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This phenotype was independent of B-and T-cells and characterized by the enhanced pro-inflammatory response of peritoneal macrophages (PMs) and splenic NK-cells towards different pathogenic serovars of L.

interrogans. In addition, CL429 influences bone marrow cells, enhancing the antibacterial response of bone marrow-derived macrophages (BMMs). Both PMs and BMMs showed enhanced bactericidal activity alongside more nitric oxide (NO) production that was not previously associated with TI. Finally, ex vivo training with CL429 also renders human monocytes more responsive to pathogenic leptospires.

In conclusion, we showed that leptospires escape autophagy and that it can be partially restored using NOD agonists. Moreover, training of macrophages with NOD agonists enhance their response toward different pathogenic serovars of Leptospira. Both NOD-based strategies could be exploited for prophylaxis or vaccination.

Summary

Leptospira interrogans are pathogenic spirochetes responsible for leptospirosis. Chronically infected, rodents excrete bacteria in their urine contributing to the spread of the disease. There is currently no cross-protective vaccine for more than 400 leptospiral serovars. Innate immune cells such as macrophages quickly respond to microbes through pattern-recognition receptors (PRRs). PRRs recognize conserved microbial-associated molecular patterns (MAMPs) and trigger innate immune responses. For instance, NOD1 and NOD2 receptors sense peptidoglycan (PG) and activate anti-microbial responses, among them autophagy.

Furthermore, PRRs engagement can trigger the so-called innate immune memory or trained immunity (TI). It has been shown that leptospires escape some innate immune sensing and the role of macrophages during leptospirosis has not yet been clearly established.

Previous results from our laboratory established that the LipL21 lipoprotein binds to the leptospiral PG, impairing NOD sensing. My contribution was to confirm the specific role of LipL21 in NOD escape using the heterologous host E. coli that also harbors Gram-negative meso-Dap type PG (Ratet, Santecchia et al., PLoS Pathog. 2017).

Next, we studied the consequences of NOD escape in macrophages. First, in vitro infections suggested that leptospires were internalized independently of actin polymerization and survive in murine and human macrophages for 48h. Also, leptospires did not trigger nor block autophagy in murine macrophages. In addition, infection selectively induced the accumulation of the autophagy adaptor p62. Of note, the pharmacological triggering of autophagy on infected cells had a marked effect on decreasing the viability of leptospires. Co-infection of leptospires with NOD agonists induced autophagy and p62 degradation. In addition, preliminary data suggest that leptospires do not induce autophagy in the mouse model and that it can be restored with NOD agonists.

Résumé

Les bactéries Leptospira interrogans sont des spirochètes pathogènes responsables de la leptospirose. Les rongeurs chroniquement infectés excrètent les bactéries dans leurs urines, contribuant ainsi à la propagation de la maladie. Il n'existe actuellement aucun vaccin qui puisse conférer une protection croisée pour les 400 serovars identifiés de leptospires. Les cellules immunitaires innées telles que les macrophages répondent rapidement aux microbes par le biais de récepteurs (PRR). Les PRRs reconnaissent les motifs moléculaires conservés associés aux microbes (MAMP) et déclenchent des réponses immunitaires innées. Par exemple, les récepteurs NOD1 et NOD2 détectent le peptidoglycane (PG) et activent des réponses antimicrobiennes, parmi lesquelles l'autophagie. De plus, l'engagement des PRRs peut déclencher une réponse immunitaire innée mémoire ou immunité entraînée (IE). Il a été démontré que les leptospires échappent à certaines réponses immunitaires innées. De plus, le rôle des macrophages au cours de la leptospirose n'a pas encore été clairement établi. Les résultats antérieurs de notre laboratoire ont établi que la lipoprotéine LipL21 se lie au PG des leptospires, altérant la détection par les protéines NOD. Ma contribution a consisté à confirmer le rôle spécifique de la LipL21 dans l'évasion des NOD, en utilisant un système d'expression hétérologue chez Escherichia coli, une bactérie à Gram-négatif qui possède également un PG de type méso-Dap (Ratet, Santecchia et al. PLoS Pathog. 2017). Nous avons ensuite étudié les conséquences de l'échappement aux NOD dans les macrophages.

Premièrement, des infections in vitro ont suggéré que les leptospires étaient internalisées indépendamment de la polymérisation de l'actine et survivaient dans les macrophages murins et humains pendant 48h. De plus, les leptospires ne déclenchent ni ne bloquent l'autophagie dans les macrophages murins. En outre, l'infection a induit sélectivement l'accumulation de l'adaptateur d'autophagie p62. De plus, le déclenchement pharmacologique de l'autophagie dans les cellules infectées a montré un effet marqué diminuant la viabilité des leptospires. La co-infection par des leptospires avec des agonistes des NOD a induit l'autophagie et une dégradation de p62. De plus, des données préliminaires suggèrent que les leptospires ne provoquent pas d'autophagie dans le modèle murin et que l'autophagie au cours de l'infection par les leptospires peut être restaurée avec des agonistes des NOD. Enfin, en utilisant du CL429, un agoniste de NOD2 / TLR2, nous avons démontré que l'IE protège de l'infection par les leptospires. Ce phénotype, indépendant des cellules B et T, est caractérisé par une réponse pro-inflammatoire accrue des macrophages péritonéaux (PMs) et des cellules NK spléniques vis-à-vis de différents serovars pathogènes de L. interrogans. De plus, le CL429 influence les cellules de la moelle osseuse, renforçant la réponse antibactérienne des macrophages dérivés de la moelle osseuse (BMM). Les PM et les BMM ont montré une activité bactéricide accrue parallèlement à une production accrue de monoxyde d'azote qui n'a jamais été associée auparavant à l'IE. Enfin, un entraînement ex vivo avec du CL429 a également rendu les monocytes humains plus sensibles aux leptospires pathogènes (Santecchia et al., PLoS Pathog. 2019). En conclusion, nous avons montré que les leptospires échappent à l'autophagie, qui peut être partiellement restaurée à l'aide d'agonistes des NOD. De plus, la stimulation de macrophages avec des agonistes des NOD améliore leur réponse à différents sérovars pathogènes de leptospires. Ces deux stratégies basées sur l'utilisation des agonistes des NOD pourraient être exploitées à des fins prophylactiques ou dans l'optique de développer un vaccin contre Leptospira interrogans. Chapter I Introduction « It is not the strongest of the species that survives, nor the most intelligent, it is the one that is most adaptable to change »
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Chapter I -Introduction

PART I -Leptospira interrogans

Leptospira interrogans are pathogenic bacteria that belong to the phylum of spirochetes [START_REF] Picardeau | Virulence of the zoonotic agent of leptospirosis: Still terra incognita?[END_REF].

Leptospires are the etiological agent of leptospirosis, a worldwide re-emerging zoonosis [2].

The disease was first described by Weil in 1886 and was associated with jaundice, renal dysfunction and skin rashes [START_REF] Adler | History of leptospirosis and leptospira[END_REF]. At the time, the etiological agent was not discovered. The first isolation of Leptospira species (spp.) was performed by Inada et al. in 1916 [4].

Leptospirosis is a disease that can be fatal to humans in up to 40 % of the cases [START_REF] Haake | Leptospirosis in Humans BT -Leptospira and Leptospirosis[END_REF], although in most countries, the fatality rate is around 5% [START_REF] Costa | Global Morbidity and Mortality of Leptospirosis: A Systematic Review[END_REF]. In 2015, It was estimated that 1 million cases of leptospirosis arise with more than 60.000 being fatal each year [START_REF] Costa | Global Morbidity and Mortality of Leptospirosis: A Systematic Review[END_REF].

Many Leptospira spp. have been described and classified according to their virulence in 3 distinct groups: saprophytic (or non-pathogenic), intermediates and pathogenic species [START_REF] Picardeau | Virulence of the zoonotic agent of leptospirosis: Still terra incognita?[END_REF]. Of all these species, Leptospira interrogans (L. interrogans) is the most studied among the pathogenic and Leptospira biflexa (L. biflexa) among the non-pathogenic. Several serovars can be distinguished among a species, based on the micro agglutination test [START_REF] Chirathaworn | Interpretation of microscopic agglutination test for leptospirosis diagnosis and seroprevalence[END_REF][START_REF] Goris | Leptospirosis serodiagnosis by the microscopic agglutination test[END_REF][START_REF] Gautam | Detection of antibodies against Leptospira serovars via microscopic agglutination tests in dogs in the United States, 2000-2007[END_REF]. For instance, in the case of L. interrogans, there are more than 300 described serovars, such as Icterohaemorrhagiae, Copenhageni or Manilae [START_REF] Guglielmini | Genus-wide Leptospira core genome multilocus sequence typing for strain taxonomy and global surveillance[END_REF][START_REF] Ko | Leptospira: the dawn of the molecular genetics era for an emerging zoonotic pathogen[END_REF]. It is of note that not all the serovars lead to the same severity of the pathology in humans [START_REF] Ko | Leptospira: the dawn of the molecular genetics era for an emerging zoonotic pathogen[END_REF].

Leptospires infect their host through abraded or wounded skin or mucosa [START_REF] Levett | Leptospirosis[END_REF]. Following entrance in the host, leptospires disseminate into the bloodstream and finally reach the kidneys of infected hosts [2,[START_REF] Levett | Leptospirosis[END_REF]. Once in the kidneys, leptospires locate in the proximal renal tubules where they establish a lifelong niche. Consequently, infected hosts excrete live leptospires into the environment through urine. Leptospires can survive in the environment and infect other host that enter in contact with contaminated water or soil (Fig. 1.1).

Recently, our lab developed a bioluminescent strain to follow up the infection process by live imaging [START_REF] Ratet | Live imaging of bioluminescent leptospira interrogans in mice reveals renal colonization as a stealth escape from the blood defenses and antibiotics[END_REF]. Infection in the murine model occurs in a biphasic way. First, leptospires replicate in blood, leading to a systemic infection known as acute phase. Next, leptospires are cleared from the blood circulation and this is followed by a chronic phase in which bacteria are located exclusively in the proximal tubules of the kidneys [START_REF] Ratet | Live imaging of bioluminescent leptospira interrogans in mice reveals renal colonization as a stealth escape from the blood defenses and antibiotics[END_REF]. Pathogenic leptospires are carried by chronically infected asymptomatic rodents in their kidneys [START_REF] Bharti | Leptospirosis: a zoonotic disease of global importance[END_REF]. These animals urinate and excrete live bacteria, thus contaminating the environment [2,[START_REF] Levett | Leptospirosis[END_REF]. Other animals, such as pets or life-stock [START_REF] Zarantonelli | Isolation of pathogenic Leptospira strains from naturally infected cattle in Uruguay reveals high serovar diversity, and uncovers a relevant risk for human leptospirosis[END_REF], get infected in contact with contaminated soil and water. This ultimately leads to more carrier animals contaminated consequently closing the zoonotic cycle. Blue and orange arrows represent the process of environmental contamination and spread from the environment to reservoir or life-stock and other animals respectively. Finally, when human (accidental hosts) encounter either contaminated environment or infected animals there is a risk of transmission of the disease, as indicated by the red arrows.

Leptospira spp. cell wall physiology

Leptospires are diderm bacteria that possess inner and outer membranes (Fig. 1.2). These bacteria have a spiral shape and are characterized as long and thin microbes with a length around 6 -20 µm and a diameter around 0.1 µm [START_REF] Cameron | Leptospiral structure, physiology, and metabolism[END_REF]. Leptospires are peculiar amongst spirochetes since they possess lipopolysaccharide (LPS) in their outer membrane [START_REF] Raddi | Three-dimensional structures of pathogenic and saprophytic Leptospira species revealed by cryo-electron tomography[END_REF]. LPS is a major virulence factor of leptospires [START_REF] Murray | Mutations affecting Leptospira interrogans lipopolysaccharide attenuate virulence[END_REF]. In addition, leptospires present several outer membrane proteins (OMPs) and lipoproteins [START_REF] Haake | The leptospiral outer membrane[END_REF] that will be the subject of the next section.

In between the two membranes, leptospires have two endo-or periplasmic-flagella (PF) [START_REF] Li | Spirochete periplasmic flagella and motility[END_REF] and a peptidoglycan (PG) layer [START_REF] Haake | The leptospiral outer membrane[END_REF]. All these components are essential for leptospiral physiology. In particular, motility is a key virulence factor for leptospires since mutations altering different flagellar components result in non-virulent strains [START_REF] Picardeau | Virulence of the zoonotic agent of leptospirosis: Still terra incognita?[END_REF][START_REF] Ko | Leptospira: the dawn of the molecular genetics era for an emerging zoonotic pathogen[END_REF][START_REF] Gomes-Solecki | Animal Models of Leptospirosis: Of Mice and Hamsters[END_REF].

Figure 1.2: L. interrogans cell wall

Leptospiral cell wall is characterized by a double membrane with an inner (IM) and outer (OM) membranes [START_REF] Cameron | Leptospiral structure, physiology, and metabolism[END_REF][START_REF] Haake | The leptospiral outer membrane[END_REF]. The PG layer, that is at least partially responsible for the classical leptospiral shape [START_REF] Slamti | Deciphering morphological determinants of the helix-shaped Leptospira[END_REF], sits between the IM and the OM in the periplasm, along with the endo-or periplasmic-flagella [START_REF] Raddi | Three-dimensional structures of pathogenic and saprophytic Leptospira species revealed by cryo-electron tomography[END_REF][START_REF] Li | Spirochete periplasmic flagella and motility[END_REF] (PF, in red). The outer leaflet of the OM possesses LPS. In addition, the outer membrane is spanned with lipoproteins such as the adhesin LigA [START_REF] Choy | Physiological osmotic induction of Leptospira interrogans adhesion: LigA and LigB bind extracellular matrix proteins and fibrinogen[END_REF] and transmembrane proteins such as the iron transporter FecA [START_REF] Louvel | Isolation and characterization of FecA-and FeoBmediated iron acquisition systems of the spirochete Leptospira biflexa by random insertional mutagenesis[END_REF] and the extracellular matrix binding protein OmpL1, expressed during infection [START_REF] Fernandes | OmpL1 is an extracellular matrix-and plasminogen-interacting protein of Leptospira spp[END_REF]. In addition, other lipoproteins such as LipL32 are highly abundant with more than 40.000 copies per bacterium [START_REF] Malmstrom | Proteome-wide cellular protein concentrations of the human pathogen Leptospira interrogans[END_REF]. Loa22, a leptospiral virulence factor, is another abundant OM lipoprotein [START_REF] Ristow | The OmpAlike protein Loa22 is essential for leptospiral virulence[END_REF]. Adapted from [START_REF] Haake | The leptospiral outer membrane[END_REF].

Leptospiral peptidoglycan

PG is an essential structural macromolecule that gives structural integrity to the bacterial cell wall, helping it resist turgor pressure [START_REF] Vollmer | Peptidoglycan structure and architecture[END_REF]. PG is composed of a carbohydrate backbone of alternating N-acetyl-glucosamine and N-acetyl-muramic acid units, interconnected by stem peptides [START_REF] Vollmer | Peptidoglycan structure and architecture[END_REF]. These stem peptides are composed of amino acids, with a di-amino acid in position 3 [START_REF] Vollmer | Peptidoglycan structure and architecture[END_REF]. The presence of a di-amino acid allows for the crosslinking between different stem peptides, in position 3 and 4, that will consequently connect backbone chains. The nature of the connection varies from a peptide bond to several amino acids, such as a pentaglycine bond in Gram-positive bacteria such as Staphylococcus aureus. In most Gramnegative bacteria, the amino acid in position 3 is a diaminopimelic acid (Dap). Dap or meso-Dap PG is present in bacteria such as Escherichia coli. Different from Borrelia spp. that present an ornithine at the third position of the stem peptide, leptospires possess a meso-Dap.

A particular feature of leptospiral PG is that it is localized close to the inner membrane [START_REF] Cameron | Leptospiral structure, physiology, and metabolism[END_REF][START_REF] Holt | Anatomy and chemistry of spirochetes[END_REF]. Preparation of leptospiral sacculi conserves the spiral shape, showing an important role of this macromolecule in the leptospiral shape [START_REF] Slamti | Deciphering morphological determinants of the helix-shaped Leptospira[END_REF]. The PG composition of leptospires was first established using the non-pathogenic model L. biflexa serovar Patoc [START_REF] Slamti | Deciphering morphological determinants of the helix-shaped Leptospira[END_REF]. The authors found that the L. biflexa serovar Patoc PG is composed mostly of disaccharidetripeptide and the dimer disaccharide-tripeptide → tetrapeptide [START_REF] Slamti | Deciphering morphological determinants of the helix-shaped Leptospira[END_REF].

Leptospiral lipoproteins

Lipoproteins are among the most abundant components of the leptospiral cell wall. The leptospiral proteome has more than 140 lipoproteins, most of which have unknow function [START_REF] Schmidt | Absolute quantification of microbial proteomes at different states by directed mass spectrometry[END_REF][START_REF] Beck | Visual proteomics of the human pathogen Leptospira interrogans[END_REF]. This section will cover brief comments on major leptospiral lipoproteins and several proteomic studies, to try to understand their role.

LipL32

Originally described by Haake et al. in 2000 [32], LipL32 is the most abundant protein in the leptospiral outer membrane. LipL32 possess a signal peptide, it seems to be lipidated as indicated by labeling in media containing [ 3 H]-palmitate, and it is part of the outer membrane of leptospires as it is recovered in hydrophobic phase after fractionation [START_REF] Haake | The leptospiral major outer membrane protein LipL32 is a lipoprotein expressed during mammalian infection[END_REF]. LipL32 is expressed both in vitro but also in vivo, and it is conserved among pathogenic species [START_REF] Haake | The leptospiral major outer membrane protein LipL32 is a lipoprotein expressed during mammalian infection[END_REF].

Crystallography analysis of LipL32 showed that even though there is no primary sequence homology with known proteins, its 3D structure suggest some structural homology with adhesins that bind extracellular matrix components (EMC) [START_REF] Vivian | Crystal structure of LipL32, the most abundant surface protein of pathogenic Leptospira spp[END_REF]. Even if surfaceome analysis originally sugeested that LipL32 is partially exposed on the surface of leptospires [START_REF] Cullen | Surfaceome of Leptospira spp[END_REF], new data showed that this is a sub-surface protein [START_REF] Pinne | LipL32 Is a Subsurface Lipoprotein of Leptospira interrogans: presentation of new data and reevaluation of previous studies[END_REF]. Transcriptome analysis showed that LipL32 was downregulated when cultured with murine or human macrophages, potentially suggesting a role in virulence and making it a attractive vaccine candidate [START_REF] Xue | Transcriptional responses of Leptospira interrogans to host innate immunity: significant changes in metabolism, oxygen tolerance, and outer membrane[END_REF]. However, Murray et al. obtained a strain deficient in LipL32 and showed that this protein is not essential for leptospires [START_REF] Murray | Major surface protein LipL32 is not required for either acute or chronic infection with Leptospira interrogans[END_REF]. In addition, the LipL32 deleted strain showed no altered morphology nor change in adhesion to EMC [START_REF] Murray | Major surface protein LipL32 is not required for either acute or chronic infection with Leptospira interrogans[END_REF]. Surprisingly, no effect of LipL32 deletion was observed in infection in either acute or chronic models, indicating that this protein does not participate in the pathogenesis of leptospires [START_REF] Murray | Major surface protein LipL32 is not required for either acute or chronic infection with Leptospira interrogans[END_REF] and suggests that it may be important to survive in the environment.

LipL21

This lipoprotein was originally discovered by Cullen et al. in an outer membrane global analysis, and called p21 due to its molecular weight [START_REF] Cullen | Global analysis of outer membrane proteins from Leptospira interrogans serovar Lai[END_REF]. LipL21 was further characterized in be an abundant constituent of the outer membrane of leptospires, present and conserved in pathogenic strains, and expressed during infection [START_REF] Cullen | LipL21 is a novel surface-exposed lipoprotein of pathogenic Leptospira species[END_REF]. Surfaceome analysis showed that LipL21 is the second most abundant leptospiral surface protein [START_REF] Cullen | Surfaceome of Leptospira spp[END_REF]. In vitro transcriptome analysis shows that its expression goes down upon infection in murine and human macrophages [START_REF] Xue | Transcriptional responses of Leptospira interrogans to host innate immunity: significant changes in metabolism, oxygen tolerance, and outer membrane[END_REF]. Recently, using recombinant LipL21, Vieira et al. have proposed that

LipL21 could be implicated in neutrophil function impairment by inhibiting myeloperoxidase activity [START_REF] Vieira | Leptospira interrogans outer membrane protein LipL21 is a potent inhibitor of neutrophil myeloperoxidase[END_REF]. This protein has been proposed as a serological marker for leptospirosis diagnostic by several authors [START_REF] Sun | A sensitive and specific IgM-ELISA for the serological diagnosis of human leptospirosis using a rLipL32/1-LipL21-OmpL1/2 fusion protein[END_REF][START_REF] Joseph | Evaluation and comparison of native and recombinant LipL21 protein-based ELISAs for diagnosis of bovine leptospirosis[END_REF][START_REF] Anita | Evaluation of combined B cell specific N-terminal immunogenic domains of LipL21 for diagnosis of leptospirosis[END_REF]. Finally, He et al. used a LipL21 DNA vaccine to protect guinea pigs from infection, however there is no survival experiments associated with this study [START_REF] He | Protection of guinea pigs against Leptospira interrogans serovar Lai by LipL21 DNA vaccine[END_REF]. In addition, we found that LipL21 is bound to the leptospiral PG impairing signaling through NOD1 and NOD2 [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF]. This and additional results will be covered in Chapter 3 of this manuscript.

LipL41

LipL41 was first described by Haake et al. as a 41 kDa protein present in leptospires [START_REF] Shang | Molecular cloning and sequence analysis of the gene encoding LipL41, a surface-exposed lipoprotein of pathogenic Leptospira species[END_REF]. It contains a 19-amino acids signal peptide and due to its recovery in the hydrophobic phase after subcellular fractionation it seems to be located in the outer membrane [START_REF] Shang | Molecular cloning and sequence analysis of the gene encoding LipL41, a surface-exposed lipoprotein of pathogenic Leptospira species[END_REF]. Growing on [ 3 H]-palmitate media shows that this protein its lipidated [START_REF] Shang | Molecular cloning and sequence analysis of the gene encoding LipL41, a surface-exposed lipoprotein of pathogenic Leptospira species[END_REF]. Several studies have indicated that this protein is expressed and exposed at the leptospiral surface [START_REF] Cullen | Surfaceome of Leptospira spp[END_REF][START_REF] Cullen | Global analysis of outer membrane proteins from Leptospira interrogans serovar Lai[END_REF][START_REF] Shang | Molecular cloning and sequence analysis of the gene encoding LipL41, a surface-exposed lipoprotein of pathogenic Leptospira species[END_REF]. Functional studies of this protein have revealed that it is not a virulence factor of pathogenic leptospires and is not required for acute infection since there is no effect on hamsters survival when a wild-type and a LipL41 deleted strains are compared [START_REF] King | Leptospiral outer membrane protein LipL41 is not essential for acute leptospirosis but requires a small chaperone protein, lep, for stable expression[END_REF]. Asuthkar et al. [48] and Li et al. [START_REF] Lin | LipL41, a hemin binding protein from Leptospira santarosai serovar Shermani[END_REF] showed that LipL41 is associated with iron acquisition through hemin binding. Asuthkar et al. showed that LipL41 is present in both pathogenic and non-pathogenic leptospires, in contrast with another surface exposed protein, the hemin-binding protein A (HbpA) that has a similar function but it is only present in pathogenic species [START_REF] Asuthkar | Expression and characterization of an iron-regulated hemin-binding protein, HbpA, from Leptospira interrogans serovar Lai[END_REF]. This could indicate that LipL41 does not have a major role in virulence as shown by King et al. [47].

LipL36

LipL36 was originally described by Haake et al., as a 36 kDa protein that is modified in a similar way as LipL41 and is part of the outer membrane of leptospires [START_REF] Haake | Characterization of leptospiral outer membrane lipoprotein LipL36: downregulation associated with late-log-phase growth and mammalian infection[END_REF]. This protein contains a 20 amino acid signal peptide and is recovered in the hydrophobic phase after cellular fractionation [START_REF] Haake | Characterization of leptospiral outer membrane lipoprotein LipL36: downregulation associated with late-log-phase growth and mammalian infection[END_REF]. Leptospiral global outer membrane and surface analysis showed that Lipl36 localizes in the inner leaflet of the membrane [START_REF] Cullen | Surfaceome of Leptospira spp[END_REF][START_REF] Cullen | Global analysis of outer membrane proteins from Leptospira interrogans serovar Lai[END_REF]. Hamsters studies indicated that it is differentially expressed during in vitro growth and infection. LipL36 seems to be downregulated during hamster infection [START_REF] Haake | Characterization of leptospiral outer membrane lipoprotein LipL36: downregulation associated with late-log-phase growth and mammalian infection[END_REF]. To this date, no function has been found for LipL36 [START_REF] Haake | Leptospira: a spirochaete with a hybrid outer membrane[END_REF].

Loa22

Loa22 was first described by Koizumi et al. as a lipoprotein with an OmpA domain present in pathogenic but not saprophytic leptospires [52]. This is an outer membrane protein with a small surface associated portion [52]. The C-terminal portion of this protein has a peptidoglycan associating-motif, however no evidence of PG binding has been published [52]. This lipoprotein has been shown to be a virulence factor for pathogenic leptospires [START_REF] Ristow | The OmpAlike protein Loa22 is essential for leptospiral virulence[END_REF][START_REF] Lourdault | High-Throughput Parallel Sequencing to Measure Fitness of Leptospira interrogans Transposon Insertion Mutants during Acute Infection[END_REF].

Proteomics to study leptospiral lipoproteins

To understand leptospiral biology, several authors have used proteomics approaches. This will summarize the results obtained by such studies for lipoproteins. Schmidt et al. [START_REF] Schmidt | Absolute quantification of microbial proteomes at different states by directed mass spectrometry[END_REF] cultured L. interrogans in EMJH supplemented with fetal calf serum (FCS) to mimic "hostlike" conditions, and took samples at different time points [START_REF] Schmidt | Absolute quantification of microbial proteomes at different states by directed mass spectrometry[END_REF]. Global proteome analysis under these conditions showed that 4525 proteins were differentially regulated. Particularly for OMP both Loa22 and OmpL1 were up-regulated in culture conditions containing FCS with a total of 14754 and 11985 molecules per cell respectively. In addition, other OM components were present in high number during FCS treatment. Among these, LipL32, LipL45, LipL71, LipL31, LipL21, and LipL36 were found to be expressed at levels of 20216,8584,10392,3168,628,1536 copies/cell respectively. Other proteins important to infection such as the catalase KatE are upregulated in this condition from 2430 to more than 5000 copies/cell after quickly after FCS incubation [START_REF] Schmidt | Absolute quantification of microbial proteomes at different states by directed mass spectrometry[END_REF]. In a different study, Malmström et al. [START_REF] Malmstrom | Proteome-wide cellular protein concentrations of the human pathogen Leptospira interrogans[END_REF] cultured L. interrogans in EMJH at 30 °C and samples were processed for targeted mass spectrometry analyses to determine absolute abundance of proteins. The proteins identified have a diverse functional nature such as metabolism, motility, virulence and others. Among these, lipoproteins were found to be very abundant components of the OM. As examples, LipL32, LipL41, LipL21, LipL36, LipL71, LipL45, and LipL31 are present at levels of 38050,10500,8830,14100,6913,3506, and 1422 copies/cell, respectively [START_REF] Malmstrom | Proteome-wide cellular protein concentrations of the human pathogen Leptospira interrogans[END_REF]. To give a perspective of their abundance they could be compared with flagellar subunits FlaB1, FlaA1, FlaA2, FlaB4, FlaB2, FlaB3 that together add up to 25900 copies/cells [START_REF] Malmstrom | Proteome-wide cellular protein concentrations of the human pathogen Leptospira interrogans[END_REF]. Another example is the structural protein involved in rod shape determination, MreB present in 2500 copies/cells [START_REF] Malmstrom | Proteome-wide cellular protein concentrations of the human pathogen Leptospira interrogans[END_REF]. Probably some of these lipoproteins could have a role in cell shape determination of leptospires, as hypothesized by Malmström et al. [START_REF] Malmstrom | Proteome-wide cellular protein concentrations of the human pathogen Leptospira interrogans[END_REF]. In a different study done by the same group [START_REF] Beck | Visual proteomics of the human pathogen Leptospira interrogans[END_REF], the authors quantitively described the number of different multiprotein complexes per cell. They found 4500 ribosomes, 1100 GroEL and GroES complexes, 3000 RNA polymerase, and 1500 ATP synthase. All these molecular complexes are of utmost importance for cell proliferation and survival and their abundance is usually relatively high.

Given that motility, scaffold and metabolic complexes are present in high numbers and are important for survival or virulence, the same can be hypothesized for lipoproteins given their elevated numbers. Finally, Vieira et al [START_REF] Vieira | Proteome Analysis of Leptospira interrogans Virulent Strain[END_REF] used Leptospira interrogans serovar Pomona recovered from kidney and liver of infected hamsters and cultured them in EMJH supplemented with 10% rabbit serum, prior to preparation for 2D-PAGE and mass spectrometry analysis. In this study, lipoproteins such as LipL32, LipL42, LipL21 and LigA constitute a major group of leptospiral proteins potentially involved role in virulence [START_REF] Vieira | Proteome Analysis of Leptospira interrogans Virulent Strain[END_REF].

Final remarks on lipoproteins

Many lipoproteins have been described for leptospires, however their functions remain largely unknown. Given their amount and, for some of them, their specific presence in pathogenic species, lipoproteins could be potentially key actors in leptospiral biology and virulence. It is important to notice that several leptospiral lipoproteins are expressed at very high levels, even higher that many virulence factors [START_REF] Malmstrom | Proteome-wide cellular protein concentrations of the human pathogen Leptospira interrogans[END_REF][START_REF] Schmidt | Absolute quantification of microbial proteomes at different states by directed mass spectrometry[END_REF]. Producing proteins has, as any biological process in the cell, an associated metabolic cost. This lets us to think that if lipoproteins are produced in such a large amount, their role must be important for the bacteria. Therefore, understanding their role and their potential implication in virulence is of utmost importance to understand the biology and potentially pathogenic mechanisms of leptospires as well as to develop new diagnostic tools and vaccines against leptospires. It is important to highlight that, even if several major leptospiral lipoproteins do not seem to be essential in virulence, their role could be masked by redundancy given the large lipoprotein repertoire in leptospires.

Innate immunity against Leptospira

Leptospires are very well adapted bacteria since they have to survive both in the environment and in the host [START_REF] Picardeau | Virulence of the zoonotic agent of leptospirosis: Still terra incognita?[END_REF]. In order to survive within a host, bacterial pathogens have evolved strategies to subvert PRR-mediated innate immune responses [START_REF] Baxt | Bacterial subversion of host innate immune pathways[END_REF]. Leptospires make no exception and they have evolved several ways to subvert innate immunity and this is the main focus of the laboratory [START_REF] Werts | Interaction of Leptospira with the Innate Immune System[END_REF][START_REF] Vernel-Pauillac | Recent findings related to immune responses against leptospirosis and novel strategies to prevent infection[END_REF]. Briefly, it has been described that leptospires can escape some TLR (Fig. 1.3) responses. For instance, leptospiral LPS via the Lipid A moiety is sensed by the murine Toll-Like-Receptor 4 (mTLR4) but not by the human receptor (hTLR4) [START_REF] Nahori | Differential TLR recognition of leptospiral lipid A and lipopolysaccharide in murine and human cells[END_REF]. This is hypothesized to be the origin of mice resistance to leptospiral infection, since TLR4 knocked-out mice became sensitive to infection. Additionally, leptospiral LPS signals through the Toll-Like-Receptor 2 (TLR2) [START_REF] Werts | Leptospiral lipopolysaccharide activates cells through a TLR2-dependent mechanism[END_REF]. Such signaling is not a common feature for LPS, and it is most probably due to co-puryfing lipoproteins. In addition, as it will be covered in Chapter III, we found during this Ph.D. that leptospires have a dual mechanisms of escape from NOD receptors [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF].

Figure 1.3: L. interrogans LPS subversion of TLRs response

Leptospiral LPS is differently recognized by the murine and human TLR4 via its Lipid A moiety [START_REF] Nahori | Differential TLR recognition of leptospiral lipid A and lipopolysaccharide in murine and human cells[END_REF]. In addition, co-purifying lipoproteins confer to the leptospiral LPS the ability to activate the TLR2 [START_REF] Werts | Leptospiral lipopolysaccharide activates cells through a TLR2-dependent mechanism[END_REF]. Such activation of TLRs lead to the nuclear translocation of the transcription factor NFkB and induce proinflammatory and anti-microbial responses.

Vaccines and prophylaxis against Leptospira spp.

Leptospirosis is a public health threat that has a broad impact, especially in developing countries [START_REF] Torgerson | Global Burden of Leptospirosis: Estimated in Terms of Disability Adjusted Life Years[END_REF]. In endemic areas several pathogenic serovars are found [START_REF] Oliveira | Human leptospirosis: occurrence of serovars of Leptospira spp. in the state of Minas Gerais, Brazil, from 2008 to[END_REF][START_REF] Chadsuthi | Investigation on predominant Leptospira serovars and its distribution in humans and livestock in Thailand, 2010-2015[END_REF][START_REF] Vasylieva | Changes in leptospirosis etiology in animals and humans[END_REF]. For instance, in a study done in Brazil with over 800 patients, more than 7 serovars were found [START_REF] Oliveira | Human leptospirosis: occurrence of serovars of Leptospira spp. in the state of Minas Gerais, Brazil, from 2008 to[END_REF]. In Thailand, the prevalence of leptospires was studied in live-stock, finding more than 8 serovars in endemic areas [START_REF] Chadsuthi | Investigation on predominant Leptospira serovars and its distribution in humans and livestock in Thailand, 2010-2015[END_REF]. Such evidences of the presence of multiples serovars in a given area hinders the development of cross-protective vaccines. Several vaccines candidates have been developed during the recent years [START_REF] Adler | Vaccines against leptospirosis[END_REF]. The use of killed bacteria leads to the production of specific IgMs against the leptospiral LPS, leading to T-independent protection, but it is not cross-protective [START_REF] Adler | Vaccines against leptospirosis[END_REF]. Vaccination with 25 µg of LPS leads to the presence of specific and protective IgMs on blood [START_REF] Midwinter | Vaccination of mice with lipopolysaccharide (LPS) and LPSderived immuno-conjugates from Leptospira interrogans[END_REF]. Several examples of vaccines attempts are available in the literature [START_REF] Adler | Vaccines against leptospirosis[END_REF]. Even though the post-genomic era could allow the development of an universal cross-protective vaccine for different bacterial serovars, such vaccine does not currently exist for Leptospira and represents a golden aim [START_REF] Grassmann | A Universal Vaccine against Leptospirosis: Are We Going in the Right Direction?[END_REF].

Due to the current lack of a cross-protective vaccine and the fact that leptospires do not present antibiotic resistance, antibio-prophylaxis has been used as an alternative approach for endemic areas. Several studies report the use of the tetracycline antibiotic doxycycline [START_REF] Takafuji | An efficacy trial of doxycycline chemoprophylaxis against leptospirosis[END_REF][START_REF] Sehgal | Randomized controlled trial of doxycycline prophylaxis against leptospirosis in an endemic area[END_REF][START_REF] Chusri | Single dosage of doxycycline for prophylaxis against leptospiral infection and leptospirosis during urban flooding in southern Thailand: a non-randomized controlled trial[END_REF]. As an example, Takafuji et al. showed that a 200 mg weekly dose of this antibiotic during the exposure period leads to 95% efficacy in protection [START_REF] Takafuji | An efficacy trial of doxycycline chemoprophylaxis against leptospirosis[END_REF]. This shows that prophylaxis could be used to fight leptospires in endemic areas, and therefore new strategies for such purposes would be very useful in the field, especially for endemic areas where multiple serovars are present [START_REF] Oliveira | Human leptospirosis: occurrence of serovars of Leptospira spp. in the state of Minas Gerais, Brazil, from 2008 to[END_REF][START_REF] Chadsuthi | Investigation on predominant Leptospira serovars and its distribution in humans and livestock in Thailand, 2010-2015[END_REF][START_REF] Vasylieva | Changes in leptospirosis etiology in animals and humans[END_REF].

Animal models to study Leptospira spp. pathogenesis

In order to study a pathology and the in vivo relevance of therapeutics, animal models are usually implemented. They offer a closer view of the disease and allow understanding it and testing drugs, vaccine and other therapeutic strategies. In order to choose a relevant model, certain criteria are important, as reviewed by Swearengen [START_REF] Swearengen | Choosing the right animal model for infectious disease research[END_REF]. We wrote a review article (presented in ANNEX I) to better understand the available models for the study of leptospirosis and the different information that can be extracted from each of them. Briefly, this review is divided in three main sections: i) physiopathology of animal leptospirosis; ii)

profiling immune responses to pathogenic Leptospira using mouse models; and iii) virulence factors of Leptospira spp., assessed with animal models of leptospirosis. My contribution to this publication was the writing of section (iii) about virulence factors and the design of figures and tables. This review aims mainly to emphasize the relevance of mouse models of leptospirosis that are important to dissect immune responses to leptospires.

Annex I -Related publication

Animal models of leptospirosis: Of mice and hamsters. Gomes-Solecki M, Santecchia I, and Werts C. Front Immunol. 2017.

PART II -Brief overview of the immune responsefocus on macrophages

Our immune response can be divided into two main branches, the innate immune response and the adaptive immune response. The goal of an immune response, either innate or adaptive, is to eliminate a threat. Both types of responses differ in their cellular players, specificities, as well as the timing at which they take place, although they do rely on each other [START_REF] Clark | Old meets new: the interaction between innate and adaptive immunity[END_REF]. The cellular players of the innate immune system are macrophages, neutrophils, monocytes, natural killer cells (NK cells) among others [START_REF] Janeway | Innate immune recognition[END_REF][START_REF] Akira | Pathogen recognition and innate immunity[END_REF][START_REF] Mcdonald | 3 -Innate Immunity[END_REF]. On the other hand, adaptive immune responses are mediated by lymphocytes, namely B-and T-cells [START_REF] Paul | Lymphocyte responses and cytokines[END_REF]. Innate immune responses are fast (within 24 to 48 hours) and relatively non-specific whereas adaptive immune responses take more time (week to months) and they are highly specific. Innate immunity is mediated by a subset of receptors collectively known as Pattern-Recognition Receptors (PPRs) [START_REF] Akira | Pathogen recognition and innate immunity[END_REF] whereas adaptive responses are mediated by the highly specific B-or T-cell receptors and the production of antibodies by plasma B-cells [START_REF] Paul | Lymphocyte responses and cytokines[END_REF].

In terms of immune memory, B-and T-cells have life-long memory whereas innate immune cells are classically described as "non-memory" cells [START_REF] Sun | Immunological memory within the innate immune system[END_REF]. However, there is an increasing body of literature pointing out that innate immune cells can acquire memory-like properties which can be used as therapeutic strategies [START_REF] Mourits | Trained immunity as a novel therapeutic strategy[END_REF][START_REF] Netea | Trained immunity: A program of innate immune memory in health and disease[END_REF][START_REF] Netea | Trained immunity: a memory for innate host defense[END_REF]. The memory-like properties of innate immune cells will be covered in Part V of this chapter.

PRRs

Pattern-Recognition Receptors, or PRRs, are a set of germ-line encoded proteins that detect microbial components and trigger inflammation in order to eliminate a threat [START_REF] Akira | Pathogen recognition and innate immunity[END_REF][START_REF] Mogensen | Pathogen recognition and inflammatory signaling in innate immune defenses[END_REF] (Fig. 1.4). These proteins can have membrane or cytosolic location and detect Microbe Associated Molecular Patterns, or MAMPs [START_REF] Kumar | Recognition of bacterial infection by innate immune sensors[END_REF][START_REF] Manuscript | PAMPs and DAMPs: signals 0s taht spur autophagy and inmunity[END_REF]. MAMPs are essential molecules that are ubiquitously expressed in microbes. Some examples of MAMPs are: the lipopolysaccharide (LPS), present in Gram-negative bacteria; the peptidoglycan (PG) and lipoproteins [START_REF] Mogensen | Pathogen recognition and inflammatory signaling in innate immune defenses[END_REF].

Several pathogens have evolved strategies to avoid PRRs sensing as reviewed by Sellge et al. [START_REF] Sellge | PRR-signaling pathways: Learning from microbial tactics[END_REF]. 

NOD1 and NOD2

NOD1 and NOD2 are cytosolic receptors that sense bacterial PG and trigger an inflammatory response [START_REF] Moreira | NOD1 and NOD2 Signaling in Infection and Inflammation[END_REF]. PG is an essential MAMP, present in bacteria, necessary to resist turgor pressure [START_REF] Moreira | NOD1 and NOD2 Signaling in Infection and Inflammation[END_REF]. PG monomers or muropeptides are released during cell division and infection of a host cell. NOD1 and NOD2 sense different types of muropeptides. NOD1 senses Gram-negative PG, containing structures with diaminopimelic acid [START_REF] Girardin | Nod1 detects a unique muropeptide from gram-negative bacterial peptidoglycan[END_REF][START_REF] Chamaillard | An essential role for NOD1 in host recognition of bacterial peptidoglycan containing diaminopimelic acid[END_REF], whereas NOD2 senses muramyl di-peptide (MDP) [START_REF] Girardin | Nod2 is a general sensor of peptidoglycan through muramyl dipeptide (MDP) detection[END_REF][START_REF] Tanabe | Regulatory regions and critical residues of NOD2 involved in muramyl dipeptide recognition[END_REF], present in all bacteria. Upon stimulation, NOD1 and NOD2 receptors induce activation of intracellular signaling pathways that lead, among others, to the nuclear translocation of the transcription factor NFB and then to the production of pro-inflammatory cytokines.

Nowadays, NOD proteins are recognized to be involved in other tasks other than triggering inflammation. Indeed, they are also involved in the adaptive immune responses [START_REF] Liu | Licensing Adaptive Immunity by NOD-Like Receptors[END_REF]. For instance, PG sensing by NOD1 has been described to be required for the onset of adaptive immunity [START_REF] Fritz | Nod1-mediated innate immune recognition of peptidoglycan contributes to the onset of adaptive immunity[END_REF]. In addition, NOD1 and NOD2 are involved in an intracellular pathway known as autophagy, involved in bacterial clearance and antigen presentation [START_REF] Travassos | Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane at the site of bacterial entry[END_REF]. The topic of autophagy will be covered in Part III of this Introduction.

TLRs

TLR or Toll-like receptors were first described in mammals in the 90s [START_REF] O'neill | The history of Toll-like receptors -redefining innate immunity[END_REF]. These transmembrane receptors can be associated with the plasma membrane or located within endosomes. Up to date, 11 to 13 TLRs are described in mammals [START_REF] Mogensen | Pathogen recognition and inflammatory signaling in innate immune defenses[END_REF]. As for NOD1 and NOD2, signaling through TLRs leads to pro-inflammatory and anti-microbial responses to eliminate pathogens. In this manuscript, the roles of TLR4 and TLR2 will be presented, because of their importance in the innate immune sensing of leptospires [START_REF] Vernel-Pauillac | Recent findings related to immune responses against leptospirosis and novel strategies to prevent infection[END_REF][START_REF] Werts | Interaction of Leptospira with the Innate Immune System BT -Spirochete Biology: The Post Genomic Era[END_REF]. TLRs can homo-or hetero-dimerize upon stimulation. TLR4 is the sensor of Gram-negative LPS [START_REF] Molteni | The Role of Toll-Like Receptor 4 in Infectious and Noninfectious Inflammation[END_REF] and forms a homo-dimer when activated. On the other hand, TLR2 senses lipoproteins [START_REF] Oliveira-Nascimento | The Role of TLR2 in Infection and Immunity[END_REF] and it can form heterodimers with either TLR1 or TLR6 to sense tri-or di-acylated lipoproteins, respectively [START_REF] Farhat | Heterodimerization of TLR2 with TLR1 or TLR6 expands the ligand spectrum but does not lead to differential signaling[END_REF][START_REF] Jin | Crystal structure of the TLR1-TLR2 heterodimer induced by binding of a tri-acylated lipopeptide[END_REF]. Both TLR4 and TLR2 possess TIR domains in their C-terminal region that allow triggering intracellular signaling upon stimulation by agonists.

When TLRs are located at the plasma membrane, the signaling pathway relies on the TIRAP/MyD88 adaptors and leads to the early nuclear translocation of NFB, hence leading to the production of pro-inflammatory cytokines. In the case of TLR4, the receptor can later be internalized and hence located within endosomes. The signaling pathways activated by endosomal TLRs can also rely on the TRAM/TRIF adaptors that leads to the late NFB translocation, activation of the IRF3 pathway and type-I interferon production [START_REF] Kagan | TRAM couples endocytosis of Toll-like receptor 4 to the induction of interferon-beta[END_REF].

In addition to sensing bacterial components and triggering inflammatory responses, TLRs are also involved in other pathways. For instance, TLR engagement will promote autophagy activation [START_REF] Delgado | Toll-like receptors control autophagy[END_REF]100] as well as T-cell activation, leading to adaptive immune responses [101].

Macrophages

Macrophages are innate immune sentinel cells of our body patrolling in tissues. These cells are very diverse in their function and origins [102]. Macrophages were long thought to be originating from circulating monocytes only, but it is now becoming more and more evident that macrophages can have various origins [103]. Briefly, macrophages can be divided in two subsets: i) tissue resident macrophages that are originated during early development and embryogenesis [104][105][106][107][108]; and ii) macrophages recruited from blood circulating monocytes coming from the bone marrow. Tissue resident macrophages are self-renewed during life-spam whereas monocyte-derived macrophages are recruited to inflamed tissues and cleared when inflammation is resolved. In addition, macrophages can be divided or classified according to their activation status [102,109].

Macrophages have many functions, from killing pathogens [110], removing dead or apoptotic cells [111], to tissue repairing and wound healing [112]. In this Ph.D., we are focusing mainly on inflammatory macrophages that respond to infection. Hence, some general macrophages functions that are relevant during macrophage-microbe interactions are presented in the schematic diagram in Fig. 1.5 and will be addressed in the following sections. The specific interactions between macrophages and the bacteria L. interrogans will be discussed in Part IV of the Introduction. 

Macrophage phagocytosis

One of the key functions of macrophages is the elimination of bacterial or fungal pathogens as well as dying cells by engulfment in a process called phagocytosis [113]. This pathway is not only important during infection but also during tissue homeostasis [114]. Phagocytosis requires the engaging of different receptors that trigger the engulfment of an extracellular body [115]. Phagocytes use an actin-mediated mechanism [116] that delivers the engulfed cargo into the lysosomal compartment for degradation. In addition, phagocytized particles are not always destroyed and can be used for antigen presentation.

The phagocytic pathway is complex and involves many proteins. [124]. Lysosomal acidification is mediated by a V-type H + ATPase to a pH of 4. 5 -5 [125] allowing for the optimal functioning of lysosomal enzymes such as cathepsins and proteases.

Of note, many pathogens have evolved strategies to block or inhibit phagocytic killing [110,126]. For example, Rab proteins are selectively targeted to the benefit of the pathogen by two intracellular model: Mycobacterium tuberculosis [127] and Salmonella enterica [128].

Nitric oxide (NO)

Another effective mechanism by which macrophages can eliminate microbes is the generation of an oxidative environment that is detrimental for microbes. For example, NO production is essential in the innate immune defense against the pathogen Klebsiella pneumoniae [129].

NO is produced by several enzymes of the family collectively named Nitric Oxide Synthases, or NOS. The three main isoforms are: endothelial NOS (eNOS); neuronal NOS (nNOS) and inducible NOS (iNOS). These proteins differ in their localization, regulation as well as activity [130].

Apoptosis of macrophages during infection

Cell death is a crucial physiological and homeostatic process that can be triggered under 

Inflammation

Inflammation is a key element of the immune response [138]. Inflammation can be triggered by a variety of stimuli such as infection, tissue injury and stress. In all cases, the inflammatory response will contribute to resolving these situations and restoring tissue homeostasis [139].

Macrophages are key players in inflammatory response induction upon stimulation by MAMPs, such as LPS. Such response is characterized by: i) the production of proinflammatory cytokines such as interleukins (among which IL-1 and IL-6); ii) the production of chemokines (among which IL-8 and RANTES); and iii) the production of type-I interferon, such as interferon- (INF-) [140]. Overall, the production of these molecules will modulate the innate immune response and trigger recruitment and activation of other immune cells. In general, inflammation has a positive impact on the host, but one must keep in mind that this mechanism is as a double-edge sword that can be deleterious when excessive [139,141].

PART III -Leptospira and macrophages

Several studies have explored the role of macrophages during leptospiral infection using both in vivo and in vitro models. These studies are rather controversial, and the role of macrophages is not yet clearly established during leptospirosis. To our interest, leptospires are adapted bacteria that evade certain innate immune responses and such immune evasion can affect the macrophagic response. Therefore, the aim of this section is to revise studies from the literature focused on the role of macrophages during infection and their relevance for this thesis. We therefore focused on three main aspects of the interplay between macrophages and Leptospira: i) role of opsonization, ii) intracellular localization and iii) macrophage apoptosis during infection.

The role of opsonization

One of the first defense lines of our innate immune system is conferred by antibacterial components present in the serum. The complement system is a complex set of proteolytic cascades and opsonins that aim at directly destroying pathogens or targeting them for destruction by immune cells (such as macrophages). This system can be highlighted as a nonspecific innate mechanism [142,143]. In addition, pre-immunized hosts have a repertoire of antibodies that specifically target a pathogen for elimination and destruction. In this regard, antibodies and opsonins are of special importance for targeting pathogens through engulfment by professional phagocytes such as macrophages. The phagocytic function can be exerted via several membrane-associated receptors on the cell surface, such as scavenger receptors [113,115]. Fc receptors, exclusively dedicated to the recognition of the fragment crystallizable portions of antibodies, are potent triggers of phagocytosis. This section will review the literature regarding the antibacterial effect of serum, as well as the effect of complement antibody opsonization on the internalization of leptospires by macrophages ( In summary, these results indicate that macrophages play a role in vivo during leptospirosis, and that their in vitro and in vivo activities seem to be enhanced in the presence of the complement system and in presence of antibodies. Pre-opsonization with immune serum leads to a significant enhancement in bacterial uptake and killing. In addition, pre-opsonized leptospires seem to be localized to large vesicles where their shape is compromised. An interesting point is that, in the presence of opsonizing antibodies, there does not seem to be a killing difference between macrophages from resistant (murine) or sensitive (human, guinea pig) hosts. Based on this, it can be hypothesized that in an immunized host, macrophages play a key role in fighting infection by pathogenic leptospires. A final comment is about the source of macrophages, since most of these studies used elicited macrophages. This experimental approach provides "activated" peritoneal macrophages that are different in their bactericidal properties from resident macrophages [156,157]. Activated macrophages display a more inflammatory and bactericidal profile compared to tissue resident ones. Therefore, it could be interesting to try the same with naïve resident peritoneal macrophages. shape [149,[151][152][153][154]. When leptospires are incubated with naïve serum, their internalization seems to be slower and several populations can be identified inside and outside macrophages: 1) plasma membrane associated; 2) free in the cytosol; 3) in vacuoles. In this case vacuolar leptospires do not seem to have their shape compromised [149,[151][152][153][154]. Infection leads to migration of macrophages, many of which contained leptospires (2 h pi). Phagocytosis/intake independent of specific opsonization. Infected macrophages presented a different morphology. 24 h pi, the bacteria were strikingly located haematopoiesis associated tissue, not observed for other pathogens (seems specific for leptospires)

[155]

Abbreviations: Mφ: Macrophages / NS: non-specified / EM: electron microscopy / pi: post-infection / ROS: Reactive Oxygen Species / IV: intra-venous

Intracellular localization

This section will give an overview of the studies about the intracellular localization and fate of leptospires in macrophages (Table 1. 3 and Fig. 1.10).

To study the internalization of leptospires, Merien et al. used both macrophages and epithelial cells stimulated with virulent and avirulent leptospires, as well as formalin-fixed leptospires.

Even though gentamicin protection assay was not used in this study, dual fluorescent labeling of leptospires was applied to distinguish intracellular and extracellular bacteria. Interestingly, virulent leptospires are rapidly (< 20 minutes) internalized in both phagocytic and nonphagocytic epithelial cells. In contrast, avirulent (high culture passages) and saprophytic strains were adherent to the cell surface and less internalized. Formalin-inactivated bacteria were not found inside epithelial cells and their internalization by macrophages was interrupted strain and used to infect macrophages along with the parental strain and the ligB interrupted mutant as control. Early after infection (1 h), both parental and low passage strain infected up to 80% of the cells [164]. In contrast, high passage, lmb216 and ligB mutant strains had a markedly decreased infection rate [164]. When cell surface adherence was compared, the mutant strain for lmb216 showed less adhesion to the cells compared to the low passage virulent strain [164]. These results indicate that adhesion to the host-cell surface is important for the internalization of leptospires into macrophages, and that when adhesion is impaired, leptospires seem to be internalized by a different pathway.

To summarize, these studies seem to indicate that leptospires adhere to macrophages [159][160][161]163,164] and that adhesion is a key step of the infection process [164]. Actin remodelling does not seem to be involved in the internalization of leptospires since the inhibition of this pathway does not affect invasion by pathogenic strains [159,164]. However, live and motile bacteria seem to be important for infection since formalin fixed bacteria are not internalized [159]. In this regard, it could be interesting to test the effect of a non-motile mutant (for instance a flagellar component) on the internalization by macrophages. The internalization of leptospires in epithelial cell and macrophages seems to be different as suggested by Merien et al. [159] since the inhibition of the endocytic pathway exclusively altered the infection of macrophages. Next, the intracellular localization of leptospires in murine macrophages seems to be in membrane-associated compartments [161,163]. In human cells, on the other hand leptospires localization is not clear since there is conflicting results

indicating free in the cytosol localization [161] versus phagosomal [162] by the same group.

Once inside macrophages, leptospires colocalize with phagosomal pathway markers such as EEA1, LAMP1 and LysoTracker [161,163]. This could indicate that leptospires are in phagosomal compartment, however the persistent co-localization with these markers may also indicate an arrest in phagocytic pathways. In addition, even though the data presented seems to point out that murine macrophages can control leptospires, they do it to some extent but not completely. As presented by Li et al. [161] and Toma et al. [163], the overall number of intracellular leptospires seems to be either decreased or constant. In any case, it seems that there is some sort of persistent bacteria inside of the cells that cannot be eliminated even as long as 72 h post-infection. Of note, there does not seem to be a big difference in the intracellular localization of leptospires of different pathogenic serovars. Also, none of the studies presented in this section have been done in the presence of opsonizing antibodies that, as previously stated, modify the outcome of macrophage infection (see "The role of opsonization"). Several questions therefore remain unanswered. B) Once inside the cells, leptospires are found free in the cytosol in human and murine macrophages. In addition, some authors describe that leptospires are found in EEA1, LAMP and LysoTracker positive compartments using colocalization [161,163]. Colocalization seems to be extended over time, which can suggest an arrest of a potential phagosomes/autophagosomes at several stages. In human cells, leptospires appear to be replicative [161]. However, in murine cells the overall number of leptospires seems to be constant or diminished over time [161,163], with the peculiarity that live bacteria are still found at 72 h post-infection, suggesting persistence. Internalization in epithelial cells and Mφ seems to be different, but in both cases dependent on the active movement of bacteria. Inhibitrion of endocytic pathway alters internalization by Mφ.

[159]

L. interrogans serovar Lai (virulent) and L. biflexa Patoc Vero and J774A.1 cell lines 10 min pi: leptospires were attached; ↑ adherence to Mφ than to Vero EM: "phagosome" and "lysosome" are observed FCM: actin remodeling during infection is suggested. Colocalization of leptospires with the marker LAMP-1 (?)

No gentamicin

The same data as in [159]. EM data seems speculative. FCM images seem off focus, only the controls are ok. For LAMP-1 staining non-staining controls are missing, and there is no quantification.

[169]

L. interrogans serovars Lai (virulent), Pomona Luo (avirulent)

Human (THP-1 and primary Mφ)

Murine (J77A.1, naïve peritoneal cells and BMMs)

Lai and Luo adhere to all the cell types (10 to 60 min pi). Primary cells ↑ associated bacteria than cell lines. Murine cells → membrane-associated bacteria, shape compromised. Killing of bacteria (↓ CFU), 72 h pi 20% viability for Lai. 2 h pi 50% colocalization with lysosomal markers that goes up to 80 -85% 48h pi. Human cells → bacteria free in the cytosol shape OK. Replicative bacteria (↑ CFU). Viability constant 72 h pi. 2 h pi 50% colocalization with lysosomal markers that decreases over time. 

No gentamicin

Non-infected controls are missing.

[160]

L. interrogans serovar Lai THP-1 and J774.1

Leptospires trigger ROS in both cell lines with no difference Intracellular localization by confocal microscopy in both cell lines. By EM leptospires are associated with membranes in both cell lines.

For ROS probe, non-infected and non-stained controls are missing. ROS kinetics seems too late.

Intracellular localization in THP-1 is contradictory with previous study of this lab [161].

[162]

L. interrogans serovar Manilae and L. biflexa serovar Patoc Bone marrow derived macrophages (C57BL/6) 30 min to 1 h pi → pathogenic and saprophytic are intracellular and colocalize with EEA-1 and LAMP-1. 6 h pi → saprophytic ↓ number more rapidly than pathogenic. Saprophytic but not pathogenic have their shape compromised. Delay in recruitment of CathepsinD and colocalization with LysoTracker for pathogenic strains. Normal phagosome?? 24 h pi → FCM, intracellular pathogenic bacteria and EM, membrane-associated. Viable intracellular and extracellular pathogenic bacteria are recovered in EMJH 24 and 48 h pi.

No gentamicin. Double staining of extracellular and intracellular bacteria.

24 and 48 h pi,

[163]

L. interrogans serovar Manilae Low Passage (LP), High Passage (HP), M1272 (lmb216::TnSC189Kn R ) and M1554 (ligB::TnSC189Kn R ) Bone marrow derived macrophages (C57BL/6 background) 1 h pi → LP more infective, associated with the cells and adherent than HP.

CytoD → partially ↓ uptake but no the adherence of LP. Transcriptome → ligB and lmb216 were ↓ HP vs LP. lmb216 (absent in L. biflexa Patoc) encodes a 697 aa implicated in host-cell interaction. In vitro adherence test EMC: HP adheres ↓ than LP. Expression of LigB and Lmb216 in L. biflexa ↑ adhesion to EMC and infection of Mφ. Infection of Mφ, 1 h pi → LP and parental infected > 80% Mφ. HP M1272 and M1554 infected < 40% Mφ.

[164]

L. interrogans serovar Lai THP-1 and J774. 

Apoptosis and cell death

This section aims to present studies that describe macrophage cell death during infection with pathogenic leptospires. The main findings are summarized in Table 1.4 andFig 

PART IV -Autophagy

As reviewed in the previous section, leptospires are bacteria that reside within macrophages and are not eliminated. Autophagy, that is an intracellular response to pathogens, will hence be introduced in the section. Autophagy was discovered by Yoshinori Ohsumi in the 1950s [174,175] while working on yeast [175,176]. This pathway was first described as a "selfeating" mechanism, triggered by different stresses [177] and dedicated to the degradation of cytosolic components that are too large to be degraded via the proteasome. This bulk degradation pathway provides a way to deliver cellular components, such as large protein complexes and organelles (among them mitochondria, peroxisomes, and ribosomes) to lysosomes for degradation and recycling of nutrients [177][178][179]. Therefore, autophagy has a central role in cellular metabolism for both catabolism and anabolism [180]. For example, starvation-induced autophagy provides a way for cell survival upon nutrient depletion.

However, autophagy is also active at a basal level in nutrient rich conditions in order to ensure protein turn over in the cytoplasm as well as quality control of cytoplasmic components [181][182][183]. Hence, defects in the autophagy machinery are involved in many different types of human diseases [184] and disorders such as Crohn's disease [185][186][187][188][189],

neuro-degenerative diseases [190,191] such as Alzheimer's, Parkinson's, Huntington's disease as well as cancer [192,193]. To this date, three types of autophagy have been described: macroautophagy, microautophagy and chaperone mediated autophagy. The first two pathways can be selective, and this aspect will be covered in subsequent section [177,[194][195][196].

Autophagy can be divided in two distinct pathways: the canonical pathway and the noncanonical pathway, as reviewed by Codogno et al. [197]. The first is an evolutionary conserved pathway that consists of 4 steps: 1) initiation; 2) nucleation; 3) elongation and closure of the autophagosome; 4) degradation of cargo (Fig. 1.9). This pathway is characterized by the intervention of more than 40 proteins encoded by the autophagy related genes known as ATGs, described elsewhere [198].

On the other hand, the non-canonical autophagy can be initiated by different signals, among which the PRRs involved in pathogen clearance (Fig. 1.9) [199][200,201]. Additionally, noncanonical autophagy can be triggered by danger associated molecular patterns (DAMPs). For instance, such DAMPs can be membrane fragments from phagosomes or vacuoles that pathogens have escaped to gain access to the cytosol. As it is triggered by DAMPs and MAMPs sensing, the non-canonical autophagy pathway is hence an antimicrobial response that provides direct killing of microbes [202]. Non-canonical autophagy does not involve all the ATGs associated with canonical autophagy.

However, it still conserves the hallmark of canonical autophagy: double membrane autophagosomes. Not all the PRRs trigger autophagy and only TLRs and NODs will be presented in this manuscript. In addition, phagocytic cells can undergo a non-canonical phagocytic pathway that involves autophagy machinery that is called LC3-Associated phagocytosis (LAP) [203,204].

Antibacterial autophagy, or xenophagy, has been reported for many different bacteria [199,205] and is a type of non-canonical autophagy [206]. This pathway plays a key role in both innate and adaptive immunity [207] since it can directly kill microbes but also provides a source of MHC-II peptides [208][209][210].

Selective autophagy

Autophagy was thought to be a non-selective pathway that engulfed portions of cytosol for degradation and nutrient support during stressing conditions, but an accumulating body of evidences points to the fact that this pathway can be a rather a selective process [211,212].

Selectivity can be achieved in ubiquitin-dependent or -independent manner [START_REF] Khaminets | Ubiquitin-Dependent And Independent Signals In Selective Autophagy[END_REF]. Here we will focus on the first one, that has extensively been shown to be relevant for antibacterial autophagy. A subset of proteins collectively named as autophagy adaptors, are in charge to selectively link the cargo with the growing phagophore (Fig. 1.10). These complex proteins vary in their structure, but they all have conserved features such as LC3 interacting region (LIR domain) through which they interact with LC3 in the autophagosomes in formation.

Moreover, they possess a Ubiquitin recognition domain (UBA) that allows for the interaction with ubiquitinated cargos [214,215]. 

The study of autophagy

The autophagy machinery can be involved in the canonical and non-canonical pathway, as well as in LAP, a specialized phagocytosis process. During LAP, the autophagy protein LC3 is lipidated and included in the phagosomal membrane to enhance maturation of the phagosome. LAP has been observed for several bacterial pathogens as reviewed by Schille et al. [225]. The experimental distinction of these pathways will be explained in this section.

The hallmark and characteristic feature of autophagy is the double membrane of the autophagosomes. Therefore, to unequivocally identify an autophagosome and its double membrane, electron microscopy is be the technique of choice [226]. This is a potential challenging experimental set up since the lifespan of autophagosomes before fusion with lysosomes (i.e autolysosomes) is short and it is very variable in different cells [226]. Upon fusion with lysosomes, the double membrane is lost, complicating the visualization of double membrane vesicles; likely autophagosomes.

One of the classical initial approaches to study this process is the monitoring of the yeast Atg8

or human LC3 turnover. LC3 cycles between the cytosolic form, assigned as form I, and the membrane associated form upon lipidation (addition of phosphatidyl ethanolamine) upon induction of autophagy, assigned as II. This can be measured using different techniques. Similar observations can be done using fluorescence microscopy either by immunolabeling endogenous of LC3 or by using LC3-GFP fusion. In this case, the apparition of dots or "puncta" in the cells upon induction of autophagy is an evidence of newly formed autophagosomes. In this case, there are two extra considerations. First, transfection of cells with LC3-GFP construction might already activate autophagy. This can be controlled using a stably transfected cell line. Additionally, the number of puncta observed with LC3-GFP fusions might be lower than the one observed by endogenous staining, as suggested by Xu et al. [229]. This might be due to the fact that GFP impairs LC3-II (lipidated form) to attach within autophagosomes. For endogenous LC3 staining, careful consideration must be taken for the interpretation of the results because of LC3 isoforms and antibody specificity [230,231].

Even though the observation of LC3-I → LC3-II conversion might be considered as an initial evidence of autophagy induction, other processes should be considered as well. Indeed, similar readouts by western blot or immunofluorescence will be observed in the case of LC3 assisted phagocytosis (LAP) (Table 1. [START_REF] Picardeau | Virulence of the zoonotic agent of leptospirosis: Still terra incognita?[END_REF]. Genetic experiments can be performed in order to distinguish these two processes, such as a Rubicon deletion, since this protein is recruited to the nascent LAPosome and does not intervene during autophagy [232][233][234][235]. 

Autophagy in immunity

Autophagy has a dual purpose in immunity since it can target intracellular microbes directly, but it is also a source of antigens for MHC-II. It is therefore important since elimination of intracellular pathogens is key to eliminate reservoirs and since antigen presentation is necessary for adaptive immunity. Additionally, autophagy has a role during inflammation since it negatively modulates the production and secretion of cytokines [205,239]. Hence, autophagy bridges innate and adaptive immunity [208,210].

PART V -Innate immune memory

Traditionally, immune responses have been classified as either innate or adaptive. The innate immune response is known to happen within minutes of encountering an insult. On the other hand, the adaptive immune response takes several days to develop. Given that the innate immune response is mediated through PRRs, that recognized microbial MAMPs, it has been proposed that it is somehow unspecific. This contrasts with the adaptive immune response, mediated by the highly specific B-and T-cell receptors. Another difference between the innate and adaptive immune responses is that the first has not been traditionally associated with memory, whereas the adaptive response is a live-long maintained process. Indeed, upon a second encounter, adaptive response will be faster and higher since there are pools of memory cells ready to recognize ancient insults.

Nowadays, there is a growing body of literature supporting the idea that innate immune cells can acquire memory-like properties [START_REF] Mourits | Trained immunity as a novel therapeutic strategy[END_REF][START_REF] Netea | Trained immunity: A program of innate immune memory in health and disease[END_REF][START_REF] Netea | Trained immunity: a memory for innate host defense[END_REF]. Some of these observations derived from the fact that BCG vaccination had unspecific effects [240]. In addition, BCG is used to treat the unrelated pathology bladder cancer through the action of both innate and adaptive immune cells [241]. This, and other examples, led to the idea that innate immune cells can respond to heterologous stimuli with different intensity after a first encounter (Fig. 1.12). The idea that innate immune cells can have functional memory-like properties was coined as trained immunity or innate immune memory [START_REF] Mourits | Trained immunity as a novel therapeutic strategy[END_REF][START_REF] Netea | Trained immunity: A program of innate immune memory in health and disease[END_REF][START_REF] Netea | Trained immunity: a memory for innate host defense[END_REF]. This section will cover the cells that mediate innate immune memory, the mechanistic behind this phenotype, in vitro models and finally describe some potential therapeutic uses of trained immunity. 

Final remark

MAMPs sensed through the PRRs have a profound effect on innate immune cells. Both circulating and hematopoietic progenitors are more responsive after training with certain MAMPs. Protection after training seems to be mediated mostly by monocytes, macrophages and NK cells, and seems to be independent of the adaptive immune system. Several murine models and in vitro models have been developed to test for different agonists inducing trained immunity. To this date, it is known that trained immunity leads to non-specific and long-term protection and that it can be exploited as a potential therapeutic strategy. 

Chapter II

Material and Methods

E. coli culture and plasmids

All the strains form E coli used (Table 2.1) were culture in lysogeny broth (LB) media at 37 °C unless indicated otherwise in liquid and solid media (1.5 % w/V agar). When indicated in liquid media agitation 150 -180 rpm were used to oxygenate the cultures. For transformation SOC media was used during recovery see (Transformation protocol). Description of the strains used available in E. coli genotypes1 : Plasmids used are listed in Table 2.2 with the corresponding selection marker and induction used. 

E. coli competent cells preparation and transformation protocol

Chemically competent cells were prepared from a 5 mL LB culture ON with grown at 37 °C and 150 rpm. This culture was used to inoculate 200 mL culture on LB at OD600 = 0,1. The cells were grown at 37°C (or at 30°C for Rosetta2) with agitation (150 rpm) until OD600 = 0,45 -0,6. Cells were collected by centrifugation of the culture at 4000 rpm at 4 °C for 15 min. The pellet was washed with 30 mL of ice-cold solution of 18 % glycerol; 100 mM CaCl2, centrifuged with the same settings and re-suspended in 10 mL ice-cold solution of 18 % glycerol; 100 mM CaCl2 for ON incubation at 4 °C. Next day, the cells were collected at 4000 rpm at 4 °C for 15 min and the pellet re-suspendend in 5 mL ice-cold solution of 18 % glycerol; 100 mM CaCl2. Finally, the cells were aliquoted in 150 µL and store at -80°C.

Efficiency of transformation was assessed using 15 ng of pGEM plasmid. Efficiency for all the strains was higher that 5x10 7 CFU/µg DNA.

For transformation, 100 µL of competent cells were thawed on ice and 25 -50 ng of DNA were added to the cells, mixed by gently pipetting up and down and incubated on ice for 30 minutes. In the case of co-transformation, both plasmids were added at the same time.

Subsequently, the cells were heat shocked at 42 °C for 30 -45 seconds, followed by min 2 -5 incubation on ice. 400 µL of SOC media were added and the cells incubated 1 h at 37 °C or 30°C for SHuffle strain without agitation. Next, 3 subsequent 10-fold dilution of the transformation that were plated onto LB plates (with corresponding antibiotics; Table 2.2).

The plates were incubated ON at 37 °C or 30°C for SHuffle strain. Individual clones were streaked onto a fresh LB-antibiotic plate and screened by PCR (see "PCR for checking LipL21 after cloning"). When positive for PCR, the clones were grown in LB-antibiotic liquid media and 10% glycerol stocks made and the remaining used for plasmid preparation (NucleoSpin Minipre, Macherey-Nagel) and sequencing. After positive sequencing expression of the different proteins was tested. Sequencing analysis was performed by aligment on Snap Gene.

Eukaryotic cell culture

Cell lines and primary cultures RAW264.7 murine macrophage-like cell line, THP-1 human monocyte cell line bone marrow derived macrophages (BMMs), peritoneal macrophages (PMs) from C57/BL6 mice, human

PBMCs were seeded at a final concentration 1x10 6 cells/mL, in volume 200 µL, 1 mL, 2 mL and 3 mL in 96-, 24-, 12-and 6-well plates respectively. Spleen cells from mice were plated at a final concentration 2x10 6 cells/mL. All the cell lines and primary cells were cultured in complete RPMI containing RPMI GlutaMax (Gibco), 10 % heat-decomplemented (30 minutes, 56 °C) FCS (Gibco), 1 mM HEPES (Gibco), 1 mM MEM (Gibco), 1 mM Sodium pyruvate (Gibco). When indicated 200 µg/mL Gentamicin (Gibco) were added or 1X anti-anti (Gibco) to the media. THP-1 cell differentiation to macrophages was performed adding 10 ng/mL of Phorbol 12-myristate 13-acetate (PMA) in complete RPMI. Cells were allowed to differentiate for 48 h followed by 3 washes with endotoxin free DPBS, and an incubation overnight in complete media (without PMA) that defined as resting period [281]. After resting cells were washed 3 times in endotoxin free DPBS, and stimulated in pre-warmed RPMI complete.

Bone marrow macrophages (BMMs) cells differentiation

Bone marrow derived macrophages (BMMs) were obtained from bone marrow from femurs of adult C57/BL6 mice as indicated [282]. Briefly, animals were euthanized, and the femurs collected, cleaned, and the both extremes were cut. Using a 25G needle, 3 mL of complete RPMI supplemented with Anti-Anti (Gibco), were passed through the bone to flush out the bone marrow. This step was repeated once more when needed to fully extract the cells.

Subsequently, bone marrow cells were homogenized by pipetting, passed through a 100 µm filter and centrifuged 10 min at1200 g. Cells were resuspended in 1 mL of RedBlood Cells lysis buffer (Sigma) and incubated at room temperature 5 minutes, after which 10 mL of complete RPMI supplemented with Anti-Anti was added, and the cells centrifuged to wash the lysis buffer. Clean pellets were obtained, resuspended, counted and adjusted to previously indicated concentration. Cells were plated in 100 cm 2 plates in 10 mL complete RPMI supplemented with Anti-Anti and 10 % supernatant of L929 cells for 7 days. 3 days after culture 5 mL of complete RPMI supplemented with Anti-Anti and 10 % supernatant of L929 cells was added to the cells. After culturing for 7 days, the cells were washed with PBS once and EDTA Cell dissociation buffer (Gibco) was added and incubated 5 minutes. The cells were scrapped, counted and plated in micro-well plates for in vitro infection or stimulation as indicated elsewhere.

Harvest and stimulation of peritoneal (PM) and spleen cells

Cells were obtained from peritoneal lavage of C57BL/6 mice. Briefly, the skin was peeled off and clamped, followed by injection of 3 mL complete RPMI (RPMI GlutaMax (Gibco), 10%

heat-decomplemented FCS (Lonza), 1 mM HEPES (Gibco), 1 mM non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco)) supplemented with 1X antibiotic-antimycotic (Anti-Anti Gibco) into the peritoneal cavity. Next, a small incision was created in the preclamped skin and peritoneal content collected, passed through 100 µm filter and centrifuged. Only cells from peritoneal lavage pellets lacking red blood cell contamination were used for experiments. The spleen was gently removed without damaging it and kept in complete RPMI medium. Spleens were macerated using 25G curved needles, and cells were subsequently passed through 100 µm and then 70 µm strainers. Following lysis of red blood cells using Red Blood Cells Lysis Buffer (Sigma-Aldrich), the splenocytes were washed once with complete medium. Peritoneal macrophages and spleen cells were seeded at a final concentration of 1x10 6 cells/mL and 2x10 6 cells/mL, respectively, and 200 µL per well was distributed into a 96-well plate (TPP). Stimulation of peritoneal or spleen cells was performed 2 to 3 h after plating. Since macrophages are adherent, peritoneal cells were washed once with PBS before stimulation to remove non-adherent cells. Cells were stimulated for 24 h after plating an equal number with 100 ng/mL E. coli LPS (EB InvivoGen) or with live L. interrogans at a multiplicity of infection (MOI) of 100.

In vitro stimulation of eukaryotic cells

Eukaryotic cells were stimulated with 100 ng/mL of E. coli LPS or 1 µg/mL L. interrogans purified LPS. For muropeptide stimulation MDP (muramyl-dipeptide), FK565, FK156 and MTP (muramyl-tripeptide) were used at final concentration 2 µM. When murine macrophages were stimulated with muropeptides, 30 minutes pre-treatment with 1 µM cytochalasinD was required. Infection was done using multiplicity of infection (MOI) 100, unless indicated differently.

Treatment with inhibitory drugs was performed as follows. Cytochalasin D (Sigma) stock prepared in DMSO at concentration 5 mM. The cells were pre-treated for 1 h with the following working concentrations: 10 µM to inhibit phagocytosis and 1 µM to allow for muropeptide entrance in murine cells. Wortmannin (W3144; Sigma-Aldrich) stock purchased in DMSO solution at concentration 10 mM. For PI kinases inhibition (to block autophagy), it was used at concentration 1 µM 1 h before infection. BafilomycinA1 (B1793, Sigma-Aldrich) stock was resuspended in ethanol at concentration 100 µM. For inhibition of V-ATPase and acidification of endosomal compartments, bafilomycinA1 was used at concentration 100 nM.

The mTOR inhibitor Rapamycin (tlrl-rap, InVivo Gen) was prepared in DMSO at concentration 10 mM. For mTOR inhibition (to trigger autophagy), it was used at concentration 500 nM.

Infection protocol for intracellular L. interrogans

Cells were seeded in a 24-well plate and incubated 16 hours at 37 °C, 5% CO2. Before infection the bacterial concentration was adjusted to the indicated multiplicity of infection (M.O.I.) in pre-warmed (37°C) complete RPMI. Cell supernatant was removed and replaced by bacterial suspension. Control cells were treated in the same way with fresh RPMI. The infection was allowed to proceed at 37 °C, 5% CO2. For gentamicin protection assays, after incubation the cells were washed 3 times with pre-warmed (37°C) PBS, and RPMI supplemented with 200 µg/mL Gentamicin (Gibco) was added to the cells that were incubated for 2 h at 37 °C, 5% CO2. After antibiotic treatment, the cells were washed 3 times with prewarmed PBS and antibiotic-free RPMI was added until the indicated time points were intracellular bacteria were recovered or the cells fixed for fluorescence microscopy.

To recover intracellular bacteria, cell supernatant was removed and immediately used for nitric oxide or stored for cytokine dosage. Next 350 µL of sterile distilled water (Gibco) were added and cell lysis was allowed to proceed for 10 minutes at room temperature with mild agitation. Next, the cell lysates were flushed up and down by pipetting 5 times and inoculated in tubes containing 5 mL of pre-warmed (30°C) EMJH media. Bacteria were next incubated at 30°C, and bacterial number and viability were determined measuring bioluminescence in the cultures starting 7 days post-inoculation until stationary phase was reached. As a control bioluminescent L. interrogans were incubated in water with agitation during the same time used to lyse the cells to ensure that water treatment does not affect the bacterial viability.

NO and cytokine quantification

Nitric oxide (NO) in the cell supernatant was quantified immediately after collection using the Griess reaction. Cells supernatants were kept at -20°C until the cytokine dosage, which was performed using ELISA Duo-set kits from R&D Systems for mouse IL-1β, RANTES, IL-6, KC and human IL-6, according to the instructions provided by the supplier. 

Molecular Biology and Biochemistry

Primers

Cloning of LipL21 in pASK-IBA6+ and pASK-IBA7

L. interrogans serovar Manilae genomic DNA (gDNA) was used as template to amplify the gene of lipL21 removing the signal peptide using the primers ∆NL21_SacII_FW and L21_NcoI_RV. PCR amplification was performed using 100 ng of gDNA with Phusion DNA polymerase (Thermo Fischer) following manufacturer's indications. Amplification program started with 5 minutes of initial denaturation at 98 °C, followed by 25 cycles of 30 seconds denaturation at 98 °C, 20 seconds annealing at 55 °C, 45 seconds extention at 72 °C. Finally, 5 minutes of extension were done at 72 °C. PCR products were checked in 1.5 % w/V agarose gels and purified using PCR Clean Up kit (Macherey-Nagel). Cloning was done upon digestion of the PCR product and vector with SacII and NcoI in SmartCut buffer (NEB) overnight at 16°C. Next, ligation was performed using T4 DNA ligase following supplier's requirements. 10 µL of ligation reaction were used for transformation of E. coli competent cells.

Colony PCR for checking LipL21 after cloning

For template DNA, 1 colony from LB plates was re-suspendend in 100 µL of distilled water followed by boiling 10 minutes and top speed centrifugation. For PCR amplification 5µL of the supernatant of this preparation were used along with 10 µM of each primer (L21_Check_FW and L21_Check_RV), 1X of ready mix (Thermo Fischer) in a volume of 25 µL following manufacturer's indications. Amplification program started with 2 minutes of initial denaturation at 95 °C, followed by 25 cycles of 20 seconds denaturation at 95 °C, 20 seconds annealing at 55 °C, 25 seconds extention at 72 °C. Finally, 2 minutes of extension were done at 72 °C. PCR products were checked in 1.5 % w/V agarose gels. Expected product size is 319 bp for full length and dN lipL21.

Expression of LipL21 using pASK-IBA series in E. coli

To express LipL21 E coli, a started culture was grown ON at 37°C (30 °C for SHuffle strain), 150 rpm in LB with corresponding antibiotics. Next, this culture was used to inoculate fresh media at corresponding OD600 0.05 and incubated at 37 °C (30 °C for SHuffle strain) under agitation 150 rpm. Growth was monitored and when OD600 reached 0.6 200 µg/L of anhydrous tetracyclin (aTc) were added to the culture. Otherwise indicated, the bacteria were allowed to grow for 3 hours at 37 °C (30 °C 6 h for SHuffle strain) 180 rpm. Next, the cells were collected by centrifugation (4000 rpm, 4°C, 20 minutes) and the pellets used for PG preparation, immunoblot, protein purification and binding assays.

PG preparation of E. coli expressing LipL21

At least 1 L of culture was grown and induced as previously indicated. After induction the cells were centrifuged, washed once with PBS and the pellets stored at -80°C. Next, the pellets were resuspended in 8 mL DNAse, RNAse free ice-cold water. The resuspended culture was split in 2 equal parts. These were added constantly drop by drop to 8 mL of boiling 6% SDS solution with agitation. The samples were boiled and agitated in SDS for 0.5 h (short boiling time) or 4 h (long boiling time). After boiling the samples were allowed to reach room temperature followed by a series of subsequent washes to remove SDS. The washes were performed by ultracentrifugation at 18 °C for 45 minutes, at 39000 rpm. After SDS was completely removed the PG was dried ON and resuspended at concentration 1 mg/mL.

rLipL21 protein purification

Pellets of E. coli expressing LipL21 were resuspended on 5 mL/L of ice-cold Buffer A (100 mM Tris:HCl pH 8, 150 mM NaCl) and sonicated using a 30 seconds pulse, 1 min rest 3 times on ice. Next non-lysed cells and insoluble material was removed by ultracentrifugation (18000 g, 20 mins at 4 °C). The resulting lysates were loaded in Strep-Tag column (Iba LifeSciences) following manufactures recommendations. Briefly, the column was equilibrated with 2 column volumes (CV) of Buffer A. Next, bacterial lysate was applied to the column and the flow through collected. Following, the column was washed with 5 CV of Buffer A collecting each flow through separately. Finally, the target protein was eluted in Buffer B (100 mM Tris:HCl pH 8, 150 mM NaCl, 50 mM Biotin) in 3 fractions E1, E2, and E3 each with 0.6, 1.6 and 0.8 CV respectively, to ensure maximum recovery in fraction E2, as suggested by the manufacturer.

SDS-PAGE and western blot

Cells were seeded in 6-well plates and indicated before and incubated 16 hours at 37 °C, 5% CO2. Next the cells were stimulated as indicated in each case during different timepoints. At the indicated time points cells were placed on ice, media removed and 1 mL of EDTA Cell Dissociation buffer were added. Incubation on ice for 5 minutes was followed by scrapping.

The cell resuspension was then transfered to a 1.5 mL tube, centrifuged (10 min; 2000g; 4 °C) and the pellets resuspended in 100 µL of ice-cold RIPA lysis buffer [283] supplemented with 1X cOmplete Mini, EDTA-free proteases inhibition cocktail (Roche) and incubated 30 minutes on ice. Exceptionally, to detect ubiquitinated proteins 9M urea was used as lysis buffer [284,285]. Subsequently centrifugation (20 min; 12000g; 4 °C) was performed to remove the non-soluble proteins. The pellets were transferred to clean 1.5 mL tubes prechilled on ice, proteins dosed by Bradford, concentration adjusted to 1 mg/mL with lysis buffer, Laemli sample buffer added, boiled for 5 minutes and immediately and preserved at -20 °C for western blot. For SDS-PAGE and western blot, samples were thawed on ice and and 20 µg of each sample loaded corresponding gels. 12% acrylamide stain-free (BioRad) gels were used in all the cases, unless indicated different. Gels were casted according to the manufacture's indications using. Each gel was run at constant voltage of 100 V until the running front reached 0.5 cm before the end of the gel to preserve small proteins of interest such as LC3 in TGS buffer. Additionally, 5 µL PageRuler Plus (ThermoFischer) protein ladder were loaded in each gel. Next, the proteins were visualized using stain free reagent (BioRad) with 5 minutes activation time and automatic exposition time or by Coomasie Blue when indicated. Proteins were transferred into a 0.22 µm pre-activated PVDF or nitrocellulose membrane using fast transfer for 1 MiniGel (BioRad). Transference was checked by stain free visualization of the membrane, followed by blocking with 2.5 % BSA in TBS-Tween for 1 h at room temperature with agitation. After blocking the membrane was cut the 35 kDa marker [286]. The lower part of the membrane was stained with rabbit anti-mouse LC3 (Table 2.5) in 1% BSA in TBS-T ON at 4 °C. The upper part of the membrane was stained with rabbit anti-mouse actin, p62, NDP52, OPTN (Table 2.5) in 1% BSA in TBS-T overnight at 4 °C. After primary antibody incubation, the membrane was washed in TBS-T 3 times for 10 minutes followed by incubation with donkey anti-rabbit HRP antibody in 1% BSA in TBS-T for 1 h at room temperature. After secondary antibody incubation the membrane was washed in TBS-T 3 times for 10 minutes, and the signal revealed using 1:1 mix Clarity ECL reagent (BioRad) with automatic exposure time unless differently indicated.

Fluorescence microscopy and flow cytometry

Immunofluorescence protocol

Cells were seeded in 12-well plate containing 1 cover glass per well (18 mm diameter, # 1.5 thickness, Electron Microscopy Science) and incubated 16 hours at 37 °C, 5% CO2. When indicated, infection with CFSE pre-stained bacteria was carried out as indicated before. After infection, at the indicated time points, half of the media was removed and replaced by the same volume of 4% para-formaldehyde (p-FA) for fixation during 15 minutes at room temperature, and washed 3 times with PBS to remove p-FA excess. After fixation the cells were kept in PBS until processed for staining. Before staining cells were pre-treated for 30 minutes with 50 mM NH4Cl to reduce auto-fluorescence of aldehyde groups formed during fixation, washed 3 times with PBS and blocked 1 h minutes with 2.5% BSA 2.5 µg/mL Fc block (Table 2.5).

For actin staining, after blocking cells were stained in humidified chamber using 50 µL drops 1% BSA in PBS containing 0.05% saponin, 5 UI/mL of Phalloidin-AlexaFluor 647 or Wheat Germ Agglutinin (WGA)-AlexaFluor 594 and counterstained with 1 µg/mL of DAPI. For LC3 staining (Table 2.5), after blocking cells were stained in humidified chamber using 50 µL drops for 60 minutes in 1% BSA in PBS containing 0.05% saponin, rabbit anti-mouse LC3 or p62 (Table 2.5) and washed 3 times with PBS. This was followed by staining with secondary antibody Goat anti-rabbit coupled to AlexFluor 568 in 1% BSA in PBS containing 0.05% saponin and counterstaining with 1 µg/mL of DAPI. After staining, the cells were washed 3 times in PBS, mounted using Prolong Diamond, dried overnight at room temperature, sealed with nail polish, and immediately imaged using otherwise indicated Leica SP5 confocal microscope (Leica GmbH, Germany). After imaging the slides were kept at 4 °C protected from light.

Confocal images acquisition

All confocal images were acquired using Leica SP5 confocal microscope, with a 63X, 1.4 NA, oil immersion objective. Pixel size was adjusted using a zoom 3.5 to < 63 nm. Image acquisition was performed at 200 -400 Hz, with a line average of 4, and all the images were acquired sequentially channel by channel, without any offset, using photomultiplier (PMT) or hybrid (Hy5) detectors as indicated. PMT voltage were adjusted to the range 700 -1000 V, and Hy5 smart gain range 60 -120 %.

Determination of number of infected cells by flow cytometry

Cells were infected in a 24-well plate with CFSE pre-stained L. interrogans MFlum1 [START_REF] Ratet | Live imaging of bioluminescent leptospira interrogans in mice reveals renal colonization as a stealth escape from the blood defenses and antibiotics[END_REF].

After infection the cells were treated with gentamicin, washed as previously described. Next, 300 µL of EDTA Cell Disociation buffer were added, incubated on ice 5 minutes, the cells scrapped and transfered to a 96-well plate for staining. Before staining the cells were centrifuged (5 min 1200g) and resuspended in 50 µL of FACS buffer (0.1 % FCS; 2 mM EDTA) containing 5 µg/mL anti-CD16/32 and when indicated 2.5 µg/mL anti-F4/80 when indicated. Staining was performed for 25 minutes on ice, protected from light. This was followed by addition of fixable Viability dye e780 were added to each well and incubated on ice for 5 minutes. Next, 50 µL of 4% pFA were added to each well for fixation and incubated on ice for 5 minutes. After fixation 100 µL of FACS buffer were added, and the cells were washed once with FACS buffer by centrifugation. Finally, the cells were resuspended in 200 µL of FACS buffer to proceed with acquisition. on a MACSQuant analyzer (Miltenyi Biotec) cytometer after calibration and color compensation. Data were analyzed using FlowJo V10. FITC-Dextran 500.000 as positive control for phagocytosis. For F4/80 cells stained with an isotype antibody were used to select those F4/80 + cells. Analysis of the data was performed using FlowJo VX.

Immunophenotyping of blood, spleen, and peritoneal cavity by flow cytometry

For surface staining, a total of 2x10 5 cells per experimental condition were washed once in a round bottom 96-well plate with MB buffer (1X PBS without Ca 2+ and Mg 2+ ; 0.5% v/v FCS, 2 mM EDTA) and resuspended in 50 µL staining buffer containing 2 µg/mL of FcBlock (anti CD16/CD32) and 1 µg/mL of antibody (see Table 1) for 20 minutes on ice. Next, 50 µL 2 µg/mL e780 fixable viability dye (eBioscience) was added for 5 minutes, followed by 50 µL of 4% PFA for fixation for 5 minutes. For intracellular staining, after fixation the cells were washed and resuspended in Inside Perm kit reagent containing 2 µg/mL of the corresponding antibody (Table 2.5). For intracellular staining of IFN-γ, 1X Brefeldin A solution (eBioscience) was added 3 h before the collection of the cells to block the intracellular release of IFN-γ. After staining, the cells were washed 2 times with MB buffer and resuspended in cells for phenotyping, 25000 cells for intracellular iNOS, and 550000 cells for IFN-γ) on a MACSQuant analyzer (Miltenyi Biotec) cytometer after calibration and color compensation.

Data were analyzed using FlowJo V10. 

In vivo and ex vivo experiments

Human monocyte training

Human monocytes from blood were purified using the Pan Monocyte Isolation Kit (Miltenyi Biotec). After purification, the cells were suspended at 1x10 6 cells/mL in RPMI without serum, and 1x10 5 cells were seeded into a flat-bottom 96-well plate (TPP). For training, the cells were incubated for 24 h in a 5% CO2 atmosphere at 37 °C in the presence of the indicated agonists [273]. Next, the cells were washed twice with prewarmed PBS, and 200 µL fresh RPMI with 10% pooled human serum (Zenbio) was added. The cells were allowed to rest for 5 days, with half of the medium replaced with fresh RPMI with 10% human serum at day 3. After resting, the cells were washed twice with prewarmed PBS and re-challenged as indicated in RPMI without serum for 24 h in a 5% CO2 atmosphere at 37 °C. Cell supernatants were frozen for subsequent cytokine analysis.

In vivo Imaging (IVIS)

Mice were imaged as previously described [START_REF] Ratet | Live imaging of bioluminescent leptospira interrogans in mice reveals renal colonization as a stealth escape from the blood defenses and antibiotics[END_REF]. Thirty minutes after infection, mice were injected IP with 100 µL 30 mg/mL luciferin (XenoLight D-Luciferin -K + Salt, Perkin Elmers) prepared in endotoxin-free PBS (Lonza) and anesthetized using an O2 flow rate of 1.5 L/minute and 2% atmosphere of isoflurane for 10 minutes. Under the same regimen of anesthesia, sleeping mice were transferred into the in vivo imaging system (IVIS Spectrum, Perkin Elmers) on a dark surface and imaged (binning 8) in automatic mode or for 5 minutes.

Images were acquired for the ventral (day 0 to day 5 post-infection) or dorsal (day 8 or 9; day 15; day 30 post-infection) views.

Quantitative data were obtained in square Region of Interest (ROIs) of the complete animal, excluding the tails for ventral images (acute phase). For dorsal images, round ROIs were applied to the animals in the area corresponding to the kidneys. Quantitative data for the average light flux normalized by the time and area of ROIs were defined as light units/second/cm 2 /steradian (p/s/cm 2 /sr). Images were analyzed using Living Image software (Perkin Elmer), adjusting the photon count to 1x10 4 to 1x10 6 (p/s/cm 2 /sr) for all images shown.

LC3 western blot peritoneal cavity

Animals were injected with muropeptides, L. interrogans or a combination or both, as well as rapamycin or PBS as positive and negative control respectively in the peritoneal cavity. 24 h post injection the animals were sacrificed by cervical dislocation and the peritoneal content harvested as previously described. Next, the cells were always maintained on ice and immediately processed without further purification for LC3 western blot as indicated elsewhere.

In vivo stimulation with MAMPs

All MAMPs were administered intraperitoneally in a volume of 200 µL unless indicated otherwise. Muropeptides, MDP, FK565 and FK156 were injected at concentration 25 µg/mouse. CL429, Nod2/TLR2 dual agonist and Pam3CKS were administered 25 µg/mouse [262].

Macrophage depletion with clodronate

Clodronate-containing liposomes was injected in the peritoneal cavity (IP depletion) or intra orbital (IV depletion) in a volume of 100 µL. For IV depletion the animals were previously anesthetized during 5 minutes with isoflurane to avoid stress. A control group of mice were injected the same way with PBS-containing liposomes. Liposomes were administered 72 and 24 hours before sublethal infection, in the peritoneal cavity with 10 6 bioluminescent L. interrogans. Infection was followed by IVIS as previously indicated. 
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Chapter III

Lipoprotein LipL21 binds to meso-Dap type PG and inhibits NOD1 and NOD2 signalling « Gentlemen, it is the microbes who will have the last word »

Louis Pasteur

Chapter III -Lipoprotein LipL21 binds to meso-Dap type PG and inhibits

NOD1 and NOD2 signalling

Background

Before I arrived at the lab, Gwenn Ratet a former Ph.D. student found that the leptospiral PG, prepared using the traditional protocol of boiling of the bacterial pellet 30 min in 4% SDS, could not be digested by PG hydrolases. Leptospiral PG was only digested upon extended boiling time. This suggested the presence of a protein that might be bound to the PG and was released from the PG upon extensive heat treatment. LipL21, an abundant lipoprotein of leptospira, was identified by mass spectrometry. LipL21 is an outer membrane lipoprotein first described by Cullen et al in 2003 [39]. This protein is particularly conserved among pathogenic leptospires and it is less conserved among saprophytes. In addition, when LipL21 was bound to leptospiral PG, it impaired its digestion in muropeptides and therefore it also impaired the NOD1 and NOD2 signalling, since both receptors recognize muropeptides.

Moreover, an additional mechanism of bacterial escape was found. Indeed NOD1 shows an host specific difference in the detection of diaminopimelic containing [START_REF] Chamaillard | An essential role for NOD1 in host recognition of bacterial peptidoglycan containing diaminopimelic acid[END_REF] muropeptides. The human (hNOD1) senses a tripeptide containing muropeptide, whereas its murine (mNOD1) counterpart detects the tetrapeptide form [287]. Interestingly, it was shown that once digested the leptospiral PG produced only tripeptide, but not tetrapeptide containing muropeptides meaning that the leptospiral PG, even devoid of LipL21 could not be sensed in the mouse, although it could be fairly detected in human cells.

Since leptospires possess many outer membrane proteins my role in this project was to produce recombinant (r) rLipL21 in E. coli to evaluate its in vivo and in vitro binding capacity to meso-Dap PG (present in L. interrogans as well as in Gram-negative bacteria such as E. coli [START_REF] Vollmer | Peptidoglycan structure and architecture[END_REF]). This was important to be able to specifically attribute this effect to LipL21 and not to other leptospiral OMPs that might be present and not detected.

In the context of my Ph.D project, the heterologous expression of LipL21 in E. coli was important to confirm the hypothesis that LipL21 binds to meso Dap typePG and impairs NOD signalling. Before my arrival to the lab several attempts in producing this protein were unsuccessful, likely due to toxicity effects.

Toxicity of LipL21 and sub-cellular localization in E. coli

Previous reports showed the heterologous expression of recombinant LipL21 (rLipL21) in mammalian cells [START_REF] He | Protection of guinea pigs against Leptospira interrogans serovar Lai by LipL21 DNA vaccine[END_REF] and E. coli [START_REF] Joseph | Evaluation and comparison of native and recombinant LipL21 protein-based ELISAs for diagnosis of bovine leptospirosis[END_REF]288]. Our first approach involved the use of the cloning system pRSF-Duet. Using as a host E. coli BL21 as previously reported by others, LipL21 was highly toxic and cloning was unsuccessful. Next, in an attempt to reduce toxicity, most probably due to vector leakage in our plac based plasmid (pRSF-Duet) we used catabolic repression by addition of 0.5% glucose [289], without any success. Since we could not obtain any clones after several trials, we used different systems. To do so different cloning vectors and hosts strains were unsuccessfully tested. Among them LipL21 expression was tried into pET-20 and pRSF-Duet, in E. coli TOP10, BL21-DE3 and derivate strains such as BL21-DE3 KRX, BL21-DE3 AI, C43 [280] and BL21-DE3 Rosetta2. Based on these results we hypothesized that this protein when expressed in E. coli was highly toxic and other approach should be taken in order to produce LipL21.

Several strategies, such as protein fusions, are available nowadays to reduce protein toxicity [289,290]. Therefore, using isothermal assembly or Gibson PCR [291,292], we produced a Cterminal translational fusion of LipL21 and alkaline phosphatase (phoA). This strategy also allowed us to evaluate if LipL21's toxicity could be reduced as well as if its signal peptide could be recognized in the heterologous host E. coli (Fig. 3.1). Active PhoA hydrolizes a phosphate group from the substrate XP (5-bromo-4-chloro-3-indoyl-phosphate). This results in precipitation of the substrate that is evidenced as the appearance of a blue precipitate.

To assess our hypothesis, we used a functional test based on the activity of the endogenous protein PhoA. Upon synthesis, PhoA is translocated to the periplasm driven by its own signal peptide, where it becomes active only upon disulfide bond formation in the oxidizing conditions found in the periplasm. The construction LipL21_PhoA was performed with LipL21 upstream of PhoA without its own signal peptide as shown above (Fig. 3.1). Using this approach, we obtained clones and checked the expression of LipL21-PhoA fusion on whole cell lysates (Fig. 3.2) of 3 clones. All the clones expressed the protein fusion, but at different levels; clone 1, being the one with higher production. In all the cases we observed a degradation product at approximatively 25 kDa, which might be LipL21 plus a TEV site that was added during the construction (Fig. 3.2).

When PhoA is active, it is able to cleave a phosphate bond in the chromogenic substrate XP that forms a blue precipitate in agar plates. We observed that LipL21 was secreted into E. coli's periplasm (Fig. 3.2) since we observed a blue precipitate only in the case of PhoA was fused to LipL21. This fusion experiment demonstrated that LipL21 signal peptide is properly recognized by E. coli, driving LipL21 to the periplasmic space. We hypothesized that in the periplasm, LipL21 binds to PG, hence explaining the toxic effect of the full-length protein in the previous failed cloning and expression attempts. This last hypothesis is also supported by the fact that the fusion protein reduced the toxicity, likely because PhoA might be impairing LipL21 binding to PG due to its proximity and size. Therefore, we decided to use a highly regulated expression system to avoid toxicity of LipL21 that is associated with leaky vectors.

Tightly regulated vectors ensure heterologous expression of LipL21 E. coli

Nowadays several inducible systems are available to control protein production in E. coli. The most used systems are those based on IPTG inducible promotors [289]. Leakage might be observed in these systems due to basal expression of the T7 RNA polymerase in DE3 expression strains. Therefore, tightly regulated systems might be a more suitable option to express highly toxic proteins such as LipL21 that might impair bacteria growth.

We decided to test the pASK-IBA system, inducible by anhydro-tetracyclin (aTc). This system is highly repressed since no traces of aTc are available in rich media such as LB. In addition, this system uses a native inducible tetracycline promoter/operator to drive target gene expression, rendering this tool useful for protein expressions in a wide range of hosts strains without the need of DE3 presence.

We used L. interrogans serovar Manilae genomic DNA to clone lipl21 into these vectors (Fig.

A).

Primers were designed to exclude the signal peptide to allow for cytosolic expression.

In addition, the lipobox sequence, that is more plastic in spirochetes than other Gram-negative bacteria [293], was removed since it might not be properly recognized in E. coli. Therefore, the protein will also lack the acyl chains. To clone lipl21, 2 vectors of the pASK-IBA series were selected; pASK-IAB7 for cytosolic expression and pASK-IBA6+ in which the signal peptide of ompA is N-terminal fused to the multiple cloning driving the expressed protein to the periplasm (Fig. 3.3 B). Using this strategy, we first sub-cloned lipL21 in both vectors using E. coli DH5 as host strain and sequence the clones to check for mutations before expression (Table 3.1). Codon usage between different organisms might differ impairing or complicating heterologous expression of proteins. This phenomena might lead to reduced amount of protein produced, production of truncated forms of the expressed protein or no production due to limit access to aminoacyl-tRNAs [294,295]. We therefore, tested before the expression that if leptospiral proteins could be efficiently produced in E. coli [296,297]. For this, we used a codon analysis software2 to determine whether protein expression was optimal in our heterologous system. Using this prediction software, we found that several codons of lipL21 were underrepresented for E. coli (ANNEX 2). These codons encode for: Ala, Arg, Asn, Asp, Gln, Gly, His, Ile, Leu, Pro, and Ser. They do exist in E. coli but the frequency in which they occur on average on E. coli`s protein differ with their frequency in the gene encoding lipL21.

Several strategies are currently available to overcome this situation such as codon optimization using synthetic genes or use of codon optimized host strains among others [298].

To solve this effect, we tested our construction in Rosetta2 strain that contains the plasmid Induction was performed at 0D 0.6 following the supplier's indications, adding 200 µg/L of aTc. Growth was monitored before and after induction (indicated by black arrow) at different temperatures. Data representative from 2 independent experiments. (B) After induction (3h at 37°C, 6h at 30°C and overnight at 25°C) 1 mL of culture was collected, washed and lysed in SDS-containing buffer. To check for LipL21 expression, 0.1 OD units of the culture were boiled and loaded in SDS-PAGE, analysed by stain free (right panel) and by immunoblot (left panel) using a rabbit polyclonal antibody anti-LipL21, followed by a goat anti-rabbit HRP-conjugated antibody and detection using ECL substrate. Data representative from at least 3 experiments.

Next to understand if LipL21 production and delivery to the periplasm was the cause of toxicity we took advantage of our expression system and performed a drop test to assess for bacterial viability. We observed that the presence of a plasmid carrying LipL21 does not affect growth of the bacteria, but when the induction of LipL21 expression led to a toxicity effect, as previously suspected (Fig 3 .5).

Figure 3.5: Drop test to evaluate bacterial viability upon induction of LipL21

E. coli Rosetta2 pEmpty or pL21 were grown in liquid media until OD 0.6. Next, serial 10-fold dilutions were prepared and 10 µL of each were spotted onto LB agar plates (100 µg/mL Amp (pASK-IBA), 25 µg/mL Cm (pRARE)) without induction as control, with a sub-optimal (50 µg/mL) and optimal (200 µg/mL) aTc concentration. Spots were dried and plates incubated overnight at 37°C to assess for bacterial growth. Data representative of 2 independent experiments.

Our results indicate that indeed LipL21 expression is toxic for the heterologous host E. coli. This explains the need of a highly regulated expression system to express this protein and suggests that previous failed attempts to express it in leaky systems might be due to the toxicity of LipL21. With this system we could address the question of whether rLipL21 produced in E. coli could retain its function and bind to PG as observed for LipL21 in L. interrogans.

rLipL21 binds PG from E. coli in vivo and recapitulates NOD escape

We aimed to characterize the role of heterologous expression of LipL21 in terms of PG binding, in order to evidence if LipL21 has binding capacity to meso-Dap PG. Using our optimized expression system for LipL21 in E. coli we purified PG from bacteria expressing the full length LipL21 (pL21) and as control bacteria that do not express the protein (pEmpty). For leptospires, extensive boiling in SDS is needed to de-attach LipL21 from its PG [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF]. Therefore, PG preparation was done with short (0.5 h) or long (4h) boiling time in SDS, followed by extensive washing of SDS, digestion with mutanolysin and HPLC analysis of the muropeptides profile.

We found that LipL21 is bound to the PG of E. coli in our culture conditions. In this case we found that 4 h boiling time is necessary to de-attach LipL21 from the PG of E. coli and allow its digestion, since after 0.5 h boiling time there is no digestion of PG as observed for leptospires (Fig 3.6). Induction was performed at OD 0.6 following supplier's indications adding 200 µg/L of aTc. Protein expression was tested by immunoblot using a polyclonal anti-LipL21 antibody (right panel). After induction, the cells were collected and the pellet was resuspended in water and divided in 2 fractions, one boiled 0.5 h and the remaining one boiled 4h in SDS. Next, SDS was removed and PG digested with mutanolysin. Digestion products were analysed by HPLC in C18 column (left panel). Data representative of 2 independent experiments. PG synthesis and degradation during the bacterial cell division provides the muropeptides that stimulate the PPRs NOD1 and NOD2 [282]. We previously observed that the presence of LipL21 in the leptospiral PG impaired the signaling through NOD1 and NOD2 using a HEK cell reporter system. We used digested purified PG from E. coli expressing LipL21 to test stimulation of these PRRs.

We found that the of PG the E. coli strain expressing FL LipL21 boiled for 0. Induction was performed at OD 0.6 and 37 °C under agitation. At the end of the induction, 1L of culture was collected, centrifuged and washed once in ice-cold PBS. The pellet was resuspended in water and divided in 2 fractions, one boiled 30 minutes and the remaining one boiled 4h in SDS. Next, SDS was removed and PG digested with mutanolysin. The muropeptides generated during the digestion were used to stimulate HEK 293T cells transfected with NF-kB luciferase reporter assay and NOD1 (murine: mNOD1 or human: hNOD1) and NOD2 (Experiment by Catherine Werts).

Our results shown that LipL21 expressed in E. coli, targeted to the periplasm, can bind to the PG and impairs its digestion. Both E. coli and L. interrogans possess meso-Dap type PG, indicating that this protein might be binding to this type of PG. Next, we aimed to understand the binding mechanisms of LipL21 to PG.

In vitro binding of rLipL21 to meso-Dap bacterial peptidoglycan: Expression of rLipL21 in the cytoplasm of E. coli for purification

After expression of LipL21 in the periplasm of E. coli where we showed that it binds to the PG and blocks NOD1 and NOD2 signalling we aimed to express LipL21 in the cytosol for purification to try to understand its substrate and potentially the binding mechanism. To do so, we used the construct that allows for cytosolic expression of LipL21, pASK-IBA7_LipL21. Cytosolic expression constructions were done to avoid rLipL21 binding to PG interrogans [START_REF] Cullen | LipL21 is a novel surface-exposed lipoprotein of pathogenic Leptospira species[END_REF][START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF] and E. coli as previously showed. Redox conditions in the periplasm are different from those found in the cytosol of bacteria [299]. Therefore, protein folding is different between these 2 cellular compartments. For instance, formation of disulfide bonds occurs in the periplasm of bacteria [300,301]. These covalent bonds might be necessary for structural integrity of expressed proteins. Therefore, when absent protein stability might be compromised, and the recombinant protein expressed in the cytosol consequently degraded.

LipL21 possesses 5 Cys residues that could potentially form disulfide bonds. Therefore, an environment that does not favor the formation of such covalent bonds could be a potential explanation of why LipL21 is not expressed in Rosetta2 cytoplasm. Hence, we hypothetized that LipL21 might form disulfide bonds that are essential for its stability.

To test our hypothesis, first we used DiANNA 3 , an open source software to predict S-S bond formation based on protein sequence analysis. We took LipL21 protein sequence as input sequence and the analysis showed that LipL21 possesses 2 predicted S-S bonds among 4 of its 5 Cysteine residues. In order to understand if S-S bonds formation is essential for LipL21 stability, we used. an E. coli BL21 derivative strain, Shuffle [302] that contains a functional DsbC in the cytosol allowing for the formation of S-S bonds in this compartment [303]. This strain shows some temperature sensitivity, therefore transformation was adapted and achieved successfully at 30 °C instead of 37 °C as previously performed.

The experiments presented next using purified LipL21 were performed by Dr. Frédérique Vernel-Pauillac. Due to time restrictions, I could not perform all the experiments, but I designed the experimental strategy. I would like to thank Frédérique for allowing me to present these results in this manuscript.

As previously found, the codon usage of L. interrogans differs from the one used by E. coli.

This was solved using Rosetta2 strain that allows for optimal LipL21 expression. We purified pRARE (Cam R ) plasmid from Rosetta2 strain and co-transform it in SHuffle along with pASK-IBA 7_LipL21. Using this strategy, we obtained transformants (pASK-IBA 7_LipL21)

and co-transformants (pASK-IBA 7_LipL21 + pRARE) cells with similar efficiency as previously obtained. Next, LipL21 expression was assessed by immunoblot comparing Shuffle strain with and without the pRARE plasmid (Fig. 3.9). The protein LipL21 was produced in SHuffle strain. This shows that LipL21 needs to maintain its structural integrity by the formation of disulfide bonds. When pRARE was added, a significant increase in protein production was observed over time. These results are in accordance with previous results observed for the construction pASK-IBA 6+_LipL21 for periplasmic expression of LipL21. Therefore, the conditions selected for production of cytosolic LipL21 are: SHuffle strain, pASK-IBA7+_LipL21 + pRARE, induction 200 µg/L aTc for 3 h.

LipL21 induction was optimized with the objective to purify the protein in order to test its binding to the PG in vitro (Fig 3.10). We observed that 6 h induction time seems to be the peak of LipL21 produced at 30°C and selected for this induction time for future experiments. After expression was optimized, the solubility of cytosolic rLipL21 after induction was tested.

To do so, pellets from induced culture were lysed for membrane, cytosol and insoluble material fractionation by differential centrifugation and analyzed by immunoblot. In this settings, LipL21 was recovered in the soluble fraction of the cytosol after ultracentrifugation (Fig. 3.11). This indicates that LipL21 when properly expressed in SHuffle strain carrying pRARE is soluble. This result is a good indication that rLipL21 produced in the cytosol is most likely on its native form, which facilitates the purification process. Additionally, when indicated pRARE (CmR) was added. Induction was performed by addition of 200 µg/L of aTc at OD 0.6 for 3 h at 30°C. Cells were collected and the pellet lysed in native buffer. A first centrifugation at 10000 rpm for 30 minutes was performed to discard insoluble fraction in the pellet. Next, the supernatant was centrifuged at 39000 rpm for 30 min to separate soluble material (cytosol) from membrane associated proteins (membrane). Finally, 10 µg of total protein from each fraction were analyzed by immunoblot using a rabbit polyclonal antibody anti-LipL21 followed by goat anti-rabbit HRP-conjugated antibody and detection using ECL substrate (Experiment by Frédérique Vernel-Pauillac).

Purification of cytosolic rLipL21 expressed in E. coli

Purification was carried out using the Strep-Tag technology provided in pASK-IBA vectors.

LipL21 is observed as expected in the input fraction as well as in the washes though in significantly less amount. This observation might indicate saturation of the purification matrix. Mostly, LipL21 elutes in the 2 nd elution fraction, although some elutes in fraction 1 and 3 and 3 2 (Fig. 3.12). Purified LipL21 was kept at 4°C for PG binding in vitro. as negative control. 3 hours after induction, cells were collected and lysed by sonication, followed by centrifugation in tabletop centrifuge to separate insoluble material (pellet). Supernatant was centrifuged at 39000 rpm for 30 min to separate soluble material (cytosol) from membrane associated proteins (membrane).

A) 10 µg of protein were mixed with sample buffer and loaded in SDS-PAGE.

B) LipL21 expression was assessed by immunoblot using a rabbit polyclonal antibody anti-LipL21 followed by goat anti-rabbit HRP-conjugated antibody and detection using ECL substrate. Whole extracts were added as loading control (experiment by Frédérique Vernel-Pauillac).

rLipL21 binds to meso-Dap type PG Purified rLipL21 was used to test for PG binding in vitro. To do so, the protein was mixed and incubated with PG, followed by a western blot anti-LipL21. The high macromolecular size of PG impairs its entry in SDS-PAGE gel, therefore proteins interacting with PG will not be detected or they will be detected in less amount by immunoblot since they will remain outside of the gel interacting with PG (Fig. 3.13 A). We observed that rLipL21 binds to E.

coli PG as it can be evidenced by the decreased amount of rLipL21 observed compared to the input when the protein is incubated in the presence of PG (Fig 3 .13 B). Since our results show that rLipL21 can bind E. coli PG that like the leptospiral PG is a meso-Dap PG we studied the Lipl21 specificity for this type of PG. A similar experimental approach was used adding as a substrate for LipL21, the PG from the Gram-positive bacteria S. aureus (Fig 3.13 C). We found that rLipL21 seems to binds exclusively to E. coli PG and not to S. aureus PG.

Site directed mutagenesis to study the binding of LipL21 to PG:

Before my arrival, literature search led to the identification of a periplasmic lipoprotein from H. influenzae, PAL (peptidoglycan associated lipoprotein) that is non-covalently associated with PG, binding to meso-Dap residues [304]. Despite a lack of sequence similarities, both proteins could be aligned and some residues, corresponding to the residues involved in the mesoDap binding were conserved. Based on the known structure of the PAL [304], Gwenn

Ratet and Allison Williams from our lab performed a 3D alignment of PAL and LipL21.

Based on this model, 6 amino acid residues were predicted to be implicated in LipL21 binding to PG (Section 5) and were preliminary mutated. Since LipL21 has predicted structural homology with PAL from H. influenzae we used the predicted residues for a mutagenesis screen. Therefore, our first approach was to mutate these residues and observe if this affects the binding of LipL21 to PG, based on toxicity effect as shown in Fig. 3.5 (drop test). To study if these residues could be implicated in PG binding first single mutations were performed in each of them by site-directed mutagenesis (Fig. 3.14). As observed in Fig. 3.14

A, no effect on LipL21' toxicity is evidenced upon single mutations of the indicated amino acid residues. However, mutations I65F; D99N and E107L seem to have an effect on protein expression, which might indicate that the mutated LipL21 produced in these cases is not properly folded and therefore degraded (Fig. 3.14 B). This work is currently ongoing.

for up to 4 h in SDS. This not only suggests that the interaction is strong but also of noncovalent nature.

In order to overcome the toxic effect, highly regulated vectors allowed us to produce and purify LipL21 in E. coli without any restriction. It is important to mention that the codon usage of leptospires is different from the one used by E. coli. The relevance of this feature is clearly evidenced since the amount of protein produced is heavily increased when coexpressing the cytosolic rLipL21 with pRARE, a plasmid expressing tRNAs that were not represented in E. coli. Moreover, for the expression of periplasmic proteins in the cytosol, we used the SHuflle strain, which constituted a successful approach that could be further implemented to produce other outer membrane or periplasmic L. interrogans proteins in future studies. Our results support the initial hypothesis that LipL21 protein binds selectively to meso-Dap PG as PAL from H. influenzae does. Unfortunately, our site-directed mutagenesis approach was not successful and due to time restrictions, this will be an objective for future studies. A potential reason why this strategy was unsuccessful might be because mutating one at a time the six residues may not be enough to abrogate LipL21 binding to PG that seems to be a strong interaction. Therefore, future approach will implicate the mutation of multiple residues at the same time. To do so, a starting point could be a triple mutant in those residues that were observed not to be affected in protein expression since the others most likely do not produce a functional protein.

In order to continue with this project, future directions will involve the crystallization of rLipL21 in the absence and presence of PG in order to empirically map the binding site. This data will allow to test mutants to validate the crystallographic model and the PG binding site of LipL21.

Another interesting aspect of this protein is to try to understand why it does bind to PG with such strong affinity. Using rLipL21 this interaction can be studied from a biophysical point of view. By measuring the binding Kd, we could understand the affinity of this protein.

Inhibitory molecules of such interaction could potentially be used as a target against Gramnegative bacteria.

Finally, the fact that LipL21 impaired NOD signaling in vitro suggests a novel mechanism of NOD signaling escape [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF]. The consequences of this escape are the aim of Chapter IV "Autophagy response to leptospiral infection in macrophages". 

Annex II -Related Publication

Chapter IV

Escape from autophagy by Leptospira interrogans in murine macrophages « Life is an equilibrium state between synthesis and degradation of proteins »

Yoshinori Ohsumi

Chapter IV -Escape from autophagy by L. interrogans in murine macrophages Background L. interrogans are pathogenic bacteria that escape some PRR recognition by the innate immune system. Macrophage response to leptospires is not clear and their lifestyle and association with these cells either.

We recently showed (Chapter III) that L. interrogans escape NOD1 and NOD2 signaling [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF].

These PRRs have been implicated among other functions in the induction of autophagy, an intracellular pathway important for pathogen clearance and onset of adaptive immune responses [START_REF] Travassos | Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane at the site of bacterial entry[END_REF]. Therefore, our aim here was to study autophagy in the context of L.

interrogans infection.

In vitro infection model of murine macrophages

Gentamicin protection assay for leptospires

In order to study autophagy, we first established an infection protocol for macrophages that allowed us to evidence intracellular bacteria. A common approach to study intracellular pathogens is the so-called gentamicin protection assay. This assay implicates the infection of cells, followed by a short treatment with an antibiotic that does not enter the cells in order to kill extracellular and non-internalized bacteria. After this antibiotic treatment, the remaining bacteria are supposed to be intracellular. First, we studied the effect of gentamicin concentration over L. interrogans viability. We incubated leptospires for different times (2, 5 and 9 days) and temperatures in the EMJH culture medium in the presence of increasing concentrations of gentamicin (Fig. 4.1). We observed that the amount of antibiotic chosen was insufficient to kill leptospires, when only incubated for 2 or 5 days at 30°C, and was a little bit more efficient at 37°C. Due to this issue, we selected the highest concentration 200 µg/mL for a period of 3 hours that has been used as well for other for similar purposes [305]. [159,162,171,306], therefore we used a MOI 100 to test the cell survival using MTT assay.

We observed that leptospires do not induce PCD since no difference is observed between noninfected and infected cells (Fig. Based on these results, we established that leptospires can be intracellular in macrophages and do not seem to induce PCD as indicated by several publications [159,162,171,306]. In contrast with studies indicating that opsonization is necessary for internalization [149,151,152] our findings indicate that opsonization is not required for internalization. The established protocol is shown in Fig. 4.3 and it was adopted to study the intracellular fate of leptospires. An advantage of our protocol is the use of a bioluminescent strain that only produces light when viable bacteria are cultured in the presence of luciferin, since ATP is required for the bioluminescence. 

L. interrogans survives inside murine macrophages for at least 48 h post-infection

Using gentamicin protection (Fig. 4.3) assay, we studied the intracellular survival of leptospires in macrophages. It has been described that leptospires trigger NO production during infection, and that they could affect macrophage viability as described earlier.

Therefore, both NO production and bacterial survival were assessed alongside We observed that at 6, 24 and 48 h post infection live leptospires reside inside macrophages (Fig. 4.4). However, there is a trend and the overall number of live leptospires decrease, it is surprising that 48 h post-infection a small fraction of the bacteria is still alive inside of the cells. As expected, leptospires triggered the production of NO 24 and 48 h post-infection.

Leptospires internalization is actin independent

After we established that leptospires were intracellular and can survive inside macrophages, 

Autophagy response in murine macrophages during L. interrogans infection

L. interrogans do not trigger not block autophagy upon macrophage infection

Leptospires are localized inside of macrophages, and some of them can survive for up to 48 hours. Since in addition, they escape NOD responses that induce autophagy, we hypothetized that leptospires might escape this antibacterial response. To study autophagy, we followed the conversion of the autophagy marker LC3-I in the lipidated form LC3-II that binds to phagophores and autophagosomes (Fig 4.6) using immunoblot and immunofluorescence.

First, we determined whether the bacteria could induce autophagy 1, 2, and 4 h after infection in murine macrophages (Fig. 4.6 A). Using immunoblot, we observed that control cells (RPMI) seem to have a basal and constant autophagy level throught time and that starvation of these cells leads to the induction of autophagy. Leptospiral infection does not trigger autophagy. However, infection with leptospires led to the reduction of the total amount of the autophagy marker LC3, in particular LC3-II. To further study this phenomenum, we repeated the same experiment at 4h and stained the cells with anti-LC3 antibody for immunofluorescence analysis (Fig. 4.6 B). We observed that in control cells, LC3 is widely distributed in the cells and that upon starvation LC3-puncta appeared on the cells, suggesting the formation of autophagosomes. Moreover, infection with leptospires led as previously observed to the reduction of the LC3 levels in the cells and it had no associated LC3-puncta.

Since autophagy is a potent antimicrobial response, several pathogens have evolved forms of subvertion. For example, Legionella has a protease, RavZ that specifically targets LC3 for degradation and blockage of autophagy [307]. Since the blockage or control of autophagy is beneficial for pathogens, we next studied the effect of leptospiral infection over autophagy flu. In order to determine if leptospires could interfere with this pathway, we used early and late inhbitors of autophagy wortmanin and bafilomycin A1, respectively, as well as the autophagy inducer rapamycin (Fig. 4.6 C). We observed that the cells have a normal autophagy flux and that upon induction with rapamycin the cells respond as expected.

Strickingly infection with leptospires did not interfere with autophagy flux as observed in bafilomicin A1 or rapamycin treated cells. However, again, infection led to the reduction on the overall amount of LC3 (Fig. 4.6 C).

Overall these results indicate that leptospires do not induce autophagy on macrophages upon infection. In addition, they do not seem to interfere with the autophagy flux, but they lead to a reduction in the LC3 levels. We may infere that leptospires do not trigger LC3-associated phagophores, leading to autophagy escape. 

Triggering of autophagy on infected cells reduces leptospiral survival

Since leptospires do not trigger and do not interfere with autophagy, we wondered if triggering or blocking of autophagy could have an effect on intracellular bacteria viability (Fig. 4.7). Upon rapamycin treatment, we observed a significant reduction in the number of intracellular leptospires 24 h post-infection indicating that induction of autophagy even for a short period of time led to a bactericidal effect. This observation additionally supports the fact that the bacteria do not trigger autophagy. Moreover, we used bafilomycin A1 to block autophagy on infected cells. If the bacteria would be using this pathway for survival or be killed by this mechanism, an increased amount of intracellular survivors would have been observed compared to non-treated controls. We did not observe any difference between bafilomycin A1 treated and control cells. This suggests that leptospires do not need autophagy for survival, and it also indirectly supports our observation that these bacteria are not killed by the phagocytic pathway. Since bafilomycin A1 blocks lysosome acidification, both autophagosome and phagosome maturation are arrested upon treatment. Therefore, if leptospires would have been killed in this way, an increase of bacterial survivors should have been evidenced. Finally, the media was replaced, and the cells incubated for 24 h before lysis and culture of leptospires to assess intracellular survival. MTT was used to asses macrophages viability. Data representative of 3 independent experiments.

Intracellular Macrophage

L. interrogans infection led to specific accumulation of the autophagy adaptor p62

Next, to further characterize autophagy we studied on infected cells the autophagy adaptors, a set of proteins that are implicated in selective autophagy.

Now that we established that leptospires somehow modify autophagy by inducing LC3 depletion, and that they can be killed by pharmacological triggering of autophagy, we wanted to gain insights in the escape mechanism used by leptospires. Therefore, we studied the autophagy adaptors, p62, NDP52 and OPTN that have been involved in targeting or are target of bacterial pathogens such as Salmonella and Listeria [220,308].

First, using immunoblot, we observed that the autophagy adaptors p62 accumulates over time from 1 to 4 h post infection with leptospires (Fig. 4.8 A). These structures can be protein aggregates that are induced during infection for several reasons such as proteasome blocking (REF). We used confocal microscopy to understand the sub-cellular localization of p62. We observed p62-puncta on infected cells (Fig. 4.8 B). Interestingly, we did not observe colocalisation of p62 and leptospires (Fig. 4.8 B), suggesting that p62 is not sequestered by leptospires. Next, to understand if this accumulation is specific to p62 or if it also happens for other adaptors, we tested NDP52 and OPTN. We did not observe any changes in the levels of these two proteins upon infection (Fig. 4.8 C), which suggests that this phenomenon induced by leptospires is specific for p62. Finally, we tested the master regulator of autophagy mTOR that is target of several pathogens [309] and we did not observe any changes on total mTOR levels upon infection (Fig. 4.8 C). In vivo study of the effect of L. interrogans over autophagy

Treatment with NOD agonists during infection triggers autophagy

Since we observed in vitro that leptospires do not trigger autophagy and we found that they escape NOD response (Chapter 3 and Ratet et al [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF]), we wanted to translate our results in vivo. Therefore, we intraperitoneally coinjected mice with different agonists and leptospires for 24 h. After injection, peritoneal cells were recovered and LC3 immunoblot was used to analyse induction of autophagy (Fig. 4.9). We observed that L. interrogans did not trigger autophagy, but when administered alongside with NOD agonists, the autophagy was strongly induced. 

Treatment with NOD agonist partially alleviates infection

Next, to understand if co-infection of leptospires with a mix of NOD1 and NOD2 agonists could have a positive outcome, we followed the infection in the mice over time using tracking of the bioluminescent strain by live imaging. We observed that mice injected with NOD agonists rapidly controlled bacteria.

As soon as 30 minutes post infection, the total amount of leptospires in the peritoneal cavity was reduced by half compared to the control group (Fig. 4.10 A). Next, the follow up of the infection showed that by 4 days after challenge all mice in the control group were dead (Fig.

B

). However, the group co-injected with leptospires and NOD agonist showed a slightly delayed phenotype and survival. When individually administered NOD1 and NOD2 agonists along with leptospires, NOD1 leads to rapid killing of the host and NOD2 resembles the combination of both (Fig. 4.10 C). However, these results are not striking and should be repeated to conclude. NOD1 is known to be involved in neutrophil recruitment [310,311] and has a potent inflammatory effect. This could be a potential explanation of why the mice died more rapidly when only NOD1 agonist was administered. Hence, we decided to keep the NOD2 agonist and remove the NOD1 agonist. 

Treatment with CL429, a NOD2/TLR2 agonist alleviates infection

To test the effect of NOD2 agonist in vivo, we used a new agonist CL429 (TLR2/NOD2) that has been involved in the triggering of autophagy [312]. We used IVIS imaging and weight monitoring to follow up the acute phase of the infection (Fig. 4.11). IP administration of CL429 had a similar effect than the administration of NOD agonists in terms of induction of autophagy. We observed that 24 h post-injection in mice injected with CL429 or leptospires and CL429, autophagy has been induced. On the other hand, leptospires alone did not trigger autophagy response (Fig. 4.11 A). When IVIS was used to follow the infection, we observed a slight decrease in the signal during the acute phase for infected mice treated with the agonist CL429. Weight monitoring as a clinical sign, showed that mice treated with CL429 lost less weight and recovered their original weight faster than the infected non-treated control mice.

Our results show that CL429 could be administered along with leptospires to reduce acute leptospirosis. 

Conclusions and discussion

Here we showed that leptospires are internalized by macrophages in an actin independent mechanism. This findings align with previous reports by other groups [159,163] Next, we observed that leptospires do no trigger autophagy response upon macrophage infection. However, leptospiral infection led to a reduction in the overall amount of LC3 and to an accumulation of the autophagy adaptor p62. These findings could implicate that leptospires somehow manipulate autophagy pathway since we additionally found that they do not seem to interfere with this intracellular pathway. In addition, treatment of infected macrophages with rapamycin to induce autophagy leads to a decrease in the number of viable intracellular bacteria. This indirectly supports the hypothesis that leptospires do not block autophagy.

Finally, in vivo we observed that leptospires do not trigger autophagy 24 h post-infection.

Since leptospires escape NOD responses, we tested a co-infection experiment with leptospires and NOD agonists. We observed that the addition of NOD agonists led to the induction of autophagy in the presence of leptospires. Co-infection had also consequences in the outcome of infection since mice treated with NOD agonist better controlled the infection. There seems to be a discrepancy between NOD1 and NOD2 agonist, the first being deleterious compared with NOD2. To avoid this toxicity, we used the a NOD2/TLR-2 previously involved in the induction of autophagy in vivo, which is a potent adjuvant to induce autophagy on infected mice. We observed that upon treatment with CL429 mice showed less clinical signs of disease and less bacterial load. This is an interesting finding since it shows how autophagy could lead to enhanced bacterial clearance of leptospires. In addition, CL429 could be exploited as an adjuvant. Autophagy is recognized to be implicated in T-cell immunity since it is essential for MHC-II mediated antigen presentation. We may hypothesize that using CL429 alongside with leptospires could lead to a T-cell mediated immunity and a potential cross-protective vaccine.

Chapter V

Innate immune memory to alleviate acute leptospirosis

« There is only one constant element in immunity, whether innate or acquired, and that is phagocytosis. The extension and importance of this factor can no longer be denied. »

Elie Metchnikoff

Chapter V -Innate immune memory to alleviate acute leptospirosis

Summary and graphical abstract Santecchia et al. PLoS Path 2019

Innate immune memory has become in the recent years recognized as a therapeutic strategy.

Not only for its clinical relevance, but also because there is a growing body of evidence pointing out to the fact that the non-specific effect of some vaccines is beneficial in unrelated infections [START_REF] Mourits | Trained immunity as a novel therapeutic strategy[END_REF]244,245,313,314].

Previous work from the lab showed that pre-treatment of sensitive mice via oral route with Lactobacillus plantarum has a protective effect against leptospirosis. Such effect has been shown to be linked to myeloid cells [250]. Interestingly, the L. plantarum effect had been mimicked using a synthetic TLR2 and NOD2 agonist CL429 [262]. These authors additionally showed that CL429 protection was independent of lymphoid cells [251]. Since these features resembled trained immunity or innate immune memory [START_REF] Netea | Trained immunity: A program of innate immune memory in health and disease[END_REF], we therefore hypothesized that the protection meditated by L. plantarum alleviating leptospirosis could be associated with trained immunity. Therefore, we tested the synthetic agonist CL429 as a potential prophylactic treatment agaisnt leptospirosis and deciphered the protection mechanisms [215]. The main results are outlined in Fig. 5.1.

First, in order to assess the in vivo role of macrophages we used clodronate-liposomes.

Macrophage depletion though non-lethal had a marked effect in the dissemination of leptospires. Depleted mice showed enhanced acute dissemination of leptospires with an associated increase in kidney colonization.

Using 2 doses of CL429, each one week apart, we showed that treated mice controlled better infection during intraperitoneal challenge. We characterized this protection using an ex vivo strategy. Peritoneal and spleen cells were collected post-treatment immuno-phenotyped and stimulated with leptospires. In terms of cell populations, spleen of treated mice showed no difference compared to control non-treated mice. However, the peritoneal cavity of CL429 treated mice had increased proportion of macrophages.

Upon stimulation, both peritoneal and spleen cells from treated mice produced more proinflammatory mediators. Of interest, peritoneal cells produced more nitric oxide (NO), a potent anti-Leptospira mediator. Using flow cytometry, we could specifically detect that both peritoneal macrophages and spleen NK-cells produced more iNOS and IFN-γ respectively, showing that this phenotype seems mostly mediated by innate immune cells. Interestingly, this effect was sustained in time for at least 3 months post-treatment. Moreover, peritoneal cells from CL429-treated mice displayed enhanced bactericidal activity toward leptospires.

Next, since the onset of trained immunity has been shown to be independent of lymphoid cells; we used Rag2-γc mice that lack T-, B-and NK-cells and showed that upon treatment peritoneal cells produced more inflammatory mediators replicating the results observed for WT mice. In addition, since trained immunity has been shown to affect precursors, we derived macrophages from bone marrow cells of treated and control mice and stimulate them to assess their response. Bone marrow-derived macrophages (BMMs) from treated mice showed enhanced production of NO, cytokines and chemokines and increased bactericidal activity.

Finally, since innate immune memory has been shown ex vivo using human peripheral blood monocytes, we tested whether CL429 could induced such phenotype in these cells. Upon CL429 treatment we observed enhanced production of IL-6 to re-stimulation with LPS or pathogenic leptospires.

Here we showed that CL429 treatment protects mice upon leptospiral infection. This protection is long lasting and mainly associated with innate immune cells. The onset of protection in mice seems to be independent of lymphoid cells. Moreover, treatment affects bone marrow precursors, which could possibly account for the long-term observed effect. 

Chapter VI

Conclusion and discussion

« Science knows no country, because knowledge belongs to humanity, and is the torch which illuminates the world »

Louis Pasteur

Chapter VI -General conclusion and discussion

The main goal of the current Ph.D. project was to investigate the consequences of innate immune escape of Leptospira interrogans on macrophages functions during infection. During this work we showed that the role of macrophages during leptospirosis was not negligible since macrophage depletion led to uncontrolled but non-lethal acute leptospirosis with higher associated kidney colonization (Santecchia et al. 2019 [315]). In this regard, our findings align with the work by Ferrer et al., in which, using a similar depletion strategy, they observed a higher bacterial burden and kidney colonization [316]. These results are also in accordance with the work of Isogai et al., showing that silica depletion of macrophages leads to a less controlled acute infection without lethal outcome [154]. In addition, macrophage functions can be boost leading to a more efficient clearance of bacteria (Santecchia et al. 2019 [315]). Moreover, we showed how leptospires escape from NOD signaling (Ratet, Santecchia et al. 2017 [45]). This adds a novel escape mechanism of innate immune system used by leptospires, not previously shown for other bacteria (Fig 6.1). Finally, we showed that leptospires seem to modulate autophagy during infection in macrophages, leading to a decrease in the levels of LC3-II and an accumulation of the adaptor p62.

Role of macrophages

We showed that leptospires reside inside macrophages and that they can survive for at least 48 h post infection, as was found by others [161,163]; and that without any apparent effect on macrophage viability (Fig. 6.1). This last observation is interesting since several authors have suggested that apoptosis can occur during infection of macrophages and other cells with L. interrogans serovars Lai,Luo,and Icterohaemorragiae [159,162,171,306,317]. On the other hand, Toma et al. did not observe macrophages apoptosis upon infection with L.

interrogans serovar Manilae [163]. In our macrophage infection model, we used the serovar Manilae, and we consistently did not observe macrophage death upon infection. Based on these observations, it could be hypothesized that this apoptotic effect could be serovar specific, or that the experimental conditions in the different studies were not exactly the same.

For instance, the use of gentamicin or washes that we found to be essential ensure the study of intracellular leptospires. Moreover, many of thess studies do not provide a fully detailed protocol on how they studied intracellular leptospires. Due to this, it could be interesting to test other serovars in our infection model such as serovar Icterohaemorraghiae strain Verdun and serovar Copenhageni strain Fiocruz, and test for cell death. Regarding this observation, it is of note that when peritoneal macrophages from naïve and trained mice or human primary monocytes where infected with different serovars, we did not observe any cell death associated with infection [315], however such results deserve further studying.

Regarding leptospiral internalization by macrophages, we found that Cytochalasin D does not affect the internalization of leptospires in macrophages (Fig. 6.1), consistently with other previously published results [159,163]. For internalization, live and motility seem to be important since formalin fixed bacteria are not internalized [159]. In this regard, it could be interesting to test the effect of a non-motile mutant such as a mutant in a flagellar component (FliM deleted strain [318]), on the internalization by macrophages.

Role of LipL21

We showed that the lipoprotein LipL21 binds to meso-Dap type PG (unpublished data, Chapter III). LipL21 is responsible for NOD escape [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF], since it impairs the release of muropeptides, the agonists of NOD proteins (Fig. 6.1). In addition, we discovered a second level of protection in the mouse (Fig. 6.1), since the leptospiral PG is devoid of meso-Dap containing tetra-muropeptides, the murine NOD1 agonist, hence impairing recognition in mice [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF].

The lipoprotein LipL21 needs to be further characterized in order to understand its binding mechanism. It is important to highlight that, to our knowledge, this protein is highly toxic for E. coli due to its binding to meso-Dap type PG (unpublished data Chapter III). Surprisingly, several authors have successfully expressed LipL21 using plac based overexpression cloning strategies [START_REF] Vieira | Leptospira interrogans outer membrane protein LipL21 is a potent inhibitor of neutrophil myeloperoxidase[END_REF][START_REF] Joseph | Evaluation and comparison of native and recombinant LipL21 protein-based ELISAs for diagnosis of bovine leptospirosis[END_REF]288]. However, quite unexpectedly we failed using such strategies. To overcome such obstacles, we had to use a tightly regulated and low copy number expression system (pASK-IBA series) to be able to express this protein in the periplasm of E. coli. In order to biochemically characterize LipL21, we tried to express it in the cytoplasm of E. coli to avoid PG binding upon periplasmic expression that results in low purification yields. Initial cytoplasmic expression test showed that LipL21 could not be expressed in the cytoplasm, potentially due to lack of disulfide bonds formed in the periplasm. Due to this, we used a combination of a cytoplasmic disulfide bond forming strain SHuffle [302] and the pRARE plasmid to overcome codon usage issues. This system could therefore be envisioned as a platform to express different periplasmic leptospiral proteins that could be toxic in E. coli. To finally understand the PG binding mechanism, we are currently attempting to crystalize LipL21 (collaboration in our laboratory with Dr. Olivier Danot). After crystallization in presence of PG or muropeptides to map the binding site, site directed mutagenesis will be used to confirm the amino acids implicated in binding. An advantage of understanding the binding mechanism is that it could potentially lead to designing inhibitory compounds that could be used as an antimicrobial strategy. An example of such strategies, is the the glycopeptide Bulgecin A that inhibits lytic transglycosylases enzymes involved in PG metabolism [319]. Bulgecin A has been proposed as a novel combinatory therapy with other antibiotics for H. pylori [320] and P. aeruginosa [321]. It could be hypothesized that if we can design inhibitory peptides that can cross the outer membrane, to target the peptidoglycan, they could be used as antimicrobial strategy (maybe in combination with existing therapeutics to synergize their effect). Interestingly, in addition to PG binding, others have recently reported that LipL21 is involved in neutrophil response subversion by inhibiting the myeloperoxidase [START_REF] Vieira | Leptospira interrogans outer membrane protein LipL21 is a potent inhibitor of neutrophil myeloperoxidase[END_REF].

Autophagy escape

During macrophages infection, leptospires modulate autophagy related proteins such as LC3 and p62 (Fig. 6.1). Infection reduces the total amount of LC3 and leads to the accumulation of p62 in puncta-like structures that are most probably protein aggregates containing p62. Even if these features would indicate that leptospires could interfere with the autophagy flux, experiments using inhibitors show that they do not completely interfere with the overall flux.

However, the total number of autophagosomes in the presence of leptospires is drastically reduced indicating an unknown modulation of autophagy. To have a better idea of this process, this could be studied in autophagy inducing conditions (i.e. starvation media) to maximize the observable phenotype. The investigation of how leptospires modulate autophagy in macrophages is of utmost importance due to the relevance of autophagy in immunity [178,199,208,239,[322][323][324]. We do not know why leptospiral infection leads to a reduction of LC3 levels and accumulation of p62. Such effects have not been yet described for other pathogens and it could be a novel autophagy escape or modulation mechanism [START_REF] Baxt | Bacterial subversion of host innate immune pathways[END_REF]199,325]. In the case of p62 accumulation, it has been related to LPS signaling through TLR4 signaling by other Gram-negative pathogens [326]. This could be further studied using murine TLR4 and TLR2 knock out macrophages that will not sense the leptospiral LPS. In addition, leptospiral infection leads to kidney injury [327,328] and kidney injury has been shown to be related with p62 accumulation [329]. In this regard, Li et al. [329] showed that p62 accumulates in proximal renal tube cells during LPS administration. It is still to investigate if the accumulation of p62 that we found in macrophages can happen in other cell types such as kidney cells and if it could be used in favor of leptospiral infection and niche establishment in the kidney. Next, further characterization of the autophagy subversion/modulation is necessary in macrophages to understand how it can be used against infection and for design of new therapies [330]. Comparison of live and heat-inactivated bacteria could provide a first insight to understand if this is an active process mediated by this pathogen. Moreover, study of the outcome of infection in autophagy and proteasome blocking conditions will help to understand if these degradation pathways are necessary for the maintenance of intracellular leptospires. We did not investigate if leptospires are ubiquitinated upon infection, or if this pathway is modulated by infection. Ubiquitination of pathogens is a first step in selective autophagy targeting and an important host defense mechanism [221].

For instance, upon infection and vacuole escape, Salmonella needs the virulence factor SseL (a deubiquitinase) to be able to survive in macrophages, hence indicating the role of ubiquitin in control of intracellular bacteria [331,332]. Moreover, if leptospires reside in vesicles in murine macrophages, the role of Galectin during infection should be addressed. Indeed, Galectin 8 targets intracellular Salmonella that escaped from the Salmonella-containing vacuole and it mediates the autophagic response to this pathogen [333]. Galectin could therefore also play a role in the escape of intracellular leptospires for autophagy. showing leptospiral differential signaling through TLR4 and TLR2 [START_REF] Vernel-Pauillac | Recent findings related to immune responses against leptospirosis and novel strategies to prevent infection[END_REF][START_REF] Nahori | Differential TLR recognition of leptospiral lipid A and lipopolysaccharide in murine and human cells[END_REF][START_REF] Werts | Leptospiral lipopolysaccharide activates cells through a TLR2-dependent mechanism[END_REF]334].

In brown, leptospiral escape from NOD1 and NOD2 receptors (blue) by a dual mechanism partially shown during the course of this Ph.D. [START_REF] Ratet | LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition[END_REF]: i) presence of the lipoprotein LipL21, tightly attached to meso-Dap type peptidoglycan (PG) that prevents the release of muropeptides (MP); ii) leptospiral PG lacks muramyl-tetra peptide the agonist of murine NOD1 receptor [START_REF] Girardin | Nod1 detects a unique muropeptide from gram-negative bacterial peptidoglycan[END_REF][START_REF] Chamaillard | An essential role for NOD1 in host recognition of bacterial peptidoglycan containing diaminopimelic acid[END_REF]335].

In addition, the unpublished in vitro data presented in Chapter IV is shown in dashed lines. Leptospires enter murine macrophages via actin-independent internalization (violet line) and do not trigger cell death of these cells (orange line). Leptospires cannot replicate in murine macrophages, however they can partially survive intracellularly for at least 48h (gray line). Moreover, infection does not trigger autophagy in murine macrophages (red line). Infection of murine macrophages leads to a reduction in LC3-II levels as well as to the accumulation of the adaptor p62 by an unknown mechanism (red line). Triggering of autophagy using rapamycin leads to enhanced killing of leptospires with an associated reduction in NO production (green line).

Integrating all our in vitro results in murine macrophages (Fig 6.1), we also plan to study the effect of leptospiral infection in human macrophages especially since the current bibliography seems controversial about their localization (Table 1 .4). Are leptospires intracellular? Are they free in the cytosol or contained in vacuoles? Do they replicate? How do they enter (if they do)? Do they trigger autophagy? Can autophagy be used to modulate outcome of infection? These are among the questions we need to answer using human cells.

Interestingly we showed that induction of autophagy on infected macrophages leads to a decrease on the viability of leptospires, indicating that these bacteria are indeed susceptible to autophagy. Also, we observed an in vivo translation of our in vitro results; leptospires do not induce autophagy on the peritoneal cavity upon infection. Interestingly, autophagy can be restored by addition of NOD agonist with positive consequences for the host, leading to reduction in acute leptospirosis clinical signs such as weight loss. Whether this phenotype is linked to macrophages needs further experiments. An initial approach could be an adoptive transfer experiment of wild-type macrophages in a NOD1/NOD2 knockout mice that are stimulated or not with muropeptides upon infection. This will lead to evidence if the transfer of macrophages that express NOD1 and NOD2 in a NOD deficient environment reproduced the effect, hence associating it to macrophages. In vitro experiments could also be performed to support such hypothesis, using muropeptide co-stimulation during infection to trigger autophagy. This should be done in conditions in which NO production, a potent antileptospiral compound, is blocked to ensure to study only the contribution of autophagy to the killing phenotype.

Innate immune memory

Focusing on macrophages, we could use innate immune memory to alleviate acute leptospirosis. This is a host directed therapeutic strategy based on a NOD2/TLR2 agonist, CL429, that mimics Lactobacillus plantarum effect [252,262]. L. plantarum effect has been shown to have a positive myeloid-mediated effect on leptospiral infection in mice [250]. We found that IP administration of CL429 leads to innate immune memory and to the enhanced pro-inflammatory response in macrophages and NK cells against leptospires (Fig. 5.1). Both cells sustained this phenotype in time for at least 3 months. This effect was found in Rag2-γc mice, lacking lymphoid cells, which indicates that the adaptive immune response is not necessary to mount CL429-mediated training effect. Furthermore, CL429 treatment modified myeloid precursors leading to an enhanced pro-inflammatory response by bone marrowderived macrophages (BMMs). We observed for the first time to our knowledge that trained murine macrophages (peritoneal and BMMs) produce more nitric oxide against different pathogenic leptospires. Moreover, CL429 treatment renders macrophages in the peritoneum and the bone marrow more bactericidal towards leptospires, highlighting the importance of macrophages against leptospires. Since no cross-protection has been achieved for leptospires and innate immune memory is non-specific we demonstrated that CL429 treatment enhances the response of macrophages against 3 different pathogenic serovars, paving the way for new therapeutic strategies [START_REF] Mourits | Trained immunity as a novel therapeutic strategy[END_REF]336] against leptospires in areas where multiple serovars are present [START_REF] Oliveira | Human leptospirosis: occurrence of serovars of Leptospira spp. in the state of Minas Gerais, Brazil, from 2008 to[END_REF][START_REF] Chadsuthi | Investigation on predominant Leptospira serovars and its distribution in humans and livestock in Thailand, 2010-2015[END_REF]. In addition, we used an ex vivo approach to test if innate immune memory could be used to boost human monocytes/macrophages against leptospires, providing a first insight that this can potentially be used against human leptospirosis. We observed that upon CL429 treatment, responses towards different pathogenic serovars were enhanced. Surprisingly, CL429 showed a significantly higher increase in the response of human monocytes/macrophages ex vivo than the previously demonstrated "trainer" MDP, associated with BCG-mediated trained immunity [244]. For human cells it could also be interesting to test the probiotic effect of Lactobacillus spp. that also signal through TLR2 and NOD2.

An interesting experiment could be to use the prototypical innate immune memory inducer or "trainer" β-glucan and BCG and compare the effects with the one observed for CL429. In this respect, iNOS upregulation, a new observation in trained murine macrophages [315] could be tested. Finally, since β-glucan and BCG cause epigenetically imprinting [246,273,337], it could be important to study whether the epigenetic signature associated with CL429 is comparable or similar to that triggered by β-glucan or BCG. In the same direction, we did not investigate whether CL429 leads to enhanced anaerobic glycolytic, glutamine metabolism and cholesterol synthesis such as β-glucan [261] and BCG [270].

A priori, our results highlight the importance of macrophages during leptospirosis. These cells might not be essential such as B-cells and their IgM mediated response as previously demonstrated [334], but their role is evidently important against leptospires. Therefore, strategies that could boost macrophages functions such as innate immune memory could be used to alleviate and combat leptospiral infections. This is of special importance since, as outlined in Table 1.3, when properly opsonized leptospires are controlled and killed by macrophages.

In addition to boost locally macrophages responses, CL429-mediated training also enhanced NK cells response (Fig. Finally, CL429 treatment leads to bone marrow (BM) cells changes that could be exploited as treatment strategies since BM cells are precursors of immune cells. It should be investigated if "trained" macrophages precursors can lead to protection. For such purpose, a similar approach as proposed for NK cells could be used: transferring BM cells from naïve and "trained" mice into naïve mice before challenge with leptospires. This could show the effect of BM precursors in the fight against leptospires.

An interesting question would be to understand the renal physiopathology on trained mice and compare it to those of naïve mice. It was not covered in our study, but renal macrophages could be susceptible to the systemic effect observed upon CL429 treatment leading to a better kidney protection. We did not observe a kidney protection upon training, but 15 days post infection the kidney loads in trained mice were significantly reduced compared to controls.

The localization of leptospires could be studied in trained mice as well as the response of renal macrophages upon training. This could help to understand if such cells can have a relevance controlling colonizing leptospires, leading to the design of therapeutic strategies to boost their functions.

Overall, innate immune cells such as macrophages and NKs can be used as target for hostdirected therapeutic of novel adjuvant strategies that may lead to a better innate immune response against leptospires. Innate immune responses, and in particular to our interest NOD receptors are involved in the onset of adaptive immunity [START_REF] Liu | Licensing Adaptive Immunity by NOD-Like Receptors[END_REF][START_REF] Fritz | Nod1-mediated innate immune recognition of peptidoglycan contributes to the onset of adaptive immunity[END_REF].

The TLR2 effect of CL429 in autophagy and innate immune memory

A remark about CL429 is that, in addition to induce innate immune memory as we recently showed [315], it is also a potent autophagy inducer [312]. Therefore, we used CL429 in vivo to induce autophagy and observed alleviation of acute leptospirosis in mice (Fig. 4.11). Since autophagy is involved in MHC-II dependent antigen presentation, it could be envisioned that inducing autophagy in the context of infection could lead to T-cell mediated immunity. We may speculate that this could potentially trigger a cross-protective memory response, lacking for leptospires for which only serovar specific vaccines are available [START_REF] Adler | Vaccines against leptospirosis[END_REF][START_REF] Grassmann | A Universal Vaccine against Leptospirosis: Are We Going in the Right Direction?[END_REF]. Adjuvancy with CL429 could also be envisioned to trigger both T-cell mediated immunity and innate immune memory, as shown for several vaccines that have a non-specific effect [244,313,314,340,341].

At this point, a careful consideration should be made when using CL429, a TLR2/NOD2 agonist, since the TLR2/TLR1 agonist Pam3CSK4 has been shown to alleviate leptospirosis in hamsters [342], a sensitive model. An important aspect of TLR2 signaling is that this receptor can form heterodimers with TLR6 or TLR1 for recognition of di-or tri-acylated substrates respectively [343,344]. In this regard, it should also be considered that CL429 is a di-acylated molecule, therefore signaling through TLR2/TLR6, which has not been shown to have protective effect toward leptospiral infection. For this, controls using Pam2CSK4 should be also used to observe the effect of TLR2/TLR6 and not be biased by its contribution to protection observed by CL429 treatment. Another approach to explore the effects of CL429, NOD-induced autophagy and its potential beneficial outcomes would be to use a TLR2ko 

Final remark

Finally, we could hypothesize that both pathways that were explored during this Ph.D. thesis, autophagy and innate immune memory, will likely have an impact on the adaptive response to leptospires and in the potential design of novel vaccination strategies. It is important to tackle the problem from a myeloid cell perspective since these cells rapidly respond to infection and could eventually lead to long-lasting and cross-protective adaptive immunity towards leptospires.
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 35 Figure 3.5: Drop test to evaluate bacterial viability upon induction of LipL21
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 36 Figure 3.6: HPLC analysis of PG digestion of E. coli Rosetta2 expressing LipL21.
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 3738 Figure 3.7: Signaling though NOD1 and NOD2 of purified E. coli PG upon expression of LipL21 Figure 3.8: Check of the expression of cytosolic LipL21 in Rosetta2 strain
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 41 Figure 4.1: Gentamicin test for leptospires
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 4 Figure 4.2: L. interrogans is intracellular in murine macrophages
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 43 Figure 4.3: Gentamicin protection assay to study intracellular leptospires
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 4 Figure 4.4: L. interrogans survives inside macrophages for at least 48 h
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 45 Figure 4.5: L. interrogans' internalization in murine macrophages is independent of actin polymerization
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 46 Figure 4.6: L. interrogans do not trigger nor interfere with autophagy in murine macrophages
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 47 Figure 4.7: Pharmacological triggering of autophagy leads to a reduction in the number of intracellular L. interrogans in murine macrophages

Figure 4 . 8 :

 48 Figure 4.8: L. interrogans triggers specific time dependent accumulation of the autophagy adaptor p62 in murine macrophages
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 4 Figure 4.9: L. interrogans do not trigger autophagy in vivo Figure 4.10: Co-injection of NOD1 and NOD2 agonist partially alleviates leptospiral infection
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 4115161 Figure 4.11: Co-injection with CL429 agonist partially alleviates leptospiral infection Figure 5.1: Graphical abstract "Innate immune memory through TLR2 and NOD2 contributes to the control of Leptospira interrogans infection" Figure 6.1: Main in vitro results of this Ph.D. -NOD escape and intracellular survival in macrophages.
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 11 Figure 1.1: Schematics of the infection cycle carried by L. interrogans

Figure 1 . 4 :

 14 Figure 1.4: Pattern recognition receptors PRRs are cytosolic or transmembrane receptors (orange) that sense conserved MAMPs (blue) such as bacterial PG or LPS [81,83]. Upon sensing of MAMPs, there is a signaling cascade that ultimately leads to inflammation, production of antimicrobial compounds such as nitric oxide (NO), and onset of adaptive immune responses. The ultimate goal of this cascade of responses is the killing and clearance of the microbes.
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 15 Figure 1.5: Macrophage functions and origins Macrophages are innate immune cells that can have several origins [103,105], being tissue resident or recruited from monocytes. These cells have multiple antimicrobial and pro-inflammatory functions as shown in this scheme.
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 16 Figure 1.6: Opsonization effects on leptospires survival Leptospira interrogans are resistant to non-immune serum and have evolved diverse mechanisms to avoid the complement. In contrast, immune serum exerts bactericidal effect over leptospires. Pre-incubation of leptospires with immune serum containing anti-leptospires antibodies (Abs) leads to rapid internalization and killing of leptospires by macrophages. In this case leptospires are exclusively found in vacuoles, harboring compromised

  significantly reduced[159]. Of note, only virulent leptospires induced DNA fragmentation indicating a potential induction of apoptosis (see "apoptosis and cell death."). Next, macrophages and epithelial cells were treated with a series of inhibitors of cellular processes to further understand the internalization. When actin polymerization was inhibited with Cytochalasin D (2 µM), no effect was observed in the internalization of leptospires[159].Nocadazole treatment (to inhibit microtubules) showed no major effect on the internalization in epithelial cells but a slight reduction in macrophages[159]. Finally, an endocytosis inhibitor (monodansylcadaverine) was tested without any effect on epithelial cells, but with a drastic reduction in the internalization by macrophages[159]. Using J774A.1 macrophagelike cell lines and Vero epithelial cell line,Li et al. showed that L. interrogans serovar Lai (virulent strain) and Luo (avirulent strain) adhere to both types of cells. On the other hand, the saprophyte L. biflexa serovar Patoc does not show major adherence to these cell types. Both Lai and Luo serovar were observed intracellular by EM, contained in membrane-associated compartments[160]. Of note, Lai was occasionally associated with the nucleus, however there is no other study showing similar observations[160]. In addition, EM was used to show subcellular lesions due to infection, although non-infected control cells are not shown as a comparison. In addition to these studies, Li et al. demonstrated that both L. interrogans serovars Lai and Luo adhere to murine (J774A.1) and human (THP-1) macrophages with a kinetics that reaches a plateau 60 minutes post-infection[161]. In this case, murine and human primary cells seem to have more bacteria associated than the respective cell lines[161]. In both cases, leptospires were found to be intracellular. In murine cells, leptospires seem to be associated with membranes, having compromised round shape, whereas in human cells, they seem to be free in the cytosol and conserve their helical shape. Intracellular survival was assessed by colony-forming unit (CFU) enumeration and viability fluorescent assay (without the use of gentamicin). These tests showed that leptospires replicate in human cells. In murine cells, the intracellular amount of leptospires decreased with time over a period of 72 hours post-infection. Of note, even though the number of viable bacteria decreases during this period, murine macrophages still contain live and viable leptospires 72 hours post-infection. This could potentially indicate the presence of persistent forms. Finally, colocalization analysis using lysosomal makers was used to localize leptospires. Rapidly after infection (1 h), both murine and human cells present partial colocalization of leptospires with the lysosomal marker LAMP-1. Later, the colocalization decreases in human cells, which could be compatible with cytosolic replication. On the other hand, in murine cells, the colocalization increases and remains steady for up to 48 h post-infection [161]. This could suggest that leptospires are in LAMP-1 positive compartments but does not indicate killing (in which case colocalization would have decreased due to clearance). This observation is consistent with partial survival of leptospires in murine macrophages. Interestingly, the same research group showed in 2013 [162] that, upon infection of THP-1 cells in the same settings, leptospires are located in phagosomes [162] instead of being free in the cytosol as previously shown [161]. In the study published in 2013, there seems to be no difference between murine and human cells in terms of localization [162]. Nonetheless, the differential sub-cellular localization of the leptospires in murine and human cells was one of the main points of the previous paper [161]. These completely contradictory results between two studies of the same laboratory lead to questioning the reproducibility of these results. In a different study, Toma et al. used bone marrow derived macrophages from C57BL/6 background and infected them with L. interrogans serovar Manilae and L. biflexa serovar Patoc [163]. Using inside/outside double staining they found that, 1 h post-infection, both pathogenic and saprophytic strains are intracellular [163]. This observation is contrasting with the study by Merien et al. in which L. biflexa are found to be extracellular [159]. Although saprophytic bacteria seem to be killed by the cells since their number decreased and they appeared with compromised shape by EM, pathogenic bacteria seem to conserve their shape and not to decrease in number [163]. Both phagosome markers, EEA-1 and LAMP, were found to colocalize with leptospires at 30 min and 1 h post-infection respectively [163]. Of note, the phagosomal protease Cathepsin D showed a delayed recruitment kinetic for the pathogenic strain [163]. Next, LysoTracker staining was used to assess lysosomal delivery.Only the saprophytic strain is found to colocalize almost completely with this marker at expected times[163]. On the other hand, pathogenic leptospires showed a decreased level of colocalization with this anisotropic dye: only 60% of the bacteria were found associated with lysosomes[163]. This could indicate that even though pathogenic leptospires partly colocalize with phagosome markers, their delivery to the lysosome is not complete and all internalized bacteria do not have the same fate. To support this observation, confocal microscopy images showing intracellular leptospires 24 h post-infection were provided[163]. EMJH culturing of infected macrophage's lysates 24 h post-infection showed that all saprophytic leptospires were killed[163]. In contrast, pathogenic leptospires seem to appear in the supernatant of the cells[163]. Even though the intracellular (so-called cell-associated) leptospires decreased, there were still viable bacteria 48 h post-infection[163]. Using similar BMMs, Toma et al.studied the infection with a high (avirulent) and low (virulent) passage strains[164]. Confocal microscopy analysis of infected cells stained for outside/inside bacteria showed that the virulent strain was more infective than the avirulent counterpart 1 h post-infection[164]. In addition, qPCR analysis showed a higher association of virulent leptospires with macrophages[164]. Interestingly, the low passage virulent strain was found to be both intracellular and surface attached (stretched bacteria), whereas the avirulent high passage strain was exclusively found intracellular and no avirulent leptospires were attached to the cell surface [164]. This could indicate that the high number of passages lead to mutations that affected a key internalization step. Cytochalasin D pre-treatment of the cells (concentration and timing not available) showed a partial decrease in the internalization of the low passage pathogenic strain [164]. On the other hand, the same Cytochalasin D treatment impaired the internalization of the avirulent strain, indicating that these two strains could potentially use different cell entry pathways [164]. When these two strains were analysed by transcriptomics, ligB (a known leptospiral adhesin [165,166]) and the ORF lmb216 were downregulated in the avirulent strain compared to the virulent one [164]. This ORF (absent in saprophytes) encodes a 697 amino acid protein that contains serine-rich repeats and thrombospondin type 3 repeats which are implicated in host-cell adhesion. Interestingly, the in vitro binding to extra-cellular matrix components of the avirulent strain was significantly reduced [164]. Heterologous expression of LigB and Lmb216 in L. biflexa showed enhanced adhesion of this bacterium to extra-cellular matrix components [164]. Transposon mutagenesis was used to obtain a lmb216

  i) Is the internalization mechanism still independent of actin polymerization in the presence of antibodies that preferentially engage Fc receptors and boost phagocytic functions in macrophages [167]? ii) What is the intracellular localization regarding PRRs escape, are bacteria in phagosomes [168]? If so, does the phagosome maturate properly [113,115]? Why leptospires co-localize or reside in endosome/lysosome for long time in non-opsonizing conditions [161,163]? Would this change upon opsonization?Answering such questions could shed light on the understanding macrophages role in the naïve versus immune host. Particularly, this could be interesting to understand if macrophages in a naïve host could constitute a reservoir of leptospires, or if macrophages in an immunized host could be exploited to combat leptospires.
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 17 Figure 1.7: Internalization and intracellular lifestyle of leptospires in absence of opsonizing antibodies A) Internalization of leptospires is highly dependent on adhesion to the cell surface [164]. The entrance mechanism is not clearly established since it doesn't seem to involve actin polymerization which suggests other entrance mechanisms than phagocytosis [159,164]. Movement seems to be essential since formalin fixed bacteria do not enter the cells [159]. The endocytic pathway could potentially be involved in the internalization of leptospires since inhibition of this pathway in macrophages reduces drastically the number of intracellular bacteria [159].

  Abbreviations: EM: electron microscopy / EFM: epi-fluorescence microscopy / FCM: Fluorescence Confocal Microscopy / ROS: Reactive Oxygen Species / EMJH: Ellinghausen-McCullough-Johnson-Harris culture media / pi: post-infection / Mφ: Macrophages / EMC: Extracellular matrix components / ND: non-described

  There seems to be a clear difference between Lai and Verdun when compared with Manilae in terms of induction of PCD upon macrophage infection. The comparison cannot be complete since the cells used are not from the same macrophage background. Macrophages from C57/BL6 and BABL/c mice will show different anti-microbial properties and response to infection[172,173]. Hence it could be interesting to try Lai and Verdun serovars in C57/BL6 background and Manilae serovar in BALB/c background. Going back to the initial point about opsonization, it might be important as well to study what is the effect of leptospires opsonization in macrophages PCD.
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 18 Figure 1.8: Macrophage cell death upon infection with leptospires A) L. interrogans serovar Manilae does not induce macrophage cell death upon infection of C57/BL6 background BMMs [163]. B) L. interrogans serovar Lai, Luo and Verdun induce cell death by apoptosis/necrosis upon infection of J774A.1, THP-1 and BALB/c peritoneal macrophages [159-162,170]. However, not all the studies have completely correlating results and some controversies are present in the literature. Also, some studies report leptospires associated with the nucleus [159,160].
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 19 Figure 1.9: Schematic diagram of the autophagy pathways Canonical and non-canonical autophagy can be induced by different stressors, among which TLRs and NODs ligands. Both pathways rely on the formation of an autophagosome composed of a double membrane spanned by the LC3-II protein. LC3-I is formed by the proteolytic action of Atg4 on pro-LC3, that exposes the Gly120 for lipidation by the ubiquitin ligase-like complex Atg5-Atg12-Atg16, allowing LC3-II formation. Upon induction and phagophore formation, the autophagosome is closed and Atg4 removes external LC3-II by cleaving the lipid anchor. Next, the fusion of this autophagosome with a lysosome, through the process known as autophagosome maturation, leads to the delivery of the cargo into the lysosomal compartment and the subsequent recycling of the components or destruction of the cargo.
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 110 Figure 1.10: Schematic diagram showing the basic structure of an autophagy adaptor and its functions Autophagy adaptors are cytosolic molecules that bridge the nascent phagophore with ubiquitinated cargo or targets. They contain two distinctive domains: LC3-interaction domain (or LIR) and poly-ubiquitin interaction domain 'or UBA).

  First, western blot (WB) can be used since LC3-I and LC3-II migrate differentially in SDS-PAGE.Upon induction of autophagy the balance between LC3-I/LC3-II will differ from the one observed in cells that are undergoing homeostatic autophagy levels[227]. Upon autophagy induction, the ratio of LC3-I/LC3-II is reduced due to the increased amount of the lipidated form of LC3, LC3-II. The kinetic of this phenomenon is important since this assay does not account for the autophagosome turn over. Therefore, the autophagy flux should also be monitored (see next) and other evidences of proteins involved as well as the use of inhibitors should be collected (Fig.1.11).
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 111 Figure 1.11: Inhibitors to study autophagy pathway using LC3 immunoblot LC3 immunoblot offers the possibility to study the autophagy pathway due to a differential migration between non-lipidated and lipidated LC3 [226-228]. First, homeostatic levels of LC3-I and LC3-II differ among different cells [226], hence the need to have non-stimulated cells to understand this phenomenon. Severalpharmacological treatments can be used to assess the autophagy flux during a process, i.e. infection. In order to induce autophagy, rapamycin and starvation are classically used. The expected result would be that upon induction, LC3-II levels will increase. Next, PIK3 inhibitors, such as wortmannin can be used to block autophagosome formation, and in this case LC3-II would be expected to be decreased since this drug will block even homeostatic autophagy. Finally, the use of V-ATPases inhibitors such as Bafilomycin A1 or Chloroquine offers the possibility to block late autophagosomes. These treatments will prevent LC3 turnover, with the consequent accumulation of LC3-II.
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 112 Figure 1.12: Enhanced inflammatory response during innate immune memory, or trained immunitySchematic of the extent of the response during innate immune memory. Innate immune cells will respond to the first stimulation with MAMP (red) to a given extent. If a second stimuli (not necessarily the same) hits the cells after a resting period from the first one, the extent and intensity of the response will be higher (adapted from[242]).
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 113 Figure 1.13: Cells implicated in innate immune memory, or trained immunity Schematic representation of the cells implicated in innate immune memory, or trained immunity. In green are depictured the phenotypic characteristic described using mouse models (highlighted in bold), whereas in black are trained immunity features described for both human and mouse. In both, mouse and human context induction of trained immunity renders monocytes and NK cells more responsive towards related and unrelated insults [243-248,259]. Both monocytes and NK cells enhanced responses during trained immunity are essential for protection as shown using the CCR2ko [246] and NGS [245] mouse models. Innate immune memory induction is independent of the adaptive system, as shown using immunodeficient SCDI, Rag and µMT mice [244-246]. In addition, administration of MAMPs that can induce trained immunity in mice leads to the modification of the progenitors cells in the bone marrow, leading to myeloid progenitor expansion and more responsive differentiated cells [257,258]. All together, these changes lead to long term unspecific protection in both human and murine.
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 114 Figure 1.14: Mechanism underlying innate immune memory, or trained immunity Schematic representation of innate immune memory, or trained immunity effect in monocytes, macrophages and/or NK cells. Innate immune cells first encounter a MAMP that signals through a PRR. This stimulation can activate an intracellular PRR (such as NOD2 [244,259]) or a surface PRR (such as Dectin-1 [246]). PRR engagement induces metabolic changes and epigenetic imprinting in the cells that lead to an enhanced proinflammatory response of these cells upon a second encounter with a MAMP. The nature of the second MAMP does not necessarily need to be the same as the first one since they go via PRR and the response it common for many PRRs.

  strains and fluorescent staining All Leptospira interrogans used in this work were grown in EMJH medium at 30°C and diluted 1:20 weekly to obtain exponential phase growth culture at the time of in vitro and in vivo experiments. Bioluminescent strain MFlum1 [13] was used in this work. For fluorescence labeling of leptospires, CFSE was purchased from Sigma-Aldrich, reconstituted in sterile DMSO to a concentration of 10 mM and stored at -20 °C. Working concertation for bacterial staining was 10 µM [279].

  undertaken in compliance with EU Directive 2010/63 EU and the French regulation on the protection of laboratory animals issued on February 1, 2013. They are part of project # 2014-0049, which was approved by the Institut Pasteur ethics committee for animal experimentation (Comité d'Ethique en Expérimentation Animale CETEA registered under #89) and was authorized under #8562 by the French Ministry of Research, the French Competent Authority. Human blood was ordered under convention number C CPSL UNT-N° 12/EFS/134 (to JQ) from the Établissement Français du Sang, which collected informed consent from healthy volunteers.
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 31 Figure 3.1: LipL21-PhoA construction to test for LipL21 signal peptide (SP) recognition and toxicity reduction in E. coli (A) Using Gibson assembly PCR, LipL21 was C-terminal fused with the phosphatase alkaline PhoA, lacking its own signal peptide (SP).

  (B) Functional test to evaluate PhoA translocation to the periplasmic space driven by LipL21's SP. PhoA produced in the cytosol is non-active since the reducing environment encountered there does not allow for its cysteines oxidation. Once translocated into the periplasmic space, in this case driven by the recognition of LipL21 SP by E. coli translocation systems, Cys oxidation occurs with the concomitant activation of PhoA.
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 32 Figure 3.2: LipL21-PhoA translational fusion allowed expression in E. coli and avoids toxicity (A) Functional activity test for PhoA was performed in agar plates supplemented with antibiotic and the chromogenic substrate XP that can be cleaved by active PhoA when present in the the periplasm yielding to a blue precipitate. This test was performed in a ∆phoA genetic background. (B) Expression was checked by immunoblot on 0.1 OD units of whole lysate of E. coli using a polyclonal antibody anti-LipL21 (kindly provided by Dr. David Haake). Whole WT and mutant LipL21 (ΔLipL21) L. interrogans strains extracts were used as positive and negative control for LipL21 detection (around 21 kDa), respectively. A band at 70 kDa for the protein fusion was detected (expected size LipL21: 21 kDa / PhoA: 49
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 33 Figure 3.3: Cloning strategy of periplasmic and cytosolic LipL21 in E. coli using pASK-IBA vectors (A) L. interrogans serovar Manilae genomic DNA was used to amplify lipL21 ORF. Primers were designed with the corresponding restriction enzyme sites to amplify mature LipL21 (green), without the signal peptide (SP, violet) and lipobox (LB, light blue) of the protein. (B) Mature lipL21 was cloned into pASK-IBA6+ for periplasmic expression driven by the presence of the OmpA signal peptide (SP) in N-terminal fusion with LipL21. Additionally, it was cloned in pAS-IBA7, for cytoplasmic expression. Localization of the protein in the heterologous host E. coli based on the expression system used is represented in green.
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 34 Figure 3.4: LipL21 production in E. coli Rosetta2 at different temperatures (A) E. coli Rosetta2 was transformed with pASK-IBA6+_LipL21 (pL21) or pASK-IBA6+ (pEmpty) as control.
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 36 Figure 3.6: HPLC analysis of PG digestion of E. coli Rosetta2 expressing LipL21 E. coli Rosetta2 was transformed with pASK-IBA6+_LipL21 (pL21) or pASK-IBA6+ (pEmpty) as control.

  5 h failed to induce NOD1 and NOD2 signaling when LipL21 was expressed. In contrast, PG boiled for 4 h signals though both PRRs independently of the expression of LipL21. Showing that the presence of LipL21 indeed impaired NOD signalling (Fig. 3.7).
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 37 Figure 3.7: Signalling though NOD1 and NOD2 of purified E. coli PG upon expression of LipL21 E. coli Rosetta2 was transformed with pASK-IBA6+_LipL21 (pL21) or pASK-IBA6+ (pEmpty) as control.

  and impairing its purification when expressed in the periplasm. Using pASK-IBA6+_LipL21 as positive control we tested that LipL21 is expressed properly from this construct(Fig 3.8).

Figure 3 . 8 :

 38 Figure 3.8: Check of the expression of cytosolic LipL21 in Rosetta2 strain E. coli Rosetta2 was transformed with pASK-IBA7+_Empty (p7+_Empty), pASK-IBA7+_LipL21 (p7+_L21) and pASK-IBA6_LipL21 (p6_L21) as expression control. Induction was performed at OD 0.6 following supplier's indications adding 200 µg/L of aTc and incubated 3 h at 37°C. Protein expression was tested by immunoblot using polyclonal anti-LipL21 antibody.
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 39 Figure 3.9: Expression of LipL21 in the cytoplasm of E coli E. coli SHuffle was transformed with pL21 (pIBA-7+_LipL21) for cytoplasmic expression and pEmpty (pIBA-7+) as control. Additionally, when indicated pRARE (Cm R ) was added. Induction was performed by addition of 200 µg/L of aTc at OD 0.6 during the indicated timepoints at 30°C. At different times after induction cells were collected and resuspended in lysis buffer, 0.1 OD units were loaded in SDS-PAGE, analysed by immunoblot using a rabbit polyclonal antibody anti-LipL21 followed by goat anti-rabbit HRP-conjugated antibody and detection using ECL substrate (experiment by Frédérique Vernel-Pauillac).
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 310 Figure 3.10: Effect of induction time in the production of LipL21 in the cytoplasm of E coli E. coli SHuffle was co-transformed with pRARE and pL21 (pIBA-7+_LipL21) or pEmpty (pIBA-7+) as control. Induction was performed by addition of 200 µg/L of aTc at OD 0.6 during the indicated timepoints at 30°C. At different times after induction cells were collected and resuspended in lysis buffer, 0.1 OD units were loaded in SDS-PAGE, analysed by immunoblot using a rabbit polyclonal antibody anti-LipL21 followed by goat anti-rabbit HRP-conjugated antibody and detection using ECL substrate (experiment by Frédérique Vernel-Pauillac).
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 311 Figure 3.11: Recovery of soluble LipL21 after expression in the cytoplasm of E coli E. coli SHuffle was transformed with pL21 (pIBA-7+_LipL21) and pEmpty (pIBA-7+) as well as pRARE.
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 312 Figure 3.12: Purification of LipL21 produced in E coli E. coli SHuffle was transformed with L21 (pIBA-7_LipL21 (Amp R )) and pRARE (Cm R ) for optimized cytoplasmic expression of the leptospiral lipoprotein LipL21. Induction was performed by addition of anhydrous tetracycline at OD 0.6. Bacteria transformed with empty pASK-IBA-7 (Empty) and pRARE (CmR) were added
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 313 Figure 3.13: rLipL21 binds to meso-Dap PG in vitro A) Schematics of PG binding assay. B) Recombinant LipL21 (rL21) was analysed by anti-LipL21 immunoblot to test for PG binding. Different amounts of rLipL21 were or not co-incubated with different amounts of E. coli PG. Expeiment by Frédérique Vernel-Pauillac). C) Recombinant LipL21 (rL21) was analysed by anti-LipL21 immunoblot to test for PG binding. 1 µg of rLipL21 was co-incubated with 10 µg of E. coli (Ec) or S. aureus (Sa) PG. (Expeiment by Frédérique Vernel-Pauillac).
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 , Santecchia I, Fanton d'Andon M, Vernel-Pauillac F, Wheeler R, Lenormand P, et al. (2017) LipL21 lipoprotein binding to peptidoglycan enables Leptospira interrogans to escape NOD1 and NOD2 recognition. PLoS Pathog 13(12):e1006725.

Figure 4 . 1 :

 41 Figure 4.1: Gentamicin test for leptospires L. interrogans serovar Manilae bioluminescent MFlum1 strain was grown in increasing concentrations of gentamicin at the indicated temperatures for 2, 5 and 9 days. At each timepoint, 100 µL of culture were used to measure bioluminescence to assess for viable bacteria. Data representative of 2 independent experiments.

  4.2 B) Since by flow cytometry, bacteria adhering to the cell surface (cell associated) and intracellular bacteria cannot be distinguished, we checked the bacterial localization by microscopy. Using confocal microscopy and actin staining with phalloidin to delimit macrophages, we observed that most CFSE-stained leptospires were located inside of the cells (Fig.4.2 C). Surprisingly, their intracellular shape appeared somehow spherical, very different from the leptospiral long spiral shape. To get a deeper insight in their shape and localization, we used electron microscopy on infected bone marrow derived macrophages, after gentamicin treatment. We did not observe by EM extracellular leptospires and most intracellular leptospires seemed to be associated with membrane at least at the timepoint studied (Fig.4.2 D). This observation could line up with our previous observations in which leptospires have been described to be inside of vesicles and in compartments that are positive for phagosome/lysosome markers such as EEA1, LAMPs and Cathepsin D.

Figure 4 .

 4 Figure 4.2: L. interrogans is intracellular in murine macrophages. L. interrogans serovar Manilae bioluminescent MFlum1 strain was stained with CFSE and used to infect macrophages. A) The effect of MOI was addressed using flow cytometry on macrophages. At least 25.000 cells were analysed for each replicate. Data representative of 2 independent experiments. B) MTT assay was used to check viability of infected macrophages (MOI 100) compared to non-infected (PBS) 24 h post-infection. Data representative of at least 5 independent experiments. C) Confocal microscopy was used to determine if the bacteria reside inside of the cells. Macrophages were delimited using Phalloidin to stain actin and their nucleus counterstained with DAPI. Leptospires appeared round inside of the cells. Data representative of at least 5 independent experiments. D) Transmission electron microscopy was used to study the sub-cellular localization of leptospires in macrophages. Leptospires appeared to be surrounded by membrane. Data from 1 experiment.

Figure 4 . 3 :

 43 Figure 4.3: Gentamicin protection assay to study intracellular leptospiresMacrophages were infected with leptospires at MOI 100 to ensure maximum infection efficiency without compromising macrophage viability. The bacteria infect the cells for 1h, period that it is followed by washes with PBS and incubation with 200 µg/mL gentamicin. Finally, the cells were washed and incubated in media without antibiotic until the indicated timepoints. Then they are lysed with water to release the intracellular content and bacteria. Samples are put in culture medium to check for leptospires viability or they are fixed and prepared for fluorescence microscopy.
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 44 Figure 4.4: L. interrogans survives inside macrophages for at least 48 h. Macrophages were infected with MFLum1 strain using gentamicin protection assay (Fig.4.3). Upon lysis of the host cell at the indicated time-points, the bacteria were grown in EMJH. Bioluminescence was used to assess the number of leptospires (intracellular) in each condition 7 to 12 days post-inoculation. Griess reaction was used to measure NO concentration in supernatant of cells at the indicated timepoints. Data representative of 3 independent experiments.

  we aimed to understand if their entrance was mediated by actin polymerization such as it happens during phagocytosis. Cells were pre-treated with cytochalasin D, an actin polymerization inhibitor, before infection with CFSE stained leptospires. We observed by flow cytometry (Fig.4.5 A) and confocal microscopy (Fig.4.5 B) that leptospires internalization were not affected by the pre-treatment of the cells with cytochalasin D. This indicates that the internalization of leptospires is actin independent and probably suggests that leptospires do not enter the cells via phagocytosis.
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 45 Figure 4.5: L. interrogans' internalization in murine macrophages is independent of actin polymerization L. interrogans serovar Manilae bioluminescent MFlum1 strain was stained with CFSE and used to infect macrophages pre-treated for 1 h with EtOH or 10 µM cytochalasin D to block actin polymerization. A) Flow cytometry analysis shows that the internalization of leptospires was not impaired by the pre-treatment of RAW264.7 macrophages with cytochalasin D. As control of cytochalasin activity, FITC-dextran beads were used. At least 25.000 cells were analysed for each replicate. Data representative of 3 independent experiments. B) Confocal microscopy was used to determine if the bacteria reside inside of the cells upon treatment with the indicated drug. Macrophages were delimited using WGA (red) to stain their surface and their nucleus counterstained with DAPI (blue). The plot shows a quantitative analysis of the microscopy results for n = 20 cells. Data representative of 2 independent experiments.
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 46 Figure 4.6: L. interrogans do not trigger nor interfere with autophagy in murine macrophages L. interrogans serovar Manilae bioluminescent MFlum1 strain was used to infect macrophages. Infected cells were analysed by immunoblot or fluorescence microscopy for the induction of autophagy following the autophagy marker LC3. A) Western blot on whole macrophage lysates to study induction of autophagy 1, 2 and 4 h post infection. Control cells are non-infected cells in complete media and as positive control cells in EBBS or starvation media. Data representative of 3 independent experiments. B) Epifluorescence microscopy of infected macrophages immuno-stained for LC3 4 h post-infection (LC3: red, Nuclei: blue). Data representative of 2 independent experiments.

Figure 4 . 7 :

 47 Figure 4.7: Pharmacological triggering of autophagy leads to a reduction in the number of intracellularL. interrogans in murine macrophagesL. interrogans serovar Manilae bioluminescent MFlum1 strain was used to infect macrophages. Next, infected cells were treated with rapamycin (500 nM) or bafilomycin A1 (100 nM) for 3 h during gentamicin treatment.

Figure 4 . 8 :

 48 Figure 4.8: L. interrogans triggers specific time dependent accumulation of the autophagy adaptor p62 in murine macrophages L. interrogans serovar Manilae bioluminescent MFlum1 strain was used to infect macrophages. Infected cells were analysed by immunoblot or fluorescence microscopy for several autophagy adaptors and mTOR. A) Western blot on whole macrophage lysate to study the effect of infection over p62, 1, 2 and 4 h post infection. Control cells are non-infected cells in complete media and as positive control cells in EBBS or starvation media. Data representative of at least 3 independent experiments.

Figure 4 . 9 :

 49 Figure 4.9: L. interrogans do not trigger autophagy in vivo C57/BL6 mice were injected IP in a volume of 200 µL with PBS, 25 µg NOD1 (FK156) and NOD2 (MDP) agonist, rapamycin as positive control and L. interrogans serovar Manilae bioluminescent MFlum1 without or with NOD1/NOD2 agonists. 24 h post-injection peritoneal cells were recovered and LC3 immunoblot performed to study autophagy. Data representative of 3 independent experiments.

Figure 4 . 10 :

 410 Figure 4.10: Co-injection of NOD1 and NOD2 agonist partially alleviates leptospiral infection C57/BL6 mice were injected IP in a volume of 200 µL with PBS, 25 µg NOD1 (FK156) and NOD2 (MDP) agonist, and L. interrogans serovar Manilae bioluminescent MFlum1 without or with NOD1/NOD2 agonists. A) After injection (30 mins) mice were imaged to quantify the number of bacteria in the peritoneal cavity. B) Weight monitoring and survival plot were used to follow up the infection. C) Survival plot after infection.

Figure 4 . 11 :

 411 Figure 4.11: Co-injection with CL429 agonist partially alleviates leptospiral infection C57/BL6 mice were injected IP in a volume of 200 µL with L. interrogans serovar Manilae bioluminescent MFlum1 without or with 25 µg CL429 a NOD2/TLR2 agonist. A) 24 h post-injection peritoneal cells were recovered and LC3 immunoblot performed to study autophagy. B) IVIS imaging and weight monitoring were used to follow up the infection.

Finally

  , using an established ex vivo training protocol human monocytes were more responsive to leptospires upon CL429 pre-treatment. This opens up a novel strategy against leptospires that can be used in areas were multiple serovars are present and vaccines are not effective.

Figure 5 . 1 :

 51 Figure 5.1: Graphical abstract "Innate immune memory through TLR2 and NOD2 contributes to the control of Leptospira interrogans infection"The schematics represent the main results of the publication associated with this chapter.A) Macrophage depletion with clodronate via intraperitoneal (IP) route shows that these cells are important in the control of leptospires in vivo. However, their role does not seem to be essential. B) Treatment via IP route with the TLR2/NOD2 agonist CL429 confers protection to mice upon infection with L. interrogans. In addition, treatment boost locally peritoneal macrophages leading to increase secretion of NO and inflammatory mediators upon stimulation with different pathogenic serovars. Peritoneal macrophages of Rag2-γc mice showed also increased pro-inflammatory mediators secretion upon treatment. Moreover, peritoneal macrophages display enhanced bactericidal activity. At systemic level CL429 boost spleen NK-cells to produce more IFN-γ and it is likely to modify haematopoietic cells since bone marrow derived macrophages (BMMs) showed enhance NO and inflammatory compounds secretion as well as their increased bactericidal activity. Such effect in all the tested wild-type (WT) cells was sustained for at least 3 months post CL429 administration.C) Human peripheral blood monocytes were recovered from healthy individuals and ex vivo training with CL429 performed on these cells. Treated cells showed an enhanced secretion of the prototype trained immunity cytokine IL-6 towards LPS or leptospiral stimulation.For panels A) and B) indicated on top of the arrows are the genotypes tested; WT (wild-type) and Rag2-γc.Importantly, for both panels B) and C) the enhanced pro-inflammatory response was observed for different pathogenic serovars (L. interrogans serovar Manilae, Fiocruz and Verdun).

Figure 6 . 1 :

 61 Figure 6.1: Main in vitro results of this Ph.D.-NOD escape and intracellular survival in macrophagesThe schematic shows a macrophage infected with L. interrogans. In black, previous results from Dr.Werts' lab 

  5.1). NK cells can deal with intracellular pathogens and boost immune cells, such as macrophages, by secretion of interferon-γ. According to our in vitro observations, leptospires might be transiently intracellular in macrophages. At this stage, enhancing NK cell activity could be beneficial during infection. The role of NK cells has barely been investigated in the context of leptospires.Zuerner et al. [338] have shown that antigen-specific NK cells upregulate production of IFN-γ upon re-challenge. In addition, Gary et al.[339] showed in vitro that leptospires lead to the expansion of human NK cells and increased IFN-γ production. This indicates that NK cells and their activity could be exploited as potential treatment for leptospiral infection. It could be studied if trained NK mediated protection is essential for our phenotype transferring trained or naïve NK cells in a naïve host before infection.

  mouse model hence avoiding any bias coming from the TLR2 signaling contribution. It is still interesting to understand if such protection is also mediated by macrophages or other innate immune cells.Regarding TLR2 signaling, BCG is itself a TLR2 agonist[345,346], however it is known to mediate training through NOD2 [244]. Particularly, BCG signals using TLR2 as well as L. plantarum [347] and CL429. Therefore, BCG and CL429 (NOD2/TLR2 agonist), could be inducing a similar training state or phenotype. Studying the effect of CL429 and BCG compared to other TLR2 agonist could shed light into the synergistic effect of NOD2 and TLR2/TLR6. This is important, since TLR2/TLR1 seems to have a tolerogenic effect as shown by Pam3CSK tolerization [348]. CL429 could potentially lead to different epigenetic traits compared to BCG or MDP, and definitively different than the TLR2-agonist Pam3CSK4 that induces tolerance [348]. However, BCG mediated training can be reproduced only using MDP [244]. In our ex vivo human training experiment, MDP could properly trained monocytes, but CL429 was more efficient to do so. Therefore, it is hard to conclude with the current evidence if the BCG-mediated training can be compared to the CL429mediated effect.

  

  

  

  

  

  

Table 1

 1 

	.2 and

Table 1 .2: Effect of leptospires opsonization in the interaction with macrophages Leptospira spp Host cells Opsonization (1) Main findings (In vitro / Ex vivo or In vivo)

 1 

	Ref

Table 1 . 3 :

 13 Internalization of Leptospira spp by macrophages and subcellular localization Vero cells: L. interrogans rapid infection, > 90% in 20 min. ↑ passage ↓ infection. Formalin fixed non-internalized. L. biflexa were extracellular adherent bacteria. J774A.1 cells: L. interrogans rapidly associated and internalized (20 min). Formalin fixed ↓↓ internalized (60 min). ↑ passage cell associated; internalization delayed (60 min). L. biflexa similar to ↑ passage. CytochalasinD: 2µM, did not block internalization in both cells. Nocadazole: Slightly ↓ number of infected cells. More marked effect in Mφ. Monodansylcadaverine: Blocks internalization in Mφ, no effect in Vero cells.

	Leptospira spp	Host cell	Main findings	Technical remarks Personal comments	Ref
				No gentamicin. Double staining of	
				extracellular and intracellular	
				bacteria.	
	L. interrogans serovar Icterohaemorrhagiae	J77A.1 macrophage-like cell line			
	strain Verdun	Vero cells (fibroblast)			

Table 1 .3 (continuation):

 1 Internalization of Leptospira spp by macrophages and subcellular localization

	Leptospira spp	Host cell	Main findings	Technical remarks Personal comments	Ref
	L. interrogans serovar Lai		L. interrogans (Lai and Luo) but L; biflexa adhere to fibroblasts and Mφ (↑		
	(virulent) and Luo	Vero and J774A.1	adherence to Mφ)		
	(avirulent)	cell lines	Lai and Luo observed inside of Vero and J774A.1 in membranous compartment		
	L. biflexa serovar Patoc		(by EM).		

  . 1.11. Merien et al. showed that leptospires were associated with the nucleus in some cells [159]. A similar observation was performed by other group [160], adding that leptospires trigger apoptosis and necrosis. Interestingly in this study, both live and dead leptospires trigger apoptosis/necrosis to the same extent [160]. This may indicate that this is not an active

process associated with live bacteria. Using the same host cells (J774A.1 and BALB/c naïve peritoneal macrophages),

Jin et al. 

showed that infection with L. interrogans serovar Lai activates caspase-3 and -8 mediated PCD

[171]

. Next, a similar approach was used to study the kinetics of apoptosis/necrosis by Li et al. They found that, early upon infection, leptospires trigger apoptosis whereas, later on, necrosis is the most prevalent form of PCD in murine macrophages

[161]

. In addition, they showed that infection triggers accumulation of p53 and DNA damage

[162]

. Finally, the same group showed that a leptospiral phospholipase is involved in the accumulation of intracellular Ca 2+ that is associated with apoptotic cell death

[170]

. Unfortunately, some of these results are conflicting (see Table

1

.4), making their interpretation complex. Only one of these studies uses L. interrogans serovar Manilae for macrophages infection.

Toma et al. 

showed that no LDH release is associated with infection

[163]

. Nicely, this study provides a positive control for LDH release.

Table 1 . 4 :

 14 Leptospires apoptosis and killing of host cells

	Leptospira spp	Host cell	Main findings	Technical remarks Personal comments	Ref
	L. interrogans serovar Icterohaemorrhagiae strain Verdun	J77A.1 macrophage-like cell line Vero cells (fibroblast)	Live pathogenic leptospires induced DNA fragmentation in Mφ. Saprophytic and avirulent strain did not induce DNA fragmentation	Non-infected controls missing fragmentation. compared and only P0 induced DNA 2 pathogenic strains (P0 and P1) are	[159]
				No gentamicin	
	L. interrogans serovars Lai			Non-infected controls missing in EM	
	(virulent) and Luo (avirulent) L. biflexa serovar Patoc	Vero and J774A.1 cell lines		protocol ND. No difference in cell killed. No timing indicated. Infection No control that UV-killed bacteria are	[160]
				death between live and dead bacteria	
				seems odd (?)	
			Infection of Mφ and A594 cells → LDH release in MOI dependent and in time. Lai and not Patoc induces apoptosis and later (> 12h pi) necrosis.	No gentamicin	
	L. interrogans serovars Lai (virulent) and Luo (avirulent) L. biflexa serovar Patoc	BABL/c naïve peritoneal Mφ, J774A.1, A594 and HUVEC, ECV304 cell lines	EM 2 and 6 h pi → signs of apoptosis. Caspase-3, -6, -8, and -9 are activated by infection by Lai and not by Patoc. Lai induced cleavage of PARP and Lamin A/C. Induction of apoptosis was also observed in primary naïve peritoneal Mφ. FADD levels increase upon infection of Mφ cleavage. Inhibition of Caspase-8 and -3 reduced apoptosis and PARP and Lamin A/C	Infection protocol not detailed. controls are missing. For caspase activation, non-infected induction cannot be compared. Since in [160] there is no timing detailed, the apoptosis/necrosis	[171]
	Abbreviations: Mφ: Macrophages / EM: electron microscopy / PI: propidium iodine / UV: ultraviolet / ND: non-described / pi: post-infection / ROS: Reactive Oxygen Species
	/ IP3: inositol-3-phosphate				

EM → subcellular "lesions" upon infection with Lai and Luo. Surprisingly, Lai was occasionally associated to nuclei.

AnnexinV/PI → Live and UV-killed Lai and Luo induce apoptosis (AnexinV+ / PI-) in Vero and necrosis (AnexinV+ / PI+) in Mφ. Both live and UV-killed serovars induced its phenotype to the same extent in both cell lines.

Table 1 .4 (continuation):

 1 Leptospires apoptosis and killing of host cells

	Leptospira spp	Host cell	Main findings	Technical remarks Personal comments	Ref
		Human (THP-1 and		No gentamicin	
	L. interrogans serovars Lai (virulent), Pomona and Luo (avirulent)	primary Mφ) Murine (naïve BALB/c and J77A.1) peritoneal cells	Lai induced apoptosis in murine Mφ more than in human Mφ (0 -24 h pi). Lai induced necrosis in murine Mφ (8 -48 h pi)	it is not tested in BMMs Cell death is the only thing on the that Non-infected controls are not done for ND all the time-points. Infection protocol	[161]
	L. interrogans serovar Manilae and L. biflexa serovar Patoc	Bone marrow derived macrophages (C57BL/6)		Positive control for LDH release provided	[163]
	L. interrogans serovar Lai	THP-1 and J774.1 cell lines	Infection triggers accumulation of p53 and H2AX foci in ROS dependent way. Apoptosis/necrosis induced upon infection of Mφ. Leptospires infection arrests cell cycle.		[162]
				The kinetics for necrosis is not the	
	L. interrogans serovar Lai	THP-1 and J774.1 cell lines	Phospholipase C (PLC) expressed during infection in both cell lines. Infection triggers an increase in the intracellular levels of Ca 2+ in both cell lines. PLC deletion avoids intracellular Ca 2+ increase (restored by complementation), Mφ transfected with PLC show elevated IP3 and Ca 2+ levels. this leads to apoptosis in both cells. 2 h pi murine cells necrotic.	same as in [161,162,171]. CFU enumeration shows no difference with [160] for the fact that dead and this lab [161]. It contradicts as well between THP-1 and J774A.1 cells. Contradictory with previous study of	[170]
				live bacteria do not do the same.	

NO LDH release was observed 24 h post-infection in BMMs by L. interrogans or L. biflexa

Abbreviations: Mφ: Macrophages / EM: electron microscopy / PI: propidium iodine / UV: ultraviolet / ND: non-described / pi: post-infection / ROS: Reactive Oxygen Species / IP3: inositol-3-phosphate

Table 1 . 1 :

 11 LC3 conversion in different genetic backgrounds

			Genotype		
	Process					References
		WT	Atg5KO	Atg16L1	RubiconKO	
	Unstimulated cells	LC3-I/LC3-II Balance	LC3-I	LC3-I	LC3-I/LC3-II Balance	
	Autophagy	 LC3-II	LC3-I	LC3-I	 LC3-II	[226-228,236,237]
	Xenophagy	 LC3-II	LC3-I	LC3-I	 LC3-II	
	LAP	 LC3-II	?	?	LC3-I	[232,233,238]

Table 2 .2: Plasmids

 2 

	Plasmid	Selection marker	Selection marker concentration (µg/mL)	Inducer (concentration)
	pASK-IBA6+	Amp R	100	aTc (200 µg/L)
	pASK-IBA7	Amp R	100	aTc (200 µg/L)
	pRARE	Cm R	25	Ce
	pRSF-Duet	Amp R	100	IPTG (1 mM)
	pET-20	Amp R	100	IPTG (1 mM)
	Amp R : Ampicillin / Cm R : Chloramphenicol / Ce: constitutive expression / aTc: anhydro-tetracyclin / IPTG:
	Isopropyl β-D-1-thiogalactopyranoside		

Table 2 .

 2 

	3: Primer list	
	Name	Sequence (5' -3') 1	Description / Notes
	L21_Check_FW	GTGGACCTCCAGAGCAAAGA	Primers internals of the lipl21 gene for PCR checking of the
	L21_Check_RV	GATCCGGAACCGGTTGCTTT	cloning. Expected size: 319 bp
	∆NL21_SacII_FW	aCCGCGGaTGTTCCAGTACTGACACAGG	Cloning ∆N lipL21 in pASK-
			IBA6+ and pASK-IBA7 adding
	L21_NcoI_RV	gctCCATGGTTGTTTGGAAACCTCTTGAGC	SacII (forward) and NcoI (reverse) restriction sites
	pIBA_Seq_Fw	GAGTTATTTTACCACTCCCT	For sequencing pASK-IBA series
	pIBA_Seq_Rev	CGCAGTAGCGGTAAACG	
	1 Underlined restriction sites and regions for mutagenesis	

Table 2 . 4 :

 24 Antibodies for flow cytometry

	Target	Fluorochrome	Clone	Reference	Supplier
	CD11b	VioBlue	M1/70	48-0112-82	eBioscience
	Ly6G	FITC	1A8	127606	BioLegend
	CD11c	PE	N418	12-0114-83	eBioscience
	Ly6C	PerCP/Cy5.5	HK1.4	45-59-32	BioLegend
	CD64	PE/Cy7	X54-5/7.1	139313	BioLegend
	F4/80	APC	BM8	123116	BioLegend
	F4/80	PE-CY5	BM8	15-4801	eBioscience
	NK1.1	VioBlue	PK136	108732	BioLegend
	CD8	FITC	53-6.7	53-0081-82	eBioscience
	CD69	PE	H1.2F3	12-0691-83	eBioscience
	CD4	PerCP	RM4-5	553052	eBioscience
	CD3	PE-Cyanine7	145-2C11	25-0031-82	eBioscience
	CD19	APC	MBI9-1	17-0191-82	eBioscience
	iNOS	PE	CXNFT	12-5920-80	eBioscience
	IFN-γ	APC			
	CD16/CD32 (Fc Block)			14-0161-86	eBioscience

Table 2 . 5 :

 25 Antibodies for immunoblot and immunofluorescence

	Target	Brand	Ref	Clonality	Host species	Use	MW antigen target WB
	LC3	Sigma	L7543	pAb	Rabbit	WB	LC3-I = 17 kDa LC3-II = 14 kDa
	LC3A/B	CST	12741S	pAb	Rabbit WB/IF	LC3-I = 17 kDa LC3-II = 14 kDa
	mTOR	CST	7C10	mAb	Rabbit WB/IF	289 kDa
	OPTN	Abcam	ab23666	pAb	Rabbit WB/IF	75 kDa
	Actin	Sigma	A2066	pAb	Rabbit	WB	42 kDa
	p62	Abcam	ab109012	mAb	Rabbit WB/IF	62 kDa
	FK2	Enzo	BML-PW8810-0500	mAb	Mouse WB/IF	Mono-and poly-ubiquitinylated substrates
	NDP52 GeneTex GTX115378	pAb	Rabbit	WB	

Table 3 . 1

 31 

	: lipl21 cloning sequencing results		
	Plasmid	Clone number	Mutation (nt change) 1	AA change	Effect of mutation
		1	nt 450 (A to G)	Pro to Pro	Silent
		2	nt 450 (A to G)	Pro to Pro	Silent
	pASK-IBA 6	3 4	nt 450 (A to G) nt 450 (A to G)	Pro to Pro Pro to Pro	Silent Silent
		5	nt 450 (A to G)	Pro to Pro	Silent
		6	nt 450 (A to G)	Pro to Pro	Silent
		1	nt 450 (A to G)	Pro to Pro	Silent
		2	nt 450 (A to G)	Pro to Pro	Silent
	pASK-IBA 7+	3 4	nt 450 (A to G) nt 450 (A to G)	Pro to Pro Pro to Pro	Silent Silent
		5	nt 450 (A to G)	Pro to Pro	Silent
		6	nt 450 (A to G)	Pro to Pro	Silent
	1) nt = nucleotide change			

Table 3 .

 3 

	2: Predicted LipL21 residues implicated in PG binding	
	Aminoacid (position)	Change to	Mutant name
	Y64	Ala	Y64A
	I65	Trp/Phe	I65W
	D99	Asn/Gln	D99N
	E107	Leu	E107L
	T108	Ala	T108A
	S113	Ala	S113A

  . This could indicate that the internalization mechanism is not phagocytosis, observation indirectly supported by the fact that bafilomycin A1 treatment does not affect intracellular leptospires viability. The internalization mechanism should be further studied with inhibitors of other

cellular processes such as endocytosis. Infection efficiency is MOI-dependent and once inside of the cells leptospires are able to survive for at least 48 h, without compromising macrophage viability. Even though the overall numbers decreased, we found still viable leptospires inside macrophages 48 h post-infection. Intracellular survival of L. interrogans serovar Manilae has been shown in similar infection settings by

Toma et al [163]

. This could indicate that there are several populations of leptospires, and some of them show a persistence phenotype surviving for longer time-points inside of macrophages.

https://openwetware.org/wiki/E._coli_genotypes#BL21.28DE3.29

www.gcua.de

http://clavius.bc.edu/~clotelab/DiANNA/

Acknowledgements 8

Acknowledgements

First, I would like to thank all the members of the jury for accepting to read this manuscript, as well as for their comments and advices.

for great scientific discussions. Many thanks also go to all the people that have passed over the years through the student's office. To the Pasteur-Paris University International Ph.D. program for financial support and the opportunity of being part of this program. To the "Fondation pour la Recherche support for my 4 th year of Ph.D.

 3.2).

(A) Mutated plasmids were co-transformed along with pRARE in Rosetta2. Drop test was performed to assess LipL21 toxicity in E. coli Rosetta2. Upper and lower panels correspond to LB plates (Amp, Cm) without and with inducer (200 µg/L aTc) respectively.

(B) Protein expression was tested by immunoblot using polyclonal anti-LipL21 antibody.

Conclusions and future directions:

After the initial characterization of LipL21 made here both in vivo in E. coli and in vitro using recombinant protein produced in the heterologous host E. coli, we established that this protein is toxic when expressed as a full-length protein in E. coli. This toxicity effect is likely due to its PG binding capacity, since a fusion with PhoA, properly expressed in the periplasmic space prevents toxicity, probably by steric hindrance. The PG binding capacity of LipL21 seems to be of high affinity, since to destroy such association, it is necessary to boil the PG