDMs incubated at a MOI of 0.1 with P. aeruginosa strains: PP34 (ExoU 1 ), PAO1 (ExoS 1 ) and IHMA (ExlA 1 ). Bright field, PI fluorescence and merge images are shown at 60 min, 210 min and 270 min postinfection. Scale bars correspond to 10 mm. C. Kinetics of PI incorporation into BMDMs incubated at a MOI of 0.1 with PP34 (ExoU 1 ), PAO1 (ExoS 1 ), IHMA (ExlA 1 ) and IHMADexlA. Percentages of PI positive cells were calculated for each time point over 400 min period of incubation with the bacteria. D. Areas under the curves (A.U.C.) were calculated for each curve presented in panel C using SigmaPlot macro as described in the Materials and Methods.

Fig. 2 .

 2 Fig. 2. Pharmacological inhibition of ShlA-and ExlA-induced macrophage cell death. A. A.U.C. of PI incorporation kinetics in RAW 264.7 macrophages incubated at a MOI of 0.1 with PP34 (ExoU 1 ), PAO1 (ExoS 1 ), IHMA (ExlA 1 ) and S. marcescens Db10 (ShlA 1 ) strains, after 1 h-pretreatment with Necrostatin-1 (100 mM) or Necrostatin-5 (50 mM). One-way ANOVA was used to compare Necrostatin treatments to the mock control. Stars indicate statistically significant differences with p < 0.05. B. A.U.C. of PI incorporation kinetics in BMDMs incubated at MOI 0.1 with Db10 (ShlA 1 ) or IHMA (ExlA 1 ) after 1 h of pretreatment with Necrostatin-5 (50 mM) or Z-VAD-FMK (10 mM). One-way ANOVA was used to compare treatments to the mock control. Stars indicate statistically significant differences with p < 0.05 and ns 5 nonsignificant.

Fig. 3 .

 3 Fig. 3. Pyroptotic Caspase-1/Caspase-11-dependent cell death is induced by ExlA 1 P. aeruginosa. A. Images of WT BMDMs non treated (NT) or incubated with LPS 1 Nig or Gliotoxin, or incubated with IHMA (ExlA 1 ) at a MOI of 0.1 for 210 min. Bright field (BF), PI fluorescence and merge images are shown. Bars correspond to 10 mm. B. Kinetics of PI incorporation in wild-type (WT) BMDMs compared to Caspase-1/Caspase-11 KO BMDMs (Casp1 2/2 Casp11 2/2 ). Cells were incubated at a MOI of 0.1 with PP34 (ExoU 1 ), PAO1 (ExoS 1 ), IHMA (ExlA 1 ) and Db10 (ShlA 1 ). As positive control of pyroptosis, cells were treated with LPS (10 ng/mL) for 3 h and then Nig (10 mM) for 1 h. For each condition, the A.U.C. was calculated. Statistical analysis were done using Mann-Whitney test. Stars indicate statistically significant differences with p < 0.05. C. Infection of wild-type BMDMs in the presence of extracellular glycine. WT BMDMs were incubated at a MOI of 0.1 with PP34 (ExoU 1 ), PAO1 (ExoS 1 ), IHMA (ExlA 1 ) and Db10 (ShlA 1 ) in the presence or absence of glycine (5 mM) and the A.U.C. of PI incorporation were calculated at the end of each kinetic and compared with one-way ANOVA.

Fig. 4 .

 4 Fig. 4. Caspase-1 is activated in ExlA-induced cell death and provokes IL-1ß release. A. Western blot analysis of Caspase-1 activation. Total cell lysates and infection supernatants (SN) were prepared from WT BMDMs, noninfected (NI), incubated with LPS 1 Nig (positive control) or incubated with PP34 (ExoU 1 ), PAO1 (ExoS 1 ), Db10 (ShlA 1 ) and IHMA (ExlA 1 ) at a MOI of 0.1 for 210 min. Caspase-1 p10 corresponds to one subunit of the activated form of Caspase-1. B. Quantification of IL-1b by ELISA. Levels of IL-1ß were measured in supernatants of WT and Casp1 2/2 Casp11 2/2 BMDMs treated for 3 h with LPS1Nig, or incubated for 6 h with PP34 (ExoU 1 ), PAO1 (ExoS 1 ), Db10 (ShlA 1 ), Db10DshlA, IHMA (ExlA 1 ) and IHMADexlA. C. Quantification of TNF by ELISA. Levels of TNF were measured in supernatants of WT and Casp1 2/2 Casp11 2/2 BMDMs treated for 3 h with LPS1Nig, or incubated for 4 h with PP34 (ExoU 1 ), PAO1 (ExoS 1 ), Db10 (ShlA 1 ), Db10DshlA, IHMA (ExlA 1 ) and IHMADexlA.

Fig. 6 .

 6 Fig. 6. Role of flagellum in pyroptosis and inflammatory response. A. WT, Casp1 2/2 Casp11 2/2 , ASC 2/2 and NLRP3 2/2 BMDMs were incubated with different T3SS-negative, exlA1 P. aeruginosa strains at a MOI of 0.1. A.U.C. from kinetics of PI incorporation were calculated and used in ANOVA tests to compare KO to WT BMDMs. Stars indicate statistically significant differences with p < 0.05. B. Quantification of IL-1b by ELISA. Levels of IL-1ß were measured in supernatants of WT and Casp1 2/2 Casp11 2/2 BMDMs treated for 3 h with LPS1Nig, or incubated with P. aeruginosa strains as indicated. C. Quantification of TNF by ELISA. Levels of TNF were measured in supernatants of WT and Casp1 2/2 Casp11 2/2 , ASC 2/2 and NLRP3 2/2 BMDMs, noninfected (NI), treated for 3 h with LPS1Nig, or incubated with strains as indicated. D. Western blot analysis of Caspase-1 activation. Total cell lysates and infection supernatants (SN) were prepared from WT BMDMs incubated with strains as indicated.

Fig. 8 .

 8 Fig. 8. Pseudomonas species secreting ExlA homologues induce NLPR3-dependent pyroptosis. A. WT, Casp1 2/2 Casp11 2/2 , ASC 2/2 and NLRP3 2/2 BMDMs were incubated with Pseudomonas species at a MOI of 0.1 for 7 h. A.U.C. from kinetics of PI incorporation were calculated and used in ANOVA tests to compare KO to WT BMDMs. Stars indicate statistically significant differences with P < 0.05. B. Caspase-1 activation was assessed by immunoblotting. BMDMs were incubated with the indicated Pseudomonas species for 220 min at a MOI of 0.1. Caspase-1 levels were analyzed in supernatants (SN) and in cell lysates. Caspase-1 p10 corresponds to one subunit of the activated form of Caspase-1. C. WT, Casp1 2/2 Casp11 2/2 , ASC 2/2 and NLRP3 2/2 BMDMs were incubated with Pseudomonas species at a MOI of 0.1 for 6 h, negative control was done with noninfected (NI) BMDMs. IL-1ß levels were quantified by ELISA in supernatants from BMDMs. Stars indicate statistically significant differences with P < 0.05.
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 9 Fig. 9. Schematic view of ExlAinduced pyroptosis in macrophages. Pseudomonas bacteria adhere to macrophages and secrete ExlA toxins to form the pore within the plasma membrane. Potassium efflux occurs via the ExlA pore, leading to the activation of NLRP3 inflammasome. Caspase-1 is activated provoking the maturation of pro-IL-1b into mature IL-1b. This leads to an inflammatory response and pyroptotic death. The activation of the TLR pathways by the bacterial LPS and flagellin leads to the priming of the signal inducing a release of TNF and increasing the expression of the pro-IL-1ß.Pseudomonas ExlA provokes pyroptotic macrophage death 13
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 2 Figure 2. Genome-wide proteomics and transcriptomics comparison between CLJ1 and CLJ3. The three innermost rings are the gene COG categories, CLJ1 (red), and CLJ3 (green) genomes as in Figure 1. The next ring in yellow background is the bar chart of the log2 fold change of gene expression from RNA-Seq experiment, while the next three rings in blue background are the bar charts of the log2 fold change of protein expression in total, membrane, and secretome proteome, respectively. The columns in the bar charts are colored red to show that the gene or protein is more expressed in CLJ1, or green in CLJ3; darker tone indicates statistically significant expression difference between the two strains (False Discovery Rate < 0.05). The labels show the genes that are significantly differentially expressed in both RNA-Seq data and at least one of the proteomic data. The outermost ring indicates the protein subcellular localization, colored as in the Pseudomonas Genome Database (Winsor et al 2016, http://pseudomonas.com/).
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 81 Figure 8.1. Overview of the screening approach. Number of macrophage colonies in function of time of infection.
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 82 Figure 8.2. Response of output pools to ExlA-mediated cytotoxicity. Survival rates of nine output pools after infection at MOI 20 with E.coli exlBA (A) and P. aeruginosa IHMA (B) for 4 hours. As controls RAW WT macrophages and input library were used. (C) Polar Plot representing the area under the curves (A.U.C) for each kinetic of survival for E. coli exlBA and P. aeruginosa IHMA. Note that pools 1,4,7 and 9 contain macrophages resistant to ExlA secreted by both E. coli and P. aeruginosa.
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 83 Figure 8.3. Responses of selected pools of macrophages following infection with various Pseudomonas strains. (A) Polar plot representing the area under the curves for the survivor macrophages infected with Pseudomonas producing ExlA-like toxins at MOI 20 for 4 hours. (B) Polar plot of the A.U.C of survivor macrophages infected with T3SS positive strains at MOI 20 for 4 hours.
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 85 Figure 8.5. List of the 30 most enriched genes. Enrichment fold (log2) obtained by individual pool analysis and by global merged analysis is indicated for each gene.
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 86 Figure 8.6. Overview of the cellular components, and the biological function for the specific enriched genes. (A) Classification of the proteins coded by the enriched gene, in function of the cellular component, biological process and molecular function.(B) MiRNA pathways
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 87 Figure 8.7. Role of IRAK4 gene in the resistance of ExlA. (A) Survival of IRAK4 RAW mutant infected with E. coli exlBA at MOI 20 for six hours. (B) Survival of IRAK4 RAW mutant infected with P. aeruginosa IHMA at MOI 20 for six hours. (C) Polar plot representing the A.U.C of the survival kinetics showed in panels A and B.
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 88 Figure 8.8. Individual CRISPR mutant to target IRAK4 gene. (A) Polar plot of the A.U.C of the survival kinetics obtained with an infection with Pseudomonas species secreting ExlA-like toxins at MOI 20 for six hours. (B) Polar plot of the A.U.C of the survival kinetics obtained with an infection with T3SS + strains of Pseudomonas at MOI 20 for six hours.
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 91201 Figure 9.1. Mechanisms leading to ExlA secretion and its action toward eukaryotic cells.

Figure 1 .

 1 Figure 1. (A) Linear representation of ExlA showing the signal peptide (SP) and Pfam annotations [24] corresponding to the TPS domain (yellow) and Fil_Haemagg_2 repeats (salmon). The C-terminal pore-forming domain (PFD, red) made no hit in Pfam. A ruler is displayed below the diagram with a mark of every 100 residues. The five RGD motifs and the putative domains of ExlA are shown on top. (B) Schematic representation of the ExlA secretion pathway. ExlB and ExlA precursors are targeted to the periplasm via the general secretion pathway by recognition of their N-terminal signal peptides. With analogy to the ShlBA TPS, ExlB inserts into the outer-membrane where it forms the translocation pore to which the non-functional periplasmic intermediate ExlA* is targeted via the interaction between its TPS domain and ExlB POTRA domains P1 and P2. Some chaperones usually involved in protein secretion are mentioned (SecB, SurA, Skp, DegP).
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Figure 2 .

 2 Figure2. Effects of pore formation on eukaryotic cells. (A) When ExlA is secreted close to host cells, it can insert into the plasma membrane. Whether ExlA oligomerizes to form a pore is unknown. The type IV pili facilitate ExlA pore formation by promoting bacterial adhesion to the host cell, and thus its delivery near the membrane. (B) ExlA-secreting bacteria induce inflammasome activation and pyroptosis of macrophages (adapted from[19]). The priming signal is provided by LPS-TLR-4 or flagellum-TLR-5 interaction, leading to NF-κB nuclear translocation and synthesis of pro-IL-1β. The second signal is provided by ExlA pore formation inducing K + efflux. Alteration in K + cytosolic concentration elicits NLRP3/ASC inflammasome activation, which in turn activates caspase-1.Caspase-1 has two major effects, (i) cleavage of pro-IL-1β into mature IL-1β and (ii) the rupture of the macrophage plasma membrane and the massive release if IL-1β, which promotes pro-inflammatory response. (C) ExlA induces the cleavage of the intercellular adhesive proteins E-and VE-cadherins in epithelial and endothelial cells, respectively, by diverting a natural mechanism of cadherin shedding of the host (adapted from[31]). In resting conditions, the metalloprotease ADAM10 is maintained inactive (pro-A10) within a complex with calmodulin (CaM), a protein with high affinity for Ca 2+ . ExlA pore formation induces a massive entry of Ca 2+ in the cytosol. The CaM-Ca 2+ association liberates pro-A10, which is available for cleavage by furin and for export to the plasma membrane. In turn,
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Figure 3 .

 3 Figure 3. (A) Ribbon representation of the TPS domain of ExlA, as modeled by homology with HpmA as template by the Phyre2 webserver[52]. The polypeptidic chain is rainbow colored from the N-(blue) to the C-terminus (red). At its N-terminus, the helix is capped, possibly primed by three βstrands whose particular arrangement is conserved (a β-arc ending in a hairpin, here in blue). In FHAlike TPS domains, a loop is inserted in rung number 2 of the helix and is predicted to fold as a hairpin back onto the core, next to the cap[53]. In all TPS domains, two extra-helical elements stem from rungs number 4 and 6: in FHA and HpmA, hence probably in ExlA as well, these are hairpin structures folded next to each other onto the core[53,54]. (B) Model representation of ExlA and ExlB as they could be pictured from the X-ray structures of HpmA (Protein Data Bank code: 4W8Q) and FhaC (4QKY), respectively[53,54]. The filamentous domain of ExlA was modeled by replicating the three last rungs present in the structure of the HpmA TPS domain, after extra-helical hairpin trimming. To estimate the number of rungs in the shaft domain, the number of residues actually spanned by the Fil_Haemagg_2 repeats annotated in Pfam[24] (Figure1A, same color code applies here) was divided by the average 20-residue length of a β-helical rung[55]. This allows to suggest that the shaft domain of ExlA contains approximately 41 rungs. As an average pitch of 4.8 Å was measured in β-helices of known structure, the shaft domain could be 200 Å-long, in addition to the 30 Å-length of TPS domains. The C-terminal domain of ExlA is displayed as an oval shape where a 30-kDa globular protein could fit, as no other structural information is available. The ribbon representation of the models was prepared with UCSF Chimera[56].
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Fig. 1 .

 1 Fig. 1. PlpD represents a new type of T5SS substrate. Schematic diagrams of autotransporters (a), TPS proteins (b) and PlpD (c) from Pseudomonas aeruginosa. (d) Tertiary fold of PlpD 20-333 . PlpD 20-333 presents a compact α/β hydrolase fold and an unusual 23-residue helix (α7) towering over the active site.

3

 3 

Fig. 2 .

 2 Fig. 2. PlpD is stable as a biological dimer. (a) The asymmetric unit of the PlpD 20-333 crystal contains a dimer whose central feature is the association of helix 7. The area of the interface between the two monomers is equal to 1259 Å 2 . (b) Dynamic light scattering analyses of PlpD 20-333 indicate a monodisperse species with a hydrodynamic radius of 4.0 nm. (c) Experimental sedimentation profiles of PlpD 20-333 fit using Sedfit (top) and corresponding residuals (bottom). (d) c(s) analysis of PlpD 20-333 at 0.5, 1.0 and 3.0 mg/ml (red, blue and light blue lines, respectively). Samples were studied at 15 °C with a rotor velocity of 40,000 rpm with absorbance being monitored at 280 nm. The Lamm equation was solved considering the buffer viscosity and density values of ƞ = 1.139 cp and ρ = 1.0088 g/ml. For PlpD 20-333 , the partial specific volume v = 0.738 ml/g and the frictional ratio f/f°= 1.5 were considered.
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Fig. 3 .

 3 Fig. 3. Details of active sites of bacterial lipases. PlpD 20-333 (a), VipD (b) and ExoU (c) all carry a nucleophilic Ser at the center of the α/β fold. The catalytic Asp of PlpD 20-333 is traceable and the dyad is complete, indicating that the molecule was crystallized in an active conformation.

Fig. 4 .

 4 Fig. 4. PlpD 20-333 recognizes lipids in a specific binding site. (a) Surface diagram of PlpD 20-333 indicating an elongated channel that leads to the active site cavity. Hydrophobic residues in that region are shown in green, and the active site in red. Helix α7 blocks active site access from any other side of the molecule, limiting access of substrates uniquely through the channel. (b) Tube-like electron density within the hydrophobic channel of PlpD 20-333 . The figure displays the same color code as Fig. 1d. The green mesh indicates a Fo-Fc electron density map contoured at 3.5 α. Apolar residues which surround the electron density are displayed in sticks and colored in cyan, while the Cα atoms of the catalytic dyad are highlighted in yellow.
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Fig. 5 .Fig. 6 .

 56 Fig. 5. PlpD 20-333 shows lipoytic activity. Experiments were performed using phospholipid derivatives with fluorescent moieties: (a) para-nitrophenyl palmitate; (b) PED-A1 [(N-((6-(2,4-dinitrophenyl)amino)hexanoyl)-1-(4,4-difluoro-5,7dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-2-hexyl-sn-glycero-3-phosphoethanolamine)]; (c) BODIPY PC-A2 (1-O-(6-BODIPY® 558/568-aminohexyl)-2-BODIPY® FL C5-sn-glycero-3-phosphocholine). A.U., arbitrary units. (d) PLA 1 activity values measured at 25, 30, 37 and 42 °C indicate that PlpD 20-333 not only retains activity but also is more active at temperatures that are relevant for the infection of eukaryotic targets.
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  γ and Pam 3 CSK 4 , a TLR2 agonist (S1A Fig). ProIL-1β transcript levels were not impacted by IFN-γ priming (S1C Fig) indicating that this synergy was specific for GBPs induction. Similar results were obtained while investigating GBP5 transcript levels (S1B Fig) or while monitoring GBP2 and GBP5 protein levels (S1D Fig). This quantitative shift in GBPs levels upon IFN-γ treatment led us to investigate the impact of IFN-γ on the F. novicida-mediated cell death.

Fig 1 .

 1 Fig 1. Gbp chr3 and the inflammasome control the in vivo host resistance to F. novicida in a divergent manner. Mice of the indicated genotypes were subcutaneously (sc) injected with 5×10 3 (A-B) or 4×10 5 (C-E) F. novicida. (A) Survival was monitored twice a day for 10 days. (B) Bacterial burden in the spleen, (C) IFN-γ or (D, E) IL-18 levels in the serum were quantified at 16 h (D) and 48 h post-inoculation (C, E). IFN-γ concentration at 16 h post-inoculation was under the limit of detection. Each symbol represents the value of an individual mouse; the bars indicate the geometric mean. (A-E) one experiment representative of one (D), to at least three (A-C, E) independent experiments is shown. Mantel Cox log-rank test (A), Kruskal-Wallis analysis with Dunn's correction for multiple comparisons (B, C, E) and Mann-Whitney test (D) were performed. https://doi.org/10.1371/journal.ppat.1006630.g001

  and 2F; S3 Fig), we clearly observed that the number of propidium iodide-positive cells increased significantly later in Gbp chr3 -KO BMDMs compared to Aim2 -/-BMDMs. This difference in cell death kinetics was exacerbated in the presence of IFN-γ priming (Fig 2C, 2D and 2F). Finally, to exclude any bias associated with propidium iodide incorporation, we used a luminescent cell viability assay based on the quantitation of ATP, a signature of metabolically active cells (CellTiter-Glo; Fig 2G)

  and 3D and S4B Fig) indicating that while F. novicida is largely able to escape caspase-11 detection ([36], Fig 3E, S4C and S4D Fig), caspase-11 may contribute to macrophage cell death at late time points of the infection in the absence of AIM2. The contribution

Fig 2 .Fig 3 .

 23 Fig 2. IFN-γ-induced GBPs control F. novicida-mediated cell death in an inflammasome-dependent and -independent manner. Cell death was measured in real-time by assessing propidium iodide fluorescence in (A, B) unprimed or (C, D) IFN-γ-primed (100 U/ml for 16 h) BMDMs from the indicated genotypes infected or not with F. novicida at a MOI of 10. (B, D) Kinetics were quantified by calculating the corresponding area under the curve. (E-F) The number of propidium iodide positive cells was quantified from time-lapse video-microscopy images (see S3 Fig and S1 and S2 Movies) at 12 h (E) and 18 h (F) post-infection. (G) ATP-based cell viability was monitored at 24 h post-infection. Cell death is shown. (A-G) Mean and s.d. are shown. One experiment representative of two (E, F) to at least three independent experiments is shown. (B, D, E-G) One-way ANOVA analysis was performed with Tukey's correction for multiple comparisons. https://doi.org/10.1371/journal.ppat.1006630.g002

  chr3 -KO BMDMs was associated with IL-1β release while as expected no IL-1β was observed in the supernatant of Asc -/-BMDMs (S5 Fig). This result suggests that while chromosome 3-encoded GBPs are instrumental in promoting fast inflammasome activation upon F. novicida infection, they are not strictly required to trigger inflammasome activation likely explaining the bi-phasic dependence of IL-18 serum level on GBPs (Fig 1D and 1E). Interestingly, analysis of macrophages deficient for both Asc and Gbp chr3 demonstrated a strong delay in propidium iodide incorporation/fluorescence increase compared to that of Asc -/-and Gbp chr3 -KO BMDMs (S6A and S6C Fig) providing genetic evidence that GBPs can act independently of the canonical inflammasomes.

Fig 4 .

 4 Fig 4. GBPs control apoptosis in inflammasome-deficient BMDMs. (A-C) Cell retraction in propidium iodide positive cells was assessed by quantifying wheat germ agglutinin staining intensity at (A) 90 minutes post Nigericin (Ng, a pyroptotis stimulus) or post-Gliotoxin (GlioTx, an apoptotic stimulus) or at (B, C) 21 h post-infection in (A, B) unprimed or (C) IFN-γ-primed (100 U/ml for 16 h) BMDMs from the indicated genotypes infected (B, C) or not with F. novicida at a MOI of 10. (D) Lysates from BMDMs from the indicated genotypes infected or not with F. novicida at a MOI of 10 were analyzed by Western blotting analysis. IFN-γ-priming (100 U/ml for 16 h) is indicated. The dotted vertical lines in Casp9 Western blot illustrate that the samples from a single original Western blot gel/ image were reorganized to fit the indicated order without any other image manipulation. The dotted horizontal lines in Casp8 and Casp3 Western blot indicate images from two different exposure times or from the use of two different primary antibodies (pro-and cleaved Casp3), respectively. (E, F) DEVDase activity was analyzed using a fluorogenic caspase3/7 substrate at 4 h post-GlioTx addition or at the indicated time post-infection in BMDMs from the indicated genotypes infected or not with F. novicida at a MOI of 10 and primed (F) or not (E) with IFN-γ (100 U/ml for 16 h). (A-C, E) Mean and s.d. are shown. (A-F) One experiment representative of two independent experiments is shown. Unpaired t-test (A) and one-way ANOVA analysis with Tukey's correction for multiple comparisons (B-C) were performed. (NI: non-infected). https://doi.org/10.1371/journal.ppat.1006630.g004

Fig 5 .

 5 Fig 5. IFN-γ-induced GBPs control intracellular bacterial replication independently of inflammasomes. (A-F) BMDMs from the indicated genotypes were primed or not overnight with 100 U/ml of IFN-γ. BMDMs were infected with (A-E) F. novicida or (F) F. tularensis LVS at a multiplicity of infection (MOI) of 1 and 0.4, respectively. Intracellular bacterial burden was assessed by determination of viable counts at the indicated times post-infection. Results were normalized with viable counts detected at 2h post-infection. The corresponding raw data are presented in S7 Fig. (B) Flow cytometry-based quantification of infected cells (GFP + ) among live (propidium iodide -) BMDMs after 10h of infection with GFP-expressing F. novicida at a MOI of 10. (C) Quantification of bacterial loads in single cells after 10h of infection with GFP-

  expressing F. novicida at a MOI of 10, assessed by high-resolution microscopy in flow and presented as a comparison of both genotypes, with bacteria-per-cell values grouped by increments of 10. (D) Immunofluorescence of BMDMs infected for 10h with GFP-expressing F. novicida at a MOI of 1 (stained with DAPI (blue) and with an antibody to F. novicida (red); scale bars: 5 μm. (E) GFP intensity was quantified in single GFPexpressing F. novicida in BMDMs from the indicated genotypes primed or not overnight with 100 U/ml of IFN-γ and infected for 10 h. Cumulative data from two independent experiments are shown. The GFP intensity of single bacteria was normalized in each experiment to the average intensity of single bacteria in unprimed WT BMDMs. Dots represent the normalized GFP intensity of a single bacteria, the bar represents the mean. Fluorescence of %300 bacteria per sample and per experiment was analyzed. The dotted lines indicate the average intensity in unprimed WT BMDMs (100%) and the threshold set to quantify GFP low bacteria (80%). Data are representative of two (C, D, F) or at least three (A, B) independent experiments. (A, B, F) Mean and s.d. of triplicate wells are shown. One-way ANOVA analysis with Tukey's correction for multiple comparisons (A-B, F) were performed. The distribution of GFP intensity in the different sample was analyzed using Komogorov-Smirnov test with Bonferroni correction. https://doi.org/10.1371/journal.ppat.1006630.g005

  Fig 5F). While an IFN-γ-dependent GBPs antibacterial activity was clearly observed upon LVS infection (Fig 5F; 23x fold reduction in WT BMDMs upon IFN-γ treatment), LVS sustained a substantial replication (%100x) in IFN-γ-primed BMDMs. More strikingly, we were unable to observe a robust IFN-γ-mediated growth restriction of F. tularensis SCHU S4 in BMDMs (S10 Fig). These results suggest that F. tularensis strains have evolved mechanisms to avoid, at least partially, IFN-γ-mediated GBPs-dependent antibacterial activity.

  F. novicida infection (Fig 6A). rIFN-γ administration clearly extended ASC -/-mice survival (Fig 6B) and strongly delayed Asc -/-mice weight loss (S12 Fig), while it had a very moderate (although statistically significant) effect on Gbp chr3 -KO mice survival and weight loss (Fig 6C and 6D, S12 Fig).

Fig 6 .

 6 Fig 6. rIFN-γ administration largely rescues the in vivo antimicrobial function of Asc -/-mice but fails to complement Gbp chr3 deficiency. (A-D) Survival of mice treated by daily intraperitoneal injection of PBS or 10 5 U of rIFN-γ during 5 days after sc inoculation with 5×10 4 F. novicida (A) or 5×10 3 F. novicida (B-D). (A-C) effect of IFN-γ treatment in each genotype, (D) comparison of IFN-γ -treated Asc -/-and Gbp chr3 -KO mice. (E-F) Bacterial burden in the liver and spleen 2 days after sc inoculation with 5×10 4 F. novicida (E) or or 5×10 3 F. novicida (F). Each symbol represents the value of an individual mouse, geometric mean is shown. Data are representative of two independent experiments. Log-rank Cox-Mantel test (A-D), Mann-Whitney (E) and Kruskal-Wallis analysis with Dunn's correction (F) were performed. https://doi.org/10.1371/journal.ppat.1006630.g006

  , S13 Fig) indicating that IRGs are facultative for the IFN-γ-mediated antimicrobial role. While our results identify that GBPs are required for IFN-γ-mediated killing of cytosolic bacteria, other host factors are likely involved upstream of GBPs to facilitate GBPs targeting onto cytosolic bacteria. The molecular mechanisms sustaining IFN-γ-dependent GBPs-mediated antibacterial activity remains to be understood.

Figure 7 :

 7 Elsen S*, Huber P*, Bouillot S, Couté Y, Fournier P, Dubois Y, Timsit JF, Maurin M, Attrée I. 2014. A type III secretion negative clinical strain of Pseudomonas aeruginosa employs a two-partner secreted exolysin to induce hemorrhagic pneumonia. Cell Host Microbe. 15(2):164-76 Zhang D, de Souza RF, Anantharaman V, Iyer LM, Aravind L : Po lymorphic toxin systems : comprehensive characterization of trafficking modes, processing mechanisms of action, immunity and ecology using comparative genomics. Biol Direct 2012, 7:18.IHMA WTIHMA ∆pilQ A549 epithelial cells were infected at MOI 5 with IHMA87 library mutants in EBM2 medium for 3 hours.

Figure 4 :

 4 Figure 4:We used PAO1∆xcpR∆pscC recombinant strain to express exlA WT genes, exlA RGA gene or exlA ∆Cter gene to assess the production and secretion of ExlA. The expression of exlBA is under the control of a promotor inducible by arabinose. Supernatants were precipitated using TCA-DOC. The samples were analyzed by immunoblotting using anti-ExlA antibodies.

Figure 5 :

 5 Figure 5: A549 epithelial cells were infected at MOI 5 with PAO1 recombinant strains induced with 0.025% of arabinose in EBM2 medium. 4 hours after infection LDH release from cells was measured using a colorimetric assay.

Figure 10 :

 10 Figure 10: SDS-PAGE analysis of the C-terminal recombinant domain purification. The C-terminal part of Exla is a 33kDa protein.

Figure 11 :

 11 Figure 11: Time course data of liposomes disruption. The release of the SRB dye encapsulated into the vesicles was measured at excitation and emission wavelenghts of and nm, respectively, for 400s. 10uM of liposomes was mixed with 10nM of Cter protein in Tris acetate buffer with 250mM NaCl.

Figure 12 :

 12 Figure 12: Initial rates (V0) of SRB release from PS-PC liposome at different pH.

Figure 1 :

 1 Figure 1: Phylogenetic tree of exlA gene sequences throughout Pseudomonas species. Gene alignment was done with CLC software, and tree was constructed with MEGA 6 software

Figure 8 :

 8 Figure 8: A549 epithelial cells were infected at MOI 5 with IHMA WT strain and pili mutants in EBM2 medium. 4h after infection LDH release from cells was measured using a colorimetric assay.

Figure 2 :

 2 Figure 2: Characteristic domains of ExlA, a polymorphic toxin.

Figure 6 :

 6 Figure 6: A549 epithelial cells were infected for 4 hours in EBM2 medium at MOI 5 with the CLJ1 strain in direct contact with the cells or separated by a

Figure 9 :

 9 Figure 9: Conserved residues of the C-terminal part of Exolysin-like toxin

Figure 3 :

 3 Figure 3: Two Partner Secretion system. ExlB with its characteristic POTRA domains.

  Elsen et al., A type III secretion negative clinical strain of Pseudomonas aeruginosa employs a two-partner secreted exolysin to induce hemorrhagic pneumonia, Cell Host Microbes, 2014. Zhang et al., Polymorphic toxin systems: Comprehensive characterization of trafficking modes, processing, mechanisms of action, immunity and ecology using comparative genomics, Biology Direct, 2012.

  Exolysin requires Type IV Pili for cytolysisPauline Basso 1 , M. Ragno, S. Elsen, E. Reboud, G. Golovkine, S. Bouillot, P. Huber, S. Lory, E. Faudry and I. Attrée 1 UMR-S1036 INSERM/CEA/UGA, Bacterial Pathogenesis and Cellular Responses, ERL5261 CNRS, BCI BIG, CEA/Grenoble, France

  ExlA is a polymorphic toxin ExlA is a pore forming toxin ExlA induced plasma membrane rupture Type IV pili are required for ExlA dependent cytotoxicity Pauline Basso 1 , M. Ragno, S. Elsen, E. Reboud, G. Golovkine, S. Bouillot, P. Huber, S. Lory, E. Faudry and I. Attrée 1 UMR-S1036 INSERM/CEA/UGA, Bacterial Pathogenesis and Cellular Responses, ERL5261 CNRS, BCI BIG, CEA/Grenoble, France To decipher how ExlA induce plasma membrane rupture in eukaryotic cells, we looked at the pore formation with an in vitro approaches. ExlA lyse red blood cells (RBC) in EBM2 medium, Maltopentoase (1.66 nm) protects RBC from hemolysis To describe the cell death induced by ExlA we used time time lapse fluorescent confocal microscopy. We observed a rounding of epithelial cells at 160 min post infection and a total rupture of plasma membrane at 220 min. To decipher the role of ExlA domains, we created different mutant in ExlA. While RGD motifs do not play any role in cytotoxicity, the deletion of the C-ter and Filamentous Heammaglutinin domains completely abolishes ExlA cytolytic activity. ExlA is a 172 kDa secreted protein, belonging to the family of polymorphic toxins (Zhang et al., 2012). It carries a Two Partner Secretion domain (TPS), filamentous haemaglutinin-like domains and a C-terminal domain of unknown function. In addition, ExlA possesses five RGD motifs that may be involved in integrin recognition. Two Partner Secretion system. ExlB with its characteristic POTRA domains. RBC were incubated in 30 mM of osmoprotectants with PAO1∆xcpR∆pscC recombinant strain expressing exlA WT genes or exlA ∆Cter. We used as controls the a-hemolysin from Staphylococcus aureus, Serratia marcescens secreting ShlA, and PP34 a clinical strain secreting the phospholipase ExoU . The C-terminal domain and Filamentous Heamagglutin domains of ExlA are required, unlike RGD motifs for the cytotoxicity of ExlA toward epithelial cells. We also demonstrated that Type IV pili are play an important role in ExlA-dependent cytotoxicity.

  positive IHMA 87 strain by mariner transposon mutagenesis. Mutants were screened for a loss of ExlAdependent cytotoxicity towards A549 epithelial cells. Screen was based on live/dead system using appropriate dyes (Hoechst and Draq7). The permeabilization of plasma membrane allowed the incorporation of Draq7 in the nucleus Pseudomonas aeruginosa strains belonging to the PA7-like group of taxonomic outliers do not possess Type 3 Secretion System, a major virulence determinant. Instead, they produce a Two Partner Secreted toxin, named Exolysin (ExlA). Expression and secretion of Exolysin provide to the strains a hyper virulent phenotype ExlA is secreted via a TPS system through ExlB, an outer membrane protein belonging to the Omp85 family. ExlB is composed of a beta barrel, anchored in the outer membrane and two Polypeptides Associated Transport (POTRA) domains. The ExlA secretion is mediated by its TPS domain and the ExlB POTRA domains are required We demonstrated that Type IV pili are implicated in adhesion of bacteria to cells and in motility of bacteria.
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Table 1 .

 1 Genomic characteristics of exlA1 strains.

Table 2 .

 2 Phenotypes of group A and B strains.

	Virulence factors	Motility	Biological activity

a. Sum of rank number of the cytotoxicity in six cell types (epithelial, endothelial, fibroblastic, myeloid and lymphoid), from less to most toxic (min: 6, max: 114). b. Toxicity range from less to most toxic in acute pneumonia (out of 7) and chicory leave (out of 19) models. CF, cystic fibrosis; Expec., Expectoration; COPD, Chronic obstructive pulmonary disease; nt, not typable; nd, not determined. Derived from Reboud and colleagues (2016).

  ; Mariencheck et al., 2003; Schmidtchen et al., 2003; Dulon et al., 2005; Leduc et al., 2007; Beaufort et al., 2011; Kuang et al., 2011; Golovkine et al., 2014). Most exlA1 strains display caseinolytic activity, demonstrating a general proteolytic activity, but only a few of them exhibit a prototypical LasB activity (Table

Table 2 . 1 .

 21 Type V secretion system substrates adapted from[START_REF] Guérin | Two-Partner Secretion: Combining Efficiency and Simplicity in the Secretion of Large Proteins for Bacteria-Host and Bacteria-Bacteria Interactions[END_REF] 

  Mechanism of pore formation . . . . . . . . . . . . . . . . 58 3.1.1 α-PFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 3.1.2 β-PFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 3.1.3 Specificity of PFTs towards eukaryotic cells membrane . . 63 3.2 Consequences of pore formation . . . . . . . . . . . . . . . 64 3.2.1 Changes in cellular ion composition . . . . . . . . . . . . . 65 3.2.2 Cell death . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

	3 Pore forming toxins
	Contents
	3.1 3.2.3 Inflammasome activation . . . . . . . . . . . . . . . . . . . 66
	3.2.4 Barrier dysfunction and dissemination . . . . . . . . . . . 69
	3.3 Membrane repair mechanism . . . . . . . . . . . . . . . . 70

  ; Feldman et al., 1998; Josenhans and Suerbaum, 2002; Vance et al., 2005; Hauser, 2009; Heiniger et al., 2010; Jyot et al., 2011). In addition, several studies have examined clinical isolates to investigate the presence/absence of some virulence factors, mostly the T3SS (Hauser et al., 2002; Le Berre et al., 2011; El-Solh et al., 2012). Taken together, these studies revealed that all the mentioned virulence/ motility factors contribute at various levels to host colonization, infection, dissemination and bacterial survival in the host, and confirmed that most hypertoxic isolates expressed the T3SS. However, a few strains devoid of the whole T3SSencoding locus and lacking all T3SS effector-encoded genes were recently described (Roy et al., 2010; Dingemans et al., 2014; Elsen et al., 2014; Toska et al., 2014; Kos et al., 2015). These strains constitute a group considered to be taxonomic outliers and are represented by the PA7 strain. Whole-genome sequences are available for six of these strains (www.pseudomonas.com; Roy et al., 2010; Dingemans et al., 2014; Boukerb et al., 2015; Kos et al., 2015; Mai-Prochnow et al., 2015). The sequences revealed that the PA7-like strains are phylogenetically highly divergent from the classical strains, as represented by the laboratory strains PAO1 and PA14 (Roy et al., 2010; Freschi et al., 2015;

  ; Pitt et al., 1989; Bert and Lambert-Zechovsky, 1996; Pirnay et al., 2009;

Table 1 .

 1 List of exlA-positive P. aeruginosa strains.

							sequence	Sequence
	Name a	Other names	Origin	Country (City)	Serotype	References	type	accession number
	CLJ1		Expec. (COPD)	France (Grenoble) O12	(Elsen et al., 2014)	2028	
	PA70		Expec. (Non-CF	UK (Newcastle)	PA b		1328	
			Bronchiectasis)					
	PA213		Expec. (Non-CF	UK (Newcastle)	PA b		1328	
			Bronchiectasis)					
	Zw26		Expec. (CF)	Germany	O11 b		2165	
				(Karlsruhe)				
	PA39	CF-PA39	Expec. (CF)	Belgium	O3	(Dingemans et al.,	1744	NZ_JDVE00000000
						2014)		
	EML548		Otitis	Unknown	O1 b	(Boukerb et al., 2015) 191	LFXR00000000.1
	DSM1128	ATCC9027	Otitis	USA	O1 b	(Mai-Prochnow et al.,	191	LJGL00000000
						2015)		
	TA19	LMG25202	Urinary	Australia	nt	(Pirnay et al., 2009)	2227	
	IHMA879472 AZPA15042	Urinary	Germany	O11_O12 (Kos et al., 2015)	2211	NZ_JTNE00000000
		SAMN03105739						
	JT87		Urinary	USA (Cleveland)	O12 b	(Toska et al., 2014)	1978	
	BL043		Bacteremia	USA (Chicago)	O12 b		1195	
	PA7		Burn	Argentina	O12	(Roy et al., 2010)	1195	NC_009656
	IHMA434930 AZPAE14901	Abscess/Pus	India	O11_O17 (Kos et al., 2015)	2212	NZ_JTSO00000000
		SAMN03105599						
	IHMA567230 AZPAE14941	Peritoneal	China (Hong Kong) O12	(Kos et al., 2015)	2213	NZ_JTRA00000000
		SAMN03105639						
	CPHL11451		Unknown	USA (Kentucky)	O12	(Pirnay et al., 2009)	2214	
	CAN5	IDEXX CANINE 5 Unknown (canine) UK	O6	(Pirnay et al., 2009)	1716	
	DVL1758		Pond water	Belgium	nt	(Pirnay et al., 2009)	2215	
	LMG5031		Aglaonema	Puerto Rico	nt	(Pirnay et al., 2009)	2039	
			commutatum					
	ATCC33359 IMG 243	Unknown	Unknown	O12	(King et al., 2008)	2228	

a. Group B strains are highlighted in grey. b. Serotype determined in this study. CF, cystic fibrosis; Expec., expectoration; COPD, chronic obstructive pulmonary disease; PA, polyagglutinable; nt, not typable.

Table 2 .

 2 Rank presentation of the virulence of the 19 strains towards six cell types.

		Rank	Rank	Rank	Rank	Rank	Rank			
		number in	number in	number in	number in	number in	number in	Rank	Sum	
		A549	MDCK	THP-1	Jurkat	HUVEC	L929	number	of rank	Hemolytic
	Name a	infection b	infection b	infection b	infection b	infection b	infection b	differences	number c	activity c
	CLJ1	18	19	19	14	19	19	5	108	1/2
	P A 7 0	2	2	2	2	1	3	2	1 2	2
	PA213	3	3	1	3	4	1	3	15	2
	Zw26	4	8	6	5	5	12	8	40	1/2
	P A 3 9	1	1	3	1	3	2	2	1 1	1/2
	EML548	10	15	9	16	11	10	7	71	1/2
	DSM1128	14	10	10	13	13	9	5	69	1/2
	T A 1 9	5	4	4	4	2	4	3	2 3	1/2
	IHMA879472	16	18	17	18	17	17	2	103	1/2
	JT87	17	16	15	19	15	14	5	96	1/2
	BL043	6	5	8	10	9	7	5	45	1/2
	P A 7	8	7	1 3	1 1	1 0	6	7	5 5	1/2
	IHMA434930	12	17	18	17	18	18	6	100	1/2
	IHMA567230	7	13	5	9	8	13	8	55	1/2
	CPHL11451	15	11	14	12	16	15	5	83	2
	CAN5	13	6	11	6	7	8	7	51	1/2
	DVL1758	9	9	7	7	6	5	4	43	1/2
	LMG5031	19	12	12	8	12	11	11	74	2
	ATCC33359	11	14	16	15	14	16	5	86	1/2
	Statistical differences	0.02	0.001	0.005	0.001	0.001	0.001		0.002	n.d.
	Groups A/B d									

a. Group B strains are highlighted in grey. b. Statistical differences of strain toxicity between cell lines: P < 0.0001 by Friedman's aligned rank test. c. No correlation between toxicity on cell lines and on erythrocytes: P 5 0.7 by Spearman's correlation test. d. P-value of statistical differences between Groups A and B using Mann-Whitney's test. n.d., not determined.
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V C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3425-3439

Table 4 .

 4 Summary of exlA strain toxicity in different models.

	2

a. Group B strains are highlighted in grey. No significant differences between Groups A and B were found for any mobility factors using Mann-Whitney's test. b. Atypical phenotypes. c. Spearman's correlation test: swimming/twitching P 5 0.0009; swarming/surfactant P 5 0.04; P > 0.5 for other comparisons.

a. Sum of rank number of the cytotoxicity in 6 cell types, from less to most toxic. b. Toxicity range from less to most toxic. c. P-values of statistical differences between Groups A and B using Mann-Whitney's test. Spearman's correlation test: ExlA secretion/Sum of cytotoxicity P 5 0.03; Sum of cytotoxicity/Chicory leave infection P 5 0.073; P > 0.5 for comparisons between other datasets. nd, not determined.

  Smith, D., Spanel, P., Gilchrist, F.J., and Lenney, W. (2013) Hydrogen cyanide, a volatile biomarker of Pseudomonas aeruginosa infection. J Breath Res 7: 044001. Tamura, Y., Suzuki, S., and Sawada, T. (1992) Role of elastase as a virulence factor in experimental Pseudomonas aeruginosa infection in mice. Microb Pathog 12: 237-244.

	Thrane, S.W., Taylor, V.L., Freschi, L., Kukavica-Ibrulj, I.,
	Boyle, B., Laroche, J., et al. (2015) The Widespread
	multidrug-resistant serotype O12 Pseudomonas aeruginosa
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	MBio 6: e01396-01315.
	Toska, J., Sun, Y., Carbonell, D.A., Foster, A.N., Jacobs, M.R.,
	Pearlman, E., and Rietsch, A. (2014) Diversity of virulence
	phenotypes among Type III secretion negative Pseudomo-
	nas aeruginosa clinical isolates. PLoS One 9: e86829.
	Vance, R.E., Rietsch, A., and Mekalanos, J.J. (2005) Role of
	the type III secreted exoenzymes S, T, and Y in systemic
	spread of Pseudomonas aeruginosa PAO1 in vivo. Infect
	Immun 73: 1706-1713.
	Wei, X., Huang, X., Tang, L., Wu, D., and Xu, Y. (2013)
	Global control of GacA in secondary metabolism, primary
	metabolism, secretion systems, and motility in the rhizo-
	bacterium Pseudomonas aeruginosa M18. J Bacteriol
	195: 3387-3400.

Table S1 .

 S1 Reference strains and oligonucleotides used in this study Fig.S1. exlA1 strain phenotype on swimming plates. The test was performed on agar plates as indicated in Experimental Procedures. Group A strains are indicated in bold and Group B strains in grey. Data are summarized in

Table 3 .

 3 Fig.S2. exlA1 strain phenotypes on twitching plates. The test was performed on agar plates as indicated in Experimental Procedures. Group A strains are indicated in bold and Group B strains in grey. Data are summarized in

Table 3 .

 3 Fig.S3. exlA1 strain phenotype on swarming plates. The test was performed on agar plates as indicated in Experimental Procedures. Group A strains are indicated in bold and Group B strains in grey. Data are summarized in

Table 3 .

 3 Fig.S4. Surfactant production. The diameter of the visible zone of wetting material around the colonies of swarming plates was measured at 24 h post-plating. Individual data are represented by circles and the medians by a red bar. Group A strains are indicated in bold and Group B strains in grey. Data are summarized in Table3.

	Virulence of exlA1 strains 3439

Fig.

S5

. Hydrogen cyanide production. The volatile HCN produced by the bacteria grown on HCN induction medium plates for 24 h was monitored by membranes impregnated with an HCN-reactive mixture (see Experimental Procedures). HCN induced a white-to-blue color transition. Group A strains are indicated in bold and Group B strains in grey. Data are representative of three independent experiments. The results are summarized in Table

4

. Fig.

S6

. Images of infected chicory leaves. Chicory leaves were infected by injection of 10 4 bacteria in their center part and were incubated at 378C for 72 hours in a closed humidity chamber. Images were captured for surface measurement of necrotic areas (brown). Quantifications are shown in Fig.

5

. Group A strains are indicated in bold and Group B strains in grey. The results are representative of three independent experiments. V C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 3425-3439 Pauline Basso, Michel Ragno, Sylvie Elsen, Emeline Reboud, Guillaume Golovkine, Stephanie Bouillot, Philippe Huber, Stephen Lory, Eric Faudry, Ina Attree (mBio vol. 8 no. 1 e02250-16 (2017))

Table S1 .

 S1 List of 20 Tn mutants selected after secondary screen as displaying the cytotoxicity of less than 30% compared to the parental strain IHMA.

	Basso et al.		
	Gene disrupted or intergenic region 1	Predicted operon	Protein(s)
	pilQ		
	pilQ	PSPA7_5774 /aroB/ aroK / pilQ/ pilP/ pilO/ pilN/ pilM	OM secretin type IV pili
	pilW	fimU/ pilV/ pilW/ pilX/ pilY1/ pilY2/ pilE	minor pilin
		PSPA7_1549 /PSPA7_1550	
	PSPA7_1554	/PSPA7_1551 / PSPA7_1552	putative porin
		/PSPA7_1553 / PSPA7_1554	
	PSPA7_0652		hydroxypyruvate isomerase
	PSPA7_6248	PSPA7_6247, 49, 50,51	FAD linked oxidase
	pqqE	PSPA7_3304 / pqqE / pqqD /	pyrroloquinolonine quinone
	pqqE	pqqC / pqqB/ pqqA	biosynthetic protein
	mfd		
	mfd	PSPA7_2156	Transcription repair coupling factor
	mfd		
	PSPA7_2595	ftsK/ lolA/ PSPA7_2595	Recombinaison factor protein RarA
	PSPA7_4936 -SOD		Putative transporter and SOD
	PSPA7_6278 -PSPA7_6279		Hypothetical protein
	PSPA7_5266 -		Putative oxidoreductase -hypothetical
	PSPA7_5267		protein
	PSPA7_5735 -PSPA7_5736		Glycosyl transferase family protein
	PSPA7_2206-		Putative lipoprotein and hypothetical
	PSPA7_2207		cytoplasmique protein
	PSPA7_4573		Hypothetical protein
	MO62_20290 2		hypothetical protein, RHS toxin domain

®

1 

Tn junctions were PCR amplified and blasted against the PA7 genome on Pseudomonas genome data base (http://www.pseudomonas.com/). 2 MO62_20290 is present in the strain RP73. Predicted operons and proteins names are retrieved from Pseudomonas genome database.

Table S2 .

 S2 List of bacterial strains and plasmids used in this work.

	pSW196exlB-exlARGA	pSW196exlBA with penta RGA mutant in exlA	This work
	pSW196exlB-exlA∆C-Ter	pSW19 exlBA with deletion of C-terminal domain of	This work
	Strains or plasmids pEXG2pilA Strains Pseudomonas aeruginosa pEXG2pilT	Characteristics Gm R , suicide plasmid used into pilA mutagenesis exlA Gm R , suicide plasmid used into pilT mutagenesis	References This work
	PAO1 ΔxcpRΔpscC pEXG2pilU	PAO1 lacking the Xcp T2SS and T3SS Gm R , suicide plasmid used into pilU mutagenesis	This work This work
	PAO1ΔxcpRΔpscC::exlBA pSW196pilA	PAO1 mutant with pSW196::exlBA pSW196 with EcoRI-SacI insertion of pilA gene	[1],This This work
	pSW196pilT	pSW196 with PstI-SpeI insertion of pilT gene	work This work
	PAO1ΔxcpRΔpscC::exlBARGA PAO1 mutant with pSW196::exlBARGA pSW196pilU pSW196 with PstI-SpeI insertion of pilT gene	This work This work
	PAO1ΔxcpRΔpscC::exlBAΔCter PAO1 mutant with pSW196::exlBAΔCter pBTK24 Gm R , Plasmid with mariner transposon	This work [5]
	PAO1ΔxcpRΔpscC::exlA	PAO1 mutant with pSW196::exlA	[1],This	
	pRK2013	Km R , helper plasmid	work [6]	
	PAO1ΔxcpRΔpscC::exlBΔP1A PAO1 mutant with pSW196::exlBΔP1A pET15bCter-ExlA Amp R , pET15b with NcoI-HindIII insertion of the Cter	This work This work
	PAO1ΔxcpRΔpscC::exlBΔP2A PAO1 mutant with pSW196::exlBΔP2A domain of ExlA; plasmid used in protein expression	This work
	PP34 pET28aExlAnoSP	P. aeruginosa expressing ExoU Km R , pET28a with NdeI-HindIII insertion of the	[2] This work
	PP34ΔExoU	Isogenic ExoU mutant of PP34 ExlA noSP ; plasmid used in protein expression	[2]	
	IHMA879472 (IHMA)* pET28aExlAΔCter	ExlA+, Urinary strain IHMA Km R , pET28a with NdeI-HindIII insertion of the	[3],This This work
		ExlAΔCter; plasmid used in protein expression	work	
	IHMAΔexlA Cb	exlA deletion	This work
	IHMAΔexlA::exlBA	exlBA genes cloned into pSW196 and introduced	This work
		into ΔexlA		
	IHMAΔpilA	pilA deletion	This work
	IHMAΔpilA::pilA	pilA cloned into pSW196 and introduced into ΔpilA	This work
	IHMAΔpilT	pilT deletion	This work
	IHMAΔpilT::pilT	pilT cloned into pSW196 and introduced into ΔpilT	This work
	IHMAΔpilU	pilU deletion	This work
	IHMAΔpilU::pilU	pilU cloned into pSW196 and introduced into ΔpilU	This work
	IHMA879472pilQ 1447 _tn	Tn insertion in pilQ at nucleotide 1447	This work
	IHMA879472pilQ 1424 _tn	Tn insertion in pilQ at nucleotide 1424	This work
	IHMA879472pilW 127 _tn	Tn insertion in pilW at nucleotide 127	This work
	Escherichia coli			
	DH5α	Cloning strain	Lab	
			collection
	BL21(DE3)	Protein expression	NEB	
	SM10 ʎpir	Strain used in bi-parental mating	Lory	lab
			collection
	Plasmids			
	pSW196	Tc R , Integrative plasmid at the attB site, derived from	[4]	
		miniCTX, pBAD		
	pSW196exlBA	pSW196 with EcoRI-SacI insertion of operon exlBA	[1]	
		under pBAD		
	pSW196exlA	pSW196 with EcoRI-SacI insertion of exlA gene under	[1]	
		pBAD		
	pSW196exlB∆P1-exlA	pSW196exlBA with deletion of POTRA domain 1 of	This work
		exlB		
	pSW196exlB∆P2-exlA	pSW196exlBA with deletion of POTRA domain 2 of	This work
		exlB		

R : carbenicillin resistance, Tc R : Tetracycline resistance, Amp R : Ampicilin resistance, Km R : Kanamycin resitance *IHMA: International Health Management Association

Table 5 .

 5 1. Primers used for tex mutant construction.

Cell culture and Cytotoxicity assays The epithelial cell line A549 (ATCC CCL-185) was grown in RMPI 1X (Gibco Life Technology) supplemented with 10% Fetal Bovine Serum (FBS, Sigma) at 37 • C, 5 % CO 2 . Cells were plated in 96-well plates (50,000 cells/well) and incubated for one night. Two hours before

  Roy-Burman et al., 2001; Hauser et al., 2002; Ledizet et al., 2012). Recently, a new P. aeruginosa clade, represented by the fully sequenced PA7 strain, has been identified (www.pseudomonas.com) (Roy et al., 2010; Winsor et al., 2011; 2016; Elsen et al., 2014; Boukerb et al., 2015; Kos et al., 2015; Thrane et al., 2015). Elsen et al., 2014; Reboud et al., 2016;Basso et al., 2017). In contrary to classical poreforming toxins that are secreted as soluble proteins and active (Dal Peraro and van der Goot, 2016), ExlA requires close bacterium-host cell contact and Type IV pili for its full cytolytic activity on eukaryotic cells(Basso et al., 2017). Mice infected by a clinical isolate, CLJ1, secreting high quantities of ExlA, show dramatic damages of pulmonary tissue with presence of red blood cells within the alveolar space, reminiscent of the CLJ1-infected patient status declared with hemorrhagic pneumonia(Elsen et al., 2014; Bouillot et al., in press).

	Members of
	this clade have been isolated from different human infec-
	tions (burns, urinary infection and chronic lung infections)
	and from noninfectious environments (lakes, plants).
	Genetically, aside to differences in composition of islands
	in regions of genomic diversity (RGDs), they lack the entire
	T3SS due to the internal deletions of the locus and of all
	T3S toxin-encoded genes (Huber et al., 2016; Reboud
	et al., 2016). In the absence of T3SS, the virulence strat-
	egy of clinical isolates belonging to this group is based on
	a pore-forming toxin, named Exolysin (ExlA). ExlA is a
	secreted 172 kDa protein, exported by a two-partner
	secretion (TPS) system (

  al., 2002; Feuillet et al., 2006; Franchi et al., 2007; Miao et al., 2007; Bauernfeind et al., 2009; Descamps et al., 2012; Py et al., 2013). The inflammasome is activated by a broad spectrum of pathogens such as P. aeruginosa, Salmonella enterica, Shigella flexneri, Bacillus anthracis and Listeria monocytogenes (Bergsbaken et al., 2009). In P. aeruginosa, a substantial piece of work has been done to decipher the effects of T3SS 1 strains, showing that the T3SS needle subunit PscF and the inner rod PscI activate the NLRC4 pathway (Miao et al., 2010; Yang et al., 2013; Faure et al., 2014; Monlezun et al., 2015) as does the flagellin upon its injection into the host cell by the T3SS (Sutterwala et al., 2007; Ince et al., 2015).

  Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00 insertion into target plasma membrane (Fauvarque et al., 2002; Berthelot et al., Groupe d'Etudes des Septic emies a Pseudomonas aeruginosa, 2003; Reboud et al., 2016; Basso et al., 2017

  al., 2006; Franchi et al., 2007; Miao et al., 2007; Descamps et al., 2012), flagellar motility by P. aeruginosa has been shown to be essential for high levels of IL-1b production (Patankar et al., 2013). As ExlA 1 strains possess variable flagellum-related swimming capacities

  Roy et al., 2010; Elsen et al., 2014; Reboud et al., 2016). CLJ1 is a recent hyper-virulent clinical isolate secreting high levels of ExlA, but, in contrary to PA7 and CLJ1, lacking the flagellum (Elsen et al., 2014; Reboud et al., 2016

  al., 2007; Sutterwala et al., 2007; Miao et al., 2008; Lindestam Arlehamn and Evans, 2011; Patankar et al., 2013). Furthermore, the flagellin is recognized by TLR5 (Feuillet et al., 2006; Franchi et al., 2007; Descamps et al., 2012), while LPS is sensed by the TLR4

  Pseudomonas ExlA provokes pyroptotic macrophage death 15 V C 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 00, 00-00

Table 1 .

 1 Specific regions of CLJ compared to PA7

	Region	RGP	CLJ1 locus	Number	Features
				of genes	
	CLJ-SR1	RGP66	0487-0494 8	Phage-related
	CLJ-SR2	RGP29*	2128-2214 87	PAGI-2-like island
	CLJ-SR3	RGP28	2316-2322 6	Mobile element proteins
	CLJ-SR4	RGP27	2415-2573 160	Dit island
	CLJ-SR5	RGP72	2579-2583 5	D-galactonate catabolism
	CLJ-SR6	RGP26	2615-2621 7	Phage-related; lytic enzymes
	CLJ-SR7	RGP23	2917-2924 7	Mobile element proteins; possible DNA helicase
	CLJ-SR8		3303-3309 7	ABC transporter ATP-binding protein
	CLJ-SR9		3607-3616 9	
	CLJ-SR10	RGP15	3774-3784 11	Threonine dehydratase; ABC transporter proteins
	CLJ-SR11		4314-4301 14	AlpBCDE-lysis cassette, phage-related
	CLJ-SR12		4838-4876 39	Pyrroloquinoline quinone synthesis proteins
	CLJ-SR13		5192-5203 10	Phage related; accessory cholera enterotoxin
	CLJ-SR14		5811-5871 55	Heavy metal resistance
	CLJ-SR15		6156-6161 6	Phage-related

RGP: region of genomic plasticity, *complete RGP

Table 2 .

 2 Specific regions of PA7 compared to CLJ

	PSPA7	Number of	RGP	Features
	numbering	genes		
	0069-0139		RGP63*	Type I restriction-modification system; mercury resistance cluster
	0263-0267			Sulfate ester transport system
	0270-0274			
	0278-0283			tonB2-exbB1-exbD1 operon
	0355-0369		RGP64*	Phage-related
	0776-0788		RGP4*	Phage-related
	1586-1593			Polymyxin and cationic antimicrobial peptide resistance cluster
	1678-1685			Sulfur starvation utilization operon
	2109-2112		RGP70	Probable transposase
	2363-2435		RGP56*	Phage-related
	2515-2526		RGP28	
	2790-2795		RGP25	Hemagglutinins
	2886-2908			Hcp secretion island-3 encoded type VI secretion system (H3-T6SS)
	2911-2917			Methionine ABC transporters; monooxygenases
	2930-2935			Alkanesulfonate assimilation; nitrate and nitrite ammonification
	3034-3071		RGP23	Pyocin killing protein; phage-related
	3695-3747		RGP75*	Conjugal transfer protein cluster; resistance genes; transcriptional
				regulators
	4281-4289		RGP9	Rieske family iron-sulfur cluster-binding protein
	4427-4530		RGP7	Type IV B pilus protein cluster
	5053-5075		RGP78	Phage-related
	5143-5160		RGP60*	Phage-related
	5297-5302			Fimbrial chaperone/usher pathway E operon
	5324-5357		RGP42	Mobile element proteins; Streptomycin phosphotransferase
	5364-5378		RGP42	Phage-related
	5708-5718			Arginine:pyruvate transaminase; 2-ketoarginine decarboxylase
	6033-6063		RGP79*	Type I restriction-modification system
	RGP: region of genomic plasticity, *complete RGP

Table 3 .

 3 Two-partner secretion (TPS) systems in CLJ1 and their expressions in different proteomic datasets

	PA7	CLJ1	Functions	Total Secretome Membrane PAO1
		CLJ1_0022	Putative TpsB	+	+	+
		CLJ1_0023	Putative TpsA +	-	+
		CLJ1_0024	Putative TpsA -	-	-
	PSPA7_0043 CLJ1_0025	Putative TpsA -	-	-	-
		CLJ1_0026	Putative TpsA				-
		CLJ1_0027	Putative TpsA				-
	PSPA7_0044 CLJ1_0028	TpsA	-	-	+	-
	PSPA7_2776 CLJ1_2741	TpsB	+	-	+	-
		CLJ1_2742	Putative TpsA			
		CLJ1_2743	Putative TpsA			
		CLJ1_2744	Putative TpsA			
	PSPA7_2777 CLJ1_2745	Putative TpsA +	+	+	-
	PSPA7_4641 CLJ1_4478	TpsB	-	-	-	-
		(exlB)				
	PSPA7_4642 CLJ1_4479				
		(exlA)				

Table 8 .

 8 1. Primers used for sgRNA design.

	Sequence 5'-3'

Table 8 .

 8 2. Bacterial strains used in this work.

	Strains	Characteristics	References
	PAO1F	P. aeruginosa expressing exoS, T, Y	[346]
	PP34	P. aeruginosa expressing exoU, T, Y	[347]
	IHMA879472 P. aeruginosa expressing exlA (IHMA)	[320, 348]
	KT2440	P. putida expressing hlpA-hlpB exlA-like toxin [349, 350]
	L48	P. entomophila expressing exlA-like toxin	[351]
	CHA0	P. protegens expressing exlA-like toxin	[352]
	Db10	S. marcescens expressing shlA	[353]
	E. coli BA	E. coli expressing exlBA	(This work)

4 

. Acquisitions were done every hour using a 10X objective for 6 hours. Images from bright field (phase), green channel (acquisition time 200 nm) and red channel (acquisition time 200 nm) were collected. Number of live macrophages was calculated from the formula: Number of total cells (Syto24 positive cells) -number of dead cells (PI positive cells)

Table 1 .

 1 PlpD data collection, phasing, molecular replacement and structure refinement statistics

	Data set	Se derivative	Native
	Data collection		
	X-ray source	ID29-ESRF	ID29-ESRF
	Wavelength (Å)	0.97939	0.97625
	Oscillation (°)	0.25	0.1
	Space group	P2 1 2 1 2 1	P2 1 3
	a (Å)	47.74	145.91
	b (Å)	113.39	145.91
	c (Å)	130.42	145.91
	Mosaicity (°)	0.093	0.068
	Overall resolution (Å)	85.58-2.74	48.64-2.14
	No. observed/unique reflections	157830/	319438/
		35016	54378
	High resolution shell (Å)	2.90-2.74	2.27-2.14
	Completeness (%) (last shell)	99.5 (93.3)	95.3 (85.4)
	R sym (last shell)	10.2 (52.7)	1.8 (57.3)
	I/⌠(I) (last shell) Wilson plot B-factor (Å 2 )	10.4 (2.9) 47.04	61.6 (3.0) 64.20
	Phasing		
	Mol/ASU	2	
	Residues/Mol	314	
	Solvent fraction	0.518	
	Se atoms/Mol	9	
	SHELXC/D resolution limits	43.22-3.56	
	Heavy atoms found	13	
	Correlation heavy atoms sites	0.391	
	SHARP FOM (acentric/centric)	0.24033/	
		0.10125	
	Phasing power	0.666	
	(anomalous differences)		
	Hand contrast	0.6296/	
		0.5263	
	Parrot best phases score	3.1198	
	Buccaneer automatic model building		
	(Residues/chains/sequenced)	524/18/402	
	R work /R free	0.223/0.297	
	Molecular replacement		
	Phaser LLG		490
	Phenix Autobuild		
	(Residues/chains/waters)		488/4/374
	R work /R free		0.238/
			0.282
	Refinement		
	R work /R free	0.209/0.242 0.205/
			0.231
	No. of protein atoms	3716	3766
	No. of solvent atoms	40	134
	RMS deviation, bond lengths (Å)	0.010	0.009
	RMS deviation, bond angles (°) Mean B factor (Å 2 )	1.430 69.29	1.080 76.07
	Residues in most favored/allowed	100	100
	region of Ramachandran plot (%)		
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infected with P. aeruginosa strains IHMA (WT) or ΔexlA, incubated with the supernatant of IHMA culture ("Sup. WT"), 0.5 mg/ml of purified recombinant proteins (ExlA, ExlAΔCter or CterExlA), bacteria washed with LB ("WT Washed LB") or LB + chloramphenicol (25µg/ml) ("WT Washed +Cm"). The cytotoxicity was measured by the release of LDH. (B) Cytotoxicity assay on macrophage cell line RAW 264.7 with 0.5 mg/ml of purified proteins (ExlA, ExlAΔCter or CterExlA). (C) Hemolysis with 0.5 mg/ml purified proteins (ExlA, ExlAΔCter or CterExlA). Hemolysis assay was performed as described for Figure 3A.

In B and C, infections by the wild-type and ΔexlA strains were done as positive and negative controls, respectively. 
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site: LDH Cytotoxicity assay BMDMs were plated in 96-well plate (50 000 cells/wells) in CO 2 independent medium supplement with 10% FBS, 2 mM Glutamine and 10% M-CSF, the day before. The cytotoxicity was quantified by measuring the lactate dehydrogenase (LDH) in the media, using the LDH Cytotoxicity Detection Kit (Roche). The absorbance was measured at 492 nm. The positive control was obtained using Triton 2% and the negative control was the supernatant from noninfected cells. The percentage of LDH release was calculated after subtraction of the value obtained for the negative control to the values obtained for the positive control and the samples.

Table S1. List of bacterial strains and plasmids used in this work

Table S2. List of primers used in this work. Fig. S1. Comparison of PI incorporation and LDH release. WT BMDMs were incubated with PP34 (ExoU 1 ), PAO1 (ExoS 1 ) and IHMA (ExlA 1 ) strains at a MOI 0.1 for 3.5 h. PI incorporation was quantified by High Content microscopy and LDH release was measured by an enzymatic assay, at 2, 2.5, 3 and 3.5 h postinfection. The positive control corresponds to the cells lysed with Triton 2%. The PI incorporation was measured at the same times, in the same wells. Supplementary Table 1. List of bacterial strains and plasmids used in this work. 

Strains or plasmids Characteristics References

Name

Sequence (5'-3')

CTA GTC TAG ATC AGA CAG TGA TGT CGA GCG TTT CG

Supplemental method

LDH Cytotoxicity assay

BMDMs were plated in 96-well plate (50,000 cells/wells) in CO2 independent medium supplement with 10% FBS, 2mM Glutamine and 10% M-CSF, the day before. The cytotoxicity was quantified by measuring the lactate dehydrogenase (LDH) in the media, using the LDH Cytotoxicity Detection Kit (Roche). The absorbance was measured at 492nm. The positive control was obtained using Triton 2% and the negative control was the supernatant from noninfected cells. The percentage of LDH release was calculated after subtraction of the value obtained for the negative control to the values obtained for the positive control and the samples.

Genetic screen to identify host factors involved in ExlA-dependent activity

Summary

In parallel to the work presented in the Manuscript 2, I performed a genome-wide loss-of-function screen to identify host factors involved in Exolysin activity in RAW macrophages. This library was provided by Dr. Fikadu TAFESSE (Broad Institute) during my stay in Prof. Stephen LORY laboratory. Out of 130 000 mutated macrophage clones, we selected 200 macrophages that were more resistant to ExlA than the original wild-type cells. We identified CASP-1, IRAK4, PRKD2 and microRNA mir-741 as the most enriched hits. We previously validated the Caspase-1 pathway as being activated in ExlA intoxication in mouse primary macrophages. By creating individual KOs, we demonstrated that IRAK4 plays a role in the ExlA-mediated toxicity. Validation of other proteins is underway. pools the survival of the macrophages after intoxication with ExlA was around 80 % as shown in Figure 8.2. The second cluster contains pools 6, 5 and 1. In the pool 6, the CASP1 gene was highly enriched compared to the other pools. In the pool 1 we found that a micro RNA mir-741 present the most important enrichment (7.5 log(2)). The last cluster comprised pools 7, 8 and 2, in which the PRKD2, Tceal3, VMN2R genes was very enriched. Finally, the pool 9 was found highly different from the other output pools (Figure 8.4C and Figure 8.5). We classified targeted genes by their known or predicted cellular localization, biological processes and molecular functions they might be involved in, by using a mouse genes database (www.informatics.jax.org). Predicted targets for each miRNAs were defined using MirNET database 6 (Figure 8.5).

Among 30 hits, 23% of the proteins, such as PRKD2, TNFSF13 (tumor necrosis factor (ligand) superfamily, member 13), CLEC1B (C-type lectin domain family 1, member b), USH1C (USH1 protein network component harmonin), GABRAPL1 (gamma-aminobutyric acid (GABA) A receptor-associated protein-like 1), LY6c2
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Author summary

The cell-intrinsic immunity is defined as the mechanisms allowing a host cell infected by an intracellular pathogen to mount effective immune mechanisms to detect and eliminate pathogens without any help from other immune cells. In infected macrophages, the Guanylate Binding Proteins (GBPs) are immune proteins, induced at low levels in a cell autonomous manner by endogenous type I IFN or at high levels following IFN-γ production by innate and adaptive lymphocytes. The antibacterial activity of GBPs has been recently tightly linked to the inflammasomes. Inflammasomes are innate immune complexes leading to inflammatory caspases activation and death of the infected cell. Francisella novicida, a bacterium replicating in the macrophage cytosol, is closely related to F. tularensis, the agent of tularemia and is used as a model to study cytosolic immunity. GBPs contribute to F. novicida lysis within the host cytosol leading to DNA release and AIM2 inflammasome activation. In addition to their regulation of the AIM2 inflammasome, we identified that GBPs also control several other pyroptotic and apoptotic pathways activated in a hierarchical manner. Furthermore, we demonstrate that IFN-γ priming extends GBPs antimicrobial responses from the inflammasome-dependent control of cell death to an inflammasome-independent control of cytosolic bacterial replication. Our results, validated in a mouse model of tularemia, thus segregate the antimicrobial activities of inflammasomes and GBPs as well as highlight GBPs as the master effectors of IFN-γ-mediated cytosolic immunity.

Protein lysates and caspase activity assay

Following BMDMs infection, protein extracts were obtained by lysing cells in the following buffer (10 mM Hepes/KOH, 2mM EDTA, 0.1% CHAPS, 250 mM sucrose, 5mM dithiothreitol). Samples were clarified by centrifugation at 4˚C, 13 000g for 15 minutes. Protein concentration was determined using Bradford method (Bio-Rad). Fluorimetric analysis of caspase-3/ 7 activity was performed as previously described [35] by incubating protein extracts (4 μg/sample) with Ac-DEVD-AFC (Enzo pharma, ALX-260-037) at 40 μM final concentration. Fluorescent reading over 3 h was performed on a fluorimeter (Tecan).

Immunoblotting

Blotting was done as described before using 15 to 20 μg of protein sample per lane depending on the antibodies [13]. Antibodies used were rabbit anti-GBP2 and rabbit anti-GBP5 (1:1,000; 11854-1-AP/13220-1-AP; Proteintech), anti-caspase-8 (1:2,000; Enzo pharma; ALX-804-447), anti-caspase-9 (1:2,000; MBL; M054), anti-caspase-3 and anti-cleaved caspase-3 (1:1,000; Cell signaling Technologies; #9662 and #9661, respectively). Cell lysates were probed with antiβ-actin antibody (Sigma) at 1:2,000.

Immunofluorescence and GFP quantification in single bacteria

Macrophages were seeded on glass coverslips and infected as described above. At the desired time, cells were washed 3 times with PBS and fixed with 4% paraformaldehyde for 15 min at 37˚C. Following fixation, coverslips were washed and the fixative was quenched with 0.1 M glycine for 10 min at room temperature. Coverslips were stained with primary antibodies at 4˚C for 16 h, washed with PBS, incubated for 1 h with appropriate secondary antibodies at room temperature (1:500, AlexaFluor, Invitrogen), washed with PBS and mounted on glass slides with Vectashield containing 6-diamidino-2-phenylindole (DAPI) (Vector Labs). Antibodies used were chicken anti-Francisella (1:1000, a gift from D. Monack). Coverslips were imaged on a Zeiss LSM710. Quantification of GFP in GFP-expressing F. novicida was performed using an automated process in ImageJ (NIH, USA). The threshold was adjusted using the moments-preserving thresholding method with the dark background option. Binary watershed process was used to separate individual bacteria. Fluorescence intensity quantification was restricted to individual particle of 0.2 to 2 μm 2 with a circularity comprised between 0.5 and 1.

Flow cytometry and microscopy in flow

For assessment of bacterial replication by flow cytometry, macrophages seeded onto non-tissue culture-treated plates were infected as described above with GFP-expressing F. novicida strains. At desired time, cells were lifted with trypsin and immediately analyzed by Flow cytometry on a Canto 2 cytometer (BD biosciences). Dead cells were excluded based on staining with propidium iodide.

For the microscopy in flow experiments, macrophages infected with GFP-expressing bacteria were fixed in PFA 4% and analyzed on ImageStream X mark II (Amnis, EMD-Millipore) using the Inspire software with the Extended depth of field (EDF) function activated to increase the spot counts accuracy. Images of single cells were analyzed with the Ideas Software (Amnis, EMD-Millipore) as previously described [13] to quantify the number of bacteria per cell. 
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S1 Materials and Methods

CCF4 measurements. Quantification of escape from vacuoles with the β-lactamase-CCF4

assay was performed following manufacturer's instructions (Life Technologies) as previously described [1]. The β-lactamase (Δbla) mutant deleted in the FTN_1072 gene was previously described [2]. Macrophages seeded onto non-treated plates were infected for 1 h then were washed and then incubated for 1 h at room temperature in CCF4 in the presence of 2.5 mM probenicid (Sigma). The quantification of cells containing cytosolic F.

novicida was performed on propidium iodide-negative (live) cells with excitation at 405 nm and detection at 450 nm (cleaved CCF4) or 510 nm (intact CCF4) by Flow cytometry.

SCHU S4 infection.

Infection with F. tularensis SCHU S4 strain was performed in BSL3 laboratory as previously described [3] with the following modifications: BMDMs were used instead of Peritoneal exudate cells and a MOI of 0.4 was used.

Real-time PCR. The following primers were used for mRNA quantification: mAIM2 Forward 
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The scientific newsletter of our institute an electronic publication that aim to diffuse the new discoveries along all the institute. The article presented thought this letter was published in mBio in February 2017, and presented a cooperation between to virulence factor of P. aeruginosa to induce a cell lysis.