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INTRODUCTION

Figure 1. Phylogeny based on 16S RNA of the Enterococcus genus. The tree was created using neighbor-joining method using Jukes-Cantor model [START_REF] Lebreton | Tracing the Enterococci from Paleozoic Origins to the Hospital[END_REF].

INTRODUCTION

Chapter I: Presentation of Enterococcus faecalis 1. GENERAL CHARACTERISTICS Enterococci are Gram-positive spherical or ovoid cocci of 1 µm of diameter organized in pairs (diplococci) or chains of various lengths. The genus Enterococcus groups 49 species classified in at least seven clades according to their 16S rRNA sequence (Figure 1) [START_REF] Lebreton | Tracing the Enterococci from Paleozoic Origins to the Hospital[END_REF]. They have a robust metabolism that allows them to use multiple carbon sources. The most studied enterococcal species utilize thirteen carbon sources that include glucose, fructose, citrate, sucrose, lactose, galactose, glycerol, maltate and multiple alpha-keto acids [START_REF] Ramsey | Enterococci: From Commensals to Leading Causes of Drug Resistant Infection[END_REF]. They are homo-fermentative bacteria producing lactic acid as a product of glucose fermentation without the production of CO2. Enterococci are able to grow in the presence of 6.5% NaCl (halotolerants) and 40% of bile salts [START_REF] Facklam | History, Taxonomy, Biochemical Characteristics, and Antibiotic Susceptibility Testing of Enterococci[END_REF]. They are non spore-forming facultative anaerobes able to grow in a wide range of temperatures. Their optimum growth temperature is 35°C but most species can grow at temperatures ranging from 10°C to 45°C [START_REF] Sherman | The streptococci[END_REF] and in environments with a wide range of pHs from 4.6 up to 9.6 [START_REF] Fisher | The ecology, epidemiology and virulence of Enterococcus[END_REF]. With the exception of E. columbae and E. saccharolyticus, most enterococci can hydrolyze esculin and equally resist to azide allowing selection on bile esculin azide medium (BEA) [START_REF] Lebreton | Tracing the Enterococci from Paleozoic Origins to the Hospital[END_REF].

Most enterococci are commensal bacteria inhabiting the gastro-intestinal tract of marine and land animals including birds, insects, reptiles, mammals and humans.

Enterococcus faecalis and Enterococcus faecium are the major species of the human gastro-intestinal tract and are the most prevalent enterococci in human infections (Arias and Murray, 2012). To phenotypically differentiate E. faecalis and E. faecium from other enterococci, Facklam and collaborators divided enterococci according to their capacity to produce acid from different sugars and hydrolyze arginine [START_REF] Facklam | History, Taxonomy, Biochemical Characteristics, and Antibiotic Susceptibility Testing of Enterococci[END_REF]. E. faecalis and E. faecium are the only enterococci able to hydrolyze arginine and to produce acid in mannitol broth but not in sorbose broth [START_REF] Facklam | History, Taxonomy, Biochemical Characteristics, and Antibiotic Susceptibility Testing of Enterococci[END_REF]. The two species are distinguishable since E. faecalis can ferment sorbitol whereas E. faecium, besides sorbitol, ferments arabinose and raffinose [START_REF] Klein | Taxonomy, ecology and antibiotic resistance of enterococci from food and the gastrointestinal tract[END_REF].

E. faecalis and E. faecium are both able to produce extracellular superoxide and hydrogen peroxide [START_REF] Huycke | Augmented production of extracellular superoxide by blood isolates of Enterococcus faecalis[END_REF][START_REF] Huycke | Enterococcus faecalis produces extracellular superoxide and hydrogen peroxide that damages colonic epithelial cell DNA[END_REF][START_REF] Moy | Cytotoxicity of Hydrogen Peroxide Produced by Enterococcus faecium[END_REF] as products of their metabolism. In consequence, these bacteria are equipped with mechanisms to tolerate oxidative stress [START_REF] Flahaut | The oxidative stress response in Enterococcus faecalis: relationship between H2O2 tolerance and H2O2 stress proteins[END_REF]. E. faecalis also metabolizes uric acid allowing it to be present in the gut of ureotelic insects [START_REF] Bursell | The Excretion of Nitrogen in Insects[END_REF][START_REF] Lebreton | Tracing the Enterococci from Paleozoic Origins to the Hospital[END_REF][START_REF] Martin | Enterococci in Insects[END_REF]. In all and consistently with their ubiquitous nature, enterococci are capable to survive and thrive in very diverse and challenging environments.

E. faecalis and E. faecium have intrinsic and acquired antibiotic resistances.

Both species are naturally tolerant to aminoglycosides (e.g. gentamycin), β-lactams (e.g ampicillin and penicillin), lincosamides (e.g clindamycin), and cephalosporins [START_REF] Hollenbeck | Intrinsic and acquired resistance mechanisms in Enterococcus[END_REF]. Aminoglycosides inhibit protein synthesis by targeting the 30S ribosomal subunit. Enterococci have a low-level resistance due to their surface impermeability to aminoglycosides that cannot enter the cell [START_REF] Zimmermann | Mechanism of Resistance to Antibiotic Synergism in Enterococci[END_REF]. Cephalosporins and β-lactams both disrupt the synthesis of the peptidoglycan in the bacterial cell wall. Enterococci synthesize low-affinity penicillin-binding proteins (PBPs), confering a low binding of β-lactams and cephalosporins [START_REF] Rice | of vancomycin-resistant enterococci[END_REF].

Thus, their tolerance to these cell-wall active agents decreases bactericidal susceptibility, but not bacteriostatic susceptibility. Apart from their intrinsic resistances, E. faecalis and E. faecium are able to accumulate mutations and exogenous genes that confer them an additional resistance to antibiotics. They acquire antibiotic resistances through horizontal gene transfer of mobile genetic elements such as plasmids, transposons, bacteriophages, insertion sequences and integrative conjugative elements (ICEs) [START_REF] Werner | Antibiotic resistant enterococci-Tales of a drug resistance gene trafficker[END_REF]. The mechanisms of how enterococci acquire resistances include conjugation of plasmids and of ICEs [START_REF] Manson | Mechanism of chromosomal transfer of Enterococcus faecalis pathogenicity island, capsule, antimicrobial resistance, and other traits[END_REF] where plasmids and transposons are the most important elements encoding resistance to one or multiple antibiotics [START_REF] Palmer | Horizontal Gene Transfer and the Genomics of Enterococcal Antibiotic Resistance[END_REF]. As previously mentioned, enterococci are tolerant to β-lactams; however, the susceptibility between species to this antibiotic is different. For E. faecalis, clinically achievable concentration of β-lactams remain efficient [START_REF] Shepard | Antibiotic-resistant enterococci: the mechanisms and dynamics of drug introduction and resistance[END_REF]. On the contrary, E. faecium exhibits an even higher resistance to β-lactams [START_REF] Grayson | Increasing resistance to beta-lactam antibiotics among clinical isolates of Enterococcus faecium: a 22-year review at one institution[END_REF]. Accordingly, the clinical use of this antibiotic is not recommended against E. faecium [START_REF] Sifaoui | Role of Penicillin-Binding Protein 5 in Expression of Ampicillin Resistance and Peptidoglycan Structure in Enterococcus faecium[END_REF]. Although enterococci are tolerant to aminoglycosides due to ther surface impermeability, some strains have accumulated ribosomal mutations modifying the antibiotic target in the bacteria or acquired aminoglycoside-modifying enzymes that modify the antibiotic molecule directly. Since 2012, it has been reported that about ~30% of the European E. faecalis clinical isolates have a high-level gentamycin resistance (European Center for Disease Prevention and Control, 2015).

Nowadays, one of the most problematic antibiotic resistances in enterococci is resistance to glycopeptides such as vancomycin and teicoplanin. Vancomycin is one of the last resort medications for multiple infections caused by Staphylococcus aureus, another major nosocomial Gram-positive pathogen [START_REF] Rincón | Resistance to "last resort" antibiotics in Gram-positive cocci: The post-vancomycin era[END_REF]. It binds to peptidoglycan precursors blocking their addition into newly synthetized peptidoglycan. Five enzymes encoded by the genes, vanA, vanH, vanX, vanY, and vanZ mediate resistance to vancomycin where resistant enterococci modify their peptidoglycan to avoid vancomycin binding [START_REF] Hollenbeck | Intrinsic and acquired resistance mechanisms in Enterococcus[END_REF]. In addition, enterococci have a remarkable capacity to transfer resistance genes that represent a huge threat for patients [START_REF] Guzman Prieto | Global Emergence and Dissemination of Enterococci as Nosocomial Pathogens: Attack of the Clones? Front[END_REF]. In fact, in vitro and in vivo conjugation transfer of vancomycin resistance has been described not only among enterococci [START_REF] Mater | Evidence of vancomycin resistance gene transfer between enterococci of human origin in the gut of mice harbouring human microbiota[END_REF] but also from enterococci to other opportunistic Grampositive bacteria such as methicillin-resistant S. aureus (MRSA) and Listeria monocytogenes [START_REF] De Niederhäusern | Glycopeptide-resistance transferability from vancomycin-resistant enterococci of human and animal source to Listeria spp[END_REF][START_REF] Palmer | Horizontal Gene Transfer and the Genomics of Enterococcal Antibiotic Resistance[END_REF][START_REF] Périchon | VanA-Type Vancomycin-Resistant Staphylococcus aureus[END_REF]. Nearly 30 years after vancomycin was clinically introduced, the first vancomycin-resistant enterococci (VRE) were isolated and belonged to the species E.

faecium [START_REF] Leclercq | Plasmid-mediated resistance to vancomycin and teicoplanin in Enterococcus faecium[END_REF][START_REF] Uttley | Vancomycin-resistant enterococci[END_REF]. On one side, it is believed that enterococcal resistance to vancomycin has emerged in the United States after intensive use of vancomycin to treat diarrhea in hospitalized patients [START_REF] Rice | of vancomycin-resistant enterococci[END_REF]. On the other side, it is believed that in Europe, resistant VRE were first selected following the use of avoparcin in pigs and other livestock [START_REF] Wegener | Use of antimicrobial growth promoters in food animals and Enterococcus faecium resistance to therapeutic antimicrobial drugs in Europe[END_REF]. VRE would have then be transmitted to human through the food chain (European Center for Disease Prevention and Control, 2008;[START_REF] Wegener | Use of antimicrobial growth promoters in food animals and Enterococcus faecium resistance to therapeutic antimicrobial drugs in Europe[END_REF]. The emergence of VRE mainly concerns E. faecium whose rate of vancomycin-resistance has increased to more than 80% of the hospital-isolated E. faecium in 2007 in the United States (Arias and Murray, 2012). In Europe, on the same year, the prevalence of vancomycin-resistance among E. faecium strains rose up to 45 % in Ireland and in Greece [START_REF] Werner | Emergence and spread of vancomycin resistance among enterococci in Europe[END_REF]. Since the first VRE has been isolated [START_REF] Uttley | High-level vancomycin-resistant enterococci causing hospital infections[END_REF], enterococci have emerged as important nosocomial disease agents, provoking at the time untreatable infections [START_REF] Spera | Multidrug-resistant Enterococcus faecium. An untreatable nosocomial pathogen[END_REF]. Their robustness, their remarkable resistance to antimicrobial products and their capacity to acquire and transmit antibiotic resistance clusters make of enterococci, in particular E. faecium and E. faecalis, the most prevalent species in the hospital environment (Arias and Murray, 2012). Nowadays, enterococci rank as the third cause of hospital-acquired infections worldwide after S.

aureus and Escherichia coli [START_REF] Guzman Prieto | Global Emergence and Dissemination of Enterococci as Nosocomial Pathogens: Attack of the Clones? Front[END_REF]. Currently, E. faecium represents more than 95% of VRE isolated in the United States. However, E. faecalis remains the most prevalent cause of enterococcal infections worldwide with more than 60% of the enterococcal clinical isolates (European Center for Disease Prevention and Control, 2013;[START_REF] Jett | Virulence of enterococci[END_REF][START_REF] Kortebi | Listeria monocytogenes has a bimodal intracellular lifestyle in epithelial cells that promotes either dissemination or latency[END_REF]Sievert et al., 2013). Unless specified otherwise, the next subchapters will be focused on E. faecalis, the model bacterium used in this study.

2. COMMENSAL LIFESTYLE OF E. FAECALIS 2.1 E. faecalis in the gastrointestinal tract E. faecalis colonizes the gastrointestinal tract of humans and animals [START_REF] Gilmore | Genomic Transition of Enterococci from Gut Commensals to Leading Causes of Multidrug-resistant Hospital Infection in the Antibiotic Era[END_REF][START_REF] Qin | A human gut microbial gene catalogue established by metagenomic sequencing[END_REF]. It is one of the most commonly encountered enterococcal species in the human gut [START_REF] Noble | Carriage of group D streptococci in human bowel[END_REF][START_REF] Rossi | Mining metagenomic whole genome sequences revealed subdominant but constant Lactobacillus population in the human gut microbiota[END_REF]. Nevertheless, E. faecalis represents less than 1% of the total human adult microbiota. Together with E. coli, E.

faecalis is recovered and dominant in the stool of neonates during the first days after birth [START_REF] Fanaro | Intestinal microflora in early infancy: composition and development[END_REF]. After the first week of life, E. faecalis is already outnumbered by other bacteria [START_REF] Pacheco | The Impact of the Milk Glycobiome on the Neonate Gut Microbiota[END_REF][START_REF] Soto | Lactobacilli and Bifidobacteria in Human Breast Milk: Influence of Antibiotherapy and Other Host and Clinical Factors[END_REF]. It is proposed that the consumption of oxygen by facultative anaerobes such as E. faecalis creates an environment appropriate for the expansion of obligate anaerobes like Bifidobacteria and Bacteroidetes [START_REF] Mackie | Developmental microbial ecology of the neonatal gastrointestinal tract[END_REF][START_REF] Stark | The microbial ecology of the large bowel of breast-fed and formula-fed infants during the first year of life[END_REF]. Colonization by E.

faecalis seems to involve the formation of biofilm-like micro-colonies [START_REF] Creti | Enterococcal colonization of the gastro-intestinal tract: role of biofilm and environmental oligosaccharides[END_REF]; like observed during the colonization of the jejunum and colon of germfree mice [START_REF] Barnes | Enterococcus faecalis readily colonizes the entire gastrointestinal tract and forms biofilms in a germ-free mouse model[END_REF][START_REF] Creti | Enterococcal colonization of the gastro-intestinal tract: role of biofilm and environmental oligosaccharides[END_REF]. However, intestinal biofilm-lifestyle remains to be established in the presence of a microbiota. In humans, studies of gastrointestinal colonization localize E. faecalis in the jejunum, ileum, caecum and rectum (Hayashi et al., 2005) but the colon is the biggest reservoir linked to bacterial proliferation at the intestinal level [START_REF] Lebreton | Enterococcus Diversity, Origins in Nature, and Gut Colonization. In Enterococci: From Commensals to Leading Causes of Drug Resistant Infection[END_REF]. E. faecalis is also found in the feces of mammals, reptiles and birds [START_REF] Mundt | Occurrence of enterococci on plants in a wild environment[END_REF]. Since this bacterium colonizes a large spectrum of hosts, it is believed that E. faecalis evolved as being one of the initial colonizers of the gastrointestinal tract of mammals [START_REF] Lebreton | Enterococcus Diversity, Origins in Nature, and Gut Colonization. In Enterococci: From Commensals to Leading Causes of Drug Resistant Infection[END_REF]. As for the Enterococcus genus, E. faecalis species has the capacities to metabolize a high number of carbon sources. It can metabolize non-absorbed sugars and polymers in the gut such as cellulose [START_REF] Chassard | The cellulose-degrading microbial community of the human gut varies according to the presence or absence of methanogens[END_REF] and it is also able to partially degrade mucins, heavily glycosylated proteins produced by intestinal epithelial cells [START_REF] Ramsey | Enterococci: From Commensals to Leading Causes of Drug Resistant Infection[END_REF]. It also expresses enzymes such as the bile salt hydrolases that may benefit colonization near the bile duct [START_REF] Begley | Bile Salt Hydrolase Activity in Probiotics[END_REF][START_REF] Gilmore | Microbiology. The thin line between gut commensal and pathogen[END_REF]. Given that E.

faecalis is part of the core microbiota, it has probably a positive impact in human health; however, this function remains to be established.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 18 2.2 E. faecalis in the environment E. faecalis resists and thrives in a wide range of conditions and is ubiquitously found in environments such as water, soil and plants, probably as a result of animal and human fecal contamination [START_REF] Byappanahalli | Enterococci in the Environment[END_REF]. Because a high proportion of E. faecalis correlates with increased risk of contact with enteric pathogens, E. faecalis is undesirable in recreational and drinking water and is used as an indicator of fecal contamination in the environment [START_REF] Boehm | Enterococci: From Commensals to Leading Causes of Drug Resistant Infection[END_REF] The Council of the European Union, 1998). While experimental evidence suggest that E. faecalis is able to replicate in sand and in water containing algae, no bacterial replication has been shown in the soil [START_REF] Bahirathan | Use of yellow-pigmented enterococci as a specific indicator of human and nonhuman sources of faecal pollution[END_REF][START_REF] Byappanahalli | Enterococci in the Environment[END_REF][START_REF] Mote | Persistence and growth of the fecal indicator bacteria enterococci in detritus and natural estuarine plankton communities[END_REF]. In addition, abiotic factors and environmental stressors such as UV lights, starvation and dryness reduce E. faecalis number over time [START_REF] Byappanahalli | Enterococci in the Environment[END_REF]. On top of that, E. faecalis is able to enter into a viable but not culturable state (VBNC) [START_REF] Lleó | Nonculturable Enterococcus faecalis cells are metabolically active and capable of resuming active growth[END_REF]. Indeed, E. faecalis survives in sterilized water and remains metabolically active while the number of bacteria able to grow in agar decreased [START_REF] Lleó | Nonculturable Enterococcus faecalis cells are metabolically active and capable of resuming active growth[END_REF], suggesting that viable bacteria are underestimated.

Thus, the use of E. faecalis as a contamination indicator remains a matter of debate.

BENEFICIAL USES OF E. FAECALIS AND PRECAUTION

Like other enterococcal species E. faecalis has been considered as a promising candidate in the food industry owing to its metabolic capacity of acidification, high thermo-resistance and metabolic flexibility and as a probiotic [START_REF] Lebreton | Enterococcus Diversity, Origins in Nature, and Gut Colonization. In Enterococci: From Commensals to Leading Causes of Drug Resistant Infection[END_REF].

For instance, E. faecalis is able to metabolize citrate, a commonly used food additive, and produce diacetyl, acetaldehyde and acetoin [START_REF] Moreno | The role and application of enterococci in food and health[END_REF]. The use of citrate results in the production of CO2 that contributes to texturization of fermented dairy products and diacetyl enhances the aromatic properties of cheese, cream and butter [START_REF] Moreno | The role and application of enterococci in food and health[END_REF]. E. faecalis high proteolytic properties help the degradation of casein positively impacting flavor [START_REF] Wessels | Technologically important characteristics of Enterococcus isolates from milk and dairy products[END_REF] and mainly contributing in the production of artisanal cheeses [START_REF] Ogier | Safety assessment of dairy microorganisms: the Enterococcus genus[END_REF]. In addition, this bacterium produces bacteriocins (called enterocins) active against other

Gram-positive bacteria such as L. monocytogenes [START_REF] García | Inhibition of Listeria monocytogenes by enterocin EJ97 produced by Enterococcus faecalis EJ97[END_REF][START_REF] Izquierdo | Enterocin 96, a Novel Class II Bacteriocin Produced by Enterococcus faecalis WHE 96, Isolated from Munster Cheese[END_REF], S. aureus [START_REF] Al Atya | Probiotic potential of Enterococcus faecalis strains isolated from meconium[END_REF][START_REF] Gálvez | Isolation and characterization of enterocin EJ97, a bacteriocin produced by Enterococcus faecalis EJ97[END_REF][START_REF] Yamamoto | Purification and Characterization of a Novel Bacteriocin Produced by Enterococcus faecalis Strain RJ-11[END_REF],

Streptococcus pyogenes or Streptococcus pneumoniae [START_REF] Kurushima | Bacteriocin Protein BacL1 of Enterococcus faecalis Targets Cell Division Loci and Specifically Recognizes l-Ala2-Cross-Bridged Peptidoglycan[END_REF].

Because of its beneficial role in ripening of dairy products, in enhancing organoleptic properties and in bacteriocin-mediated pathogen inhibition E. faecalis metabolism is of interest for the food industry. Despite E. faecalis potential advantages in the dairy industry, an important negative aspect of the use of its use in the fermentation process is its ability to produce biogenic amines [START_REF] Gardini | Effects of pH, temperature and NaCl concentration on the growth kinetics, proteolytic activity and biogenic amine production of Enterococcus faecalis[END_REF]. Biogenic amines are natural products derived from decarboxylation of amino acids and are responsible for numerous poisoning episodes at high concentration. Together with their lack of innocuity, enterococci are not considered as "Generally Recognized As Safe" (GRAS) bacteria in the United-States. In Europe, considering the incidence of enterococci in human infections, the European Food Safety Authority (EFSA) excluded E. faecalis from the Qualified presumption of safety (QPS) list of species that can be used in the food and feed chain [START_REF] Ricci | Update of the list of QPS-recommended biological agents added to food or feed as notified to EFSA 5: suitability of taxonomic units notified to EFSA until September 2016[END_REF]. However, E. faecalis is frequently isolated from traditional fermented products such as cheeses, where they contribute to their organoleptic properties [START_REF] Giraffa | Enterococci from foods[END_REF][START_REF] Ogier | Safety assessment of dairy microorganisms: the Enterococcus genus[END_REF].

According to the World Health Organization (WHO), probiotics are defined "Live microorganisms which when administered in adequate amounts confer a health , 2001). The most largely used probiotic bacteria for the human use belong to the lactobacilli and the bifidobacteria genera. One of the best known use of E. faecalis as probiotic is Symbioflor 1 cocktail containing 10 human E.

faecalis isolates (SymbioPharm, Germany). This product has been used orally and intranasally for immune regulation to combat recurrent and chronic sinusitis or bronchitis in humans for more than 50 years without any complications observed until now [START_REF] Franz | Enterococci as probiotics and their implications in food safety[END_REF][START_REF] Habermann | The effect of a bacterial immunostimulant (human Enterococcus faecalis bacteria) on the occurrence of relapse in patients with[END_REF]. Heat-killed FK-23 strain of E.

faecalis is also used orally to prevent allergen response to pollen in mice [START_REF] Shimada | Effect of lysed Enterococcus faecalis FK-23 (LFK) on allergen-induced peritoneal accumulation of eosinophils in mice[END_REF]. Treated mice exhibited a reduced leukocyte and eosinophil accumulation after contact with the allergen. In these cases, E. faecalis is used as an immunomodulator of the host aberrant immune response. Another E. faecalis strain has also been used orally in children as a part of a probiotic cocktail that also includes Bacillus mesentericus, and Clostridium butyricum for preventing acute diarrhea in children [START_REF] Chen | Probiotics have clinical, microbiologic, and immunologic efficacy in acute infectious diarrhea[END_REF]. In the latter, E. faecalis plays a role as a colonizer where it avoids the colonization with diarrhea-provoking pathogens.

Considering that E. faecalis has emerged as an important agent in hospitalacquired infections and its propensity to acquire antibiotic resistance, the safe use in food and as a probiotic of this bacterium remains questionable. E. faecalis represents the third most prevalent nosocomial disease agent worldwide [START_REF] Werner | Antibiotic resistant enterococci-Tales of a drug resistance gene trafficker[END_REF]. It is at the origin of urinary tract infections, intraabdominal and pelvic infections, bacteremia and endocarditis (Agudelo Higuita and Huycke, 2014), where E. faecalis alone is responsible for more than 60% of the hospitalacquired enterococcal infections (European Center for Disease Prevention and Control, 2013;[START_REF] Jett | Virulence of enterococci[END_REF]Sievert et al., 2013). This bacterium is able to survive for one hour on hands and up to four months on inert surfaces (Agudelo Higuita and Huycke,

2014

). These abilities promote E. faecalis spread where the hospital environment in particular is propitious for antibiotic-resistant transmission (Figure 2) [START_REF] Uttley | High-level vancomycin-resistant enterococci causing hospital infections[END_REF]. E. faecalis is also involved in persistent endodontic diseases [START_REF] Stuart | Enterococcus faecalis: Its Role in Root Canal Treatment Failure and Current Concepts in Retreatment[END_REF][START_REF] Wang | Prevalence of Enterococcus faecalis in saliva and filled root canals of teeth associated with apical periodontitis[END_REF], which are not considered in this thesis manuscript.

Urinary tract infections

Urinary tract infections (UTI) are one of the most common bacterial infections worldwide [START_REF] Tandogdu | Global epidemiology of urinary tract infections[END_REF] and enterococcal urinary tract infections are the most common human enterococcal infections [START_REF] Foxman | Epidemiology of urinary tract infections: incidence, morbidity, and economic costs[END_REF]. 
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the second and the fourth most encountered bacteria in complicated and uncomplicated UTIs, respectively [START_REF] Nicolle | Catheter associated urinary tract infections[END_REF].

Intra-abdominal and pelvic infections

Intra-abdominal infections are pathological conditions that go from appendicitis to fecal peritonitis [START_REF] Sartelli | A focus on intra-abdominal infections[END_REF]. Complicated intra-abdominal infections are associated with a poor prognosis and reported mortality is approximately 30% [START_REF] Sartelli | A focus on intra-abdominal infections[END_REF]. Acute peritonitis results from the loss of the integrity of the gastrointestinal tract or from a leakage from an infected site (e.g. an ulcer or the appendice) into the peritoneal cavity. Bacterial leakage from the gastrointestinal tract can also occur after anastomosis consisting in removal and reconnection of an intestinal segment [START_REF] Shogan | Collagen degradation and MMP9 activation by Enterococcus faecalis contributes to intestinal anastomotic leak[END_REF]. Enterococcus sp. are often found in the peritoneal cavity together with other bacteria (Agudelo Higuita and Huycke, 2014).

For instance, in 623 European cases of complicated intra-abdominal infections, around 75% of the patients harbored more than one pathogen where the most frequently detected bacteria were E. coli (41.8%), E. faecium (40.1%) and E. faecalis (21.1%) [START_REF] Eckmann | Efficacy of tigecycline for the treatment of complicated intra-abdominal infections in real-life clinical practice from five European observational studies[END_REF].

Bacteremia and endocarditis

Enterococci are the second leading cause of health-care associated bacteremia after S. aureus [START_REF] Hidron | NHSN annual update: antimicrobial-resistant pathogens associated with healthcare-associated infections: annual summary of data reported to the National Healthcare Safety Network at the Centers for Disease Control and Prevention, 2006-2007[END_REF]. Between 2011 and 2013, E. faecalis was at the origin of multiple bacteremia cases in Argentina, where more than 10% resulted in mortality [START_REF] Ceci | Clinical and microbiological features of bacteremia caused by Enterococcus faecalis[END_REF]. In 2014, E. faecalis was responsible of 55% of the bacteremia cases in Australia [START_REF] Coombs | Australian Group on Antimicrobial Resistance Australian Enterococcal Sepsis Outcome Programme annual report[END_REF]. Once in the bloodstream, E.

faecalis can easily get access to the heart and attachs to the low-pressure sites of the heart leading to an inflammation of the inner layer of the heart, the endocardium. E.

faecalis enters the cardiac endothelium, lodges in the heart valves and forms vegetations -a biofilm structure where bacteria are encapsulated inside layers of platelets and fibrin. Enterococci represent the fourth cause of infective endocarditis after S. aureus, coagulase-negative staphylococci and Streptococcus viridians [START_REF] Cecchi | Clinical epidemiology in Italian Registry of Infective Endocarditis (RIEI): Focus on age, intravascular devices and enterococci[END_REF]. Among enterococcal infective endocarditis, E. faecalis accounts for 90% (Chirouze et al., 2013, Dahl and[START_REF] Dahl | Enterococcus faecalis infective endocarditis: focus on clinical aspects[END_REF]. In a two-year study, E. faecalis was responsible of 80% of enterococcal endocarditis that resulted in 75% of mortality [START_REF] Noskin | Enterococcus faecium and Enterococcus faecalis bacteremia: acquisition and outcome[END_REF]. Infective endocarditis has also other sources of infection that include urinary tract infections, translocation through the intestinal epithelium or intra-abdominal infections.

The processus of infection

The sources of transmission of enterococci are numerous. One of the most prevalent in the hospital environment is from abiotic surfaces to patients; where enterococci were recovered from 10% of fully clean hospital rooms and in more than 1% of patients admitted in the same day [START_REF] Ford | Room contamination, patient colonization pressure, and the risk of vancomycin-resistant Enterococcus colonization on a unit dedicated to the treatment of hematologic malignancies and hematopoietic stem cell transplantation[END_REF]. Transmission from person to person with carriage of enterococci in hands of healthcare workers has also been documented [START_REF] Rosenthal | Healthcare workers' hand microbiome may mediate carriage of hospital pathogens[END_REF]. Importantly, a mathematical model showed that VRE transmission in the hospital environment is probably due to the transmission from VRE-positive patients to either the environment or VRE-negative patients by the mediation of healthcare workers [START_REF] Austin | Vancomycinresistant enterococci in intensive-care hospital settings: transmission dynamics, persistence, and the impact of infection control programs[END_REF]. The main portals of entry are the gastrointestinal tract following surgery or translocation through the intestinal mucosa, the urinary tract after catheterization or by the ascending route and the bloodstream with the use of central-lines. Susceptible patients remain immunocompromised patients going through chemotherapy, allogenic hematopoietic stem cell transplantation, HIV positive, organ transplant recipients and the elderly (Arias and Murray, 2012;[START_REF] Taur | The intestinal microbiota and susceptibility to infection in immunocompromised patients[END_REF]. Infection is preceded by an overgrowth of enterococci in the intestinal tract predisposing to translocation or to contamination through invasive medical devices.

Intestinal microbiota dysbiosis and outgrowth

The gut microbiota is dominated by four bacterial phyla: Bacteroidetes and Firmicutes and in a smaller extent Proteobacteria and Actinobacteria [START_REF] Qin | A human gut microbial gene catalogue established by metagenomic sequencing[END_REF]. Intestinal microbiota has important functions. It improves digestion, stimulates the development of lymphoid structures, regulates innate and adaptive immune systems, provides colonization resistance against pathogens and shapes the development of the nervous system and the behavior [START_REF] Clemente | The impact of the gut microbiota on human health: an integrative view[END_REF].

Consistently, alteration of the gut microbiota composition -also known as dysbiosisis associated to several diseases including diabetes, inflammatory bowel diseases, metabolic syndromes and cancers [START_REF] Biedermann | The intestinal microbiota: its role in health and disease[END_REF]. Intestinal homeostasis can be altered by antibiotic or drug treatments, physical trauma, radiations and diet [START_REF] Hawrelak | The causes of intestinal dysbiosis: a review[END_REF][START_REF] Mutlu | Intestinal dysbiosis: a possible mechanism of alcohol-induced endotoxemia and alcoholic steatohepatitis in rats[END_REF][START_REF] Van Vliet | Chemotherapy treatment in pediatric patients with acute myeloid leukemia receiving antimicrobial prophylaxis leads to a relative increase of colonization with potentially pathogenic bacteria in the gut[END_REF][START_REF] Yan | Enteric Dysbiosis Associated with a Mouse Model of Alcoholic Liver Disease[END_REF]. In particular, reduction of bacterial diversity contributes to outgrowth of antibiotic resistant subdominant pathobionts including E. faecalis during prophylaxis antibiotic treatments [START_REF] Chow | Pathobionts of the gastrointestinal microbiota and inflammatory disease[END_REF][START_REF] Dethlefsen | The pervasive effects of an antibiotic on the human gut microbiota, as revealed by deep 16S rRNA sequencing[END_REF].

Outgrowth of E. faecalis has been observed after different antibiotic treatments.

Clindamycin spectrum of action covers almost all anaerobic bacteria. Treatment with clindamycin causes a remarkable disruption of the host microbiota where enterococci have been shown to resist and persist even after 1 year post-antibiotic administration [START_REF] Janeway | Long-term ecological impacts of antibiotic administration on the human intestinal microbiota[END_REF]. In a clinical study, antibiotic treatments targeting anaerobic bacteria antibiotics that included metronidazole, amoxicillin, clindamycin, and vancomycin also benefited VRE outgrowth in hospitalized patients [START_REF] Donskey | Effect of antibiotic therapy on the density of vancomycin-resistant enterococci in the stool of colonized patients[END_REF]. The prolonged use of broad-spectrum ampicillin also showed that high risk patients presented VRE production of RegIII is exploited by Enterococcus that, despite initial low abundance in the gut, outgrows and becomes a predominant colonizer [START_REF] Brandl | Vancomycin-resistant enterococci exploit antibiotic-induced innate immune deficits[END_REF]. Accordingly, oral administration of Toll-like receptor 4 (TLR4) ligand lipopolysaccharide (LPS) resulted in a production of RegIII and conferred resistance to VRE colonization [START_REF] Brandl | Vancomycin-resistant enterococci exploit antibiotic-induced innate immune deficits[END_REF]. The activation of the ). Accordingly, oral administration of ligands of TLR5 or TLR7 stimulated the IL-22-dependant production of RegIII leading to a reduction of VRE colonization [START_REF] Abt | TLR-7 activation enhances IL-22-mediated colonization resistance against vancomycin-resistant Enterococcus[END_REF][START_REF] Kinnebrew | Bacterial flagellin stimulates toll-like receptor 5-dependent defense against vancomycin-resistant Enterococcus infection[END_REF].

Intestinal translocation

The intestinal epithelium and the underlying lamina propria of the intestinal mucosa provide a barrier preventing bacterial translocation to extra-intestinal sites.

The intestinal epithelium is a polarized semi-permeable monolayer of epithelial cells (absorptive enterocytes) linked by tight junctions and interspersed with goblet cells, Paneth cells, Microfold cells (M cells) and enteroendocrine cells (Figure 3). Beneath the epithelium, the lamina propria contains immune cells, including macrophages, dendritic cells, lymphocytes and a few neutrophils. Bacterial translocation can occur by transcytosis through the intracellular space or by paracytosis that refers to the passing through the intercellular space (Figure 4). Upon antibiotic-induced dysbiosis, the relative composition of the microbiota leads to changes in integrity of the intestinal mucosa affecting epithelial permeability and tight junctions and, potentially benefiting translocation. Upon antibiotic-induced dysbiosis, the relative composition of the microbiota leads to changes in integrity of the intestinal mucosa affecting epithelial permeability and tight junctions and, potentially benefiting a paracellular translocation. While some studies showed no alteration of the tight-junction integrity [START_REF] Nevado | Neomycin and bacitracin reduce the intestinal permeability in mice and increase the expression of some tight-junction proteins[END_REF][START_REF] Yu | Enteric dysbiosis promotes antibiotic-resistant bacterial infection: systemic dissemination of resistant and commensal bacteria through epithelial transcytosis[END_REF], others using similar mixtures of antibiotics (e. g. ampicillin vancomycin, neomycin sulphate and metronidazole) observed increased disruption of tight junctions [START_REF] Diehl | Microbiota restricts trafficking of bacteria to mesenteric lymph nodes by CX(3)CR1(hi) cells[END_REF][START_REF] Knoop | Antibiotics promote inflammation through the translocation of native commensal colonic bacteria[END_REF][START_REF] Tulstrup | Antibiotic Treatment Affects Intestinal Permeability and Gut Microbial Composition in Wistar Rats Dependent on Antibiotic Class[END_REF]. These conflicting observations are explained by distinct microbiota and experimental set ups (e. g. mice vs rats, animal lines and animal facilities). Very early, Wells et al. proposed that E. faecalis translocates across an intact intestinal tract to cause systemic infection [START_REF] Wells | Evidence for the translocation of Enterococcus faecalis across the mouse intestinal tract[END_REF] and additional evidences of enterococcal intestinal translocation in vivo have been provided in mice [START_REF] Medina-Contreras | CX3CR1 regulates intestinal macrophage homeostasis, bacterial translocation, and colitogenic Th17 responses in mice[END_REF][START_REF] Pham | Epithelial IL-22RA1-mediated fucosylation promotes intestinal colonization resistance to an opportunistic pathogen[END_REF][START_REF] Tan | Survival, distribution, and translocation of Enterococcus faecalis and implications for pregnant mice[END_REF]. In 2004, E. faecalis was isolated from liver, spleen and mesenteric lymph nodes after oral inoculation of antibiotic treated mice [START_REF] Krueger | Assessment of the role of antibiotics and enterococcal virulence factors in a mouse model of extraintestinal translocation[END_REF]. In Wells's pioneer work, bacteria resembling E. faecalis always appeared to be within, never between, epithelial cells indicating that the intestinal epithelial cells may be the portals of entry for enterococci [START_REF] Wells | Evidence for the translocation of Enterococcus faecalis across the mouse intestinal tract[END_REF].

Accordingly, it has been shown in mouse models susceptible to intestinal inflammation (e.g. IL-10 -/-and TNF -ARE/Wt mice) that E. faecalis triggers an epithelial barrier dysfunction in degrading the E-cadherin host protein present in the tight junctions [START_REF] Steck | Enterococcus faecalis metalloprotease compromises epithelial barrier and contributes to intestinal inflammation[END_REF]. Altogether, these results show that E. faecalis might use both transcytosis and paracytosis mechanisms for translocation through the intestinal epithelium.

Medical device-mediated infections

Implantation of urinary or intravascular catheters, artificial heart valves and orthopedic prostheses have been described to preceed enterococcal bacteremia by providing a direct access to the organism [START_REF] Fabretti | Implant infections due to enterococci: role of capsular polysaccharides and biofilm[END_REF]. Enterococci have been reported as being able to organize in biofilms attaching to various biotic surfaces like chitin of small crustaceans [START_REF] Signoretto | Persistence of Enterococcus faecalis in aquatic environments via surface interactions with copepods[END_REF] and abiotic surfaces such as medical devices, silicone, lenses [START_REF] Mohamed | Biofilm formation by enterococci[END_REF] but also to door knobs and catheters (Arias and Murray, 2012). In fact, urinary catheters provide a surface for E. faecalis biofilm formation (Figure 5). In consequence, inflammated ureothelium causes the release of fibrinogen that is used by E. faecalis for growth [START_REF] Flores-Mireles | EbpA vaccine antibodies block binding of Enterococcus faecalis to fibrinogen to prevent catheter-associated bladder infection in mice[END_REF]; enhancing the strength of the biofilm. In addition, cathether-associated biofilms potentiate bacterial resistance to antibiotics, survival and persistence in the bladder to benefit dissemination to deeper organs [START_REF] Flores-Mireles | Urinary tract infections: epidemiology, mechanisms of infection and treatment options[END_REF].

Control of E. faecalis diseases

Treatments of enterococcal infections vary according to the antibiotic resistances of the infectious strains. If E. faecalis infections caused by antibiotic susceptible strains are easily treated with ampicillin or aminoglycosides (Agudelo Higuita and Huycke, 2014), the best therapy is the combination of both due to their synergic effect [START_REF] Habib | ESC Guidelines for the management of infective endocarditisThe Task Force for the Management of Infective Endocarditis of the European Society of Cardiology (ESC)Endorsed by: European Association for Cardio-Thoracic Surgery (EACTS), the European Association of Nuclear Medicine (EANM)[END_REF]. The use of a β-lactam (e.g penicillin or ampicillin) together with an aminoglycoside (e.g streptomycin or gentamycin) is thus recommended [START_REF] Dahl | Enterococcus faecalis infective endocarditis: focus on clinical aspects[END_REF]. Among β-lactams, ampicillin shows the best activity in vitro. Alternatively, vancomycin is used when ampicillin cannot be used or when E. faecalis strains are highly resistant to aminoglycosides [START_REF] Chow | Aminoglycoside resistance in enterococci[END_REF]. In addition, if the strain is resistant to vancomycin, the use of daptomycin is an alternative therapeutic option.

The need to reduce antibiotic treatments has led the scientists to search for preventive approaches. These include the use of probiotics or fecal microbiota transplantation to prevent E. faecalis outgrowth. The first one implies the use of bacteria able to colonize the gastrointestinal tract to prevent bacterial outgrowth. As recently reviewed, no study has been fully satisfactory [START_REF] Crouzet | Potential use of probiotic and commensal bacteria as non-antibiotic strategy against vancomycin-resistant enterococci[END_REF]; but there are some encouraging evidences where VRE colonization was reduced. Among them, the use of Lactobacillus rhamnosus GG in a yogurt supplement showed that ingesting 100 g of yogurt for four weeks helped clear VRE colonization in all the patients that completed the trial [START_REF] Manley | Probiotic treatment of vancomycinresistant enterococci: a randomised controlled trial[END_REF]. In addition, the use of a β-lactamase producing strain of Bacteroides thetaiotaomicron protected the microbiota from the treatment with the β-lactam ceftriaxone and avoided colonization by VRE [START_REF] Stiefel | Gastrointestinal colonization with a cephalosporinase-producing bacteroides species preserves colonization resistance against vancomycinresistant Enterococcus and Clostridium difficile in cephalosporin-treated mice[END_REF]. In the case of fecal microbiota transplantation, a healthy donor is necessary for fecal transplantation into a susceptible recipient. A recent study has shown that the use of a defined consortium of commensal bacteria in mice counteracts dysbiosis by restoring the microbiota and promotes clearance of vancomycin resistant E. faecium after 3 days of treatment [START_REF] Caballero | Cooperating Commensals Restore Colonization Resistance to Vancomycin-Resistant Enterococcus faecium[END_REF]. These results are promising and encourage the potential use of fecal microbiota transplantation for restoring the microbiota and prevent E. faecalis colonization.

In sum, E. faecalis outgrowth results from a multi-factorial process that includes the spectrum of the antibiotics, duration and dose of the treatment as well as the host immune status that may also promote dissemination. In the continuous fight against pathogens, our organism has developed diverse mechanisms to overcome infection. The first lines of defense against dangerous bacteria remain the skin and the internal mucosas. When intact, these barriers represent our biggest physical surface of defense [START_REF] Gallo | Epithelial antimicrobial defence of the skin and intestine[END_REF]. The epithelial cells of the skin and the gastrointestinal and respiratory tracts produce an arsenal of antimicrobial proteins and peptides (AMPs) that target microorganisms to protect us from infection [START_REF] Gallo | Epithelial antimicrobial defence of the skin and intestine[END_REF][START_REF] Vora | Beta-defensin-2 expression is regulated by TLR signaling in intestinal epithelial cells[END_REF]. Barriers are also associated with endogenous commensal communities or microbiota that protect us from potential pathogens by occupying existent niches and competing for essential nutrients [START_REF] Kamada | Control of Pathogens and Pathobionts by the Gut Microbiota[END_REF]. Microbial communities also produce bacteriocins that inhibit the growth of potentially pathogenic bacteria [START_REF] Gillor | The dual role of bacteriocins as anti-and probiotics[END_REF]. In addition, some epithelia such as the intestinal epithelium, produce a mucus layer that limits the contact of the epithelium with the bacteria of the lumen [START_REF] Pelaseyed | The mucus and mucins of the goblet cells and enterocytes provide the first defense line of the gastrointestinal tract and interact with the immune system[END_REF]. If microorganisms cross the epithelial barriers, the next lines of defense are professional phagocytic immune cells that include PMNs, monocytes, macrophages, dendritic cells and mast cells [START_REF] Gordon | Phagocytosis: An Immunobiologic Process[END_REF]. PMNs are the more abundant professional phagocytic cells in the blood. Macrophages derive from circulating monocytes that differentiate into mature macrophages and reside in tissues as professional phagocytes. Dendritic cells are specialized in antigen sampling and presentation to lymphocytes. Mast cells can participate in direct killing of organisms by phagocytosis.

Professional phagocytic cells have multiple receptors at their surface and are specialized in the recognition of molecular patterns and opsonins [START_REF] Freeman | Phagocytosis: receptors, signal integration, and the cytoskeleton[END_REF]. A phagocytic receptor may be defined as surface molecule that, when expressed in non-professional phagocytic cells, increases particle uptake [START_REF] Indik | Human Fc gamma RII, in the absence of other Fc gamma receptors, mediates a phagocytic signal[END_REF]. Phagocytic receptors are classified in 3 groups that include Pattern Recognition Receptors (PRRs), opsonic receptors and apoptotic receptors (Figure 6) [START_REF] Freeman | Phagocytosis: receptors, signal integration, and the cytoskeleton[END_REF]. The latter are not considered in this manuscript. [START_REF] Akira | Pathogen Recognition and Innate Immunity[END_REF]. Some of them defined as surveillance receptors do not systematically trigger phacocytosis, but instead contribute to the inflammatory response [START_REF] Gordon | Phagocytosis: An Immunobiologic Process[END_REF][START_REF] Janeway | Long-term ecological impacts of antibiotic administration on the human intestinal microbiota[END_REF]. They are classified in four families of receptors: the TLRs (Toll-like receptors), the RLRs (RIG-I-like receptors), the NLRs (NOD-like receptors) and the CLRs (C-lectin-like receptors). The best-known class of PRR is the TLRs. Among TLRs, some are expressed exclusively on the cell surface (TLR1, TLR2, TLR4, TLR5, TLR6, TLR10) whereas others are localized intracellularly (TLR3, TLR7, TLR8, TLR9). Among the 10 TLRs characterized in human (TLR1 to TLR10), seven TLRs are implicated in bacterial recognition (Table 1).

For recognition of PAMPs, TLR2 dimerizes with TLR1, TLR6, and potentially with TLR10 [START_REF] Botos | The Structural Biology of Toll-Like Receptors[END_REF][START_REF] Grayson | Increasing resistance to beta-lactam antibiotics among clinical isolates of Enterococcus faecium: a 22-year review at one institution[END_REF]. The binding ligands of TLR1 to TLR 9 are well characterized (Table 1) but the ligands of TLR10 remain to be discovered. The encounter of a TLR with its ligand activates intracellular signaling pathways.

Signalization starts with the recruitment of adaptor proteins and the subsequent phosphorylation cascades that ultimately result in the translocation of transcription factors into the nucleus for the expression of immunity genes. With the exception of TLR3, all of the TLR receptors engage the adaptor protein MyD88 [START_REF] Newton | Signaling in Innate Immunity and Inflammation[END_REF]. MyD88 recruits IRAK4 to the receptor complex and induces a phosphorylation cascade that results in the activation of transcription factors (IRF3, IRF7, NF-κB) (Table1). Transcription factors induce the expression of pro-inflammatory cytokines and chemokines. While the former activate immune cells the latter trigger chemotaxis towards the site of infection [START_REF] Turner | Cytokines and chemokines: At the crossroads of cell signalling and inflammatory disease[END_REF]. Among pro-inflammatory cytokines, IL-1β, IL-6, IL-8 TNFα, TNFβ, IFNα, IFNβ and IFNγ are implicated in different steps of the inflammation. The RLRs specifically detect RNA species derived from viruses in the cytoplasm and coordinate an antiviral response inducing type I interferon response [START_REF] Yoneyama | Structural mechanism of RNA recognition by the RIG-I-like receptors[END_REF] and are not adressed in this manuscript. NLRs constitute a large family of intracellular receptors that recognize intracellular bacterial products [START_REF] Kawai | The roles of TLRs, RLRs and NLRs in pathogen recognition[END_REF]. Activation of NLRs triggers the activation of a cytosolic macromolecular protein complex known as the inflammasome. The NLR receptor will engage the inflammasome adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD domain) that acts as a link between the NLR and the cysteine protease caspase-1. Once the complex is assembled, caspase-1 proteolytically processes cytokines of the IL-1 family such as IL-1β, IL-18 and IL-33 into their active forms for release and mediation of inflammation [START_REF] Mathur | Molecular mechanisms of inflammasome signaling[END_REF]. Some PRR receptors also mediate phagocytosis include scavenger receptors and CLRs [START_REF] Fraser | Mannose receptor and phagocytosis[END_REF][START_REF] Peiser | Macrophage Class A Scavenger Receptor-Mediated Phagocytosis of Escherichia coli: Role of Cell Heterogeneity, Microbial Strain, and Culture Conditions In Vitro[END_REF] (Figure 6). Scavenger receptors can bind several PAMPS. For example, the MARCO receptor (macrophage receptor with collagenous structure) binds bacterial lipoproteins and lipopolysaccharides [START_REF] Arredouani | Is the scavenger receptor MARCO a new immune checkpoint?[END_REF] and the receptor CD36 recognizes Plasmodium falciparum erythrocyte membrane protein-1 (PfEMP1) of erythrocytes infected with Plasmodium falciparum [START_REF] Oquendo | CD36 directly mediates cytoadherence of Plasmodium falciparum parasitized erythrocytes[END_REF]. CLRs are receptors that bind carbohydrates and are implicated in microbial phagocytosis [START_REF] Hoving | Signalling C-Type lectin receptors, microbial recognition and immunity[END_REF]. Three of the best described CLRs are: Dectin-1 that binds β-1-3-glucans present in fungal pathogens [START_REF] Brown | Immune recognition. A new receptor for beta-glucans[END_REF][START_REF] Ferwerda | Human Dectin-1 Deficiency and Mucocutaneous Fungal Infections[END_REF], Dectin-2 that binds α-mannans in parasites and fungi [START_REF] Ishikawa | Identification of distinct ligands for the C-type lectin receptors Mincle and Dectin-2 in the pathogenic fungus Malassezia[END_REF][START_REF] Ritter | Schistosoma mansoni triggers Dectin-2, which activates the Nlrp3 inflammasome and alters adaptive immune responses[END_REF] and the mannose receptors (MBL) that recognize mannan and N-acetylglucosamine in bacteria.

The blood contains immunoglobulins and complement proteins that recognize and fix on the bacterial surface to induce opsonization and enhance immune response (Janeway et al., 2001b(Janeway et al., , 2001c)). Opsonin receptors include receptors to immunoglobulins and receptors to the complement where the best characterized are the FcγR receptor recognizing IgGs and CR3 receptor binding the C3b component of the complement. Integrins are surface receptors that are formed of two subunits (α and β). Molecularly, CR3 is an integrin formed of αMβ2 subunits. Integrins can mediate phagocytosis of both opsonized and non-opsonized targets. Three pathways activate the complement: the classic pathway, the lectin pathway and the alternative pathway (Figure 7). These activation pathways depend on the antibody-antigen complexes on the bacteria surface, the carbohydrate residues on the bacterial surface and on spontaneous hydrolysis of the component, respectively. The activation of the different pathways converges to the cleavage of protein C3 for the production of C3a and C3b components for either activation of cell receptors and opsonization [START_REF] Merle | Complement System Part I -Molecular Mechanisms of Activation and Regulation[END_REF].

C3a mediates inflammation and C3b opsonizes bacteria and mediates their recognition by professional phagocytic cells.

During infection, either pathogens or damaged cells are able to generate chemoattractant molecules from the site of infection. Bacteria can release formylated peptides such as the formyl-methyl-leucine-phenylalanine (fMLP) that act as chemoattractants. In addition, dying cells can also secrete formylated peptides after cell injury [START_REF] Dorward | The Role of Formylated Peptides and Formyl Peptide Receptor 1 in Governing Neutrophil Function during Acute Inflammation[END_REF]. PMNs are professional phagocytic cells that have the highest capacity to integrate the chemotactic signals and generate a migration response towards the infection site (Henderson et al., 2003;[START_REF] Issekutz | The in vivo quantitation and kinetics of rabbit neutrophil leukocyte accumulation in the skin in response to chemotactic agents and Escherichia coli[END_REF].

The first characterized neutrophil receptor responding to formyl peptides was FPR1 (formyl peptide receptor 1). Besides FPR1, two other FPRs have been identified in neutrophils (FPR2 and FPR3). However, FPR1 has the highest affinity for fMLFs during infection [START_REF] He | Functional characterization of three mouse formyl peptide[END_REF]. FPR1 -/-mutant neutrophils were shown to be completely insensitive to fMPLs and no chemotaxis was observed in vitro and in vivo [START_REF] Gao | Impaired antibacterial host defense in mice lacking the N-formylpeptide receptor[END_REF]. After binding of FPR1 to its ligand, multiple intracellular kinase pathways are activated. The Rho-GTPases (Rac, Rho, and Cdc42) regulate cytoskeleton rearrangements in the cell that lead to phagocytosis, polarization and neutrophils migration towards the site of infection. Signalization pathways also result in cytokine release, superoxide production, and transcriptional activation of inflammation mediators.

Table 1. Human TLRs recognition of microbial components and signalisation pathways [START_REF] Grayson | Increasing resistance to beta-lactam antibiotics among clinical isolates of Enterococcus faecium: a 22-year review at one institution[END_REF][START_REF] Kumar | Toll-like receptors and innate immunity[END_REF][START_REF] Takeuchi | Pattern Recognition Receptors and Inflammation[END_REF] [START_REF] Flannagan | Antimicrobial Mechanisms of Macrophages and the Immune Evasion Strategies of Staphylococcus aureus[END_REF]. They can escape recognition by surveillance receptors, avoid opsonization [START_REF] Foster | Immune evasion by staphylococci[END_REF], block the phagocytic machinery or chemotaxis of immune cells (Prat et al., 2009). They can also manipulate the host membrane machinery [START_REF] Clemens | Characterization of the Mycobacterium tuberculosis phagosome[END_REF][START_REF] Cossart | Manipulation of host membrane machinery by bacterial pathogens[END_REF][START_REF] Isberg | The Legionella pneumophila replication vacuole: making a cozy niche inside host cells[END_REF]Pizarro-Cerdá et al., 1998a), avoid recognition by the autophagic pathway and even directly manipulate the expression of host immune genes [START_REF] Pennini | Histone Methylation by NUE, a Novel Nuclear Effector of the Intracellular Pathogen Chlamydia trachomatis[END_REF][START_REF] Rolando | Legionella pneumophila effector RomA uniquely modifies host chromatin to repress gene expression and promote intracellular bacterial replication[END_REF].

Subversion of the immune recognition

The cell envelopes of Gram-negative and Gram-positive bacteria have numerous PAMPs that are recognized by PRRs (Table 1). Gram-negative lipopolysaccharide (LPS) is recognized by TLR4, whereas Gram-positive bacteria have peptidoglycan, the lipoteichoic acid (LTA) anchored in the bacterial membrane and the lipoproteins that are recognized by TLR2. Gram-positive bacteria also have wall teichoic acids (WTA) that are covalently attached to peptidoglycan. Bacteria can have additional PAMPs recognized by TLRs such as the flagellin, recognized by TLR5 [START_REF] Akira | Pathogen Recognition and Innate Immunity[END_REF]. On their turn, bacteria are able to disguise their PAMPs to avoid recognition either by masking them or by altering them. TLR4 recognizes an hexa-acetylated lipid A.

Bacteria have developed strategies in the acetylation of their lipid A to avoid TLR4 recognition. For instance, Helicobacter pylori penta-acylates its LPS potentially reducing its recognition by TLR4 and subsequent immunostimulation [START_REF] Tran | Remodeling of Helicobacter pylori lipopolysaccharide[END_REF]. At 37°C, Yersinia pestis tetra-acylates lipid A to avoid recognition [START_REF] Telepnev | Tetraacylated Lipopolysaccharide of Yersinia pestis Can Inhibit Multiple Toll-Like Receptor-Mediated Signaling Pathways in Human Dendritic Cells[END_REF] and Neisseria meningitidis avoid TLR4 recognition where lipid A underacetylation mutants are more virulent than the wild type strain [START_REF] Fransen | The Structure of Neisseria meningitidis Lipid A Determines Outcome in Experimental Meningococcal Disease[END_REF]. In addition, Gram-positive bacteria can modify their peptidoglycan to evade recognition [START_REF] Sukhithasri | Innate immune recognition of microbial cell wall components and microbial strategies to evade such recognitions[END_REF]. Bacillus anthracis is able to acetylate peptidoglycan modifying cell surface [START_REF] Laaberki | O-Acetylation of peptidoglycan is required for proper cell separation and S-layer anchoring in Bacillus anthracis[END_REF], plus, deactylation of peptidoglycan has been shown to diminish recognition of L. monocytogenes and H. pylori [START_REF] Boneca | A critical role for peptidoglycan N-deacetylation in Listeria evasion from the host innate immune system[END_REF]. Bacteria are also able to avoid opsonization. For instance, Streptococcus pneumoniae masks surface PAMPs by the production of a capsule and inhibit complement deposition [START_REF] Hyams | The Streptococcus pneumoniae Capsule Inhibits Complement Activity and Neutrophil Phagocytosis by Multiple Mechanisms[END_REF]. Similarly, N. meningitidis capsule prevents antibody and complement deposition [START_REF] Lewis | Meningococcal disease and the complement system[END_REF] and S. aureus synthetizes proteases that cleave the complement and immunoglobulins to prevent opsonization [START_REF] Sarantis | Subversion of phagocytosis for pathogen survival[END_REF]Thammavongsa et al., 2015). In addition to hijack opsonin recognition, S. aureus is able to express protein A on its surface where it fixes the Fc region of IgGs; thus preventing interaction of S. aureus with Fc receptors and avoiding phagocytosis (Prat et al., 2009). Bacteria can also block directly the phagocytic machinery. Some strains of S. aureus also secrete a chemotaxis inhibitory protein (CHIP) and formyl peptide receptor-like 1 inhibitors (FLIPr) that bind to the formylated peptide receptor directly avoiding chemo-attraction of neutrophils towards them (Prat et al., 2009).

Hijacking the engulfment process

Once intruders are bound to the receptor, mechanical forces in professional phagocytic cells will lead to engulfment of the bacteria. These changes are dependent on actin polymerization where the actin-related protein 2/3 (Arp2/3) complex is a main actor. To polymerize actin, Arp2/3 relies on nucleation promoting factors (NPFs), among which the Wiskott-Aldrich syndrome protein (WASP) or (WASP Family Verprolin Homology Domain-Containing Protein) WAVE. Binding of the ligand to the phagocytosis receptor triggers phosphorylation of the tyrosine residue on the cytosolic domains of the receptors. Subsequent activation of Rho-GTPases (Rac and Cdc42) activate cytoskeleton rearrangements [START_REF] Caron | Identification of two distinct mechanisms of phagocytosis controlled by different Rho GTPases[END_REF][START_REF] Cox | Requirements for both Rac1 and Cdc42 in membrane ruffling and phagocytosis in leukocytes[END_REF] (Figure 8). Cdc42 recruits WASP whereas Rac recruits WAVE. Their recruitment stimulates actin polymerization via the Arp2/3 complex [START_REF] Takenawa | The WASP-WAVE protein network: connecting the membrane to the cytoskeleton[END_REF]. Actin rearrangements result in the extension of the plasma membrane and the internalization of the bacteria. The "zipper" mechanism of invasion involves the binding of bacterial adhesins to a receptor on mammalian cells required to initiate cytoskeleton-mediated zippering around bacterium (B) The "trigger" mechanism is used by bacteria that inject effector proteins into the host cell inducing membrane ruffling and subsequent bacterial [START_REF] Cossart | Bacterial invasion: the paradigms of enteroinvasive pathogens[END_REF].
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To evade engulfment, some pathogens inject effectors with tyrosine phosphatase activity to counteract the phosphorylation signals of the receptors. This is the case of Yersinia and Salmonella, the plasma membrane induces the expression of the Type-III Secretion System (T3SS). Yersinia YopH is a tyrosine phosphatase that dephosphorylates focal adhesion kinase (FAK), which connects the actin cytoskeleton and the receptors to mediate phagocytosis and chemotaxis [START_REF] Abshire | Macrophage motility requires distinct α5β1/FAK and α4β1/paxillin signaling events[END_REF][START_REF] Alberts | YopH of Yersinia pseudotuberculosis interrupts early phosphotyrosine signalling associated with phagocytosis[END_REF]. Salmonella injects SptP, another tyrosine phosphatase [START_REF] Kaniga | A secreted protein tyrosine phosphatase with modular effector domains in the bacterial pathogen Salmonella typhimurium[END_REF] that disrupts actin cytosqueleton [START_REF] Fu | The Salmonella typhimurium tyrosine phosphatase SptP is translocated into host cells and disrupts the actin cytoskeleton[END_REF].

Invasion of non-professional phagocytic cells

Non-professional phagocytic cells such as epithelial cells and endothelial cells also participate to the immune response [START_REF] Gordon | Phagocytosis: An Immunobiologic Process[END_REF]. In addition to antimicrobial peptides, they express some TLRs but to a lower extent than professional phagocytic cells [START_REF] Freeman | Phagocytosis: receptors, signal integration, and the cytoskeleton[END_REF][START_REF] Mcclure | TLR-Dependent Human Mucosal Epithelial Cell Responses to Microbial Pathogens[END_REF]. In addition, they express integrins at their surface [START_REF] Vora | Beta-defensin-2 expression is regulated by TLR signaling in intestinal epithelial cells[END_REF] potentially mediating bacterial phagocytosis. Non-professional phagocytic cells have a restricted set of targets and engulf bacteria more slowly [START_REF] Lim | Diversity and Versatility of Phagocytosis: Roles in Innate Immunity, Tissue Remodeling, and Homeostasis[END_REF]. Thus, the phagocytic capacity of nonprofessional phagocytes differs significantly from that of professional phagocytes.

Consistenly, bacteria play a passive role when internalized by professional phagocytic cells. On the contrary, invading bacteria play active role to induce their own internalization in non-professional phagocytic cells [START_REF] Cossart | Bacterial invasion: the paradigms of enteroinvasive pathogens[END_REF] (Figure 9). An essential step for a successful infection is the capacity to adhere to the host cell surfaces. Bacterial adhesion to the cell is mediated by the expression of adhesins [START_REF] Patel | Bacterial adhesins, the pathogenic weapons to trick host defense arsenal[END_REF]. These adhesins can target surface molecules on the host cell that act as receptors for bacterial adhesion. The interaction of an adhesin to its receptor results in a light modification of the cytoskeleton, an invagination of the plasma membrane and a subsequent internalization of the bacteria (Figure 9). This mechanism is known as the "zippering" mechanism. Among bacteria using the "zippering" mechanism, Listeria monocytogenes relies on two surface exposed internalins, InlA and InlB [START_REF] Pizarro-Cerdá | Entry of Listeria monocytogenes in Mammalian Epithelial Cells: An Updated View[END_REF]. While InlA binds E-cadherin Finally, phagolysosomes that are formed by fusion between late phagosomes and lysosomes (LY), are enriched with hydrolytic enzymes (e.g., proteases, glycanases, and lipases) and are markedly acidic [START_REF] Flannagan | Antimicrobial Mechanisms of Macrophages and the Immune Evasion Strategies of Staphylococcus aureus[END_REF].

(InlA) [START_REF] Mengaud | E-cadherin is the receptor for internalin, a surface protein required for entry of L. monocytogenes into epithelial cells[END_REF], internalin B (InlB) binds c-Met, the receptor of hepatocyte growth factor (HGF) [START_REF] Shen | InIB-dependent internalization of Listeria is mediated by the Met receptor tyrosine kinase[END_REF], and gC1qR, the receptor for the globular head domain of the complement component C1q [START_REF] Braun | gC1q-R/p32, a C1q-binding protein, is a receptor for the InlB invasion protein of Listeria monocytogenes[END_REF].

Following the interaction of the internalins with their receptor, actin extends around the bacterium. Similar mechanism happens for Yersinia outer surface protein invasin, which binds β1 integrin receptors [START_REF] Grassl | Interaction of Yersinia enterocolitica with epithelial cells: invasin beyond invasion[END_REF][START_REF] Wiedemann | Yersinia enterocolitica invasin triggers phagocytosis via β1 integrins, CDC42Hs and WASp in macrophages[END_REF].

Another mechanism is the "trigger" mechanism where bacteria express virulence factors that induce a heavy modification of the host cytoskeleton or ruffling to induce their own entry by a macropinocytic-like process. The plasma membrane extends around the bacterium and folds over englulfing it. In the case of Shigella and Salmonella, they use the "trigger" mechanism where the injection of effectors by the T3SS induces the formation of macropynocytic ruffles around the bacteria [START_REF] Hardt | S. typhimurium encodes an activator of Rho GTPases that induces membrane ruffling and nuclear responses in host cells[END_REF][START_REF] Schroeder | Molecular Pathogenesis of Shigella spp.: Controlling Host Cell Signaling, Invasion, and Death by Type III Secretion[END_REF]. IpaC and SipC from Shigella and Salmonella, respectively, initiate actin nucleation.

Manipulation of the host membrane machinery

Once a microorganism is engulfed, it is trapped in a vesicle derived from the plasma membrane called phagosome. The phagosome undergoes maturation that leads to the destruction of the microorganism [START_REF] Flannagan | Antimicrobial mechanisms of phagocytes and bacterial evasion strategies[END_REF] (Figure 10). During the maturation process, phagosomes interact with several intracellular compartments that modify the intravesicular properties of the phagosome [START_REF] Fairn | How nascent phagosomes mature to become phagolysosomes[END_REF]. To start, the early phagosomes are marked with a small GTPase Rab5. A nucleotide exchange factor (GEF) is recruited to early endosomes and leads to the activation of Rab5. Phosphorylated Rab5 facilitates fusion with early endosomes through association with endosomal early antigen 1 (EEA1), recruits phosphatidylinositol 3 kinase Vps34 that generates phosphatidylinositol-3-phosphate (PI3P). In the transition to phagolysosomes, Rab5 is lost and early phagosomes acquire another GTPase Rab7. Activated Rab7 is necessary for phagosome and lysosomal fusion. The late phagosomes are also marked by the lysosome-associated membrane proteins 1 and 2 (LAMP-1 and LAMP-2) (Figure 10), which are abundant transmembrane proteins of the lysosomes and are acquired by phagosomes upon [START_REF] Cossart | Manipulation of host membrane machinery by bacterial pathogens[END_REF].
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 36 phagolysosome formation. The phagolysosomes are highly acidic (pH ~4.0-5.0) and contain iron scavangers (lactoferrin) and metal exporters to deplete iron from the phagolysosome [START_REF] Flannagan | Antimicrobial mechanisms of phagocytes and bacterial evasion strategies[END_REF]. In addition, antimicrobial peptides contribute to bacteria destruction. To accomplish optimal bacterial killing, the cell also relies on the expression of oxygen, nitrogen and chlorine reactive species. When professional phagocytic cells engulf a pathogen, they produce reactive species in a process called « respiratory burst ». In the phagolysosome membrane, NADPH-oxidase is assembled and pumps electrons into the compartment to reduce oxygen and nitrogen into superoxide ions [START_REF] Ferrari | Oxidative and Nitrosative Stress on Phagocytes' Function: from Effective Defense to Immunity Evasion Mechanisms[END_REF]. The downstream products of superoxide also include the production of hydrogen peroxide H2O2 and hypochlorous acid. These reactive oxygen species (ROS) damage bacterial DNA and enzymes leading to a generalized metabolic defect [START_REF] Slauch | How does the oxidative burst of macrophages kill bacteria? Still an open question[END_REF]. Pathogens display different systems of detoxification of ROS to counteract the intraphagosomal superoxides. They may inhibit NADPH-oxidase activity directly by expressing phosphatases that inhibit radical release or synthesize peroxidases that catalyze the reduction of H2O2 or superoxide dismutase that detoxify the environment from superoxide radicals [START_REF] Ferrari | Oxidative and Nitrosative Stress on Phagocytes' Function: from Effective Defense to Immunity Evasion Mechanisms[END_REF]. For instance, S. typhimurium expresses Alkyl hydroperoxidase reductases or peroxideroxins (AhpC and AhpF) [START_REF] Poole | Bacterial defenses against oxidants: mechanistic features of cysteine-based peroxidases and their flavoprotein reductases[END_REF], Mycobacterium tuberculosis expresses a catalase that also reduces H2O2 and E. coli have nitric oxide reductases that convert nitric oxid radicals into nitrate [START_REF] Ng | Role of KatG catalaseperoxidase in mycobacterial pathogenesis: countering the phagocyte oxidative burst[END_REF][START_REF] Poock | Respiratory Detoxification of Nitric Oxide by the Cytochromec Nitrite Reductase of Escherichia coli[END_REF]. The outcome of phagocytosis is the killing and digestion of the intruder organisms.

Bacteria have also developed strategies to manipulate host membrane machinery (Figure 11). Some of them interfere with the phagosome maturation or modify the phagosome to create a niche with unique properties that favor intravesicular replication. M. tuberculosis [START_REF] Clemens | Characterization of the Mycobacterium tuberculosis phagosome[END_REF] and L. pneumophila target alveolar macrophages and reprogram the phagosomal maturation preventing lysosomal fusion. Once in the endocytic pathway M. tuberculosis modifies the phagosomal membrane and alters the maturation the phagosome [START_REF] Seto | Rab GTPases regulating phagosome maturation are differentially recruited to mycobacterial phagosomes[END_REF].

L. pneumophila recruits mitochondria and vesicles derived from the endoplasmic reticulum (ER) [START_REF] Isberg | The Legionella pneumophila replication vacuole: making a cozy niche inside host cells[END_REF] . Six hours post-internalization, the Legionella
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 37 containing vacuole (LCV) exhibit ER markers such as calnexin and Sec22 that are present throught bacterial intravacuolar replication cycle [START_REF] Derré | Legionella pneumophila Replication Vacuole Formation Involves Rapid Recruitment of Proteins of the Early Secretory System[END_REF]. It secretes effector proteins by the T4SS that prolong the association with the ER and inhibit the delivery to lysosomes. Brucella abortus intracellular lifestyle has been identified in macrophages, but epithelial HeLa (Pizarro-Cerdá et al., 1998a, 1998b) and trophoblast cells [START_REF] Salcedo | Pathogenic brucellae replicate in human trophoblasts[END_REF] have been also used to study replication. B. abortus transits through the endocytic pathway, where the Brucella-containing vacuole (BCV) evolves from an endosomal (eBCV) to a replicative (rBCV) vacuole derived from the endoplasmic reticulum [START_REF] Celli | The changing nature of the Brucella-containing vacuole[END_REF]. Chlamydia trachomatis, an obligate intracellular pathogen of epithelial cells, segregates completely from the endocytic pathway. Chlamydia modifies the inclusion membrane with bacterial proteins secreted by its T3SS [START_REF] Rockey | Proteins in the chlamydial inclusion membrane[END_REF] to induce the recruitment of hostderived vesicles including from the Golgi apparatus [START_REF] Hackstadt | Lipid metabolism in Chlamydia trachomatisinfected cells: directed trafficking of Golgi-derived sphingolipids to the chlamydial inclusion[END_REF][START_REF] Saka | Acquisition of nutrients by Chlamydiae: unique challenges of living in an intracellular compartment[END_REF] and replicate. Coxiella burnetti, another obligate intracellular bacterium, translocates effectors by its T4SS that regulate vesicular trafficking and autophagy and finally replicates in an acidic vacuole. Some other pathogens escape from the host endocytic pathways and go to the nutrient rich cytosol to replicate [START_REF] Goetz | Microinjection and growth of bacteria in the cytosol of mammalian host cells[END_REF]. This mechanism of survival is used for cytosolic bacteria such as S. flexneri, L. monocytogenes and Francisella tularensis [START_REF] Ray | Life on the inside: the intracellular lifestyle of cytosolic bacteria[END_REF].

Once in the phagosome, S. flexneri secretes via a T3SS the effector IpaB to the cytosol. IpaB is an essential virulence factor that forms tetramers that allows sizedependent flux of small molecules and influx of K+ ions leading to disruption of the phagosome [START_REF] Dickenson | Oligomeric states of the Shigella translocator protein IpaB provide structural insights into formation of the type III secretion translocon[END_REF][START_REF] High | IpaB of Shigella flexneri causes entry into epithelial cells and escape from the phagocytic vacuole[END_REF]. L. monocytogenes virulence factor Listeriolysin O (LLO) is a pore-forming toxin that mediates, together with phospholipases C, vacuolar escape for cytosolic replication. Cytoplasmic material, in this case a bacterium or membrane remnants are directly ubiquitinated (Ub). Bacteria inside phagosomes can also be detected by the autophagy membrane although no ubiquitination has been observed. Ub residues are detected by autophagy receptor (AR) that recruits isolation membrane by LC3 binding (phagophore). The phagophore elongates to form an autophagosome. The autophagosome fuses with the lysosome and the enclosed material is degraded in the autolysosome [START_REF] Mostowy | Bacterial autophagy: restriction or promotion of bacterial replication?[END_REF].
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Evasion from autophagy

Autophagy plays a role in cellular homeostasis, but it has also an important role in controlling infections [START_REF] Gomes | Autophagy in antimicrobial immunity[END_REF][START_REF] Ryter | Autophagy: a critical regulator of cellular metabolism and homeostasis[END_REF]. Autophagy is a cellular process that involves the formation of double-membrane vesicles named autophagosomes that are delivered to lysosomes for degradation [START_REF] Mizushima | The role of Atg proteins in autophagosome formation[END_REF]. Autophagy begins with an isolation membrane, also known as a phagophore that is likely derived from the endoplasmic reticulum (ER) and/or the Golgi apparatus [START_REF] Glick | Autophagy: cellular and molecular mechanisms[END_REF]. Cytosolic bacteria exit the endocytic pathway by damaging the phagosome. Both cytosolic bacteria and bacteria damaged phagosomes are ubiquitinated. Once ubiquitinated, autophagy receptor proteins recognize ubiquitin and recruit phagophores by interacting with the microtubule-asscociated protein-1 light chain 3 (LC3). The phagophore then expands to engulf intracellular cargo, matures and fuses with the lysosome, promoting the degradation of the autophagosome contents (Figure 12). For instance, when S. pyogenes escapes to the cytosol, autophagy transports the bacteria into lysosomes for degradation [START_REF] Nakagawa | Autophagy defends cells against invading group A Streptococcus[END_REF]. Similar mechanisms are observed for clearance of other cytoplasmic bacteria such as L. monocytogenes, S. flexneri and S. enterica [START_REF] Rich | bacteria can be targets for autophagy[END_REF].

However, bacteria are also able to overcome autophagy. During S. flexneri infection, bacteria are able to escape autophagy by the intermediate of effector proteins. First, the effector IcsA is needed for bacterial actin polymerization in the host but it also contains an autophagy-inducing recognition site. The secretion of IcsB camouflages IscA from the autophagy system and benefits intracellular survival of S. flexneri [START_REF] Ogawa | Escape of intracellular Shigella from autophagy[END_REF]. The obligate intracellular pathogen C. burnetti, quickly acquires the autophagy marker LC3 at its surface delaying the fusion with the lysosomes that allow it to adapt and survive acidification inside the phagolysosome [START_REF] Voth | Lounging in a lysosome: the intracellular lifestyle of Coxiella burnetii[END_REF].

In sum, diverse hijacking mechanisms have been described in bacteria to benefit infection. In the next sub-chapter, I will address the known mechanisms of E. faecalishost interactions.

Chapter III: Insights into E. faecalis-host interactions 1. E. FAECALIS: A HIGHLY DIVERSE SPECIES An important issue when studying the virulence of a pathogenic species is the choice of the strain. Early serotyping studies revealed that 72% of the E. faecalis isolates could be grouped in 4 serotypes among which serotype 2 accounted for 30% of the isolates [START_REF] Maekawa | Comparative distribution of the serotypes of Enterococcus faecalis isolated from the urine of patients with urinary tract infections and the feces of healthy persons as determined by the slide agglutination reaction[END_REF][START_REF] Maekawa | Proposal of a new scheme for the serological typing of Enterococcus faecalis strains[END_REF].

However, it was later shown that distribution of serotype varied between countries and the isolation site (Hufnagel et al., 2006). Since then, the genetic diversity of E.

faecalis has been better evidenced by Multilocus Sequence Typing (MLST) [START_REF] Ruiz-Garbajosa | Genetic and phenotypic differences among Enterococcus faecalis clones from intestinal colonisation and invasive disease[END_REF] and whole genome sequencing [START_REF] Raven | Genome-based characterization of hospital-adapted Enterococcus faecalis lineages[END_REF].

Consistently, the phylogenetic comparison of strains from different niches shows no distinct clustering linked to a specific origin reflecting an extensive horizontal genetic exchange and suggesting a high recombination rate [START_REF] Guzman Prieto | Global Emergence and Dissemination of Enterococci as Nosocomial Pathogens: Attack of the Clones? Front[END_REF][START_REF] Ruiz-Garbajosa | Genetic and phenotypic differences among Enterococcus faecalis clones from intestinal colonisation and invasive disease[END_REF]. However, most common STs of clinical isolates gather in clonal complexes known as High Risk Enterococcal Clonal Complexes (HiRECC) [START_REF] Kuch | Insight into antimicrobial susceptibility and population structure of contemporary human Enterococcus faecalis isolates from Europe[END_REF][START_REF] Leavis | High-level ciprofloxacin resistance from point mutations in gyrA and parC confined to global hospital-adapted clonal lineage CC17 of Enterococcus faecium[END_REF][START_REF] Ruiz-Garbajosa | Genetic and phenotypic differences among Enterococcus faecalis clones from intestinal colonisation and invasive disease[END_REF][START_REF] Santos | Major globally disseminated clonal complexes of antimicrobial resistant enterococci associated with infections in cancer patients in Brazil[END_REF]. MLST analysis of hundreds human isolates from different geographic locations revealed that clinical E. faecalis grouped into six major HiRECC (CC2, CC16, CC21, CC30, CC40 and CC87) [START_REF] Freitas | Dispersion of multidrugresistant Enterococcus faecium isolates belonging to major clonal complexes in different Portuguese settings[END_REF][START_REF] Kuch | Insight into antimicrobial susceptibility and population structure of contemporary human Enterococcus faecalis isolates from Europe[END_REF][START_REF] Santos | Major globally disseminated clonal complexes of antimicrobial resistant enterococci associated with infections in cancer patients in Brazil[END_REF]. Among them, clonal complexes CC2 and CC87 were found almost exclusively in hospitals and included the highest proportion of multiresistant isolates. Next-generation sequencing of more than 500 isolates from different parts of the world revealed that strains within a same clonal complex have evolved in association with each other consistent with a clonal outbreak prior to dissemination [START_REF] Raven | Genome-based characterization of hospital-adapted Enterococcus faecalis lineages[END_REF]. Clinical CC2 isolates are highly prevalent and worldwide disseminated. They comprise most of the vancomycin or betalactam resistant isolates. Among them, V583 was the first vancomycin-resistantE. faecalis isolated in the United States from human blood [START_REF] Sahm | In vitro susceptibility studies of vancomycin-resistant Enterococcus faecalis[END_REF] and the first E. faecalis whose genome was sequenced [START_REF] Paulsen | Role of mobile DNA in the evolution of vancomycinresistant Enterococcus faecalis[END_REF]. With more than a quarter of mobile elements including six plasmids or plasmid-like elements, putative factors liable to contribute to pathogenesis [START_REF] Paulsen | Role of mobile DNA in the evolution of vancomycinresistant Enterococcus faecalis[END_REF][START_REF] Shankar | Modulation of virulence within a pathogenicity island in vancomycin-resistant Enterococcus faecalis[END_REF]. This strain and a plasmid-cured derivative have been used as model strains for gene functional analysis [START_REF] Hancock | The Enterococcus faecalis fsr Two-Component System Controls Biofilm Development through Production of Gelatinase[END_REF][START_REF] Rigottier-Gois | Large-Scale Screening of a Targeted Enterococcus faecalis Mutant Library Identifies Envelope Fitness Factors[END_REF]. However, their use in infection animal models has been limited most probably due to a lower virulence compared to the commonly used laboratory strain OG1RF [START_REF] Bourgogne | Large scale variation in Enterococcus faecalis illustrated by the genome analysis of strain OG1RF[END_REF]. OG1RF is a plasmid cured-derivative of a human cariogenic isolate [START_REF] Gold | The prevalence of enterococci in the human mouth and their pathogenicity in animal models[END_REF]. This strain is a CC1 isolate with a genome of 2.7 Mb devoid of pathogenicity islands [START_REF] Bourgogne | Large scale variation in Enterococcus faecalis illustrated by the genome analysis of strain OG1RF[END_REF][START_REF] Palmer | Enterococcal Genomics. In Enterococci: From Commensals to Leading Causes of Drug Resistant Infection[END_REF].

Although frequently presented as a commensal strain, OG1RF has mainly been used to identify virulence factors [START_REF] Mylonakis | The Enterococcus faecalis fsrB gene, a key component of the fsr quorumsensing system, is associated with virulence in the rabbit endophthalmitis model[END_REF][START_REF] Nallapareddy | Endocarditis and biofilm-associated pili of Enterococcus faecalis[END_REF]Singh et al., 1998a[START_REF] Singh | Importance of the ebp (endocarditis-and biofilm-associated pilus) locus in the pathogenesis of Enterococcus faecalis ascending urinary tract infection[END_REF].

Even if, we and others distinguish commensal, clinical and probiotic strains, no direct correlation between pathogenic potential nor the presence o f virulence genes and the origin of the strains is established [START_REF] Guzman Prieto | Global Emergence and Dissemination of Enterococci as Nosocomial Pathogens: Attack of the Clones? Front[END_REF][START_REF] Mcbride | Genetic diversity among Enterococcus faecalis[END_REF]. For instance, Guzman and collaborators showed that isolates -from either endocarditis, urinary tract infection or stools-had different invasion profiles when in contact with the same cell line [START_REF] Guzmàn | Role of adherence in pathogenesis of Enterococcus faecalis urinary tract infection and endocarditis[END_REF](Guzmàn et al., , 1991a)).

Accordingly, multiple strains have been used to study E. faecalis-host cell interaction; however, for clarity the name of the strains will not be specified in the next chapter.

ANIMAL MODELS

To date, no animal model mimicking the whole gut-mediated process of infection going from dysbiosis, outgrowth and subsequent translocation is available. The choice of the animal model depends entirely on the objectives and hypothesis of the study. Accordingly, several animal models have helped to discover new virulence factors and dissect E. faecalis pathogenesis [START_REF] Goh | Model systems for the study of Enterococcal colonization and infection[END_REF]. The most frequently used animal models include mice, rats and rabbits [START_REF] Gentry-Weeks | Intravenous mouse infection model for studying the pathology of Enterococcus faecalis infections[END_REF]. Alternative models have been introduced to study E. faecalis. They include the zebrafish [START_REF] Prajsnar | Zebrafish as a novel vertebrate model to dissect enterococcal pathogenesis[END_REF] and even invertebrate animal models such as the nematode Caenorhabditis elegans [START_REF] Garsin | A simple model host for identifying Gram-positive virulence factors[END_REF] and the great moth caterpillar Galleria mellonella [START_REF] Gaspar | Virulence of Enterococcus faecalis dairy strains in an insect model: the role of fsrB and gelE[END_REF][START_REF] Lebreton | ace, Which encodes an adhesin in Enterococcus faecalis, is regulated by Ers and is involved in virulence[END_REF][START_REF] Rigottier-Gois | Large-Scale Screening of a Targeted Enterococcus faecalis Mutant Library Identifies Envelope Fitness Factors[END_REF]. However, the use of complex vertebrates like rodents and rabbits may better reflect the interaction with the human immune system.

Several injection routes have been used to study E. faecalis infection and host response. Intraperitoneal injection of 10 9 CFU/ml has been used to study peritonitis or shock-like symptoms [START_REF] Matlow | Pathogenicity of enterococci in a rat model of fecal peritonitis[END_REF]Singh et al., 1998). In this model, bacteria were co-injected with strong adjuvants such as sterile mucin or fecal extracts to enhance peritoneal inflammatory response leading to tissue necrosis. Such aberrant responses induce animal suffering and are now forbidden in animal experiments.

Intravenous injection of 10 8 to 10 9 CFUs in mouse is frequently used to study bacteremia and systemic infections to monitor either lethality or bacterial burden in organs such as liver, spleen, kidneys and heart [START_REF] Gentry-Weeks | Intravenous mouse infection model for studying the pathology of Enterococcus faecalis infections[END_REF]. Oral route is used to intestinal colonization and persistence in a mouse model based on a clindamycin-induced dysbiosis of the microbiota [START_REF] Crouzet | Potential use of probiotic and commensal bacteria as non-antibiotic strategy against vancomycin-resistant enterococci[END_REF][START_REF] Donskey | Effect of Parenteral Antibiotic Administration on Persistence of Vancomycin-Resistant Enterococcus faecium in the Mouse Gastrointestinal Tract[END_REF]. For catheter-associated urinary tract murine models, catheters are inserted into the urethra or the bladder [START_REF] Kau | Enterococcus faecalis tropism for the kidneys in the urinary tract of C57BL/6J mice[END_REF][START_REF] Shankar | Role of Enterococcus faecalis surface protein Esp in the pathogenesis of ascending urinary tract infection[END_REF]. E. faecalis endocarditis animal models are performed in rat and rabbit [START_REF] Nallapareddy | Endocarditis and biofilm-associated pili of Enterococcus faecalis[END_REF][START_REF] Thurlow | Gelatinase contributes to the pathogenesis of endocarditis caused by Enterococcus faecalis[END_REF]. In both animal models, a catheter is inserted into the carotid artery, across the aortic valve and into the ventricle. Vegetations are recovered after The identification of virulence factors in vivo gives a first hint of the potential target tissue in the host; but in vitro assays are needed to study their function and mechanism of action. Focusing on the E. faecalis interaction with the host cells, I will now review the current knowledge for E. faecalis interactions with both professional phagocytic cells and non-professional phagocytic cells.

.E. faecalis interaction with professional phagocytic cells

Professional phagocytes play an active role in the recognition of surface molecules at the bacterial surface. Among the surveillance receptors, the only TLR receptor identified in E. faecalis recognition is TLR2 in macrophages. TLR2 is implicated in the detection of E. faecalis LTA [START_REF] Park | Lipoteichoic acid of Enterococcus faecalis induces the expression of chemokines via TLR2 and PAFR signaling pathways[END_REF][START_REF] Zou | Roles of TLR/MyD88/MAPK/NF-κB Signaling Pathways in the Regulation of Phagocytosis and Proinflammatory Cytokine Expression in Response to E. faecalis Infection[END_REF] and lipoproteins [START_REF] Ocvirk | Surface-Associated Lipoproteins Link Enterococcus faecalis Virulence to Colitogenic Activity in IL-10-Deficient Mice Independent of Their Expression Levels[END_REF]. Its activation induces the expression of proinflammatory cytokines that will be evoked later in this sub-chapter. E. faecalis recognition by the immune system is partially mediated by the complement and antibody-mediated opsonization (Arduino et al., 1994;[START_REF] Geiss-Liebisch | Secondary cell wall polymers of Enterococcus faecalis are critical for resistance to complement activation via mannose-binding lectin[END_REF].

Arduino and collaborators showed that anti-enterococcal antibody opsonization improved killing by PMNs (Arduino et al., 1994). It was demonstrated that serum lacking antibodies but containing active complement induced a higher killing rate compared to antibody opsonisation confirming that the complement is the major component that promote enterococcal recognition (Arduino et al., 1994). Encapsulated strains have been shown to better resist to PMN killing (Hufnagel et al., 2005). This resistance is linked to a reduced opsonophagocytosis compared to unencapsulated strains [START_REF] Bhardwaj | Comparison of susceptibility to opsonic killing by in vitro human immune response of Enterococcus strains isolated from dairy products, clinical samples and probiotic preparation[END_REF]Thurlow et al., 2009a). Further characterization of the complement-mediated opsonization showed that the absence of two ribitol-containing WTAs was correlated with an increased binding of mannose-binding lectin and a subsequent complement deposition [START_REF] Geiss-Liebisch | Secondary cell wall polymers of Enterococcus faecalis are critical for resistance to complement activation via mannose-binding lectin[END_REF], suggesting that WTAs are implicated in complement evasion.
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In the case of antibody-mediated opsonization, Rossmann and collaborators showed that Pentaglobin (IgG, IgM and IgA mixture) was able to effectively opsonize an encapsulated E. faecalis strain. Opsonization enhanced PMN killing in a dosedependent manner where IgGs alone recognized LTA [START_REF] Rossmann | In vitro and in vivo activity of hyperimmune globulin preparations against multiresistant nosocomial pathogens[END_REF].

However, in the case of complement-mediated opsonization, Thurlow and collaborators showed that encapsulated strains have similar amounts of complement deposition but still, encapsulated strains avoid recognition by macrophages (Thurlow et al., 2009a).

These observations suggested that the capsule masks the complement to avoid its recognition.

To characterize the receptors involved in E. faecalis engulfment, authors have used antagonists of phagocytic receptors [START_REF] Baldassarri | Glycosaminoglycans mediate invasion and survival of Enterococcus faecalis into macrophages[END_REF][START_REF] Tsuruta | Role of the mannose receptor in phagocytosis of Enterococcus faecalis strain EC-12 by antigen-presenting cells[END_REF].

Blocking mannose receptors with multiple antagonists prior to E. faecalis infection inhibited phagocytosis totally while only partial effects were observed for all the sugars tested independently (mannose, mannose-6-P, laminarin and mannan) in murine peritoneal macrophages or human macrophages cell lines, indicating a partial role of mannose receptors in E. faecalis phagocytosis. The use of an antibody targeting dectin-1 receptor did not abolish phagocytosis either; indicating that engulfment was dectin-1 independent [START_REF] Tsuruta | Role of the mannose receptor in phagocytosis of Enterococcus faecalis strain EC-12 by antigen-presenting cells[END_REF]. Integrins have a glycosaminoglycans (GAGs) binding-site. Inhibition of E. faecalis adherence to macrophages by chondroitin sulfate A, heparin, and heparan sulfate suggest that these GAGs link E. faecalis to host receptors such as integrins [START_REF] Baldassarri | Glycosaminoglycans mediate invasion and survival of Enterococcus faecalis into macrophages[END_REF]. Adhesins containing D-glucose residues mediated an interaction with PMNs (Guzmàn et al., 1991b), but the receptor in PMNs involved in D-glucose binding was not identified. Entry into immune cells requires actin polymerization and microtubules since the use of an inhibitor of actin polymerization and microtubule elongation inhibits E. faecalis uptake [START_REF] Baldassarri | Glycosaminoglycans mediate invasion and survival of Enterococcus faecalis into macrophages[END_REF]. Among the two, actin inhibition had a higher inhibition rate (80% vs 58%) indicating that actin played a more important role in uptake than microtubules.

Once inside the cells and 24 h later, E. faecalis was encircled by small ruffles in human macrophages observed by transmission electron micrographs [START_REF] Baldassarri | Glycosaminoglycans mediate invasion and survival of Enterococcus faecalis into macrophages[END_REF]. Compared to L. lactis and non pathogenic E. coli, E. prolonged infection (Gentry-Weeks et al., 1999;[START_REF] Rakita | Enterococcus faecalis bearing aggregation substance is resistant to killing by human neutrophils despite phagocytosis and neutrophil activation[END_REF]. Although, the exact mechanism of remains to be established, E. faecalis may manipulate host cell signaling pathways to delay apoptosis and promote survival inside murine macrophages and primary macrophages. Zou and Shankar showed that during early infection (6h-12h), E. faecalis blocks cell death of macrophages by activating the PI3K/Akt pathway, a well known cell survival signaling pathway (Zou and Shankar, 2014). This leads to subsequent activation of the serine/threonine kinase Akt (protein kinase A), an antiapoptotic factor. In contrast, at later time points of infection, activation of the proapoptotic caspase-3 involved in cell death suggests that macrophages could be exploited by E. faecalis as a niche before being released and disseminate. It was also recently described that E. faecalis is inside an acidic vesicle in early time points that co-localized with LAMP-2 marker indicating a fusion of lysosome with the enterococcal phagosome. After 24 h, E. faecalis compartments were non-acidic indicating a survival to low pH (Zou and Shankar, 2016). Up to now, the exact process of deacidification of the phagolysosome remains to be elucidated. After late infection time points (up to 48 hpi) in macrophages, some E. faecalis were found in the cytosol. In these cases, autophagy was not activated and E. faecalis were not found inside autophagosomes (Zou and Shankar, 2016).

During E. faecalis macrophage infection nitrogen and oxygen reactive species are increased (Zou and Shankar, 2016). The blocking of ROS and NOS production increased E. faecalis survival indicating that E. faecalis is able to overcome oxidative stress. E. faecalis has a manganese-containing superoxide dismutase (SodA) and three NADH peroxidases, the Alkyl hydroperoxidase reductases (AhpC, AhpF), and the Thiol peroxidase (Tpx). The group of A. Hartke showed that SodA and Tpx are the most important ROS detoxification enzymes for resistance to oxidative burst and intraperitoneal macrophage killing [START_REF] Carbona | Comparative study of the physiological roles of three peroxidases (NADH peroxidase, Alkyl hydroperoxide reductase and Thiol peroxidase) in oxidative stress response, survival inside macrophages and virulence of Enterococcus faecalis[END_REF][START_REF] Verneuil | Implication of (Mn)superoxide dismutase of Enterococcus faecalis in oxidative stress responses and survival inside macrophages[END_REF]). In addition, E. faecalis survival in macrophages involves high affinity metal ion transport system [START_REF] Abrantes | EfaR is a major regulator of Enterococcus faecalis manganese transporters and influences processes involved in host colonization and infection[END_REF] of which the manganese system increases virulence in a peritonitis infection model (Singh et al., 1998b).

Upon phagocytosis, immune cells induce the production of inflammatory cytokines and initiation of downstream inflammatory cascades. For instance, E. faecalis TLR2 -mediated recognition mediates the release of proinflammatory cytokines by the mediation of MyD88 [START_REF] Zou | Roles of TLR/MyD88/MAPK/NF-κB Signaling Pathways in the Regulation of Phagocytosis and Proinflammatory Cytokine Expression in Response to E. faecalis Infection[END_REF]. Downstream signaling results in the release of pro-inflammatory cytokines TNF-α, IL-6 and IL-1β [START_REF] Bhakdi | Stimulation of monokine production by lipoteichoic acids[END_REF], IL-12 [START_REF] Marcinkiewicz | Differential inflammatory mediator response in vitro from murine macrophages to lactobacilli and pathogenic intestinal bacteria[END_REF] and the production of chemokines (IP-10, MIP-1α and MCP-1) [START_REF] Park | Lipoteichoic acid of Enterococcus faecalis induces the expression of chemokines via TLR2 and PAFR signaling pathways[END_REF]. NLR recognition activates caspase-1 upon infection and leads to an increased IL-1β secretion in macrophages [START_REF] Yang | Enterococcus faecalis activates caspase-1 leading to increased interleukin-1 beta secretion in macrophages[END_REF].

Conversely, E. faecalis can manipulate the cytokine profile through a TLR2independent pathway. In fact, Zou and collaborators showed that some E. faecalis strains such as V583 produces a TIR-domain-containing protein (TcpF) that interacts directly with MyD88 and reduces NF-kB activation.

E. faecalis adhesion and internalization in non-professional phagocytic cells

Studies investigating enterococcal adhesion to host cell surface and internalization have been mainly performed with E. faecalis by electronic microscopy or by bacterial numeration of attached or internalized bacteria after short periods of interactions from 30 minutes to several hours. Most of them have been conducted with the aim i) to determine whether enterococcal isolates have a specific tropism according their origin and ii) to establish a correlation between expression of particular virulence factors and adhesion restricted to particular strains. Multiple cell lines have been used to assess enterococcal potential to infect mammalian cells especially enterocytes and classical epithelial, endothelial, renal, hepatic cell lines. E. faecalis possesses many surface molecules involved in adhesion to nonprofessional phagocytic cells [START_REF] Kreft | Aggregation substance of Enterococcus faecalis mediates adhesion to cultured renal tubular cells[END_REF][START_REF] Nallapareddy | Enterococcus faecalis adhesin, ace, mediates attachment to extracellular matrix proteins collagen type IV and laminin as well as collagen type I[END_REF]Nallapareddy et al., , 2011a)).

Adhesion and invasion assays using intestinal cell lines have shown that E. faecalis adheres to microvilli of HT-29 and Caco-2 enterocytes and is found intracellularly after one hour of contact with the cells [START_REF] Olmsted | A plasmid-encoded surface protein on Enterococcus faecalis augments its internalization by cultured intestinal epithelial cells[END_REF][START_REF] Wells | Bacterial translocation in cultured enterocytes: magnitude, specificity, and electron microscopic observations of endocytosis[END_REF]Wells et al., , 1996)). In comparison with enterocytes, E. faecalis showed a higher attachment to renal [START_REF] Duprè | Incidence of virulence determinants in clinical Enterococcus faecium and Enterococcus faecalis isolates collected in Sardinia (Italy)[END_REF]. In bladder T24 cells and in renal tubular cells, E. faecalis also adhered efficiently to microvilli [START_REF] Kreft | Aggregation substance of Enterococcus faecalis mediates adhesion to cultured renal tubular cells[END_REF][START_REF] Shiono | Isolation of Enterococcus faecalis clinical isolates that efficiently adhere to human bladder carcinoma T24 cells and inhibition of adhesion by fibronectin and trypsin treatment[END_REF]).

E. faecalis has both proteic and glycosylated residues that are able to mediate its adhesion to the cells (Archimbaud et al., 2002;[START_REF] Shiono | Isolation of Enterococcus faecalis clinical isolates that efficiently adhere to human bladder carcinoma T24 cells and inhibition of adhesion by fibronectin and trypsin treatment[END_REF]. In Int-407 intestinal cells, the invasion of clinical strains is enhanced after a proteolytic treatment of the bacterial surface indicating an unmasking of a non-proteic adhesin (Archimbaud et al., 2002). In contrast to what has been found in intestinal epithelial cells, attachment to bladder T24 cells is partially mediated by proteins [START_REF] Shiono | Isolation of Enterococcus faecalis clinical isolates that efficiently adhere to human bladder carcinoma T24 cells and inhibition of adhesion by fibronectin and trypsin treatment[END_REF]. Previous studies have correlated the adhesion of E. faecalis to epithelial cells with saccharide residues. Guzmàn et al. showed that adherence to Giardi cardiac cells and LoVo urinary tract epithelial cells was mediated by bacterial residues containing D-mannose, D-glucose, L-fucose and D-galactose (Guzmàn et al., 1991a).

Asa1 aggregation substance in particular, has been biochemically characterized as a glycoprotein where eleven glycosylation sites in the N-terminal region (surface exposed region) are present [START_REF] Hirt | Biochemical, immunological and ultrastructural characterization of aggregation substances encoded by Enterococcus faecalis sex-pheromone plasmids[END_REF]. But, these results differ from other intestinal epithelial cells (HT29 and Caco-2) where the aggregation substances Asc10 and Sec10 that do not present glycosylation sites mediate adhesion [START_REF] Olmsted | A plasmid-encoded surface protein on Enterococcus faecalis augments its internalization by cultured intestinal epithelial cells[END_REF][START_REF] Wells | Inducible expression of Enterococcus faecalis aggregation substance surface protein facilitates bacterial internalization by cultured enterocytes[END_REF].

For more than 20 years, it has been shown that E. faecalis is able to enter and survive within epithelial cells (Wells et al., 1996[START_REF] Wells | Inducible expression of Enterococcus faecalis aggregation substance surface protein facilitates bacterial internalization by cultured enterocytes[END_REF]. However, when compared to enteropathogens like L. monocytogenes or S. typhymurium, E. faecalis efficiency of infection is ~4-logs lower (Wells et al., 1996). Exposure of the lateral surfaces of enterocytes boosted E. faecalis entry of ~1.5-logs (Wells et al., 1995[START_REF] Wells | Inducible expression of Enterococcus faecalis aggregation substance surface protein facilitates bacterial internalization by cultured enterocytes[END_REF] suggesting that a cell receptor might be found in the lateral side of enterocytes. Once bacteria are adhered to the epithelial surface, E. faecalis has been observed in direct contact with the a curved up plasma membrane of HeLa cells suggesting an entry by zipper mechanism [START_REF] Bertuccini | Invasion of HeLa cells by Enterococcus faecalis clinical isolates[END_REF]. Pseudopodal formations or chlathrin-like coated pits were also observed in transmission electronic microscopy. Consistent with these observations, internalization of E. faecalis in HeLa cells relies on cytoskeleton components where an inhibition of actin polymerization reduces entry of more than
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A systemic host response analysis in urothelial cells infected with E. faecalis has shown that cells respond differently during the different stages of infection [START_REF] Dozmorov | Systems biology approach for mapping the response of human urothelial cells to infection by Enterococcus faecalis[END_REF]. Taking into account that epithelial cells express some TLRs but to a lower extent than professional phagocytic cells [START_REF] Freeman | Phagocytosis: receptors, signal integration, and the cytoskeleton[END_REF], Dozmorov and collaborators showed that within the first two hours after infection the urothelium is able to mount an immune response via NF-κB for the induction of IL-2 (for lymphocyte activation) and TNF-α (a pro-inflammatory cytokine). The cells continued to respond to infection by up-regulating its immune response, metabolism and cellular proliferation (up to 8 h post infection) consistent with a deregulated signaling process.

After 10 hours post infection (hpi), cell death pathways are induced and the cell cycle is arrested. In agreement with this observation at 24 hpi, all cells were dead [START_REF] Dozmorov | Systems biology approach for mapping the response of human urothelial cells to infection by Enterococcus faecalis[END_REF]. Bacterial infections trigger type I and type II inferferon responses. Type III interferon response (IFN-λ) is usually triggered by viral infection. However, when E. faecalis expresses the heterologous internalin InlA from L. monocytogenes, internalized E. faecalis induced IFN-λ up to 40-fold in colonic epithelial cells [START_REF] Bierne | Activation of type III interferon genes by pathogenic bacteria in infected epithelial cells and mouse placenta[END_REF]. In addition, E. faecalis was able to downregulate the secretion of the chemokine IL-8 in colonic epithelial cells Caco-2, HCT116 and HT-29 [START_REF] Wang | Infant intestinal Enterococcus faecalis downregulates inflammatory responses in human intestinal cell lines[END_REF][START_REF] Wang | Enterococcus faecalis from healthy infants modulates inflammation through MAPK signaling pathways[END_REF]. The different animal models available for studying enterococcal infection have allowed the identification of more than 70 virulence factors [START_REF] Goh | Model systems for the study of Enterococcal colonization and infection[END_REF]. Still, only a dozen of them have been characterized for their role at a cellular level; among them cell wall polysaccharides, surface-exposed and secreted proteins (Figure 13).

Polysaccharides

Some E. faecalis strains are able to synthesize a capsular polysaccharide. The capsule is mainly composed of glycerol, phosphate, galactose and glucose [START_REF] Hancock | The capsular polysaccharide of Enterococcus faecalis and its relationship to other polysaccharides in the cell wall[END_REF]. The capsule is encoded in the the csp locus (cspA to cpsK genes).

According to their different capsules, strains can be classified in 3 serotypes (A, C and D). Serotype A strains are unencapsulated whereas encapsulated serotype C and D strains express nine and eight genes of the cps locus, respectively. The serotypes C and D differ by an extra glucosylation in serotype C encoded by cpsF gene. The capsule confers resistance to complement-mediated opsonophagocytosis (Thurlow et al., 2009b). Interestingly, Thurlow and collaborators showed that the amount of complement deposited in the surface of the capsulated strains did not vary, indicating that the capsule masks bound C3b to prevent phagocytosis. In addition, the capsule has been also shown to mask LTA, where macrophages in contact with encapsulated strains showed a lowered TNF-α production (Thurlow et al., 2009b).

The enterococcal polysaccharide antigen (Epa) is a rhamnopolysaccharide molecule of 50 kDa composed of rhamnose, glucosamine, galactosamine, glucose, galactose, and phosphate [START_REF] Hancock | The capsular polysaccharide of Enterococcus faecalis and its relationship to other polysaccharides in the cell wall[END_REF]. The role in virulence of Epa was demonstrated in a peritonitis and an urinary tract infection models in mice and the zebrafish model [START_REF] Prajsnar | Zebrafish as a novel vertebrate model to dissect enterococcal pathogenesis[END_REF][START_REF] Singh | Importance of the epa locus of Enterococcus faecalis OG1RF in a mouse model of ascending urinary tract infection[END_REF][START_REF] Xu | Analysis of a Gene Cluster of Enterococcus faecalis Involved in Polysaccharide Biosynthesis[END_REF]. Epa is a well-established virulence factor required for penetration of mucus, adhesion and translocation across human colonic epithelial cells [START_REF] Ocvirk | Surface-Associated Lipoproteins Link Enterococcus faecalis Virulence to Colitogenic Activity in IL-10-Deficient Mice Independent of Their Expression Levels[END_REF][START_REF] Zeng | Translocation of Enterococcus faecalis strains across a monolayer of polarized human enterocyte-like T84 cells[END_REF] , biofilm formation [START_REF] Mohamed | Influence of origin of isolates, especially endocarditis isolates, and various genes on biofilm formation by Enterococcus faecalis[END_REF] and resistance to PMN killing [START_REF] Teng | Further characterization of the epa gene cluster and Epa polysaccharides of Enterococcus faecalis[END_REF]. Epa also contributes to persistence in the gastrointestinal tract (Rigottier-Gois et al., 2015). Epa mutations impair cell [START_REF] Teng | Further characterization of the epa gene cluster and Epa polysaccharides of Enterococcus faecalis[END_REF], the activity of wall-
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Surface proteins

In addition to polysaccharides, E. faecalis harbors cell-wall anchored proteins known as MSCRAMMS (microbial surface component recognizing adhesive matrix molecules) as they bind components of the extracellular matrix [START_REF] Sillanpää | A family of putative MSCRAMMs from Enterococcus faecalis[END_REF].

Among them, the adhesin to collagen of enterococci (Ace) is a 70 kDa protein that has an LPXTG domain for binding peptidoglycan covalently [START_REF] Rich | Ace is a collagen-binding MSCRAMM from Enterococcus faecalis[END_REF]. In vivo, Ace contributes to urinary tract infection in the mouse and the rat [START_REF] Lebreton | ace, Which encodes an adhesin in Enterococcus faecalis, is regulated by Ers and is involved in virulence[END_REF]Nallapareddy et al., 2011a) and to endocarditis in a rat model [START_REF] Singh | Importance of the collagen adhesin ace in pathogenesis and protection against Enterococcus faecalis experimental endocarditis[END_REF]. Ace is able to bind collagen, laminin and dentin [START_REF] Nallapareddy | Enterococcus faecalis adhesin, ace, mediates attachment to extracellular matrix proteins collagen type IV and laminin as well as collagen type I[END_REF](Nallapareddy et al., , 2011a;;[START_REF] Singh | Importance of the collagen adhesin ace in pathogenesis and protection against Enterococcus faecalis experimental endocarditis[END_REF] and mediates survival in macrophages in an in vivo-in vitro murine macrophage model [START_REF] Lebreton | ace, Which encodes an adhesin in Enterococcus faecalis, is regulated by Ers and is involved in virulence[END_REF]. Aggregation substances (AS) are plasmidencoded MSCRAMMS. The most studied are Asa-1, Asc10 and Asp1 [START_REF] Galli | Sequence analysis of Enterococcus faecalis aggregation substance encoded by the sex pheromone plasmid pAD1[END_REF][START_REF] Galli | Transcriptional control of sex-pheromone-inducible genes on plasmid pAD1 of Enterococcus faecalis and sequence analysis of a third structural gene for (pPD1-encoded) aggregation substance[END_REF]. Like Ace, AS mediate binding of E. faecalis to the ECM proteins fibronectin, vitronectin, thrombospondin, and collagen type I (Rozdzinski et al., 2001). AS are also implicated in the adhesion of E. faecalis to PMNs [START_REF] Vanek | Enterococcus faecalis aggregation substance promotes opsonin-independent binding to human neutrophils via a complement receptor type 3-mediated mechanism[END_REF], macrophages [START_REF] Süssmuth | Aggregation substance promotes adherence, phagocytosis, and intracellular survival of Enterococcus faecalis within human macrophages and suppresses respiratory burst[END_REF], and epithelial cells like renal cells [START_REF] Kreft | Aggregation substance of Enterococcus faecalis mediates adhesion to cultured renal tubular cells[END_REF] and intestinal epithelial cells [START_REF] Olmsted | A plasmid-encoded surface protein on Enterococcus faecalis augments its internalization by cultured intestinal epithelial cells[END_REF][START_REF] Sartingen | Aggregation Substance Increases Adherence and Internalization, but Not Translocation, of Enterococcus faecalis through Different Intestinal Epithelial Cells In Vitro[END_REF]. Once internalized and in phagosomes, AS-expressing E. faecalis resists better killing by human PMNs [START_REF] Rakita | Enterococcus faecalis bearing aggregation substance is resistant to killing by human neutrophils despite phagocytosis and neutrophil activation[END_REF]. In addition, AS contributes to virulence in infective endocarditis in rabbit [START_REF] Chow | Plasmid-associated hemolysin and aggregation substance production contribute to virulence in experimental enterococcal endocarditis[END_REF][START_REF] Chuang | Multiple functional domains of Enterococcus faecalis aggregation substance Asc10 contribute to endocarditis virulence[END_REF][START_REF] Schlievert | Enterococcus faecalis endocarditis severity in rabbits is reduced by IgG Fabs interfering with aggregation substance[END_REF].

Two pili-encoding operons have been identified in E. faecalis, the Ebp pili (endocarditis and biofilm associated pili) and the bee pili (biofilm enhancer in Enterococcus). Both are implicated in biofilm formation [START_REF] Nallapareddy | Endocarditis and biofilm-associated pili of Enterococcus faecalis[END_REF][START_REF] Schlüter | The high biofilm-encoding Bee locus: a second pilus gene cluster in Enterococcus faecalis?[END_REF], but Epb pili have been the most studied. Ebp pili are involved in virulence in endocarditis and urinary infection models in mice [START_REF] Nallapareddy | Endocarditis and biofilm-associated pili of Enterococcus faecalis[END_REF][START_REF] Singh | Importance of the ebp (endocarditis-and biofilm-associated pilus) locus in the pathogenesis of Enterococcus faecalis ascending urinary tract infection[END_REF]. They are implicated in adhesion to platelets, to fibrinogen and to collagen The enterococcal surface protein Esp is a ~200 kDa multidomain protein covalently bound to the peptidoglycan [START_REF] Shankar | Infection-derived Enterococcus faecalis strains are enriched in esp, a gene encoding a novel surface protein[END_REF]. It is involved biofilm formation and in the pathogenesis of ascending urinary tract infection where it was demonstrated to increase E. faecalis adhesion to the bladder cells [START_REF] Shankar | Role of Enterococcus faecalis surface protein Esp in the pathogenesis of ascending urinary tract infection[END_REF][START_REF] Toledo-Arana | The enterococcal surface protein, Esp, is involved in Enterococcus faecalis biofilm formation[END_REF].

The enterococcal leucin rich protein A (ElrA) is a virulence factor characterized in a peritonitis mouse model (Brinster et al., 2007a). It is an 80 kDa protein with a carboxy-terminal WxL domain that mediates non-covalent binding to peptidoglycan (Brinster et al., 2007b). ElrA is implicated in E. faecalis evasion to phagocytosis (Cortes-Perez et al., 2015); where strains expressing ElrA in vitro had reduced adhesion to macrophages. Recently, ElrA was found as interacting with the host Four and a Half LIM domain protein 2 (FHL2) (Jamet et al., 2017). FHL2 is formed of LIM domains, involved in protein-protein interactions and participates in a wide range of cellular processes such as cellular transcription, signal transduction and cell survival or death. The role of ElrA during a systemic infection and urinary tract infection has been shown to be partially dependent on FHL2 (Jamet et al., 2017), however, the contribution of the interaction remains to be elucidated.

Secreted proteins

E. faecalis secretes virulence factors that have the potential to damage the host during infection. The hemolysin (or cytolysin) is a bacteriocin formed of two components (CylLL and CylLS). Its role in virulence was characterized in a peritonitis mouse and rabbit models [START_REF] Ike | Hemolysin of Streptococcus faecalis subspecies zymogenes contributes to virulence in mice[END_REF]Singh et al., 1998b). In vitro, the hemolysin is recruited to the plasma membrane and lyses erythrocytes [START_REF] Ike | Hemolysin of Streptococcus faecalis subspecies zymogenes contributes to virulence in mice[END_REF], PMNs, macrophages (Miyazaki et al., 1993) and intestinal epithelial cells [START_REF] Coburn | The Enterococcus faecalis cytolysin: a novel toxin active against eukaryotic and prokaryotic cells[END_REF]. To date, the target in the host cell and its exact mechanism of action remain to be identified [START_REF] Van Tyne | Structure, Function, and Biology of the Enterococcus faecalis Cytolysin[END_REF].
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 51 E. faecalis secretes two proteases: the enterococcal serine protease (SrpE) and the gelatinase (GelE), both of them encoded in an operon. SprE is a 26 kDa protease but its role during infection has not been studied. Among the two, it is GelE that is the better studied protease. GelE is a 30 kDa Zinc metalloprotease. The role of GelE in virulence was demonstrated in C. elegans, G. mellonella and a mouse animal models [START_REF] Gaspar | Virulence of Enterococcus faecalis dairy strains in an insect model: the role of fsrB and gelE[END_REF]Park et al., 2007;[START_REF] Sifri | Virulence effect of Enterococcus faecalis protease genes and the quorumsensing locus fsr in Caenorhabditis elegans and mice[END_REF]. GelE participates in the immune evasion and contributes to the dissemination of E. faecalis during infection.

In vitro, GelE hydrolysis several molecules like extracellular matrix components as the collagen and the fibrinogen (Park et al., 2007). In addition, it degrades E-cadherin, a protein that forms tight junctions, [START_REF] Steck | Enterococcus faecalis metalloprotease compromises epithelial barrier and contributes to intestinal inflammation[END_REF] and benefits translocation across polarized human enterocytes [START_REF] Zeng | Translocation of Enterococcus faecalis strains across a monolayer of polarized human enterocyte-like T84 cells[END_REF]. It also allows bacteria to evade the immune response by degrading the C3 components and reduces phagocytosis by PMNs (Park et al., 2007(Park et al., , 2008)).

In sum, it is now admitted that E. faecalis is able to invade a wide range of mammalian cells and to survive for long periods both in phagocytic and epithelial cells, albeit with a less efficiency than intracellular enteropathogens. Pathogenic mechanisms of these latter have been extensively documented. In contrast, bacterial and host mechanisms during E. faecalis infection deserve further investigations. 

52

PROJECT OBJECTIVES

The pathogeny of E. faecalis relies on multifactorial mechanisms including its ability to express virulence factors. E. faecalis is able to secrete proteins such as the gelatinase (GelE) to evade immune system by destroying antimicrobial peptides and complement (Park et al., 2007(Park et al., , 2008)). In addition, enterococcal hemolysin has a cytotoxic effect against erythrocytes, macrophages and neutrophils that could lead to nutrient release to promote survival [START_REF] Coburn | The Enterococcus faecalis cytolysin: a novel toxin active against eukaryotic and prokaryotic cells[END_REF]Miyazaki et al., 1993), consistent with an extracellular lifestyle. E. faecalis has also the capacity to adhere and invade host cells (Archimbaud et al., 2002;Gentry-Weeks et al., 1999;Wells et al., 1996). Increasing evidences show that E. faecalis subverts host defense mechanisms to survive inside mammalian cells. In particular, it can resist inside acidic compartments and avoid autophagy when in macrophages (Zou andShankar, 2014, 2016); yet, the exact molecular and cellular mechanisms underlying enterococcal infectious process remain unknown.

Aiming to better understand E. faecalis interaction with the host, our team identified the Enterococcal leucin rich protein A (ElrA) as a virulence factor (Brinster et al., 2007a). ElrA is an internalin-like. Internalins have been first identified in Listeria monocytogenes and are well-defined virulence factors (Bierne et al., 2007).

They are exported to the surface (e.g InlA and InlB,) or secreted proteins (InlC), characterized by the presence of leucin rich repeats (LRR domains). ElrA is an 80 kDa protein with a carboxy-terminal WxL domain that mediates non-covalent binding to peptidoglycan (Brinster et al., 2007b). ElrA is encoded in a 5-gene operon coding proteins of unknown function (Figure 14). The current knowledge on the operon is that the genes (elrB, elrC, elrD and elrE) are implicated in stabilization of ElrA (Cortes-Perez et al., 2015). Their encoded proteins also have conserved domains for surface localization (WxL, LPXTG and transmembrane) suggesting the formation of a putative surface complex with ElrA (Brinster et al., 2007a;[START_REF] Galloway-Peña | The Identification and Functional Characterization of WxL Proteins from Enterococcus faecium Reveal Surface Proteins Involved in Extracellular Matrix Interactions[END_REF][START_REF] Siezen | Lactobacillus plantarum gene clusters encoding putative cell-surface protein complexes for carbohydrate utilization are conserved in specific gram-positive bacteria[END_REF]. Virulence of an elrA deletion mutant is attenuated in peritonitis and in systemic infection mouse models (Brinster et al., 2007a;Cortes-Perez et al., 2015).

However, the exact function of ElrA during infection remains to be elucidated. The
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promoter (Cortes-Perez et al., 2015). This strain is more virulent compared to the wild type strain and has adherence defect to macrophages. Recently, a eukaryotic protein partner of ElrA was identified. In a yeast two hybrid assay, the Four and a Half LIM domain protein 2 (FHL2) was the only protein identified as interacting with ElrA (Jamet et al., 2017). Role of FHL2 is bacterial infections emerges (Baranek et al., 2017) but FHL2 has never been implicated in an enterococcal infectious process.

In line with these discoveries, the main objective of my project was to characterize the role of ElrA in cellular models of infection. We also aimed to determine if FHL2 was implicated in E. faecalis infectious process and the contribution of ElrA-FHL2 interactions (Manuscript 1). The second objective was to investigate E. faecalis entry and persistence in different cellular types (Manuscript 2). faecalis individuals (A) Cell wall polysaccharide profiles from the V583, OG1RF, P + - elrA-E and P + -elrA strains recovered in exponential growth phase. Abbreviations: EPA, Enterococcal Polysaccharide Antigen; TA, teichoic acids. (B) Thickness of the polysaccharide pellicle (PS), the intermediate translucent region (ITR) and of the peptidoglycan layer (PG) was measured from electronic microscopy images using Image J software. Three measurements were made per bacteria. Mean values and SEM were calculated on 10 independent bacteria. Statistical analysis was performed using unpaired Student's t test. (C) Biofilms of the OG1RF wild-type strain, the P + -elrA-E strain, the P + -elrA and the CPL-elrA strain were observed after 6 h incubation and growth at 37 °C without washes. (D) Right panel: Biomass was calculated from the raw images using Image J software and Comstat plugin. Data are represented as mean with SEM from two independent experiments. Statistical analysis was performed using unpaired Student's t test. Asterisks indicate a p-value considered statistically significant (*, P<0.05). Left panel: Biofilms of ElrA isogenic strains were observed 6 h postinoculation in BHI and after washes.All biofilms were observed by confocal microscopy. Image projections were obtained using IMARIS software.

RESULTS
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INTRODUCTION

The Gram positive Enterococcus faecalis is a subdominant symbiont of the gut microbiota. Following antibiotic-mediated alteration of the intestinal microbiota, also known as dysbiosis, E. faecalis outgrows and becomes a dominant pathobiont (Ubeda et al. 2010). Taking advantage of the host altered immune system, it translocates through the gut barrier and disseminates to the bloodstream and to deeper organs (Arias and Murray 2012). Nowadays, enterococci rank as the third cause of nosocomial infections, where E. faecalis is responsible for more than 60% of the hospital-acquired enterococcal infections (Sievert et al. 2013). The pathogenic potential of E. faecalis relies on multifactorial mechanisms that include the response to an altered environment, the outgrowth and the switch from a symbiontic to a pathogenic lifestyle promoted by the expression of virulence factors [START_REF] Sava | Pathogenesis and immunity in enterococcal infections[END_REF]Arias and Murray 2012).

The enterococcal leucine-rich protein A (ElrA) is an internalin-like protein and a surface virulence factor (Brinster et al. 2007b). Internalins have been first identified in Listeria monocytogenes and are well-defined virulence factors (Bierne et al. 2007).

They are characterized by the presence of leucine-rich repeats (LRRs). ElrA is an 80 kDa protein with an export signal peptide, ten LRRs and a C-terminal WxL domain for non-covalent binding to peptidoglycan (Brinster et al. 2007a). ElrA is encoded in the first gene of a five-gene operon (elrA-E operon) activated by the positive regulator ElrR (Dumoulin et al. 2013). The other four genes of the operon (elrB, elrC, elrD and elrE) encode four proteins with an LPXTG domain, two WxL domains and a transmembrane domain, respectively. Considering the cell wall binding domains present, this operon is predicted to encode a protein complex at the bacterial surface.

The current knowledge is that genes elrB, elrC, elrD and elrE are required for ElrA interaction between ElrA and FHL2, a member of the four-and-a-half-LIM-only protein family has been revealed using a two-hybrid screen in yeast (Jamet et al., 2017a). Interestingly, deletion of the FHL2-interacting domain of ElrA decreased E.

faecalis infectivity in Balb/c mice after intravenous and urinary tract infections (Jamet et al., 2017a). FHL2 is formed of LIM domains involved in several protein-protein interactions and participates in a wide range of cellular processes including cellular transcription, signal transduction and cell survival or death (Johannessen et al. 2006).

Such broad role for FHL2 opens up a wide spectrum of possibilities for FHL2 The elrA-E operon is predicted to encode a protein complex at the bacterial surface, where ElrA expression may increase surface negative charge during cell infection to prevent macrophage adhesion (Brinster et al. 2007b;Cortes-Perez et al., 2015). Here, we performed a series of in vitro assays to establish which observable characteristics conferred by ElrA expression may be prevailing to prevent cell adhesion and ultimately macrophage phagocytosis.

First, to assess if ElrA expression modifies E. faecalis surface charge, we evaluated the electric potential at the bacterial surface, known as zeta potential.

Experiments were carried out on four isogenic strains expressing or not ElrA (Table 1 and Supp. Figure 1). Bacterial surface components are ionized according to environmental pH. The use of an electric field triggers bacterial migration towards the electrode of opposite charge of its global charge with a velocity proportional to the magnitude of the zeta potential [START_REF] Wilson | Status of methods for assessing bacterial cell surface charge properties based on zeta potential measurements[END_REF]. We thus measured the electrophoretic motility of these four elrA isogenic strains, at pH 7, like in conditions of cell infection. We determined the zeta potential values (ζ) using the Smoluchowski equation [START_REF] Sze | Zeta-potential measurement using the Smoluchowski equation and the slope of the current-time relationship in electroosmotic flow[END_REF] as follows ζ (OG1RF)= -36.2 1.0 mV, ζ (P + -elrA-E)= -29.9

2.8 mV, ζ (P + -ΔelrA)= -34.8 1.4 mV, ζ ( CPL-elrA)= -32.9 2.2 mV. All the tested strains have a dominant negative charge consistent with an electronegative zeta potential value, indicating that in conditions of cell infection, where the pH is neutral, ElrA expression does not increase surface negative charge.

Next, we investigated if unlocking expression of elrA-E operon induced a modification of the cell wall composition. Both P + -elrA-E and P + -ΔelrA strains exhibit a similar profile to that of the wild type strain with a cyan blue band corresponding to the rhamnopolysaccharide Epa and a black band corresponding to the teichoïc acids (Figure 1A). These results showed that the major composition of surface polysaccharides is conserved in the elrA isogenic strains. Moreover, measurement of the different layers of the bacterial envelope by transmission electron microscopy showed that both wild type and P + -elrA-E strains had similar thickness for the 1B). The morphology and structure of the cell wall as well as the content of surface polysaccharides between strains thus remain identical whether or not expressing ElrA.

Last, we compared the development and the cohesion of biofilms formed by E.

faecalis grown statically using confocal microscopy. We first examined the biofilms formed by the different strains in absence of washes. While very few floating bacteria were found with the OG1RF and P + -elrA strains, the P + -elrA-E and CPL-elrA strains remained planktonic and floating bacteria were observed, suggesting that ElrAexpressing E. faecalis does not form a solid biofilm (Figure 1C). The strength of the different biofilms was followed after bacterial incubation and washes. We observed that biofilms of the OG1RF and P + -elrA strains were formed and well-attached to the well surface (Figure 1D, right panel). In contrast, biofilms of the P + -elrA-E strain was easily disrupted after the washes and bacteria were poorly attached to the abiotic surface. In agreement with these observations, the corresponding biomass of the P + -elrA-E strain was ~ 50% thinner compared to the wild type and P + -elrA strains (Figure 1D, left panel). Consistently, the P + -elrA-E strain produced biofilms were 3 times less cohesive than those of the wild type and P + -elrA strains (Supp. Figure 2), indicating that ElrA promotes a loss of cohesion between bacteria.

No notable differences regarding charge, morphology, cell wall structure and surface polysaccharides content between strains, indicating that ElrA expression does not induce major changes that interfere with macrophage recognition. However, ElrA promotes a loss of cohesion between bacteria triggering a free-floating state that may affect contact with macrophages. To test whether forcing contact of bacteria to macrophages by centrifugation would circumvent the lack of adherence, we decided to constrain bacteria to reach macrophages in a phagocytosis assay where bacteria were centrifuged with the cells.

The capacity of ElrA-expressing E. faecalis to be internalized into macrophages was evaluated in determining the percentage of invasion as the ratio of count of internalized bacteria 1 hour post-infection (hpi) bacteria relative to the initial inoculum. Professional phagocytic Raw264.7 macrophages engulfed 50 % of the initial inocula of the wild type and P + -elrA bacteria (Figure 2). Strikingly, less than 20 % of the P + -elrA-E bacteria were internalized, showing that, although forcing contact, the efficiency of P + -elrA-E bacteria adhesion or internalization was lower than that of the wild type. These data indicated that ElrA still confers an anti-phagocytic activity even when bacteria are in contact with macrophages.

During infection, E. faecalis also encounters non-professional phagocytes. We investigated whether ElrA-mediated escape was a more general mechanism of E.

faecalis to hijack host defense. We performed the same invasion assay in seven human cell lines, all derived from tissues potentially targeted by E. faecalis during host infection. In contrast to what we observed for macrophages, percentage of internalized wild-type E. faecalis was very low in non immune cells (Figure 2). The percentage of invasion reached up to 0.4 % in placental cells (Jeg-3), but was very low (about < 0.005 %) in hepatic cells (HepG2) and epithelial cervical (Hela) cells. It oscillated between 0.01 % and 0.05 % in fibroblastic kidney cells (ACHN), in colonic epithelial cells (Caco-2), in ileocecal epithelial cells (HCT-8) and in epithelial kidney cells (A-704). Except for cervical epithelial and renal fibroblastic cells, we recovered a significant lower number of internalized P + -elrA-E bacteria compared to the wild type strain and to the P + -ΔelrA strain (Figure 2). These results showed that ElrA expression prevents E.

faecalis internalization in various cell types, suggesting that ElrA-mediated escape is a general mechanism to circumvent host defense. Because forced contact is not sufficient to restore a full adhesion of ElrAexpressing E. faecalis to host cells, we tested whether ElrA hampers macrophage capacity to engulf particles. We incubated macrophages with the P + -elrA-E strain, which constitutively expresses the operon, or with purified ElrA prior to incubation with fluorescent beads and quantified the percentage of bead-positive macrophages by flow cytometry. We found that around 85% of untreated macrophages were able to phagocytize fluorescent beads (Figure 3A). When incubated with the P + -elrA-E strain or purified ElrA, macrophages phagocytized beads with the same efficacy, demonstrating that neither released nor surface-bound form of ElrA interfered with macrophage capacity to phagocytize. These results showed that ElrA does not inhibit the intrinsic capacity of macrophages to phagocytize, suggesting that ElrA may hinder mechanisms upstream of the phagocytic process, like the bacterial sensing by macrophages.

To test this hypothesis, we used a modified Boyden chamber, such that macrophages were seeded in the upper compartment of the chamber and the four E.

faecalis isogenic strains expressing or not ElrA were incubated in the lower chamber.

In this assay, macrophages are entrapped in the membrane separating the two compartments if they sense and migrate toward the bacteria in the lower chamber.

Accordingly, 104 26 macrophages migrated toward bacteria when exposed to the E. faecalis wild type strain, which were 5-fold higher than random migration of macrophages in the absence of infection (P = 0.0112) (Figure 3B). Similar numbers of migrating OG1RF-exposed macrophages was counted when exposed to the P + -elrA strain. Strikingly, we observed that macrophages did not migrate toward the P + -elrA-E and CPL-elrA strains, both overexpressing ElrA. In a similar way to what we observed in absence of infection, only 20 ± 5 macrophages migrated in these conditions (Figure 3B). This finding showed that macrophages do not migrate toward ElrAexpressing E. faecalis, indicating that ElrA-expressing E. faecalis are not sensed by macrophages. ElrA can be both exposed at the bacterial surface and released in the culture supernatant (Brinster et al. 2007a). A eukaryotic protein partner of ElrA is FHL2 (Jamet et al., 2017a). We investigated whether FHL2-ElrA interaction was involved in preventing macrophage migration. The migration assay was performed with bonemarrow macrophages (BMDMs) differentiated from wild type or FHL2 -/-mice. In both cases, we observed that BMDMs did not migrate toward ElrA-expressing E. faecalis (Figure 4B). These data substantiate the effect of ElrA in inhibiting sensing and migration of macrophages, albeit independently of FHL2.

Because deletion of the FHL2-interacting domain of ElrA impacts infection in vivo, we investigated the role of FHL2 during E. faecalis infection in challenging FHL2 - /-mice versus wild-type C57BL/6 mice upon intravenous infection for 24h with E.

faecalis. Both mice were challenged with OG1RF and the ΔelrA strain since ElrA is expressed in vivo (Brinster et al. 2007b). Different trends were observed according the organ targeted by E. faecalis (Figure 4A). FHL2 was found to play a role in defense against E. faecalis in the spleen and in the kidneys but not in the liver. In the spleen, 2015). In this study, we explored the mechanism of action of ElrA. We ruled out the possibilities that electric repulsion between the bacterial and eukaryotic cell surface or that major structural changes in E. faecalis envelop are responsible for the ElrAdependent escape. ElrA confers a free floating state to ElrA-expressing bacteria, which is not responsible for the incapability of E. faecalis to adhere to macrophages.

Moreover, we showed that ElrA does not block macrophage capacity to phagocytize.

Instead, we demonstrated that macrophages remain insensitive to ElrA-expressing E.

faecalis and do not migrate towards them. Of note, ElrA-mediated escape occurs in some non-professional phagocytic cells. We also investigated the role of FHL2, a eukaryotic partner of ElrA. In vivo, we show that FHL2 is involved in E. faecalis infection, but with a partial contribution relying on its interaction with its eukaryotic partner FHL2, suggesting that FHL2-ElrA interaction may be involved in other processes during E. faecalis infection. Together, our results pointed to ElrA acting as an anti-phagocytic cloak allowing E. faecalis to be undetected by host cells.

E. faecalis strains synthesizing a capsule have a reduced complement and antibody-mediated opsonization compared to unencapsulated strains (Arduino et al. 1994;Hufnagel et al. 2005). Using genetically engineered immunocompromised zebrafish, the Epa rhamnopolysaccharide was also shown to allow host phagocytosis evasion [START_REF] Prajsnar | Zebrafish as a novel vertebrate model to dissect enterococcal pathogenesis[END_REF]. In this work, we used the unencapsulated strain OG1RF and found that ElrA expression in vitro does not impact the production of Enterococcal To our knowledge, we report for the first time an inhibition of macrophage sensing triggered by an internalin-like protein. An inhibition of chemoattraction of macrophages towards bacteria has been observed in S. aureus, where the secretion of chemotaxis inhibitory protein (CHIP) and formyl peptide receptor-like 1 inhibitors bind to the formylated peptide receptor directly avoiding chemoattraction of neutrophils (Prat et al. 2009). Moreover, the secretion of the cysteine protease staphopain cleaves CXCR2 chemokine reducing indirectly cell migration towards the infection site (Thammavongsa et al. 2015). It has been previously demonstrated that the host can respond to Enterococcus faecium and E. faecalis infection through the activation of formyl peptide receptor-2 [START_REF] Bloes | Enterococcus faecium stimulates human neutrophils via the formyl-peptide receptor 2[END_REF], where neutrophils are chemoattracted towards the infection site. In addition, E. faecalis has been shown to produce nonformylated peptides for neutrophil chemoattraction [START_REF] Sannomiya | Characterization of a class of nonformylated Enterococcus faecalis-derived neutrophil chemotactic peptides: the sex pheromones[END_REF]). We found that ElrA affects E. faecalis capacity to form biofilms and diminishes the cohesion between bacteria. Biofilms are usually robust foci resisting host immune defenses [START_REF] Domenech | Biofilm formation avoids complement immunity and phagocytosis of Streptococcus pneumoniae[END_REF]). However, planktonic E. faecalis seems less phagocytized when forming biofilm, indicating that role of enterococcal biofilms in infection is not completely understood [START_REF] Daw | Biofilm and planktonic Enterococcus faecalis elicit different responses from host phagocytes in vitro[END_REF]. A hypothesis would be that poorly cohesive E. faecalis do not generate appropriate signals to trigger macrophage sensing and migration.

The role of ElrA in E. faecalis virulence is well documented and supports a role of ElrA in E. faecalis virulence (Brinster et al. 2007b;Cortes-Perez et al. 2015, Jamet et al., 2017). Yet, the different mouse genetic backgrounds together with different routes of infection and different kinetics mimicking different stages of the immune response show different effects of ElrA disruption. Accordingly, we observed a minor role of ElrA in the liver of C57BL/6 mice infected by the intravenous route for 24h.

Role of FHL2, a eukaryotic partner of ElrA, in bacterial infection emerges (Baranek et al., 2017). We were able to show that FHL2 is implicated in host defense against E.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 67 faecalis. However, we observed a limited contribution of the interaction between ElrA and FHL2. FHL2 has been linked to pulmonary infection by Schistosoma mansoni where it affects macrophage polarization and modulates granuloma formation [START_REF] Kurakula | LIM-only protein FHL2 regulates experimental pulmonary Schistosoma mansoni egg granuloma formation[END_REF]. Here, we found that FHL2-deficient macrophages are still able to sense wild type E. faecalis. Non-covalent attachment of WxL proteins, like ElrA, results in the release of unbound proteins in the culture medium [START_REF] Schachtsiek | Characterization of Lactobacillus coryniformis DSM 20001T surface protein Cpf mediating coaggregation with and aggregation among pathogens[END_REF]Brinster et al. 2007a). Since FHL2 is found below the plasmic membrane, and in the cytosol and of the cell and ElrA is located at the bacterial surface or released in the culture medium, it is likely that FHL2-ElrA interaction occurs once E.

faecalis has been internalized. We propose that ElrA may exert two distinct functions.

When bacteria are outside the cells, ElrA acts as an anti-phagocytic cloak, which does not involved FHL2. The other unidentified function would be once bacteria have been internalized to enhance bacterial survival, a function that would be counteracted by Table 1. ElrA isogenic strains used in this work. The OG1RF wild-type strain does not express the elrA-E operon in vitro; the P + -elrA-E strain constitutively expresses the whole operon; the P + -elrA strain constitutively expresses elrB-E, but not elrA; and the CPL-elrA strain corresponds to P + -elrA complemented for elrA expression

EXPERIMENTAL PROCEDURES

Bacterial strains E. faecalis strains used in this study are listed in Table 1. E. faecalis strains were routinely grown in Brain Heart Infusion (BHI) medium at 37°C without aeration.

The P + -ΔelrA strain was complemented for ElrA expression by electroporation with pVE14132 (CPL-elrA) (Brinster et al. 2007b) and selected with 10 µg/ml erythromycin.

Escherichia coli was grown aerobically in Luria-Bertani (LB) medium at 37°C. For heterologous ElrA expression, E. coli BL21 (DE3) was transformed with the plasmid pVE14047 encoding 6XHis-Tag-ElrA deleted of its signal peptide and selected using 100 µg/ml ampicillin.

Cell lines

The murine Raw 264. 

Protein extraction and western blot

All strains were recovered from exponential growth phase (OD600=0.8) by centrifugation at 8600 g for 20 min at 4°C. Bacterial pellets (1 ml) were diluted in 500 µl of Laemli buffer containing 0.25 M dithiothreitol (Sigma) and protease inhibitors (Halt cocktail 1X) and kept on ice. Samples were transferred to 2-ml screw-cap micro centrifuge containing silica beads (Lysing Matrix B tubes, MP Biomedicals). Bacteria were disrupted for 45 sec at level 6 with the Fast Prep 24 apparatus (MP Biomedicals).

All tubes were then centrifuged at 13500 rpm for 10 min. Soluble protein extracts (50 µl) were separated on a 12 % polyacrylamide gel and transferred on a cellulose membrane for 12 min at 25 V and 1.6 A using Pierce G2 Fast Blotter (Thermo Scientific). Membranes were blocked 8 hours using 5 % milk in PBS-Tween 0.1 %. ElrA was revealed overnight at 4°C using the enriched fraction of anti-ElrA antibodies

(1/100), precleared for 3 h at 4°C in 500 µl of total protein extract of the ΔelrA strain in PBS tween 0.01%. The day after, we used a secondary goat anti-rabbit antibody conjugated with horseradish peroxidase (#BI 2411, Abliance) at 1:5000 in 5 % milk in PBS-Tween 0.1 %. Membranes were revealed using Immobilon Western Chemiluminescent HRP Substrates (Millipore) with a ChemiDoc MP system (Bio-Rad).

Zeta potential

Zeta potential of the different E. faecalis strains was measured from bacteria harvested by centrifugation at OD600=0.6 as previously described (Briandet et al. 1999). Briefly, pellets were washed twice and resuspended in 1.5 × 10 -3 M NaCl or in DMEM 1:50 in MilliQ water (Millipore™) and were submitted to an electric voltage (50 V). Electrophoretic motility was measured using a zetaphoremeter (Cad Instruments, Les Essarts le Roy) at pH 7. Mean values and SEM are issued from two independent experiments.

Polysaccharide analysis

Polysaccharides were extracted as previously described (Rigottier-Gois et al.

2015)

. Bacteria were harvested 1 h after the stationary phase, washed and resuspended in 5 mg/ml lysozyme (Sigma) and 250 U/ml mutanolysin (Sigma) in PBS and incubated at 37°C overnight. A solution containing 10 mM of MgCl2, 0.4 mM CaCl2, 0.2 mg/mL DNase I (Roche), 0.2 mg/mL RNase A (Sigma) was added and the suspension was incubated at 37 °C for 6 h. Proteinase K was added to a concentration of 10 mg/ml and suspension was incubated at 56°C overnight. Extracts were centrifuged at 15 000 g for 20 min and supernatants were recovered. Supernatants were extracted twice with phenol/chloroform/isoamyl alcohol (25:24:1) and once with chloroform. Ethanol was added to a final concentration of 80% and fractions were left for precipitation at -20 °C overnight. Polysaccharides were recovered after centrifugation at 15 000 g for 10 min at 4°C, washed with 70% cold ethanol and airdried. Samples were resuspended in 50 mM Tris-HCl pH 7.5 with 150 mM NaCl.

DNaseI/RNase A was performed to remove residual DNA. Samples were separated on a 10% polyacrylamide gel in Tris-borate-EDTA (TBE). After migration, gels were soaked in 1 mg/ml of alcian blue in 3% acetic acid for 45 min, rinsed 3 times, incubated 7 min in 3.4 mM K2Cr2O7 and 3.2 mM HNO3, rinsed 3 times and incubated in 12 mM AgNO3 under intense lightning for 25 min. The gel was revealed in 0.28 M Na2CO3 and

Cell invasion assay

Two to 5 days before infection, cells were seeded in triplicate in 24-well plates.

Raw267.4 macrophages were activated with 1 µg/ml of purified E. coli lipopolysaccharide (Sigma) for 24 h before bacterial contact. Prior to infection, all cells except macrophages were washed once with PBS and incubated in Krebs-Ringer buffer (Sigma) as described previously (Wells et al. 1995). E. faecalis strains were grown to an OD600 of 0.6, washed twice in PBS and resuspended in medium without serum and used at a multiplicity of infection (MOI) of 5 for macrophages and 50 for epithelial and fibroblastic cells. After 1 min centrifugation at 1000 g, and 1 h of contact, cells were washed 4 times with PBS and extracellular bacteria were killed using 150 µg/ml gentamycin and 10 µg/ml vancomycin antibiotic cocktail. Cells were lysed 1 hpi with 0.5 % Triton X-100 and intracellular bacteria enumerated on BHI agar plates.

Percentage of invasion was determined as the ratio of intracellular bacteria of the initial inoculum. Statistic tests were performed using unpaired Student's t test on GraphPad Prism.

Bead phagocytosis assay

We incubated for 3 h Raw264.7 macrophages with the P + -elrA-E strain (MOI 5)

as described above or with purified ElrA (10 nM). Next, 0.1 µm fluorescent latex beads (Sigma) were used to an MOI of 5. To synchronize bead phagocytosis, plates were centrifuged 10 min at 400 g. One hour after contact cells were washed four times with PBS and resuspended in PBS EDTA 2 mM. Percentage of bead-positive cells was determined using a FACSCalibur (BD Biosciences) after gating on live macrophages.

Analysis was performed with FlowJo (Tree Star) software.

Macrophage migration

To quantify macrophage migration towards bacteria, we performed a modified Boyden chamber assay [START_REF] Tajima | Lipopolysaccharide induces macrophage migration via prostaglandin D(2) and prostaglandin E(2)[END_REF]. Briefly, Raw264.7 macrophages were adapted in 1% FBS containing medium for 6 h and recovered in DMEM without serum.

5x10 4 cells were seeded on the upper chamber of a 24-well insert containing a 4 µm polyethylene terephthalate (PET) membrane (Millipore). The elrA isogenic strains (P + -elrA-E, P + -ΔelrA and CPL-elrA) were seeded in the bottom chamber at 5x10 5 CFU (eq.

to MOI of 10). After ~ 20 h of incubation, medium of the upper chamber was plated to verify absence of bacteria. Then, wells were washed twice on PBS and fixed with 3.7 % PFA for 2 min. Cells were permeabilized with 100% methanol for 20 min and staining with Giemsa stain for at least 2 h. Migrating cells were trapped in the membrane whereas non-migrating cells were scrapped from the upper chamber using a cotton swab. Wells were directly observed using an inverted light microscope. Statistic tests were performed using unpaired Student's t test on GraphPad Prism.

Bone marrow derived macrophage (BMDM) differentiation BMDM were generated as previously described [START_REF] Trouplin | Bone marrow-derived macrophage production[END_REF]. Briefly, wild type C57BL/6 mice or FHL2 -/-mice were sacrificed. Bone marrow from the femur and tibia was recovered and resuspended in RPMI (Gibco) containing 10% FBS. Cells were centrifuged 10 min at 450 g. Red blood cells were lysed with Tris-buffered ammonium chloride. Cells were centrifuged 10 min at 450 g and dissociated with DMEM (Gibco) containing sodium pyruvate 1 mM, glutamine 2 mM, non-essential amino acids 0.1 mM, Penicillin and Streptomycin 100U/ml (complete DMEM) and incubated for 4 h at 37°C. Next, supernatants were centrifuged 10 min at 450 g. Cell pellets were recovered in complete DMEM containing 15% of L929 supernatants. We used 10 cell culture dishes (100 x 20 mm) per mice containing 10 ml of cell suspension.

Macrophages were allowed to differentiate for 3-4 days. 10 ml of fresh complete DMEM containing 15% of L929 supernatants were then added and adherent BMDMs were recovered after 4-6 additional days.

Animal studies

All mice were housed under specific pathogen-free conditions and handled in The first objective of my PhD aimed to study the role of ElrA during E. faecalis cellular infection. To provide a dynamic view of the processes occurring in macrophages, infected RAW264.7 macrophages were observed using live imaging.

Macrophages were seeded in glass-bottom dishes and infected with ElrA isogenic strains expressing the Green Fluorescent Protein (GFP). After centrifugation, cells were observed by epifluorescence microscopy. E. faecalis OG1RF and P + -ΔelrA adhered to macrophages and were quickly internalized. In contrast, E. faecalis expressing ElrA did not adhere to macrophages and very few intracellular bacteria were found after 30 minutes of bacteria-cell contact. These observations confirmed that ElrA expression conferred a defect of adhesion of bacteria to macrophages leading to lowered entry as proposed by Cortez et al. (Cortez-Perez et al., 2015).

Alternative strategy to unlock ElrA expression

Considering that constitutive production of ElrA under the control of aphA3

promoter may bias the system, a second approach was tested. The spacer between the -35 and -10 boxes of the elr promoter is 21 bp long, instead of the usual 16 to 17 bp (Figure 1). The team showed that deletion of four thymidines reducing the spacer length down to 17 bp increases the expression level of a translational elrA::lacZ fusion of 10-fold in vitro and independently of the transcriptional activator ElrR. In an attempt to unlock the expression of the operon in vitro, S. Gaubert constructed the same deletion on the chromosome (Δ4T strain). Whole cell protein lysates of exponentially growing Δ4T strain showed a detectable expression of ElrA, albeit at a lower level than the P + -erlA-E strain (Figure 2). In the first attempt to identify the role of ElrA during cell infection, our eight cell types were infected with ElrA isogenic strains (the mutant ΔelrA, the Δ4T strain and its control Δ4TΔelrA strain). In vitro invasion of the epithelial cells, fibroblasts and macrophages showed no difference in entry between the wild type, the Δ4T strain and Δ4TΔelrA strain at different times of infection (1 hour, 4 hour and 24 hours p.i.) (Figure 3). These results suggest that low expression of ElrA in the Δ4T strain is not sufficient to reproduce the evasion phenotype mediated by ElrA. However, we were able to recover the ElrA-evasion phenotype by complementing ElrA expression in the P + -erlA strain (CPL-elrA strain).

This difference might be due to a different level of expression in the CPL-elrA strain suggesting that a minimum level of ElrA is necessary for the evasion to phagocytosis.

Additional assays to establish which characteristics conferred by ElrA expression may prevail to prevent cell adhesion and ultimately macrophage phagocytosis.

Is ElrA sufficient to inhibit macrophage phagocytosis?

To assess if ElrA alone was sufficient for macrophage inhibition of phagocytosis, we coated fluorescent latex beads with purified ElrA or BSA as previously described [START_REF] Braun | The InIB protein of Listeria monocytogenes is sufficient to promote entry into mammalian cells[END_REF]. Coating efficiency was quantified by measuring the initial protein concentration before bead coating using nanodrop (Beer's Law) versus the final protein concentration of the bead supernatant after coating (unbound protein). Strikingly, ElrA-coated beads behaved differently when centrifuged after the coating process (Figure 4A), leading to explore growing behavior of ElrA-expressing strain (see below).

Coated beads were used to measure the percentage of phagocytizing cells by flow cytometry (Figure 4B). Phagocytosis comparisons of the ElrA-or BSA-coated and uncoated beads indicated that the coating process itself had a negative impact on phagocytosis. In addition, the comparison of BSA-and ElrA-coated beads did not show any difference in the percentage of phagocytizing cells. Considering that ElrA was obtained from the heterologous bacterium Escherichia coli and purified, we cannot exclude an improper folding of the protein that will impair its anti-phagocytic function.

In addition, the amount of coated ElrA per bead needed to impact beads phagocytosis is not known. Thus, this negative result does not allow to fully exclude that coated ElrA does not have a role in phagocytosis inhibition. The behavior of ElrA-coated beads made us think of the presence of a lubricantlike molecule or surfactant. Such properties were studied by two techniques: 1) a dropcollapse assay using the purified ElrA, and 2) a gliding assay on soft agar plates. In the drop collapse assay, E. faecalis strains were grown overnight and resuspended in sterile water (10 10 cells/ml). 10 μl droplets were spotted on a water drop in parafilm.

The presence of a surfactant should result in a reduction of the surface tension and a collapse of the water droplet. We did not observe any drop collapse either from purified protein or culture supernatants. However, we cannot exclude that the concentration of ElrA in our final solution or in the supernatant was too low in the tested conditions.

Considering that E. faecalis is devoid for motility appendixes such as pili or flagella, we assumed that passive surface sliding -powered by a surfactant -might be at the origin of the differential properties of ElrA-coated beads. To test this hypothesis, we assessed the P + -elrA-E strain capacity to slide in the surface of soft agar (0.2 to > 0.6 % agar). We observed that E. faecalis is able to slide in soft agar. However, this sliding motility was independent of ElrA (Figure 5). Interestingly, the motility observed was unidirectional suggesting that sliding might start with bacteria at the edge of the colony guiding others to follow. Spreading in soft agar has been previously shown in non-flagellated bacteria such as S. aureus where the formation of comets have also been described (Kaito et al., 2007). It was recently proposed that bacteria at the edge promote the movement of bacteria behind (Pollitt et al., 2015).

Additional assays to evaluate the impact of ElrA expression on the host cell machinery Does ElrA interfere with macrophage activation?

We also analyzed the activation of macrophage post-infection. Macrophages were infected with the ElrA isogenic strains for 3 hours. We next compared the activation status of RAW234.7 macrophages infected by OG1RF, P + -erlA or P + -elrA strains in comparing the expression of the CD80, CD86 and the MHC-II molecules as previously described on peritoneal macrophages from mice after intraperitoneal injection with virulent or avirulent Listeria (Sonoda et al., 1997). We did not observe any difference Does ElrA modify the actin cytoskeleton?

Prior to my PhD work, FHL2 was found to interact with ElrA (Jamet el al., 2017).

FHL2 is also known to interact with cell structural proteins (Johanessen et al., 2016).

More specifically, FLH2 interacts with -actin and actinin implicated in the maintenance of the actin cytoskeleton network. We looked at the actin network in macrophages by using a phalloidin fluorescent conjugate in macrophages infected with

ElrA isogenic strains at different time points including 5 min, 15 min, 30 min and 3 hours. We did not see any difference at early time points. However, we found a modified cell shape when macrophages were infected with P + -erlA-E after 3 h of contact in two of four independent experiments (Figure 6). This phenotype was not observed for cells infected either with OG1RF, elrA or P + -elrA strains. However, we could not pinpoint the exact conditions, in which ElrA expression induced cell morphology modifications in a reproducible manner.

Does ElrA trigger cell death?

Although different long-term macrophage responses were observed, a modified cell shape in macrophages may suggest induction of cell death (White et al., 2001). We infected macrophages with ElrA isogenic strains and looked at the induction of cell death after 3 hours p.i. We used propidium iodide and annexin V to differentiate necrosis and apoptosis, respectively. We did not observe any difference in cells infected by OG1RF, P + -erlA or P + -elrA (Figure 7). Interestingly, we observed an increase of ~ 10 % in the percentage of on live cells when infected suggesting that E. faecalis reduces cell death. Similar observations have already been suggested in epithelial cells infected with E. faecalis, where transcriptomics analysis in infected urothelial cells showed an increase in cell proliferation up to 4 hours p.i. [START_REF] Dozmorov | Systems biology approach for mapping the response of human urothelial cells to infection by Enterococcus faecalis[END_REF].

IFN dosage on infected organs

Activation of lung NK cells has been shown to be altered in FHL2 -/-mice upon S.

pneumoniae infection, leading to decreased IFN production, and a loss of control of bacterial burden (Baranek et al. 2017). We thus examined the production of IFN in organs from WT and FHL2-/-mice upon E. faecalis infection. As observed for the bacterial counts (manuscript 1), we recorded different situations according the target organs (Figure 8). In the liver, the production of IFN was similar in all conditions. In the spleen, we found an increase of IFN production in elrA-infected FHL2 -/-mice compared to OG1RF-infected FHL2 -/-mice. This increase was not observed in wild type mice, suggesting that absence of ElrA triggers a higher IFN production only when FHL2 is absent. In the kidneys, we observed a trend for a higher production of IFN in elrA-infected FHL2 (Ubeda et al., 2010). Taking advantage of the host weak status, E. faecalis translocates through the intestinal epithelium (Ubeda et al., 2010;[START_REF] Wells | Evidence for the translocation of Enterococcus faecalis across the mouse intestinal tract[END_REF].

Once in the bloodstream, E. faecalis disseminates to deeper organs such as the liver and the heart. To date, the underlying cellular mechanisms of E. faecalis pathogeny remains poorly understood. Previous studies have shown that E. faecalis invades cultured epithelial, endothelial and fibroblastic cells [START_REF] Bertuccini | Invasion of HeLa cells by Enterococcus faecalis clinical isolates[END_REF][START_REF] Millán | Enterococcus faecalis internalization in human umbilical vein endothelial cells (HUVEC)[END_REF][START_REF] Olmsted | A plasmid-encoded surface protein on Enterococcus faecalis augments its internalization by cultured intestinal epithelial cells[END_REF]Wells et al., 1996). In epithelial cells, E. faecalis has been observed in direct contact with the plasma membrane where pseudopodal formations or chlathrin-like coated pits were formed [START_REF] Bertuccini | Invasion of HeLa cells by Enterococcus faecalis clinical isolates[END_REF]. After contact, E. faecalis is found inside vesicles in epithelial and endothelial cells [START_REF] Bertuccini | Invasion of HeLa cells by Enterococcus faecalis clinical isolates[END_REF][START_REF] Millán | Enterococcus faecalis internalization in human umbilical vein endothelial cells (HUVEC)[END_REF]. In epithelial cells the host response with E. faecalis has been investigated. After 6 hours post-infection, colonic epithelial cells have diminished inflammatory response [START_REF] Wang | Infant intestinal Enterococcus faecalis downregulates inflammatory responses in human intestinal cell lines[END_REF][START_REF] Wang | Enterococcus faecalis from healthy infants modulates inflammation through MAPK signaling pathways[END_REF]. In urethral cells, E.

faecalis infection induces a deregulation of the host immune response [START_REF] Dozmorov | Systems biology approach for mapping the response of human urothelial cells to infection by Enterococcus faecalis[END_REF]. E. faecalis can survive intracellularly inside macrophages and polymorphonuclear leukocytes (Gentry-Weeks et al., 1999;[START_REF] Rakita | Enterococcus faecalis bearing aggregation substance is resistant to killing by human neutrophils despite phagocytosis and neutrophil activation[END_REF]; potentially using these cells as vector for dissemination. To our knowledge, persistence of E. faecalis within non-immune cells has never been assessed.

In the present study, we evaluated the persistence of E. faecalis in seven cell lines issued from organs potentially targeted by E. faecalis during host infection. We showed that E. faecalis is able to persist in epithelial and fibroblastic cells. Strikingly, we found that E. faecalis replicates inside hepatic cells. We demonstrated that this replication is not cell-line dependent. Moreover, it occurs for several E. faecalis strains, but not for a recombinant Listeria innocua strain engineered to become invasive. Our preliminary data suggest that E. faecalis hijacks the host endosomic pathway to be 

MATERIALS AND METHODS

Bacterial strains E. faecalis strains OG1RF [START_REF] Gold | The prevalence of enterococci in the human mouth and their pathogenicity in animal models[END_REF], JH2-2 [START_REF] Jacob | Conjugal Transfer of Plasmid-Borne Multiple Antibiotic Resistance in Streptococcus faecalis var. zymogenes[END_REF], HH-22 [START_REF] Murray | Transferable beta-lactamase. A new mechanism for in vitro penicillin resistance in Streptococcus faecalis[END_REF], Symbioflor (SymbioPharm, Herborn, Germany) VE14821 (unpublished) were cultured in Brain Heart Infusion (BHI) at 37°C without aeration. GFP-expressing OG1RF expressing pMV158-GFP was cultured in BHI with 4 µg/ml tetracycline (Cortes-Perez et al., 2015). Listeria innocua and InlBexpressing L. innocua were provided by H. Bierne (INRA, Jouy-en-Josas, France) and cultured at 37 °C with aeration in BHI and 4 µg/ml erythromycin when required [START_REF] Braun | The InIB protein of Listeria monocytogenes is sufficient to promote entry into mammalian cells[END_REF].

Cell lines

The human ileocecal adenocarcinoma (HCT-8) cell line was grown in DMEM with 10% FBS and 2 mM glutamine. The human placenta choriocarcinoma (Jeg-3), kidney adenocarcinoma (A-704) and liver hepatocellular carcinoma (HepG2) cell lines were grown in Minimum Essential Medium (MEM, Gibco) supplemented with 10% FBS, 2 mM glutamine, 0.1 mM non essential amino acids and 1 mM sodium pyruvate.

The human epithelial colorectal adenocarcinoma (Caco-2) cells were grown in MEM with 20% FBS, 2 mM glutamine, 0.1 mM non-essential amino acids and 1 mM sodium pyruvate. The human epitheloid cervix carcinoma (HeLa) and kidney adenocarcinoma Two to 5 days before infection, cells were seeded in triplicate in 24-well plates. Prior to infection, all cells were washed once with PBS and incubated in Krebs-Ringer buffer (Sigma) as described previously (Wells et al., 1995). E. faecalis strains were grown to an OD600 of 0.6, washed twice in PBS and resuspended in medium without serum and used at a multiplicity of infection (MOI) of 5 for macrophages and 50 for epithelial and fibroblastic cells. Infection was synchronized by 1 min centrifugation at 1000 g. After 1 h of contact, cells were washed 4 times with PBS and extracellular bacteria were killed using 150 µg/ml gentamycin and 10 µg/ml vancomycin antibiotic cocktail for OG1RF, JH2-2, Symbioflor, L innocua strains and 75 µg/ml teicoplanin, 20 µg/ml daptomycin and 250 µg/ml amoxicillin for HH2-2. Cells were lysed 1 hpi with 0.5 % Triton X-100 (Sigma) and intracellular bacteria enumerated on BHI agar plates. with Fluoprobe 547 (FluoProbes, Interchim) diluted at 1:100 in BSA 1% in PBS was used to observe actin cytoskeleton. Infected cells were observed with a Zeiss AxioObserver Z1 epifluorescence microscope. Image acquisition was carried out with a Zeiss Axiocam 506 camera using the Zeiss Axiovision software, and images were processed with Zeiss Zen software.

Percentage of invasion was determined as

Live/dead bacterial staining HepG2 cells were seeded in coverslip cells and infected as mentioned above. Live/dead bacterial staining was performed as previously described (Kortebi et al.,under review).

Briefly, after 1, 24 and 48 h post infection, cells were washed 3 times in PBS and once in 0.1 M 3-morpholinopropane-1-sulfonic acid (MOPS) pH7.4, 1 mM MgCl2. Cells were permeabilized using 0.1 % Triton in PBS and a 1:2 mixture of green fluorescent nucleic acid strain SYTO9 with propodium iodure (Live/Dead Bactlight stain, ThermoScientic) during a centrifugation step at 300 g for 10 min. Cells were observed using a Zeiss AxioObserver Z1 epifluorescence microscope (Zeiss) equipped with an EMCCD camera Evolve (Roper Scientific).

LysoTracker cell staining

HepG2 cells were seeded on a coverglass -bottom dish (SPL Life Sciences) and were infected with E. faecalis expressing GFP as described above. After 1 h of contact, cells were washed four times and incubated with 100 nM Lysotracker (MolecularProbes), an acidotropic dye, in complete medium in the presence of 150 µg/ml gentamycin and 10 µg/ml vancomycin. A pulse of 30 min was performed with Lysotracker followed by a wash on PBS and a 30 min chase with lysotracker-free complete medium. Infected cells were directly observed using a Zeiss AxioObserver Z1 epifluorescence microscope (Zeiss) equipped with an EMCCD camera Evolve (Roper Scientific). with Hitachi HT7700 electron microscope operated at 80kV (Elexience -France), and images were acquired with a charge-coupled device camera (AMT). hpi. Differential E. faecalis intracellular/extracellular staining was performed as described in the section of Material and Methods. Intracellular bacteria appear in green while extracellular bacteria are stained both in red and green. Actin was detected using phalloidin conjugated to Fluoprobe 547. DNA was stained with DAPI. One representative image from two independent experiments is shown. (C) Infected HepG2 were permeabilized 1 hour or 24 hours p.i. Monolayers were incubated for 10 minutes with Syto9 and propidium iodide (1:X). Cells were washed twice and directly observed through a epifluorescence microsope. This experiment has been performed once. 1A). To further support that E. faecalis replicated within HepG2 hepatocytes, we performed a differential immunofluorescence staining allowing to distinguish intracellular from extracellular bacteria (Figure 1B). Despite a low rate of infection (~ 2.5 % of HepG2 cells contained intracellular E. faecalis between 1 hour up to 72 hours p.i.), we observed only individual intracellular bacteria after 1 hour while small intracellular bacterial clusters were observed after 24 and 72 hours p.i., supporting an enterococcal multiplication step, albeit only of one part of the internalized population. To assess if the two different populations of intracellular bacteria were alive, we used Syto9 and Propidium iodide (PI) to differentially stain alive and dead bacteria in green and red, respectively. Our preliminary data show that both individual and clustered E. faecalis were stained in green, indicating that both populations were alive (Figure 1C). To rule out that E. faecalis replication within the hepatocytes was strain-or cell line-specific, we challenged another human hepatic cell line, the HuH7 cells with four additional strains, including the JH2-2 laboratory strain derived from a clinical strain, the HH-22 clinical isolate producing β-lactamase, the VE14821 strain, which has been isolated from a endocarditis, and the Symbioflor probiotic strain. We compared the number of internalized bacteria at 1 hour p.i. to the enterococcal burden present within the HuH7 cells 24 hours p.i as performed above. Our preliminary data suggested that all strains replicate inside the HuH7 cells, independently from their origin (Figure 2).

Of note, we observed that OG1RF entered 10 times more within HuH7 cells compared to HepG2 cells, suggesting HuH7 may be more permissible for enterococcal entry and a more suitable model to analyze E. faecalis replication. Yet, compared to HuH7 cells, HepG2 cells have been shown to retain most of the liver functions such as their metabolic and cytotoxic capacities [START_REF] Rudzok | Measuring and modeling of binary mixture effects of pharmaceuticals and nickel on cell viability/cytotoxicity in the human hepatoma derived cell line HepG2[END_REF]. We thus pursued our investigation on E. faecalis replication in the HepG2 cells.

Hepatocytes are not systematically permissive for bacterial replication

To check whether HepG2 cells were permissive for any bacteria replication, we performed an invasion assay with the non-pathogenic L. innocua strain expressing ectopically the InlB protein, the internalin triggering entry in hepatocytes of Listeria monocytogenes, a closely related pathogenic species [START_REF] Shen | InIB-dependent internalization of Listeria is mediated by the Met receptor tyrosine kinase[END_REF]. Our preliminary data indicated that, although InlB expression enhanced about 300 times the entry of InlB-expressing L. innocua compared to wild type L. innocua, in both cases the number of intracellular bacteria decreased between 1 hour and 24 hours p.i.

(Figure 3). Given that HepG2 cells are not prone for systematic bacterial replication, these results further support an intrinsic ability of E. faecalis to replicate within hepatocytes. 

The enterococcal containing compartment is non-acidic Pathogens generally exploit or hijack host cell mechanisms to promote their persistence and dissemination [START_REF] Cossart | Manipulation of host membrane machinery by bacterial pathogens[END_REF]. Among these strategies, several intracellular pathogens are able to prevent their delivery to lysosomes avoiding their degradation. To investigate the cellular mechanisms allowing E. faecalis replication in hepatocytes, we first analyzed whether E. faecalis was targeted and retained to the lysosomal degradation pathway. We used the LysoTracker, an acidotropic dye, to characterize the E. faecalis-containing compartment upon HepG2 infection. Any bacteria were found within acidic compartments 24 hours p.i, suggesting that E. faecalis is able to hijack the host machinery to escape the lysosomal pathway (Figure 4).

E. faecalis niches close to the endoplasmic reticulum

To investigate the location of the intracellular E. faecalis once it escaped the lysosomal degradation, we examined by electronic microscopy the cytoplasm of E.

faecalis-infected HepG2 cells (Figure 5). Analysis of the micrographs revealed that some E. faecalis were not in a vacuole, consistent with an escape from the lysosomal pathways. Interestingly, E. faecalis localized near the nuclei and closely associated to membranes which resembled to endoplasmic reticulum (ER), especially rough ER (Figure 5), suggesting that E. faecalis may recruit RE to establish an intracellular replication niche.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 97 DISCUSSION To our knowledge, E. faecalis has never been shown to replicate in mammalian cells [START_REF] Bertuccini | Invasion of HeLa cells by Enterococcus faecalis clinical isolates[END_REF]Gentry-Weeks et al., 1999;[START_REF] Millán | Enterococcus faecalis internalization in human umbilical vein endothelial cells (HUVEC)[END_REF]. In the present study, we provided evidences that E. faecalis replicates within two cell lines of hepatic cells and that this replication is conserved among E. faecalis strains. We pursued our investigation on HepG2 cells, which resemble the most to primary hepatocytes [START_REF] Guo | Similarities and Differences in the Expression of Drug-Metabolizing Enzymes between Human Hepatic Cell Lines and Primary Human Hepatocytes[END_REF][START_REF] Olsavsky | Gene expression profiling and differentiation assessment in primary human hepatocyte cultures, established hepatoma cell lines, and human liver tissues[END_REF] and showed that they are not systematically permissive for bacterial replication. Our results indicate that at least one sub-population of the internalized E. faecalis is able to escape from the lysosomal pathway to be found free in the cytosol and to niche close to the endoplasmic reticulum of hepatocytes. This suggests that E. faecalis is equipped to adapt and escape from the vacuole compartment. Of note, any of the other cells types that have been tested were permissive for E. faecalis replication. The liver plays a role in the clearance of and response to commensal bacteria translocating from the gastrointestinal tract [START_REF] Paris-Saclay | The liver may act as a firewall mediating mutualism between the host and its gut commensal microbiota[END_REF]. Besides its commensalism nature, Enterococcus faecalis is also a pathobiont from the gut microbiota. In alcohol-mediated liver disease, ethanol consumption disrupts the gut microbiota and tight-junction integrity, which may increase intestinal permeability [START_REF] Mcc | Comparing the effects of acute alcohol consumption in germ-free and conventional mice: the role of the gut microbiota[END_REF][START_REF] Schnabl | Interactions between the intestinal microbiome and liver diseases[END_REF][START_REF] Yan | Enteric Dysbiosis Associated with a Mouse Model of Alcoholic Liver Disease[END_REF]. These conditions are known to benefit to E. faecalis translocation.

Accordingly, when damage-control mechanisms do not operate, the liver may be a preferential target for E. faecalis replication.

Hijacking of the host endocytic pathway for the benefit of infection is a common strategy for intracellular pathogens [START_REF] Cossart | Manipulation of host membrane machinery by bacterial pathogens[END_REF]. Once internalized, some pathogens remain within a vesicle while others escape to reach the cytoplasm. For instance, the obligate intracellular pathogen Chlamydia trachomatis circumvents lysosomal fusion, modifies the Chlamydia-containing compartment and creates a replicative niche; Coxiella burnetii resists lysosomal fusion and replicates in acidic parasitophorous vacuoles, and Brucella abortus in endolysosomes recruit endoplasmic reticulum to allow replication within the Brucella-containing vacuole [START_REF] Celli | The changing nature of the Brucella-containing vacuole[END_REF][START_REF] Hammerschlag | The intracellular life of chlamydiae[END_REF][START_REF] Voth | Lounging in a lysosome: the intracellular lifestyle of Coxiella burnetii[END_REF]. Other bacteria have evolved mechanisms to escape from the endocytic pathway and continue their life cycle in the [START_REF] Ray | Life on the inside: the intracellular lifestyle of cytosolic bacteria[END_REF]. Listeria monocytogenes synthetizes lysteriolysin O (LLO), a pore-forming toxin and phospholipases C to disrupt the endosomal membrane and get access to the cytosol [START_REF] Alberti-Segui | Differential function of Listeria monocytogenes listeriolysin O and phospholipases C in vacuolar dissolution following cell-to-cell spread[END_REF][START_REF] Glomski | Listeria monocytogenes Mutants That Fail To Compartmentalize Listerolysin O Activity Are Cytotoxic, Avirulent, and Unable To Evade Host Extracellular Defenses[END_REF]. E. faecalis is able to survive for long periods of time within macrophages (Gentry-Weeks et al., 1999). Zou and collaborators showed that E. faecalis is able to delay lysosomal fusion of the enterococcal containing compartment (Zou and Shankar, 2016). The delay in lysosomal fusion infers an adaptation of the bacteria to resist acidity once the lysosomal fusion occurs (Zou and Shankar, 2016). To our knowledge, replication of free cytoplasmic bacteria, which are not enclosed in a vacuole, at a close proximity of the endoplasmic reticulum has never been described. Here, our results

indicated that E. faecalis may be able to recruit smooth and rough ER to establish a replication niche. The ER is the site of production of most of the cellular lipids and has a central role in protein biosynthesis. ER is particularly abundant in hepatocytes [START_REF] Alberts | YopH of Yersinia pseudotuberculosis interrupts early phosphotyrosine signalling associated with phagocytosis[END_REF]. E. faecalis is known to incorporate the exogenous fatty acids into its membrane to increase its resistance to membrane stressors including antibiotics [START_REF] Harp | Exogenous Fatty Acids Protect Enterococcus faecalis from Daptomycin-Induced Membrane Stress Independently of the Response Regulator LiaR[END_REF]. It is tempting to believe that E. faecalis targets hepatocytes for replication in particular because of their abundant ER and lipid production. The underlying mechanisms of E. faecalis replication within hepatocytes remain to be explored.

DISCUSSION AND PERSPECTIVES

During the last 3 years, I have investigated E. faecalis cellular infectious course.

Taking a deeper look into the different steps and times of infection, we have demonstrated that (1) ElrA acts as an invisibility cloak allowing E. faecalis to avoid recognition by macrophages (2) E. faecalis is able to replicate within hepatic cells.

1. A first objective was to determine the role of ElrA in the escape from phagocytosis during E. faecalis infection and assess if its role involves the characterized eukaryoric partner FHL2.

The difficulty to determine ElrA function relies on the undetectable expression of ElrA in vitro, while it is expressed in vivo (Brinster et al., 2007a). To overcome the limitation of elr expression in vitro, we used a genetically modified strain that expresses elr operon under the control of the strong constitutive aphA3 promoter (P + -elrA-E strain). Unlocked expression allowed us to assess the role of ElrA in vitro. The current knowledge on the regulation of the elrA-E operon is that the upstream gene elrR encodes a transcriptional activator of the elrA-E operon (Dumoulin et al., 2013).

ElrR belongs to the Rgg regulator family and its expression of ElrR is not detected in vitro. Expression and activation of these regulators are normally modulated by a peptide encoded in the proximity of the regulator [START_REF] Monnet | Peptide conversations in Gram-positive bacteria[END_REF]. However, in the case of elrR, such a gene is absent. To date, the molecular signals to unlock ElrR expression and, by consequence, the expression of the elrA-E operon, remain unknown.

Alternatively, the identification of the molecule(s) that trigger(s) ElrA expression in vivo would allow "physiological" expression of ElrA in vitro.

Considering that the constitutive production of the elrA-E operon may bias the system, a second approach was implemented. Based on the hypothesis that the key to the activation of the elrA-E operon is hidden in the structure of the non canonical 21 pb sequence spacing the boxes -10 and -35, 4 nucleotides were deleted from the promoter region to unlock the system and allow expression of elr operon in vitro (Δ4T strain) (our unpublished data). Deletion allowed ElrA expression in vitro, albeit at a very low level. In addition to the P + -elrA-E strain, we used Δ4T strain during infection.
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In the case of the latter, we did not observe the evasion phenotype linked to ElrA; the entry was comparable to that of the wild type strain. This result suggests that the expression level of elrA-E operon might be insufficient to escape macrophage sensing.

However, when ElrA is expressed under the control of the usp45 promoter to complement the PaphA3::ΔelrA strain, a few production of ElrA is enough to restore ElrA activity. This result suggests that it is not the low amount of ElrA produced in the Δ4T strain that prevents ElrA function, but more likely, the low level of expression of the other ElrB-E proteins that are important for ElrA stabilization.

No notable differences regarding global charge, bacterial morphology, cell wall structure or surface polysaccharides content between strains was observed. We found that at neutral pH, ElrA expression does not alter the global charge, which remains negative. Gram positive bacteria are negatively charged at their surface where teichoic acids confer anionic charges (Silhavy et al. 2010). Pathogens such as L.

monocytogenes and Pseudomonas aeruginosa have been shown as equally having a negative surface charge (van [START_REF] Loosdrecht | Electrophoretic mobility and hydrophobicity as a measured to predict the initial steps of bacterial adhesion[END_REF]Briandet et al. 1999;Chavant et al. 2002). It is currently admitted that negative bacterial surface charge should prevent interaction with the globally negative-charged eukaryotic plasma membrane because of repulsion forces. However, although eukaryotic plasma membrane comprises a panel of anionic and cationic lipids resulting in a dominant negative charge (Dowhan 1997), it has been recently shown that anchored proteins in the membrane provide a local positive charge (Vorobyov and Allen, 2011) proteases cleaving host immunoglobulins needed for opsonization [START_REF] Sarantis | Subversion of phagocytosis for pathogen survival[END_REF]). An inhibition of chemoattraction of macrophages towards bacteria have been also been observed in S. aureus, where the secretion of chemotaxis inhibitory protein (CHIP), formyl peptide receptor-like 1 inhibitors bind to the formylated peptide receptor directly avoiding chemo-attraction of neutrophils. In addition, the secretion of the cystein protease staphopain cleaves CXCR2 chemokine reducing indirectly cell migration towards the infection site (Thammavongsa et al., 2015). In the case of E. faecalis no active mechanism of chemotaxis inhibition has been previously described.
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The role of ElrA in E. faecalis virulence has been well identified in vivo (Brinster et al. 2007;Cortes-Perez et al. 2015, Jamet et al., 2017). Previous mouse models where ElrA phenotype was observed include a peritoneal infection in outbreed ICR mice (Brinster et al., 2007;Cortes-Perez et al., 2015) and intravenous and urinary tract infection of BALB/c mice [START_REF] Jamet | The Enterococcus faecalis virulence factor ElrA interacts with the human Four-and-a-Half LIM Domains Protein 2[END_REF]. According the route of infection, stronger effects of ElrA were observed in liver, spleen and kidneys. We infected intravenously wild type C57BL/6 mice and only found a minor role for ElrA in the liver.

BALB/c mice are genetically prone to type 2 immune responses, whereas C57BL/6 mice are prone to type 1 immunity [START_REF] Spellberg | Type 1/Type 2 immunity in infectious diseases[END_REF][START_REF] Watanabe | Innate immune response in Th1-and Th2-dominant mouse strains[END_REF].

If C57BL/6 mice are more resistant to enterococcal infection as for other intracellular pathogens, it is likely that the ElrA role may be more difficult to assess in our model.

The use of the C57/BL6 mice was imposed by the genetic background of FHL2 -/-mice.

Ideal conditions would imply to use ICR mice that are not genetically identical due to breeding between unrelated individuals; this type of mice provides a heterogeneous population similar to what is observed in humans. In addition, following of ElrA expression in vivo could help to choose the most appropriate route of infection.

Interestingly, it has been previously demonstrated that FHL2 -/-mice are susceptible to S. pneumoniae infection (Baranek et al., 2017). In this model, a decreased IFNγ production in natural killer (NK) cells results in a higher bacterial burden. In our model, FHL2 plays a role in controlling enterococcal infection in the spleen. This role depends on ElrA. The spleen is one of the largest lymphoid organs where immune response generates against pathogens in the bloodstream [START_REF] Cesta | Normal structure, function, and histology of the spleen[END_REF]. Comparison of cytokine expression in NK cells from spleen upon infection with the wild type strain or the ΔerlA strain should be considered. FHL2 expression has been shown to be prominant in placental and cardiac tissues and cell lines [START_REF] Uhlén | Proteomics. Tissue-based map of the human proteome[END_REF]. To study FHL2-ElrA role during infection, the ideal cellular model would rather be a cardiac cell line, which is more relevant to enterococcal infection, than a placental cell line. In Numerous infectious bacteria replicate within host cells. However, to our knowledge only L. monocytogenes replicates within hepatic cells [START_REF] Bouwer | Listeria monocytogenes-Infected Hepatocytes Are Targets of Major Histocompatibility Complex Class Ib-Restricted Antilisterial Cytotoxic T Lymphocytes[END_REF].

Strikingly, here we report for the first time that E. faecalis also replicates in hepatocytes. Of note, E. faecalis had never been reported to replicate intracellularly.

We have observed that if not all intracellular E. faecalis are able to replicate at 24 hpi, all bacteria are alive, consistently with two intracellular populations: (1) one that triggers replication and (2) one that does not replicate and either persists or dies.

Confirmation of these two populations would be eased by a reporter system based on fluorescence dilution as used to characterize Salmonella persisters [START_REF] Helaine | Dynamics of intracellular bacterial replication at the single cell level[END_REF]. Considering that no available inducible promoter in E. faecalis is optimum for an induction of a fluorescent protein intracellularly, an alternative strategy would be to use CFSE (carboxyfluorescin diacetate succinimidyl ester). This dye will bind to the surface of the bacteria before infection. Assuming that CFSE will segregate equally during cell division, a strain constitutively expressing mCherry (red) will be pulsed with CFSE (green) before infection. One would expect that replicating bacteria will remain red and to lose the green tag while non-replicating ones will conserve both tags.

The fact we observe E. faecalis replication up to 72 h followed by a decrease in bacterial The liver is the cleanser and filter of the bloodstream. It is thus exposed to infectious pathogens that could harm the liver indirectly. Non-hepatotropic bacterial pathogens, like Salmonella, Mycobacterium, Brucella and Coxiella have been associated with liver pathological manifestations after systemic infections [START_REF] Talwani | Infectious Diseases and the Liver[END_REF]. For instance, hepatic manifestations of typhoid fever include hepatomegaly and abnormal liver functions. In Brucella systemic infection, the main hepatic symptom is also hepatomegaly and in Coxiella, Q fever hepatitis is observed. In the case of Enterococcus, only E. faecium has been implicated in hepatomegaly in poultry [START_REF] Swayne | Diseases of Poultry[END_REF]. Gram-positive aerobic bacteria such as S. pyogenes, S. aureus and L. monocytogenes are equally able to cause abscesses in the liver [START_REF] Gundling | Pyogenic liver abscess in chronic alcoholic pancreatitis[END_REF][START_REF] Teitz | Pyogenic liver abscess: warning indicator of silent colonic cancer. Report of a case and review of the literature[END_REF]. To our knowledge, no clinical manifestation of E. faecalis liver pathology has ever been observed even in in vivo models. Histological observations of the liver of mice infected with E. faecalis will give us better understanding of the physiopathology of infection.

Historically, E. faecalis has been principally considered as an extracellular opportunistic pathogen. Now, it is accepted that E. faecalis also possesses an intracellular lifestyle. Thus, it is timely to focus on the mechanisms of E. faecalis replication in hepatocytes, which opens up a new concept in the understanding of E.

faecalis interaction with the host. Title : Insights into the interaction of Enterococcus faecalis with host cells Keywords : Enterococcus faecalis, internalin-like, macrophages, hepatocytes, evasion, phagocytosis, replication Abstract: Enterococcus faecalis is a core member of the human gut microbiota. Harmless for healthy humans, it is able to cause disease in susceptible patients under antibiotic-induced microbiota alteration. Nowadays, E. faecalis ranks as the third cause of nosocomial infections worldwide. E. faecalis pathogenicity is a multifactorial process but the cellular mechanisms of its interaction with the host remain poorly understood. Using cellular models of infection and in vivo models, we aimed to characterize the role of the virulence factor ElrA during cellular infection. Our goal was also to determine if FHL2, an ElrA eukaryotic partner, was implicated in E. faecalis infection and the impact of ElrA-FHL2 interaction. We have demonstrated that ElrA acts as an invisibility cloak allowing E. faecalis to avoid macrophage recognition. Also, we have shown that FHL2 is implicated in the defense against E. faecalis infection, involving partially ElrA. In parallel, we showed that intracellular replication of E. faecalis in hepatic cells. Altogether, our work provides new insights in E. faecalis interactions with the host cell.
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 2 Figure 2. Major routes of nosocomial transmission and spread of enterococci. Patients colonized with nosocomial enterococci and their environment are the main sources of dissemination. Enterococci can spread through faecal contamination into the hospital environment, including inanimate objects and the hands of health care workers and visitors. Hospitalization in long-term facilities, surgical-or intensive-care units; use of urinary catheters; and administration of multiple courses of antibiotics increase the chances of transmission(Arias and Murray, 2012) 

  Clinically, UTIs are categorized as uncomplicated or complicated. Infections of the lower tract (cystitis) are normally uncomplicated and are treated efficiently with antibiotics. Infections of the upper urinary tract may lead to severe complications such as acute pyelonephritis, renal scarring, calculus formation and bacteremia (Kline and Lewis, 2016). Highly prevalent in catheter-associated UTI (CAUTI), enterococci are Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Figure 3 .

 3 Figure 3. Structure of the intestinal epithelium. Enterocytes in the intestines form a barrier separating the commensal bacteria in the lumen from the underlying lamina propria. The lumen contains nutrients, immunoglobulins (IgAs), antimicrobial peptides and mucus. Epithelial stem cells differentiate into enterocytes, Goblet cells, enteroendocrine cells and Paneth cells. The subjacent lamina lodges fibroblasts, B cells (produing IgAs), T cells, macrophages and dendritic cells. In Peyer's patch, Microfold (M) cells sample de intestinal lumen[START_REF] Abreu | Toll-like receptor signalling in the intestinal epithelium: how bacterial recognition shapes intestinal function[END_REF].

Figure 4 .

 4 Figure 4. Scheme of the permeability routes of epithelial cells.The transcellular (through the cells) and paracellular (between the cells) routes control the passage of substances between the intestinal lumen and lamina propria and subjacent organs.

Figure 5 .

 5 Figure 5. E. faecalis catheter-dependent urinary tract infection. Infection results in bladder inflammation and causes fibrinogen release. Fibrinogen deposits onto the catheter and accumulates. E. faecalis takes advantage of the presence of fibrinogen and uses it as a food source through the production of proteases. E. faecalis also binds fibrinogen through the endocarditis-and biofilm-associated (Ebp) pilus, allowing the formation of biofilms (Flores-Mireles et al., 2015).

Figure 6 .

 6 Figure 6. Principal classes of receptors that mediate bacterial recognition. Opsonic receptors include Fc receptors and complement receptor (CR). The ligands of these receptors are: Immunoglobulins for the Fc receptors, Complement C3b subunit for the CR, Bacteria for MARCO (macrophage receptor with collagenous structure), Plasmodium falciparum-infected erythrocytes, Dectin-1, Mannan for the mannose receptor. After[START_REF] Freeman | Phagocytosis: receptors, signal integration, and the cytoskeleton[END_REF][START_REF] Gordon | Phagocytosis: An Immunobiologic Process[END_REF] 

  Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 29 PRRs detect conserved molecules in pathogens (Pathogen Associated Molecular Patterns or PAMPs)

Figure 7 .

 7 Figure 7. Representation of the complement cascade. The complement cascade can be activated via the classical, lectin and alternative pathway. The activation of the different pathways leads to formation of C3 convertases, which cleave C3 into the anaphylatoxin C3a and the opsonin C3b, which binds covalently to pathogen surface facilitating phagocytosis. The next step is the assembly of the C5 convertases, which cleave C5 into C5a and C5b. Both C3a and C5a bind to their corresponding receptors in immune cells. C5b together with C6, C7, C8, and multiple C9 molecules forms the Membrane Attact Complex (MAC). The MAC might form a pore in the target membrane, which results in bacterial lysis. Adapted from Janeway et al., 2001c.

Figure 8 .

 8 Figure8. Integrin-mediated activation of the Arp2/3 complex. Left, in the absence of integrin engagement, Rac and Cdc42 are held in an inactive GDP-bound state. WAVE-1 exists in an inactive, heterotetrameric complex with HSPC, NAP125 and PIR. Right, integrin ligation triggers the exchange of GDP for GTP. Cdc42 binds and induces a conformational change in WASP that binds and activates the Arp2/3 complex. Rac disrupts the WAVE complex to release WAVE in association with HSPC. WAVE binds and activates the Arp2/3 complex[START_REF] Demali | Coupling membrane protrusion and cell adhesion[END_REF].

Figure 9 .

 9 Figure 9. Mechanisms of bacterial invasion into non-phagocytic host cells. (A)The "zipper" mechanism of invasion involves the binding of bacterial adhesins to a receptor on mammalian cells required to initiate cytoskeleton-mediated zippering around bacterium (B) The "trigger" mechanism is used by bacteria that inject effector proteins into the host cell inducing membrane ruffling and subsequent bacterial[START_REF] Cossart | Bacterial invasion: the paradigms of enteroinvasive pathogens[END_REF].

Figure 10 .

 10 Figure 10. Maturation of phagosomes. Nascent phagosomes interact sequentially with compartments giving rise to phagolysosomes that, at each maturation stage, possess distinct biochemical properties. Phagosomes are classified as early phagosomes, late phagosomes, or phagolysosomes. They are identified by the presence of specific markers. Early phagosomes that fuse with early endosomes (EE) are marked with the small GTPase Rab5, the phosphatidylinositol 3 kinase Vps34, and the phosphoinositide PI(3)P. Late phagosomes that fuse with late endosomes (LE) are decorated with LAMP-1/2, Rab7, RILP and are devoid of PI(3)P and Rab5.Finally, phagolysosomes that are formed by fusion between late phagosomes and lysosomes (LY), are enriched with hydrolytic enzymes (e.g., proteases, glycanases, and lipases) and are markedly acidic[START_REF] Flannagan | Antimicrobial Mechanisms of Macrophages and the Immune Evasion Strategies of Staphylococcus aureus[END_REF].

Figure 11 .

 11 Figure 11. Manipulation of the host membrane machinery. Interactions between the bacterial vacuoles and host early endosomes (EE), late endosomes (LE), lysosomes, and the endoplasmic reticulum (ER) are indicated. Associated Rab proteins are also mentioned (Cossart and Roy, 2010).

Figure 12 .

 12 Figure12. Cellular events of the autophagy machinery during bacterial infection. Cytoplasmic material, in this case a bacterium or membrane remnants are directly ubiquitinated (Ub). Bacteria inside phagosomes can also be detected by the autophagy membrane although no ubiquitination has been observed. Ub residues are detected by autophagy receptor (AR) that recruits isolation membrane by LC3 binding (phagophore). The phagophore elongates to form an autophagosome. The autophagosome fuses with the lysosome and the enclosed material is degraded in the autolysosome[START_REF] Mostowy | Bacterial autophagy: restriction or promotion of bacterial replication?[END_REF].
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Figure 13

 13 Figure 13. E. faecalis virulence factors involved in host-pathogen interactions. Secreted proteins include the cytolysin, the enterococcal serine protease and the gelatinase. Surface polysaccharides include the enterococcal polysaccharide antigen (Epa) and the capsule. Surface proteins include microbial surface components recognizing adhesive matrix molecules (MSCRAMMS), the Enteroccal surface protein (Esp) and the internalin-like enterococcal leucin rich protein A (ElrA).
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  Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 50 Type 1[START_REF] Nallapareddy | Conservation of Ebp-type pilus genes among Enterococci and demonstration of their role in adherence of Enterococcus faecalis to human platelets[END_REF]. It has been shown that adhesion to fibrinogen is mediated by the tip subunit EpbA of Epb pili[START_REF] Flores-Mireles | EbpA vaccine antibodies block binding of Enterococcus faecalis to fibrinogen to prevent catheter-associated bladder infection in mice[END_REF].

Figure 14 .

 14 Figure 14. Schematic representation of the elrA-E operon. Gene products are all predicted secreted proteins. ElrA, ElrC and ElrD have a C-terminal WxL domain that interacts non-covalently with peptidoglycan. ElrB possesses a carboxy-terminal LPxTG anchor. ElrE has a predicted C-terminal transmembrane anchor (Cortes-Perez et al., 2015).

Figure 1 .

 1 Figure1. Effect of ElrA expression on structure of enterococcal population and E. faecalis individuals (A) Cell wall polysaccharide profiles from the V583, OG1RF, P + - elrA-E and P + -elrA strains recovered in exponential growth phase. Abbreviations: EPA,

  stabilization(Cortes-Perez et al. 2015). Importantly, expression of the elrA-E operon is not detected in vitro but is induced in vivo(Brinster et al. 2007b). Disruption of elrA significantly attenuates bacterial virulence in a peritonitis model of infection in ICR mice as well as in Balb/C mice infected by the intraperitoneal, intravenous, and transurethral routes(Brinster et al. 2007b; Cortes-Perez et al. 2015; Jamet et al. 2017).ElrA has also been shown to modify host inflammatory response by increasing IL-6Université Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 59 release in vivo(Brinster et al. 2007b). Since elrA expression is undetectable in vitro and elrB, elrC, elrD and elrE are required for ElrA stabilization, the native promoter of the operon has been exchanged by the constitutive aphA3 promoter (P + -elrA-E strain)(Cortes-Perez et al. 2015). The corresponding strain expresses the elrA-E operon constitutively and is more virulent(Cortes-Perez et al. 2015). In addition, ElrA prevents macrophage adhesion(Cortes-Perez et al. 2015). Recently, a physical

Figure 2 .

 2 Figure 2. Effect of ElrA-expressing E. faecalis on host cells. Exponentially growing E.faecalis strains were used to infect Raw264.7 macrophages and epithelial cervical (Hela) cells, hepatic cells (HepG2), fibroblastic kidney cells (ACHN), epithelial kidney cells (A-704), colonic epithelial cells (Caco-2), ileocecal epithelial cells (HCT-8) and placental cells (Jeg-3). Percentage of invasion was determined as the ratio of intracellular bacteria of the initial inoculum. Data are represented as mean with SEM of at least 3 independent experiments for each cell line. Statistical analysis was performed using unpaired Student's t test. Asterisks indicate a p-value considered statistically significant (*, P < 0.05; **, P < 0.01; ***, P<0.001).

Figure 3 .

 3 Figure 3. Effect of ElrA on macrophage activity (A) Raw 264.7 macrophages were incubated with fluorescent beads and incubated with P + -elrA-E or 10 nM of purified ElrA protein for 3 h prior to incubation with fluorescent beads. Histograms represent the distribution of macrophages phagocytizing GFP-fluorescent beads. Percentage of beadpositive macrophages was calculated by gating on live macrophages (not shown). Representative flow cytometry histograms from two independent experiments are shown. (B) Cell migration was observed after ~ 20 h of incubation on an inverted light microscope. Macrophages trapped in the membrane are stained with Giemsa coloration. Representative field of three independent experiments are shown. Migrating Raw264.7 macrophages were counted in five random fields per well at 20 X magnification. Data are represented as mean with SEM of three independent experiments. Asterisks indicate a p-value considered statistically significant (*, P<0.05, ***, P<0.001).

Figure 4 .

 4 Figure 4. Effect of FHL2-ElrA interaction in E. faecalis infection. (A) C57BL/6 wild type and FHL2 -/-mice were infected intravenously with 5 × 10 8 CFUs of OG1RF wild type or elrA strain. The liver, the spleen, and the kidneys were harvested 24 hours postinfection and serial dilutions were plated on selective enterococci agar medium (BEA). Each dot corresponds to one mouse (n=12) and were obtained from three independent experiments. Black bars represent median values. (B) Migrating macrophages (Left panel, wild type bone-morrow derived macrophages or BMDMs; right panel, FHL2 -/- BMDMs) were counted in five random fields per well at 20 X magnification. Data are represented as mean with SEM. Statistical analysis was performed using unpaired Student's t test on a representative experiment from two independent experiments. Asterisks indicate a p-value considered statistically significant (**, P<0.01, ***, P<0.001).

FHL2

  defense against E. faecalis would be triggered by ElrA. Together, these data showed that FHL2 is involved in controlling E. faecalis infection where FHL2 may counteract ElrA action in the spleen to prevent E. faecalis burden. The different phenotypes observed in vivo upon ElrA and FHL2 disruption suggest that both have multiple functions in E. faecalis infection. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 65 DISCUSSION ElrA is an internalin-like protein implicated in prevention of macrophage adhesion and E. faecalis evasion from macrophage phagocytosis (Cortes-Perez et al.

  polysaccharide antigen (Epa) and of teichoïc acids present in E. faecalis envelope. The integrity of these latter suggests that ElrA-expressing E. faecalis has the potential to remain phagocytized even if we cannot exclude that peptidoglycan-bound ElrA may mask PAMPs (Pathogen Associated Molecular Patterns) at the bacterial surface. In this study, we also found that at neutral pH ElrA expression does not alter the global charge, which remains negative and identical to that of bacteria not expressing ElrA.Previous physico-chemical studies have shown that E. faecalis has also a predominant negative charge at its surface[START_REF] Van Merode | Enterococcus faecalis strains show culture heterogeneity in cell surface charge[END_REF][START_REF] De Wouters | Adhesion potential of intestinal microbes predicted by physico-chemical characterization methods[END_REF]. It has Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 66 been recently shown that anchored proteins in the host cell membrane provide a local positive charge indicating that negatively-charged pathogens can efficiently infect eukaryotic cells, despite a global negatively charged surface (Vorobyov and Allen 2011).

FHL2.

  Together our results indicate at least a dual function of ElrA according to extracellular versus intracellular E. faecalis location during infection.

  7 macrophage cell line was grown in Dulbecco's ModifiedEagle Medium (DMEM, Gibco) with 10% decomplemented fetal bovine serum (FBS, Sigma), 2 mM glutamine and 25 mM Hepes. The human ileocecal adenocarcinoma (HCT-8) cell line was grown in DMEM with 10% FBS and 2 mM glutamine. The human placenta choriocarcinoma (Jeg-3), kidney adenocarcinoma (A-704) and liver hepatocellular carcinoma (HepG2) cell lines were grown in Minimum Essential Medium (MEM, Gibco) supplemented with 10% FBS, 2 mM glutamine, 0.1 mM non essential amino acids and 1 mM sodium pyruvate. The human epithelial colorectal adenocarcinoma (Caco-2) cells were grown in MEM with 20% FBS, 2 mM glutamine, 0.1 mM non-essential amino acids and 1 mM sodium pyruvate. The human epitheloid cervix carcinoma (HeLa) and kidney adenocarcinoma (ACHN) cell lines were grown in MEM with 10% FBS, 2 mM glutamine and 0.1 mM non-essential amino acids. L929 cells were grown in DMEM supplemented with glutamine 1 mM, Penicillin and Streptomycin 100U/ml, HEPES 25 mM and 5% FBS. After 10 days at confluence, cell supernatants containing the M-CSF for monocyte differentiation into macrophages were recovered and centrifuged at 750 g for 10 min. All cells were incubated at 37°C in 5% CO2 atmosphere.Université Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 69 Construction of the pVE14047 plasmid A DNA fragment containing the full-length elrA open reading frame was amplified by PCR from E. faecalis OG1RF genomic DNA using primers OEF275 (5'resulting PCR fragment was digested with AflIII and BamHI and inserted into the pET2817 vector to generate pVE14047, which encodes the 6xHistidine-tagged-ElrA. After verification by sequencing, pVE14047 was introduced into E. coli BL21 (DE3) and transformants were selected using ampicillin 100 µg/ml.Expression and purification of ElrABacterial culture (1L) of pVE14047-containing E. coli was grown at 23°C to OD600=0.6.Overexpression of the 6xHis-Tag-ElrA was induced by addition of 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). Bacteria were harvested at OD600=1 by centrifugation at 4000 g for 20 min at 4°C and resuspended in 17 ml phosphate buffer containing 5 mM imidazole, 10 µg/ml RNAse A (Sigma), 5µg/ml DNase I (Roche), Halt Protease and Phosphatase inhibitor (Thermo Scientific). Bacteria were disrupted by sonication (20% amplitude) with the Vibro cell 75042 (Bioblock Scientific). Lysates were recovered after centrifugation at 8600 g for 20 min at 4°C and loaded for 1.5 h on 4 ml of cobalt affinity resin (Ozyme) in 5 mM imidazole. The column was then washed 4 times with a solution of 10 mM imidazole, 300 mM NaCl and 50 mM NaH2PO4-H2O, pH 8, four times in 20 mM imidazole, 300 mM NaCl and 50 mM NaH2PO4-H2O, and twice in 20 mM imidazole, 1 M NaCl, 50 mM NaH2PO4-H2O. ElrA was then eluted with a gradient of imidazole from 50 to 300 mM in 300 mM NaCl and 50 mM NaH2PO4-H2O solution. Purified fractions were dialysed using a Pierce Slide-A-Lysed cassette in 50 mM Tris-HCl, 150 mM NaCl pH 7.5 overnight at 4°C. Protein was concentrated in Amicon Ultra-15 Centrifugal Filter devices at 4000 g for 20 min at 4°C. This method allowed us to purify approximately 4 mg of recombinant ElrA from 1 L of culture. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 70 Production of rabbit anti-ElrA antibodies Rabbit anti-ElrA antibodies have been developed by Covalab SAS. Briefly, approximately 200 µg of purified 6xHis-Tag-ElrA were diluted in complete Freund's adjuvant (Difco) and were injected subcutaneously into two rabbits. Three subsequent immunizations were performed 3, 6 and 9 weeks after the initial immunization. Rabbits were bled 10 days later. A fraction of the serum has been enriched in IgG1, IgG2a and IgG2b immunoglobulins using protein A-Sepharose.

  accordance with French and European directives. Animal experiments were authorized by the Ministry of Education of Higher Education and Research (APAFIS # 480, protocol number 20150415180048149_v1). Only conventional 9-to 12-week-old male C57BL6/J and FHL2 -/-mice were used for experiments. All mice were on C57BL/6J background. FHL2 -/-mice have been generated by Chu et al. (Chu et al. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 75 2000) and have been housed at the CEPR (INSERM U1100, Tours) and at the Pasteur Institute. C57BL6/J control mice were purchased at Charles River. E. faecalis OG1RFand elrA strains were collected by centrifugation 1 h after they had reached the stationary phase. Bacterial cells were washed twice with PBS 1X and stored as a dry frozen pellet at -80°C. At least two days before inoculation, the frozen bacterial pellet was suspended in 1 ml of PBS and serial dilutions were plated on BHI agar plates to determine the bacterial count of the pellet. Mice were infected intravenously in the retro-orbital vein with 5 × 10 8 CFUs. Serial dilutions of the inoculum were plated to control the number of E. faecalis inoculated in mice. The liver, the spleen and the kidneys were recovered 24 hours post-infection. Serial dilutions of organ homogenates were plated on Bile Esculin Agar (BEA) plates, a selective differential agar used to isolate E. faecalis. IFNγ dosage from organ supernatants was determined by using the mouse ELISA Ready-SET-Go! kit (eBioscience) following the manufacturer's instructions. Cytokine level was measured using a Tecan Infinite 200 microplate reader (Tecan Inc., Maennedorf, Switzerland). Statistical analyses were performed using Mann-Whitney test on GraphPad Prism.

Figure 1 .

 1 Figure 1. Schematic representation of the elrA-E operon. The non-canonical promoter region is zoomed in. The four thymidines deleted in Δ4T strain are colored in purple.

Figure 2 .

 2 Figure 2. Western Blot on E. faecalis whole bacterial extracts. The purified protein (ElrA 30 ng) is observed at 80 kDa together with bands that correspond to degradation products. Wild type and deleted strains (wt and ΔelrA, respectively) do not have detectable expression of ElrA. The P + -elrA-E strain expresses ElrA whereas the Δ4T has a low expression.

Figure 3 .

 3 Figure 3. Invasion assays in mammalian cells with the OG1RF, Δ4T and Δ4TΔelrA isogenic strains. Cells were grown in DMEM or MEM supplemented with 10 % fetal bovine serum at 37°C and 5% CO2. Exponentially growing E. faecalis isogenic strains were used to infect the cells at MOI of 5 for macrophages (Raw 264.7) and MOI of 50 for nonphagocytic cells. One hour later, extracellular bacteria were killed using vancomycin (20 µg/ml) and gentamycin (100 µg/ml). Next, cells were lysed 1 hour, 4 hour and 24 hours p.i. Intracellular bacteria were plated on BHI. Error bars indicate standard deviations of at least 3 independent experiments.

Figure 4 .

 4 Figure 4. A) Coated fluorescent beads. B) Raw 264.7 macrophages phagocytosis assay with ElrA-coated beads. Macrophages were incubated with fluorescent beads coated or not with purified ElrA or BSA for 1 h at MOI of 5. Histograms represent the distribution of macrophages phagocytizing GFP-fluorescent beads. Percentage of bead-positive macrophages was calculated by gating on live macrophages. Representative flow cytometry histograms from three independent experiments is shown.

Figure 5 .

 5 Figure 5. E. faecalis spreading in soft agar plates. E. faecalis homogenized overnight cultures where spotted in the middle of the petri dishes. Plates where cultured in humidity-controlled chambers at 37° C. Similar observations were observed for 0.2 -0.6 % agar plates.

Figure 6 .

 6 Figure 6. Modification of actin cytoskeleton. 3 hours post infection; macrophages were fixed with paraformaldehyde 4% and permeabilised using Triton 0.1%. Actin was detected using phalloidin conjugated to Fluoprobe 547. DNA was stained with DAPI. One representative image representative of two independent experiments is shown.

Figure 7 .

 7 Figure 7. Assessment of cell death upon E. faecalis infection. Macrophages were infected with ElrA isogenic strains for 3 hours p.i. Cells were treated with a mixture of PI:Annexin V according the manufacturer's recommendations. Cells were washed, scraped, and fixed with 4% PFA and analyzed by flow cytometry.

Figure 8 .

 8 Figure 8. Dosage of IFNγ in C57BL/6 wild type and FHL2 -/-mice infected intravenously with OG1RF and the ΔelrA strains. The liver, the spleen, and the kidneys were harvested 24 hours post-infection. IFNγ dosage from organ supernatants was determined by using the mouse ELISA Ready-SET-Go! kit (eBioscience) following the manufacturer's instructions. Data are represented as mean with SEM. Statistical analyses were performed using Mann-Whitney test. Asterisks indicate a p-value considered statistically significant (*, P < 0.05).

(

  ACHN) cell lines were grown in MEM with 10% FBS, 2 mM glutamine and 0.1 mM non-essential amino acids. The liver hepatocellular carcinoma (HuH7) cell line was cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with 10% FBS, 2 mM glutamine. All cell lines were cultured at 37 °C in 5% CO2 atmosphere. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 91 Cell invasion assay

  the ratio of intracellular bacteria of the initial inoculum. Statistic tests were performed using unpaired Student's t test on GraphPad Prism. Extracellular/intracellular E. faecalis staining HepG2 and HUH7 hepatocytic cell lines were seeded on glass coverslips and infected as described above. At 1 h, 24 h and 72 hpi, cells were fixed with 4% paraformalhedyde in PBS for 20 min. Fixed cells were washed twice with PBS and blocked using 1% BSA in PBS for 20 min. For extracellular bacteria staining, the infected cells were incubated with a rabbit anti-Enterococcus antiserum (BD Diagnostics, Le Pont de Claix, France) diluted at 1:2000 in BSA 0.5% in PBS for 1h, washed 3 times and incubated with a secondary antibody goat anti-rabbit IgG antibody conjugated with AlexaFluor647 (LifeTechnologies; 1:200 in BSA 1%) for 1 h. Next, for intracellular bacteria staining, infected cells were permeabilized using 0.1% Triton X-100 (Sigma) for 4 min and then, the same rabbit anti-Enterococcus antiserum was used for 1 h prior to a secondary goat anti-rabbit IgG antibody conjugated with AlexaFluor488 diluted at 1:400 in BSA 1% in PBS for 1 h. 4',6diamidino-2-phénylindole (DAPI) stain was used to stain DNA. Phalloïdine conjugated Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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Figure 1 .

 1 Figure 1. E. faecalis replicates inside hepatic cell lines (A) Exponentially growing E. faecalis was used to infect HepG2 cells. Percentage of invasion was determined as the ratio of intracellular bacteria of the initial inoculum. Data are represented as mean with SEM of at least 3 independent experiments for each cell line. Statistical analysis was performed using unpaired Student's t test. Asterisks indicate a p-value considered statistically significant (*, P < 0.05). (B) Infected HepG2 cells were fixed 1 h, 24 h and 72

Figure 2

 2 Figure 2 Replication is conserved in another hepatic cell line and among E. faecalis strains. Exponentially growing OG1RF, JH2-2, HH-22, Symbioflor and VE14821 strains were used to infect human HuH7 cells. Percentage of invasion was determined as the ratio of intracellular bacteria of the initial inoculums. Data are represented as mean with SEM from three independent experiments for each cell line.

Figure 3

 3 Figure 3 Hepatocytes are not systematically permissive for intracellular replication. Exponentially growing non-pathogenic Listeria innocua and InlB-expressing L. innocua were used to infect human HepG2 cells. Percentage of was determined as the ratio of intracellular bacteria of the initial inoculums. Data are represented as mean with SEM of three independent experiments.

Figure 4 .

 4 Figure 4. E. faecalis is not sequestered in an acidic compartment. HepG2 cells were infected with GFP-expressing E. faecalis. After 1h of contact, cells were incubated with the antibiotic cocktail and the LysoTracker. Acidic compartments were observed at 24 hpi using live imaging. Representative images of HepG2 infected cells are shown. This experiment has been performed once.

Figure 5 .

 5 Figure 5. E. faecalis niches close to the endoplasmic reticulum. HepG2 cells were infected with GFP-expressing OG1RF. After 48 hpi, infected cells were fixed and processed for transmission electronic microscopy. Scale bars correspond to 500 nm. This experiment has been performed once.

  suggesting that negative-charged bacteria can efficiently infect eukaryotic cells where the local positive charges would mediate bacteria-cell interaction, despite a global negatively charged surface. Structural information on how ElrA and the other proteins of the elr operon are anchored to the cell wall would help to understand how ElrA-E bind to peptidoglycan and potentially mask surface PAMPs on the bacteria to avoid recognition by macrophages. We coated fluorescent beads with purified ElrA and did not observed any difference in the percentage of the positive phagocyting cells. However, we cannot exclude the ElrA was improperly folded. To assess if released ElrA plays a role in the blocking of macrophage receptors, the supernatant of ElrA-expressing strain will be Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 101 tested. If so, testing the purified ElrA should allow to check if the protein is active. We also showed that macrophages are unable to migrate toward ElrA-expressing bacteria. Even if sedimentation during the experiment allows macrophages to get closer to ElrAexpressing bacteria, macrophages remain insensitive and do not actively migrate. Macrophage migration towards bacteria is promoted by the detection of microbial molecules like secreted peptides or PAMPs. Bacterial cell wall renewal also results in the release of LTA and lipoprotein molecules into the culture supernatant. To assess what are the molecular mechanisms implicated in the blocking of macrophage response, activation of macrophages deserves to be addressed. In our preliminary assay, expression of MHCII, CD80 and CD86 molecules were not detectable on macrophages infected few hours with the wild type E. faecalis. Longer infection may allow to activate macrophages and to address the effect of ElrA expression. As well, cytokine and chemokine profiling from the migrating macrophages culture supernatants should give an insight of the molecular process of ElrA-dependent inhibition of macrophage migration. For this purpose, relevant chemokines have been already selected (CXCL1, CXCL2, CXCL5, CXCL10, CCL2, CCL4, CCL5). Numerous pathogens have developed sophisticated mechanisms to subvert host immune response and disseminate through the organism. Evasion to phagocytosis has been welldescribed for Gram-positive or Gram-negative bacteria where surface components play an active role. For instance, S. pyogenes and S. aureus can in their turn, synthesize

  this model, analysis of the expression and localization of FHL2 upon infection by E. faecalis expressing ElrA or upon ElrA transfection should be performed. FHL2 is a cytosolic and nuclear moonlight protein able to interact with more than 50 partners in the host(Johannessen et al., 2006). It can interact with signal transducers and Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 103 transcription factors (MAPK and TRAFs of the NF-kB signaling pathway) that can be also implicated in the outcome of infection and will thus deserve deeper investigations in the future. 2. A second objective was to study E. faecalis entry and survival in different cellular types

  number could be explained by different hypotheses: (1) E. faecalis replication might be controlled by the host over-time or(2) the replicating population is outnumbered by the non-replicating viable population, which ends up dying. Live imaging should be used to follow the fate of the two populations.Our preliminary results show that E. faecalis is able to hijack cellular defense mechanisms in hepatocytes where bacteria are found outside acidic compartments after 24 hpi. Consistent with this observation, electronic microscopy imaging showedUniversité Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 104 that E. faecalis is cytosolic and seems to recruit endoplasmic reticulum. Similarly to our approach used to assess the fate of L. innocua in hepatocytes, expression of L. monocytogenes InlB, the internalin mediating hepatocytes infection, should overcome the low percentage of E. faecalis infection in hepatic cells. Alternatively, sorting cells infected by GFP-labeled E. faecalis would enrich the population of infected cells for further characterization. Then, specific endoplasmic reticulum antibodies will be used to confirm colocalisation with cytosolic E. faecalis to verify recruitment of endoplasmic reticulum. Considering that autophagy participates to cell defense against cytosolic bacteria, we could quantify autophagy activation by western blotting.

  Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 105 RESUME EN FRANÇAIS Enterococcus faecalis est une bactérie commensale à Gram positif présente dans le tube digestif humain et animal. Chez un individu sain, E. faecalis reste à un niveau sous dominant inférieur à 10 8 bactéries/g de matières fécales et représente ~1% des bactéries dans le tractus gastro-intestinal. Normalement inoffensive, E. faecalis est aussi considérée comme un agent pathogène opportuniste. Elle représente à nos jours, la troisième cause d'infection nosocomiale dans le monde après Escherichia coli et Staphylococcus aureus et provoque des infections urinaires, des bactériémies et des endocardites. Les infections à entérocoques peuvent avoir différentes origines. Suite à un déséquilibre du microbiote intestinal (aussi connu comme dysbiose) E. faecalis peut devenir une espèce majoritaire atteindre jusqu'à 10 10 bactéries/g de matières fécales chez des patients dysbiotiques. Une fois en dominance, elle peut traverser la barrière intestinale et disséminer dans différents organes. E. faecalis est aussi capable de survivre sur les instruments et dispositifs médicaux comme les cathéters et accède ainsi directement au système sanguin. Alors que plus de 70 facteurs de virulence ont été identifiés chez cette bactérie, peu d'entre eux ont été caractérisées comme ayant un rôle dans l'interaction avec les cellules ou l'échappement aux défenses de l'hôte. Parmi ceux-ci on trouve des protéases, des polysaccharides de surface et une protéine de type internaline appelée ElrA (protéine enterococcale riche en leucine). Cette dernière est une protéine de surface qui possède un domaine amino-terminal riche en leucine (LRR pour Leucine Rich Repeats) et un domaine carboxy-terminal WxL, qui permet une association non-covalente au peptidoglycane. ElrA peut donc être libérée dans le milieu de culture. Le gène elrA appartient à un opéron de cinq gènes codant potentiellement un complexe protéique de surface. L'inactivation du gène elrA, réduit significativement la virulence d'E. faecalis dans un modèle de péritonite chez la souris. Bien que le rôle de ElrA dans la virulence soit établi, son mécanisme d'action reste à élucider. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France 106 Jusqu'à présent une des difficultés à déterminer la fonction de ElrA était liée au fait que l'expression du gène elrA n'est pas détectable in vitro mais l'est seulement in vivo. Plus récemment, des travaux dans notre équipe ont montré que lorsque l'opéron elr est surexprimé, il contribue à l'échappement à la phagocytose par les macrophages et à la dissémination de E. faecalis in vivo. Les objectifs de ma thèse étaient : (1) d'élucider le rôle d'ElrA pendant l'infection des cellules phagocytaires, (2) de déterminer si FHL2, un partenaire eucaryote de ElrA, était impliqué dans l'infection par E. faecalis et de déterminer l'impact de l'interaction ElrA-FHL2 et (3) d'étudier le rôle d'ElrA pendant l'infection de cellules non-phagocytaires. Nous avons montré que la surexpression d'ElrA in vitro n'induit pas de modification détectable de la morphologie et de l'enveloppe par microscopie électronique, ni du profil polysaccharidique pariétal, ni de la charge électrique de la bactérie. En revanche, l'observation de la croissance des souches en biofilm nous a permis d'observer que la surexpression d'ElrA induit une perte de cohésion des bactéries associée à la formation d'un biofilm moins robuste. La perte de cohésion liée à l'expression d'ElrA n'inhibe pas le processus phagocytaire. En accord avec ce résultat, l'incubation des macrophages avec la protéine ElrA purifiée ainsi que la souche qui surexprime ElrA ne bloque pas la capacité innée des macrophages à phagocyter. En étudiant l'étape qui précède le contact physique entre les bactéries et les cellules, nous avons trouvé que les macrophages sont incapables de migrer vers E. faecalis. Ce résultat montre que la protéine agit comme un facteur qui rend E. faecalis indétectable par les macrophages. Ce phénotype est indépendant du partenaire eucaryote FHL2. En parallèle, nous avons étudié si FHL2 a un rôle pendant l'infection par E. faecalis. Nous avons comparé l'infection chez des souris sauvages ou invalidées pour l'expression du gène fhl2. Ces souris ont été infectées avec la souche sauvage ou la souche ΔelrA par voie intraveineuse. Nous avons mis en évidence un rôle de FHL2 dans la défense contre l'infection à E. faecalis et une contribution partielle de l'interaction de ElrA avec FHL2 dans ce modèle. L'ensemble de ces résultats suggèrent qu'ElrA a deux rôles pendant l'infection de l'hôte. Le premier consisterait à faciliter l'échappement de la bactérie au Titre : Etude de l'intéraction de Enterococcus faecalis avec les cellules de l'hôte Mots clés : Enterococcus faecalis, internaline, macrophages, hepatocytes, evasion, phagocytose, réplication Résumé : Enterococcus faecalis est une bactérie commensale du microbiote intestinal humain. Inoffensive chez l'homme sain, E. faecalis est aussi un pathogène opportuniste. En conditions de dysbiose post-antibiotique, E. faecalis peut devenir une espèce dominante, traverser la barrière intestinale avant de disséminer. E. faecalis se classe désormais comme la troisième cause d'infections nosocomiales dans le monde. La pathogénie de E. faecalis est un processus multifactoriel dont les mécanismes cellulaires de son interaction avec l'hôte sont encore mal compris. À l'aide de modèles cellulaires d'infection et de modèles in vivo, nous avons entrepris de caractériser le rôle du facteur de virulence ElrA pendant l'infection cellulaire.Notre objectif était également de déterminer si FHL2, un partenaire eucaryote de ElrA, était impliqué dans l'infection par E. faecalis et de determiner l'impact de l'interaction ElrA-FHL2. Nous avons démontré que ElrA agit comme une cape d'invisibilité permettant à E. faecalis de ne pas être détecté par des macrophages. Nous avons également montré que FHL2 est impliqué dans la défense de l'hôte contre l'infection par E. faecalis, mais ce rôle implique partiellement ElrA. Parallèlement, nous avons montré pour la première fois que E. faecalis est capable de se multiplier dans les hepatocytes. En conclusion, ce travail apporte de nouvelles perspectives sur les interactions de E. faecalis avec son hôte.
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	INTRODUCTION
	Enterococcus faecalis is a commensal Gram-positive pathobiont colonizing the
	gastrointestinal tract of humans and animals. Subdominant in number and
	nonpathogenic for healthy humans, E. faecalis has the capacity to cause disease in
	immunocompromised individuals, elderly people and long-term care patients. During
	microbiota alteration or dysbiosis, this bacterium outgrows and becomes dominant in
	the gut
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	Enterococcus faecalis replicates within human hepatocytes
	(In preparation)

  France 90 found in the cytosol near the endoplasmic reticulum. Together our data indicate that E. faecalis is able to hijack host cellular pathways to promote its intracellular replication in human hepatocytes. These results mark the onset of a novel research axis about enterococcal intracellular lifestyle, which remains to be explored.
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système immunitaire et sa dissémination alors que le deuxième participerait à la survie de la bactérie une fois internalisée via son interaction avec FHL2. Bien qu'il soit généralement admis que E. faecalis est capable d'envahir les cellules épithéliales cultivées et de survivre jusqu'à 72 h dans les macrophages, la réplication intracellulaire n'a jamais été démontrée. Nous avons évalué la survie de cette bactérie dans différents types cellulaires. Nous avons montré que E. faecalis est capable de se multiplier dans les hepatocytes où nous avons observé une augmentation de E. faecalis intracellulaires 24 heures après l'infection. Nos résultats préliminaires montrent que la réplication est conservée pour les six souches testées de E. faecalis. Nous avons également observé que E. faecalis n'est pas localisée dans un compartiment acide à 24h. En accord avec ces résultats, nos observations en microscopie électronique à transmission montrent que E. faecalis est localisé dans le cytosol où il pourrait recruter le réticulum endoplasmique. Nous montrons pour la première fois que E. faecalis est capable de se répliquer dans les cellules hépatiques humaines.En conclusion, les résultats de ma thèse étayent le modèle selon lequel E. faecalis serait à la fois capable de survivre au niveau extracellulaire et disséminer, et de répliquer à l'intérieur des hépatocytes. Ces résultats apportent de nouvelles perspectives sur les interactions de E. faecalis avec l'hôte et ouvrent une voie à une meilleure compréhension du processus infectieux.
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Electronic microscopy

Bacterial pellets harvested at OD600=0.6 were washed with phosphate-buffered saline (PBS) solution and fixed with 2% glutaraldehyde in 0.1 M Na cacodylate buffer pH 7.2, for 1 h at room temperature. Samples were then contrasted with Oolong Tea Extract (OTE) 0.5% in cacodylate buffer, postfixed with 1% osmium tetroxide containing 1.5% potassium cyanoferrate, gradually dehydrated in ethanol (30% to 100%), and substituted gradually in mix of ethanol-epon, and embedded in Epon (Delta microscopie -Labège France). Thin sections (70 nm) were collected onto 200 mesh cooper grids, and counterstained with lead citrate. Grids were examined with Hitachi HT7700 electron microscope operated at 80kV (Elexience -France), and images were acquired with a charge-coupled device camera (AMT). This work has benefited from the facilities and expertise of MIMA2 MET -GABI (INRA, AgroParisTech, 78352 Jouy-en-Josas, France).

Biofilm formation and analysis

Biofilm formation has been investigated as previously described [START_REF] Bridier | The biofilm architecture of sixty opportunistic pathogens deciphered using a high throughput CLSM method[END_REF]. Briefly, stationary phase E. faecalis cultures were used to freshly inoculate BHI in 96-well microplates (1:100). Bacteria attached to the wells (in triplicate) for 1 h at 37°C and were washed once with fresh medium. Biofilms developed for 6 h were stained using SYTO 9 (cell permeant nucleic acids dye, Life Technologies) diluted 1:100. Images were acquired using a Leica SP8 confocal laser scanning microscope (Leica Microsystems) at the MIMA2 microscopy platform (www6.jouy.inra.fr/mima2).

The green SYTO 9 emitted fluorescence signal was collected on an hybrid detector in the range 500-550 nm after excitation at 488nm with an Argon laser set at 20% of its maximal intensity with a z-step of 1µm and at 600Hz. 3D reconstructed images were obtained using Imaris (Bitplane) software. Biomass was calculated directly from the raw images using Image J software and Comstat 2 plugin [START_REF] Heydorn | Quantification of biofilm structures by the novel computer program COMSTAT[END_REF].

Percentage of cohesion was calculated by normalizing the remaining biofilm after the three consecutive washes to the initial non-washed biofilm. Statistical tests were performed using unpaired Student's t test on GraphPad Prism.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France SUPPLEMENTARY DATA Supp. Figure 1. Antibodies directed against the recombinant ElrA were used to localize native ElrA (80 kDa) from total protein extracts of the OG1RF wild-type strain not expressing the elrA-E operon in vitro; the P + -elrA-E strain, which constitutively expresses the operon; the P + -ΔelrA strain constitutively expressing elrB-E but not elrA; and the CPL-elrA strain that corresponds to P + -ΔelrA complemented for elrA expression.

Purified ElrA (30 ng) was loaded as a positive control. Positions of the molecular mass markers are indicated on the left. Supp. Figure 2. Biofilms of ElrA isogenic strains were observed 6 h post inoculation at 37°C and after three consecutive washes. Bacteria were stained and biofilms were observed by confocal microscopy. Images were constructed using IMARIS software and the biomasses were calculated from using Image J. The percentage of cohesion was calculated using as a reference the initial biomass at 6 h without washes and compared to the remaining biomass after washes. Mean and standard deviations on 3 independent experiments are shown. Statistical analysis was performed using unpaired Student's t test. Asterisks indicate a p-value considered statistically significant (**, P < 0.01).

DISCUSSION AND PERSPECTIVES
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