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1 World Health Organisation (2018, May 24) The top 10 causes of death. https://www.who.int/en/newsroom/fact-sheets/detail/the-top-10-causes-of-death
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Introduction

! Dr Edward Holbrook Derrick first described Q fever in 1935, following an outbreak of undiagnosed febrile disease observed among slaughterhouse workers in Brisbane, Queensland, Australia (Derrick, 1937). Unable to identify the causative agent, this fever of unknown origin was named Q (for « Query ») fever. It is only a few years later that Macfarlane

Burnet and Mavis Freeman isolated the bacterium from infectious material sent by Derrick (Burnet and Freeman, 1937;Maurin and Raoult, 1999). In the meantime, a new infectious agent related to Rickettsia species was isolated from ticks by Drs. Herald Cox and Gordon Davis in the Nine Mile Valley, Montana, United States (Davis et al., 1938). The Nine Mile agent was also responsible for symptoms closely related to Q fever after an accidental laboratory infection (Davis et al., 1938). The two isolates were compared, and cross-immunity studies finally confirmed that the two newly identified infectious agents were indeed the same pathogen. Given its rickettsial features, the etiological agent of Q fever was firstly designated as Rickettsia burnetii (Derrick, 1939). A few years later, in 1948, Rickettsia burnetii was finally classified into a separate genus based on distinct phenotypic characters from rickettsial species and was renamed Coxiella burnetii, in honour of Cox and Burnet (Philip, 1948). It was only after phylogenetic studies ! based on its 16S rRNA sequence that C. burnetii was reclassified in the phylum Proteobacteria, class γ-Proteobacteria, order Legionellales, family

Coxiellaceae (Weisburg et al., 1989).

Since the identification of C. burnetii in the 1930s, Q fever outbreaks of zoonotic origin have been observed worldwide, except for New Zealand (Hilbink et al., 1993). In the United

States, two outbreaks of Q fever occurred among meatpacking plant employees in 1946 in Amarillo and Chicago (Topping et al., 1947;Shepard, 1947). Concurrently, several outbreaks occurred in southern Europe during World War II, among Allied soldiers who slept on contaminated hay near infected cattle and sheep (Bobbins et al., 1946). In 1955, Q fever outbreaks were reported in South America and Africa (Vanderburg et al., 2014). Q fever cases have continued to be reported in France, the United Kingdom, Spain, Switzerland, Greece, Italy and Germany in the 1980s-1990s (Maurin and Raoult, 1999). However, the most significant Q fever outbreak was recently reported in the Netherlands between 2007 and 2011 with more than 4000 human cases, following a high number of spontaneous abortions in farm animals (Roest et al., 2011). This outbreak demonstrated that C. burnetii represents a significant threat to the public health and economy.
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C. burnetii has been included in biological weapons programs during the Cold War [START_REF] Madariaga | Q fever: A biological weapon in your backyard[END_REF]. Indeed, C. burnetii has several features that are suitable for its use as a biological weapon, including airborne transmission, high infectivity and remarkable resistance to environmental stresses [START_REF] Madariaga | Q fever: A biological weapon in your backyard[END_REF]. These characteristics will be discussed later in this thesis. During the Cold War, experiments aiming at the development of biological weapons were carried out in the United States on pathogens including C. burnetii (Noah et al., 2002)!" Human trials were conducted on volunteers among members of the Seventh Day Adventist Church by the US military for the Project Whitecoat in order to determine the vulnerability of humans to pathogens (Christopher et al., 1997;Anderson et al., 2005). At the same time, the Soviet Union's biological weapons program was established to achieve the same intent with the weaponisation and stockpiling of toxins or pathogens including the Q fever agent [START_REF] Madariaga | Q fever: A biological weapon in your backyard[END_REF]. Due to all these concerns, C. burnetii has been ever since classified as a potential category B biothreat (Oyston and Davies, 2011).

1.2! Microbiology of Coxiella burnetii

1.2.1! Morphological characteristics ! ! C.
burnetii is a Gram-negative obligate intracellular pleiomorphic bacterium that mainly targets monocytes, macrophages and trophoblasts. However, several cell types can be infected by C. burnetii in vitro, such as fibroblasts, epithelial and endothelial cells as well as myeloid cells (Dragan and Voth, 2020). This small coccobacillus measures 0.2 to 0.4 µm wide and 0.4 to 1 µm long with a complex biphasic developmental cycle involving two distinct morphological forms: the small cell variant (SCV) and the large cell variant (LCV) (McCaul and Williams, 1981;Coleman et al., 2004). The two forms can be differentiated by growth rate, gene expression and structure of the bacterial cell wall. The SCV is the small and nonreplicating form, which is metabolically inactive and extremely resistant to environmental stresses. Indeed, SCVs can survive nutrient limitation, desiccation, osmotic pressure and high temperatures (McCaul et al., 1981). SCVs are also the forms encountered in the environment.

The LCV, on the contrary, is the larger and strictly intracellular form of C. burnetii. LCVs are replicative and metabolically active. The SCV-to-LCV morphological transition occurs within the host cell, when bacteria reside into membrane-bound compartments called

Coxiella-containing vacuoles (CCV) (discussed in chapter 2. "The infectious cycle of Coxiella burnetii"). LCVs replicate in exponential phase over 4 days to finally reach the stationary phase at 6 days post-infection (d.p.i), when C. burnetii LCVs convert back to SCVs (Coleman et al., 2004) (Figure 1).

1.2.2! Genomic features

Depending on C. burnetii isolates, the size of the chromosome varies between 1,989,565 and 2,214,254 base pairs (bp) (Table 1). Most C. burnetii isolates also possess a plasmid which varies in size between 37,000 and 55,000 bp. Comparative genome analysis allowed the classification of C. burnetii isolates into eight distinct genomic groups (from I to VIII) according to the genetic diversity of C. burnetii (Hendrix et al., 1991;Hornstra et al., 2011;Piñero et al., 2015). It appears that isolates from a common genomic group are closely related to each other regarding genome content but also geographical location. Indeed, European isolates belong to Group I to IV, while North American isolates represent Group V and VI, and the other continents isolates are in Group IV (Hemsley et al., 2019). Interestingly, genetic variability is also linked to clinical presentation. Indeed, isolates from genomic groups I, II and III were related to acute Q fever in humans, whereas genomic groups IV and V were associated with chronic Q fever (Maurin and Raoult, 1999). Some studies also suggest that clinical presentation is related to the sequence of the cryptic plasmid (Samuel et al., 1985), whose genetic content might influence the acute or chronic outcome of the disease (Thiele and Willems, 1994). So far, 5 different plasmid types have been described in C. burnetii strains: QpH1, QpRS, QpDG, QpDV and an uncharacterised plasmid isolated from the Chinese C. burnetii Qiyi (CBQY) strain (Ning et al., 1992;Valková and Kazár, 1995;Lautenschläger et al., 2000;Jäger et al., 2002). A plasmidless C. burnetii strain was also identified; however, this strain contained a plasmidic DNA fragment integrated into its chromosome, suggesting the importance of plasmid sequences in C. burnetii (Willems et al., 1997).

The diversity between C. burnetii isolates is not exclusively related to variations among plasmid types. Indeed, comparative genome analysis also showed that C. burnetii pathogenic potential depends on polymorphisms and variations among their lipopolysaccharide (LPS) composition (Hackstadt et al., 1985;Hendrix et al., 1991). At the genomic level, substantial rearrangements, including accumulation of pseudogenes and the presence of genetic insertions have been shown to influence strain-associated virulence [START_REF] Beare | Characterization of a Coxiella burnetii ftsZ mutant generated by Himar1 transposon mutagenesis[END_REF]Pearson et al., 2013). Despite its isolation from ticks dates back in 1935, the first C. burnetii genome was sequenced only in 2003 from the Nine Mile isolate, which is thus considered as the reference strain [START_REF] Seshadri | Complete genome sequence of the Q-fever pathogen Coxiella burnetii[END_REF]. Since then, seven new complete genomes have become available [START_REF] Beare | Characterization of a Coxiella burnetii ftsZ mutant generated by Himar1 transposon mutagenesis[END_REF]D'Amato et al., 2014;D'Amato et al., 2015;Millar et al., 2017), allowing comparative virulence studies of C. burnetii strains (Long et al., 2019).

Interestingly, genome sequencing of the highly virulent Cb175 strain isolated in French Guiana revealed a substantial genome reduction compared to the Nine Mile Phase I reference strain (D'Amato et al., 2015;Melenotte et al., 2019) (Table 1). Conversely, the Dugway 5J108-111 strain isolated in the United States is considered avirulent, despite having the largest genome among all C. burnetii strains (Beare et al., 2017), suggesting that there is no correlation between C. burnetii virulence and genome size. burnetii is characterised by a phase variation which is defined by the structure of the LPS, an important factor of C. burnetii virulence involved in the ability to cause acute or chronic disease (Hackstadt, 1990;Baca et al., 1994). This variation is similar to the smoothto-rough variation with virulent and avirulent forms observed in members of the family Enterobacteriaceae (Abnave et al., 2017). Phase I bacteria display a full-length LPS and are related to the natural virulent forms observed in human and animal infections. Serial passages in embryonated eggs and cell cultures favour the transition to Phase II, which is characterised by a 26-kb (kilobases) deletion of a genomic region harbouring genes encoding enzymes involved in LPS biosynthesis. This event results in the biogenesis of a truncated LPS and lossof virulence (Hackstadt et al., 1985;[START_REF] Hoover | Chromosomal DNA deletions explain phenotypic characteristics of two antigenic variants, phase II and RSA 514 (crazy), of the Coxiella burnetii nine mile strain[END_REF]Beare et al., 2006;Beare et al., 2018). confinement, the non-revertable, avirulent Phase II can be manipulated in biosafety level-2

(BSL-2) environments (Amano and Williams, 1984;[START_REF] Heinzen | Differential interaction with endocytic and exocytic pathways distinguish parasitophorous vacuoles of Coxiella burnetii and Chlamydia trachomatis[END_REF]. Importantly, loss-ofvirulence of NMII has no impact on infection in vitro since both NMI and NMII strains efficiently replicate in cultured cells. Thus, the NMII strain represents a relevant model to study C. burnetii pathogenesis [START_REF] Howe | Coxiella burnetii phase I and II variants replicate with similar kinetics in degradative phagolysosome-like compartments of human macrophages[END_REF]. Type IV secretion systems (T1SS, T2SS and T4SS respectively) (Sexton and Vogel, 2002;Peabody et al., 2003;[START_REF] Beare | Characterization of a Coxiella burnetii ftsZ mutant generated by Himar1 transposon mutagenesis[END_REF]. However, the role of T1SS and T2SS in C. burnetii pathogenesis remains unclear. It has been suggested that T1SS may play a role in bacterial internalisation by host cells as recently reported for L. pneumophila (Fuche et al., 2015). To date, only the T4SS has been studied in the context of bacterial pathogenesis and infection.

T4SSs are bacterial multiprotein machineries embedded in the bacterial cell envelope and mediate the delivery of proteins and nucleic acids into host cells (Voth et al., 2012;Guzmán-Herrador et al., 2017). The T4SSs structure resembles a channel that allows the injection of material including DNA or bacterial proteins, directly in the host cell cytoplasm through the bacterial membrane. T4SSs are important virulence determinants with two main functions: the contribution in horizontal gene transfer involved in antibiotic resistance and the manipulation of eukaryotic host cells to establish a productive infection (Bleves et al., 2020).

T4SSs can be divided into two different types based on component number and structures:

type IVA (T4ASS) and type IVB (T4BSS). Originally identified in the plant pathogen Agrobacterium tumefaciens, T4ASS are composed of a dozen of different proteins and are found in different bacterial pathogens such as Brucella, Bartonella, Rickettsia and Anaplasma.

In contrast, T4BSS, also called Defect in organelle trafficking/Intracellular multiplication (Dot/Icm) system, is composed of 24-27 proteins and only found in L. pneumophila and C. burnetii (Voth et al., 2012) (Figure 3). 

!

The best characterised Dot/Icm Type 4B Secretion System is that of L.!pneumophila, the causative agent of the severe pneumonia Legionnaires' disease. The L. pneumophila T4BSS is composed of 27 Dot and Icm proteins which can be divided in membrane and cytoplasmic components including an outer-membrane (OM) protein (DotH), OM lipoproteins (DotC, DotD, DotK), a periplasmic protein (IcmX), inner membrane (IM) proteins (DotA, DotE, DotF, DotG, DotI, DotJ, DotM, DotP, DotU, DotV, IcmF, IcmT, and IcmV), inner membrane (IM)-associated ATPases (DotB, DotL, DotO), and soluble cytosolic proteins (DotN, IcmQ, IcmR, IcmS, IcmW, and LvgA) (Nagai and Kubori, 2011;Chetrit et al., 2018). These components can be grouped into several subcomplexes including the outer-membrane associated core complex (OMCC) consisting of five proteins (DotC, DotD, DotF, DotG, DotH) and the type IV coupling protein (T4CP) subcomplex consisting of six proteins (DotL, DotM, DotN, IcmS, IcmW, LvgA) (Vincent et al., 2006;Kwak et al., 2017) The structure and the assembly of the L. pneumophila T4BSS have been recently characterised using cryoelectron tomography (Chetrit et al., 2018;Ghosal et al., 2019;Park et al., 2020). The composition consists of an "outside-inside" assembly of five distinct structures from the outer membrane region to the inner membrane region (Park et al., 2020). The OMCC and the IM protein structure assemble to span the bacterial cell envelope and the membrane of the replicative niche. The cytoplasmic ATPase DotO is recruited to the core complex and, once positioned, it recruits the second cytoplasmic ATPase DotB, essential for the translocation of Dot/Icm substrates into the host cell cytoplasm (Vogel et al., 1998). The assembly of the DotO-DotB ATPases complex represents a crucial step in the T4BSS activation by inducing conformational changes that create a channel for direct bacterial secretion (Park et al., 2020) (Figure 5). It has been demonstrated that the acidic pH and the degradative capacity of lysosomes are necessary for C. burnetii Dot/Icm secretion system function (Newton et al., 2013;Newton et al., 2020); however, the molecular mechanisms regulating these processes remain to be defined. Finally, the importance of the Dot/Icm secretion system in C. burnetii pathogenesis has been demonstrated by analysing the phenotype of mutants in Dot/Icm genes. Indeed, deletion of dotA and dotB [START_REF] Beare | Two systems for targeted gene deletion in Coxiella burnetii[END_REF] as well as transposon mutagenesis of dotA, dotB, icmV, E, D, G, J, N, C, P, K, X and L1 prevent the development of the C. burnetii replicative niche and demonstrate that these genes are essential for bacterial replication (Carey et al., 2011;Beare et al., 2011;Martinez et al., 2014). reporter assays allowed the identification of more than 130 C. burnetii candidate effectors [START_REF] Pan | Ankyrin repeat proteins comprise a diverse family of bacterial type IV effectors[END_REF][START_REF] Chen | Large-scale identification and translocation of type IV secretion substrates by Coxiella burnetii[END_REF]Carey et al., 2011;[START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF][START_REF] Newton | Applying fluorescence resonance energy transfer (FRET) to examine effector translocation efficiency by Coxiella burnetii during siRNA silencing[END_REF], some of which have been recently validated in C. burnetii (Martinez et al., 2016;[START_REF] Siadous | Coxiella effector protein CvpF subverts RAB26-dependent autophagy to promote vacuole biogenesis and virulence[END_REF]Martinez et al., 2020;Burette et al., 2020). While the role of many C. burnetii effectors remains uncharacterised, some of these have been investigated. A
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subclass of effectors localises to the CCV membrane and are thus called Cvps (for Coxiella vacuolar proteins) (Larson et al., 2015). These are involved in CCV biogenesis and replication, through the manipulation of membrane trafficking mechanisms mediated by clathrin (Larson et al., 2013;Latomanski et al., 2016), RAB (Ras-related proteins in brain) GTPases [START_REF] Siadous | Coxiella effector protein CvpF subverts RAB26-dependent autophagy to promote vacuole biogenesis and virulence[END_REF]; Appendix 1) or host phosphoinositides (Martinez et al., 2016). Other effectors manipulate host cell pathways including autophagy (Gutierrez et al., 2005;Romano et al., 2007;Newton et al., 2014;Winchell et al., 2018;Larson et al., 2019;[START_REF] Siadous | Coxiella effector protein CvpF subverts RAB26-dependent autophagy to promote vacuole biogenesis and virulence[END_REF], signal transduction (MacDonald et al., 2012), gene transcription [START_REF] Weber | Modulation of the host transcriptome by Coxiella burnetii nuclear effector Cbu1314[END_REF], apoptosis (Lührmann and Roy, 2007;Vázquez and Colombo, 2010;[START_REF] Lührmann | Inhibition of pathogen-induced apoptosis by a Coxiella burnetii type IV effector protein[END_REF]Klingenbeck et al., 2013;Bisle et al., 2016;[START_REF] Schäfer | Nuclear trafficking of the anti-apoptotic Coxiella burnetii effector protein AnkG requires binding to p32 and Importin-α1[END_REF] and innate immune response [START_REF] Cunha | Inhibition of inflammasome activation by Coxiella burnetii type IV secretion system effector IcaA[END_REF][START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF]Burette et al., 2020) (Figure 6). Effectors involved in these processes will be further described in chapter 2. "The infectious cycle of Coxiella burnetii". during C. burnetii infectious cycle and pathogenesis [START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF]Martinez et al., 2014).

Bioinformatics approaches have been developed to facilitate the identification of bacterial effector proteins, based on a number of typical features. In the case of C. burnetii for example, it has been shown that the two-component system PmrA/B regulates the expression of Dot/Icm genes and a subset of effector-coding genes. The regulatory element recognised by PmrA is found in the predicted promoter region of these genes and consists of a tandem repeat sequence (cTTAATatT) located up to 100 bp upstream from the first ATG codon of genes (Zusman et al., 2007;[START_REF] Chen | Large-scale identification and translocation of type IV secretion substrates by Coxiella burnetii[END_REF]Beare et al., 2014). Recently, it has been shown that the C. burnetii PmrA/B transcriptional activity responds to breakdown products present in the CCV such as specific amino acids, leading to an up-regulated expression of genes required for the activity of the Dot/Icm secretion system (Newton et al., 2020).

Amino acid sequence analysis of several effector proteins indicated that an enrichment in glutamic acid at their C-terminus was required for their efficient translocation by the Dot/Icm secretion system and defined a secretion signal called the E-block motif, consisting of 20 to 35 amino acid residues in the C-terminal of Dot/Icm substrates (Nagai et al., 2005). This region exhibits a regular distribution of small, polar, charged and hydrophobic amino acids as well as glutamic acid residues (Nagai et [START_REF] De Felipe | Evidence for acquisition of Legionella type IV secretion substrates via interdomain horizontal gene transfer[END_REF]Huang et al., 2011;[START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF][START_REF] Lifshitz | Computational modeling and experimental validation of the Legionella and Coxiella virulence-related type-IVB secretion signal[END_REF]. et al., 2008;[START_REF] Voth | The Coxiella burnetii ankyrin repeat domain-containing protein family is heterogeneous, with Cterminal truncations that influence dot/Icm-mediated secretion[END_REF]), tetratricopeptide repeats (Bang et al., 2016), short linear motifs (SLMs) (Larson et al., 2013), Regulation of Chromosome Condensation repeats (RCC) (Burette et al., 2020), Ser/Thr kinase domains ( (Martinez et al., 2020); Appendix 2), F-box motifs (Angot et al., 2007) or acetyltransferases (Ma and Ma, 2016). All the modules are independent, and users can use S4TE-EM to locate the same c istic throughout the genome. For example, if the user disables all the modules except N 
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Human Q fever or animal coxiellosis is a worldwide zoonotic disease that affects humans and a broad range of animals. Among animals, the primary reservoirs for C. burnetii are domestic ruminants like cattle, sheep and goats [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF]. However, additional reservoirs exist in wild animals with reported isolation of C. burnetii from wild mammals (González-Barrio and Ruiz-Fons, 2019), reptiles (Stephen and Achyutha Rao, 1979) and birds (Babudieri and Moscovici, 1952) (Figure 8). C. burnetii is also detected in arthropods, and especially in several tick species (Glazunova et al., 2005), however, their vector potential in disease transmission needs to be further investigated (Duron et al., 2015b). In animals, Human infection mainly occurs through the inhalation of bacteria from contaminated hay or dust (Maurin and Raoult, 1999;Tissot-Dupont and Raoult, 2008) (Figure 8). Direct contact with infected animals or their products may also lead to human contamination, constituting a severe risk for people working in farms, slaughterhouses or laboratories [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF]. C. burnetii is extremely infectious as airborne exposure to 1 to 10 bacteria is sufficient to cause infection [START_REF] Madariaga | Q fever: A biological weapon in your backyard[END_REF][START_REF] Brooke | Human dose response relation for airborne exposure to Coxiella burnetii[END_REF]. Moreover, airborne bacterial dispersal is promoted over long distances (up to 20 km) in favourable weather conditions (Tissot-Dupont et al., 2004;Nusinovici et al., 2015;Nusinovici et al., 2017). To a lesser extent, the foodborne transmission also constitutes a route of infection through ingestion of dairy products from contaminated animals (Fishbein and Raoult, 1992;Miller et al., 2020).

C
Direct transmission from infected ticks to humans has not been proven; however, ticks play an important role in Q fever transmission by maintaining animal infection. Finally, anecdotal cases of human-to-human transmission of C. burnetii seem to suggest a potential route of nosocomial infection during delivery or autopsies (Weber and Rutala, 2001;Amit et al., 2014), blood transfusion (Kersh et al., 2013b), bone marrow transplantation (Kanfer et al., 1988) and sexual transmission (Milazzo et al., 2001). Human Q fever causes a broad spectrum of clinical presentations. Infections remain asymptomatic in the majority of cases, whereas 40% of infected individuals develop an acute form of the disease, leading to pneumonia, fever and flulike symptoms with a mortality rate ranging between 1 and 2%. Patients may rarely present hepatitis, neurological or cardiac involvements. In 2% of symptomatic patients, Q fever can develop into a chronic disease, months to years after the initial infection. Chronic Q fever is associated with more severe symptoms such as endocarditis, vascular infections, septic arthritis and abortion with a mortality rate that reaches 65% [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF] (Figure 8).

An annual incidence of 500 cases per million persons was observed in France, against 38 cases per million in Australia or 0.28 cases per million in the United States between 1978and 2004(Hartzell et al., 2008). However, it is believed that a large number of human Q fever cases remaining unreported and/or underestimated due to asymptomatic infections and nonspecific symptoms for Q fever. et al., 1992;Smith et al., 2019). It has been recently

showed that lysosomal acidification to pH<4.8 is in fact detrimental to C. burnetii (Samanta et al., 2019). Other antibiotics such as rifampin, macrolides, fluoroquinolones and trimethoprim/sulfamethoxazole have been proposed as alternative treatments but these were 
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2.! The infectious cycle of Coxiella burnetii

2.1! Adhesion and invasion

C. burnetii

Phase I is passively internalised by alveolar macrophages through actindependent phagocytosis (Meconi et al., 1998;Meconi et al., 2001). C. burnetii entry is initiated by the interaction of lipid raft-associated αvβ3 integrins and an unknown bacterial ligand [START_REF] Capo | Subversion of monocyte functions by Coxiella burnetii: Impairment of the cross-talk between alphavbeta3 integrin and CR3[END_REF]. Following engagement of the αvβ3 integrin receptor, a remodeling of the host cell actin cytoskeleton regulated by the GTPases of the Rho family occurs, leading to membrane 

! ! ! ! ! ! ! ! ! ! ! !
Similarly, it is conceivable that OmpA may play also a role in C. burnetii replication in macrophages as OmpA transposon mutants replicate less efficiently in macrophages (Martinez et al., 2016)A 

"!

Phase variation plays an important role in C. burnetii internalisation, as Phase II bacteria are more efficiently internalised than Phase I by both phagocytic and non-phagocytic cells. Indeed, the invasion of macrophages by Phase II C. burnetii engages the complement receptor 3 (CR3) as a co-receptor to αvβ3 integrin and in this case, no membrane ruffling is observed (Meconi et al., 1998;[START_REF] Capo | Subversion of monocyte functions by Coxiella burnetii: Impairment of the cross-talk between alphavbeta3 integrin and CR3[END_REF]. Thus, it has been proposed that Phase I C. burnetii LPS interferes with phagocytosis by excluding CR3 receptor from membrane ruffles leading to a less efficient internalisation [START_REF] Capo | Subversion of monocyte functions by Coxiella burnetii: Impairment of the cross-talk between alphavbeta3 integrin and CR3[END_REF]Capo et al., 2003;Honstettre et al., 2004).

!

Following uptake by both phagocytic and non-phagocytic cells, C. burnetii generates a replicative niche called Coxiella-containing vacuole (CCV) that matures along the endocytic pathway by heterotypic fusion with early and late endosomes, lysosomes and autophagosomes (Voth and Heinzen, 2009b; Burette and Bonazzi, 2020) (Figure 13). These successive fusion events lead to the acquisition of several markers from early and late endosomes (small GTPases RAB5 and RAB7), autophagosomes (LC3B) and lysosomes (LAMP-1, LAMP-2) (Romano et al., 2007). The acidic pH as well as the degradative environment within the Coxiella-containing phagolysosome triggers a genetic reprogramming followed by the morphological differentiation from SCV form to LCV (Coleman et al., 2004;Newton et al., 2020). Indeed, unlike many other intracellular bacteria such as Legionella, Brucella, Anaplasma, Chlamydia or Ehrlichia, which prevent lysosomal degradation [START_REF] Martinez | Tiny architects: biogenesis of intracellular replicative niches by bacterial pathogens[END_REF], C. burnetii generates a unique intracellular acidic compartment (pH~5.2), containing active lysosomal hydrolases [START_REF] Mansilla Pareja | Alterations of the Coxiella burnetii replicative vacuole membrane integrity and interplay with the autophagy pathway[END_REF]Samanta et al., 2019). In addition, the fusion of CCVs with lysosomes triggers the synthesis and assembly of the C. burnetii main virulence factor, the T4BSS (Newton et al., 2013;Newton et al., 2020). This system allows the translocation of bacterial effector proteins directly in the host cell cytoplasm where they manipulate a number of host signalling pathways to promote intracellular replication and persistence (Figure 13). Indeed, the biogenesis and maturation of a large and unique CCV requires an important supply of membranes and proteins, which may be provided by the manipulation of several vesicular trafficking by C. burnetii effector proteins. Bacterial persistence within these large, hybrid compartments also requires the subversion of apoptosis and the immune response, to avoid cell death and bacterial detection. To facilitate host cell subversion, C. burnetii effectors may facilitate, antagonise or even mimic the function of host proteins. In the following section, intracellular replication and persistence strategies will be discussed regarding the subversion of host vesicular trafficking involved in the CCV biogenesis and the control of host cell defence. Endocytosis is a fundamental process in eukaryotic cells to monitor their environment and to control nutrient acquisition. The process involves the engulfment of extracellular particles or molecules that are subsequently transported to specific compartments in the cell.

Cargo internalised by clathrin-dependent or -independent endocytosis transit to early endosomes, which serve as sorting platforms. There, cargo can undergo degradation in late endosomes and lysosomes, interact with the Trans-Golgi Network (TGN) or recycle back to the plasma membrane (Doherty and McMahon, 2009). The endocytic pathway is defined by fusion and fission events of internalised vesicles, which are largely controlled by the recruitment of RAB GTPases and by the lipid composition of vesicular membranes (discussed in part " 2.2.2.1 Lipids in eukaryotic cells") (Jean and Kiger, 2012). RAB GTPases are master regulators of vesicular trafficking and maturation events. RAB proteins cycle between a cytosolic, inactive, GDP-bound state and a membrane-anchored, active, GTP-bound state.

The transition to the active state is mediated by a guanine nucleotide exchange factor (GEF), which promotes the exchange of GDP to GTP, whereas the inactivation is catalysed by a GTPase activating protein (GAP) which stimulates GTP hydrolysis (Hutagalung and Novick, 2011).

Many intracellular bacteria take control of the endocytic pathway to establish their intracellular niche. While intracellular bacteria such as Legionella or Brucella have evolved strategies to avoid lysosomal degradation, C. burnetii requires an acidified environment to efficiently replicate. Following uptake, the CCV matures through the endocytic pathway acquiring endocytic markers such as RAB5 and RAB7 in a Dot/Icm-independent manner.

Small interfering RNA (siRNA)-mediated depletion of RAB5 and RAB7 showed that these endocytic trafficking regulators are important in CCV biogenesis and intracellular replication, even if they are passively recruited to CCVs (Howe et al., 2003;McDonough et al., 2013;Newton et al., 2013).

If on the one hand membrane trafficking along the endocytic pathway is required to allow CCVs to fuse with lysosomes independently of C. burnetii effector proteins, some effectors have been shown to actively manipulate the endocytic pathway later on during the infection. Coxiella vacuolar protein A (CvpA) and co-regulated with icm genes 57 (Cig57), are capable of modulating the clathrin-dependent trafficking pathway by recruiting clathrin-coated vesicles to the CCV (Larson et al., 2013;Latomanski et al., 2016). CvpA and Cig57 contain endocytic sorting motifs that are important for the interaction with clathrin-mediated endocytosis (CME)-related proteins: the adaptor protein-2 (AP-2) complex and the nucleator protein FCH and mu domain containing endocytic adaptor 2 (FCHO2), respectively (Figure 14). siRNA-mediated depletion of clathrin or mutations in either cvpA or cig57 impact C. burnetii replication and CCV biogenesis, suggesting that the manipulation of clathrinmediated membrane transport may promote membrane supply for CCV development (Larson et al., 2013;Latomanski et al., 2016). Additionally, clathrin has been shown to facilitate the fusion of autophagosomes with the CCV, indicating that its subversion during C. burnetii infections impacts different vesicular pathways (Latomanski and Newton, 2018). The role of autophagy during C. burnetii infections will be discussed further below.

The C. burnetii effector for intracellular replication A (CirA) stimulates the GTPase activity of Ras homolog family member A (RhoA) by acting as a GAP and favors CCV biogenesis. It has been suggested that CirA may promote cytoskeletal rearrangements and thus, the rerouting of host vesicles to the CCV (Aguilera et [START_REF] Voth | The Coxiella burnetii ankyrin repeat domain-containing protein family is heterogeneous, with C-terminal truncations that influence Dot/Icm-mediated secretion[END_REF][START_REF] Weber | Modulation of the host transcriptome by Coxiella burnetii nuclear effector Cbu1314[END_REF] (Figure 14). More recently, the identification of arginine finger-like motifs and endosomelysosome basolateral sorting signals within CirA seems to strengthen the hypothesis that the effector protein manipulates endocytic trafficking by facilitating heterotypic and homotypic vesicular fusion events (Weber et al., 2018).

Homotypic fusion of CCVs also depends on Soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) proteins which are key players in endocytosis. Indeed, syntaxin-17 (STX17), Vesicle-associated membrane protein 3,7 and 8 (Vamp3,Vamp7 and Vamp8,respectively) are involved in CCV biogenesis and are manipulated in a Dot/Icmdependent manner (Figure 14). Furthermore, siRNA-mediated depletion of either STX17 or Vamp7 results in a severe defect in homotypic fusion of CCVs suggesting that both proteins are involved in the regulation of this process (McDonough et al., 2013;Campoy et al., 2013).

Given the role of STX17 in autophagosomes formation and the fusion of autophagosomes with lysosomes, additional studies were undertaken focusing on the role of autophagy during C. burnetii infection.

Macroautophagy (thereafter termed autophagy) is a fundamental process allowing eukaryotic cells to respond to starving conditions by delivering cytoplasmic components and organelles to the lysosome for degradation. Autophagy also represents an important mechanism in host cell defense against intracellular pathogens (Levine and Kroemer, 2008).

Under starving conditions, cytoplasmic components are sequestered into double-membrane vesicles called autophagosomes. Autophagosomes fuse with lysosomes thus generating a degradative compartment called autolysosome (Yu et al., 2018).

Early studies demonstrated the presence of host autophagy proteins LC3B (microtubule associated protein 1 light chain 3 beta) and RAB24 at CCV membranes, suggesting a fusion of the CCV with autophagosomes in a Dot/Icm-dependent manner (Romano et al., 2007) (Figure 14). The autophagy pathway has been shown as promoting CCV biogenesis (Gutierrez et al., 2005;Romano et al., 2007), intracellular replication (Larson et al., 2019) and contributing to the repair of damaged CCVs [START_REF] Mansilla Pareja | Alterations of the Coxiella burnetii replicative vacuole membrane integrity and interplay with the autophagy pathway[END_REF].

The importance of autophagy in homotypic fusion of CCVs has been demonstrated through siRNA-mediated depletion of essential host autophagy genes (McDonough et al., 2013;Newton et al., 2014), resulting in a "multivacuolar" phenotype, where multiple, smaller CCVs were observed in infected cells. An identical phenotype was observed in cells infected with C. burnetii strains carrying transposon insertions in the gene encoding the effector protein CvpB (or Cig2) (Newton et al., 2014;Martinez et al., 2016). Indeed, CvpB promotes autophagymediated homotypic fusion of CCVs by interacting with cellular lipids (further discussed in part 2. 2.2.2 "Subversion of host lipid metabolism by Coxiella burnetii") (Martinez et al., 2016;Kohler et al., 2016) (Figure 14). Besides CvpB, other T4BSS effectors hijack the autophagy machinery for an optimal CCV development as the recently characterised CvpF. We demonstrated that CvpF stimulates autophagy by subverting the function of the autophagyrelated RAB GTPase RAB26 to promote CCV biogenesis and virulence (Figure 14). By interacting with RAB26 and recruiting it to CCVs, CvpF stimulates the anchoring of LC3B on CCVs, illustrating that autophagy is manipulated at different levels by Coxiella effectors to promote CCV biogenesis [START_REF] Siadous | Coxiella effector protein CvpF subverts RAB26-dependent autophagy to promote vacuole biogenesis and virulence[END_REF]. The secretory and retrograde vesicular trafficking pathways represent a bidirectional transport that is essential in eukaryotic cells. The secretory pathway ensures the synthesis and the delivery of proteins and lipids (further described in part 2. 2.2.1 "Lipids in eukaryotic cells") from the rough endoplasmic reticulum (ER) to the Golgi apparatus. The ER-to-Golgi transport is mediated by protein complexes called the Coat protein complex (COP) proteins. COPII proteins mediate cargo delivery from the ER to the Golgi through a Secretion-Associated Ras related GTPase 1 (Sar1)-GTPase-dependent activity. Conversely, COPI proteins are involved in cargo recycling from the Golgi to the ER and regulated by the activity of Arf (ADP ribosylation factor) GTPases (Duden, 2003). In the Golgi apparatus, glycosylated proteins and lipids are Figure 14. Subversion of endocytic and autophagy pathways by C. burnetii. Several effector proteins are collectively beneficial for the biogenesis of the mature CCV where bacterial replication occurs. These include the Cvp family (for Coxiella vacuolar protein) of effectors that localize at CCV membranes and manipulate host membrane trafficking pathways. CvpA interacts with the clathrin adaptor AP-2 at recycling endosomes (REs), rerouting these compartments to the forming CCV. CvpB binds PI(3)P at early endosomes and enriches this phospholipid at CCVs. In turn, this favors the autophagy-mediated homotypic fusion between CCVs. CvpF interacts with the autophagy-related RAB GTPase RAB26 to stimulate the anchoring of LC3B on CCVs. Cig57 interacts with the clathrin adaptor FCHO2 at clathrin-coated pits and re-routes clathrin-mediated membrane traffic to the CCV. CirA. stimulates the GTPase activity of RhoA which is recruited to the CCV to favor CCV biogenesis.

finally packaged into transport vesicles addressed to the plasma membrane for exocytosis or to cellular compartments (Gomez-Navarro and Miller, 2016). The retrograde pathway is an important cellular mechanism involved in the trafficking of proteins and lipids from endosomes to the Golgi and the ER to ensure their recycling to the plasma membrane or maintain a steadystate localisation of proteins as well as lipid homeostasis (Johannes and Popoff, 2008).

Even if the CCV displays several autolysosomal features, it has been reported that C. burnetii hijacks both the secretory and retrograde pathways to promote CCV biogenesis and intracellular replication. Indeed, at later time points of infection, CCVs are decorated with the RAB GTPase RAB1B, which regulates ER-to-Golgi transport, suggesting the re-routing of the early secretory pathway (Campoy et al., 2011) (Figure 15). In addition, either siRNAmediated depletion of RAB1B or the chemically-induced disruption of the secretory pathway using brefeldin A affect the biogenesis of the CCV, thus showing the importance of the secretory pathway in this process (Campoy et al., 2011). To date, at least 5 C. burnetii effectors have been identified as potentially interfering with the host secretory pathway. Indeed, ectopic expression of CBU0635, CBU1556 (also called CvpC), CBU1825, CBUA0019 and ElpA (ERlocalising protein A) significantly reduces the secretion of host proteins, as determined by the secreted embryonic alkaline phosphatase (SEAP) reporter assay (Carey et al., 2011;[START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF]Graham et al., 2015) (Figure 15). In addition to the subversion of the secretory pathway, retrograde transport has also been demonstrated as important for intracellular replication of C. burnetii. Interestingly, siRNA-mediated depletion of key components of this pathway such as the retromer subunits Vacuolar Protein Sorting 29 and 35 (VPS29 and VPS35,respectively), as well as Sorting Nexins 2, 3, 5 and 6 (SNX2, SNX3, SNX5, SNX6, respectively) results in a strong intracellular replication defect (McDonough et al., 2013). However, the mechanisms by which the pathogen modulates this pathway remain unclear (Figure 15).

Finally, it has been demonstrated that CCVs are transiently damaged during infections and C. burnetii actively manipulates both the endocytic and autophagy pathways to repair CCV membranes [START_REF] Mansilla Pareja | Alterations of the Coxiella burnetii replicative vacuole membrane integrity and interplay with the autophagy pathway[END_REF]. Most galectins exert their functions extracellularly; however, intracellular activities including the recruitment of ESCRT components to damaged lysosomes have been reported (Jia et al., 2020) as well as the monitoring of bacterial vacuole rupture (Paz et al., 2010). The endosomal sorting complex required for transport (ESCRT) machinery is organised into several complexes designated ESCRT-0, -I, -II and -III combined to the ATPase activity of the vacuolar sorting-associated protein 4 (VPS4) and associated factors including the ALIX (Programmed cell death 6-interacting protein) protein (Hurley, 2015) 16). Indeed, cholesterol influences the biophysical properties of membranes as rigidity and also clusters with sphingolipids to form membrane microdomains called lipid rafts (Ikonen, 2008). Lipid rafts function as signalling platforms for proteins and play a role in many cellular processes including endocytosis, signal transduction, protein sorting and intracellular membrane trafficking (Stüven et al., 2003;Simons and Vaz, 2004;Yang et al., 2016). et al., 2002;Matsuo et al., 2004;Kolter and Sandhoff, 2005;Kirkegaard et al., 2010). Vesicular sorting is also mediated by the interplay between lipid phosphatases and kinases involved in the spatial and temporal distribution of another class of lipids, the phosphoinositides (PIs) (Kutateladze, 2010). PIs are the phosphorylated derivatives of PtdIns which are synthesised in the ER as well as within a mobile ER-derived PtdIns-synthesising compartment that ensures an active distribution of PtdIns to subcellular membranes (Agranoff et al., 1970;Kim et al., 2011). PIs are only present on the cytosolic side of membrane bilayers and consist of a phosphodiester linker that connects a diacylglycerol backbone and an inositol ring, which can be mono-or poly-phosphorylated in positions, 3, 4, and 5 (Kutateladze, 2010) (Figure 17B). Thus, seven different PI isoforms can be found in cell membranes, including monophosphorylated PIP (PI(3)P, PI(4)P and PI(5)P), bisphosphorylated PIP2 (PI (3,4)P2, PI (3,5)P2 and PI(4,5)P2) and trisphosphorylated PIP3 (PI (3,4,5)P3) (Kutateladze, 2010) (Figure 17A). Despite representing less than 1% of total cell lipids, PIs are key players in signalling pathways through the regulation of multiple cellular processes such as membrane trafficking, signal transduction, cytoskeleton rearrangements or lipid transport (Balla et al., 2009) (Table 3). The presence of distinct PIs on compartment membranes allows the intracellular trafficking machinery to discern an organelle from another (Behnia and Munro, 2005; Jean and Kiger, 2012) (Figure 17C). Phagosomes, early endosomes, late endosomes, MVBs and autophagosomes are enriched in phosphatidylinositol 3-phosphate (PI(3)P), a crucial lipid for the coordination of membrane trafficking along the endocytic pathway (Gillooly et al., 2000;Funderburk et al., 2010;Marat and Haucke, 2016) (Table 3). 3). PI(4)P is particularly enriched at the Golgi apparatus and at the PM (Di Paolo and De Camilli, 2006), where it plays an important role in the regulation of vesicular trafficking from the Golgi to the PM and endosomes, lipid metabolism and mitochondrial fission (D'Angelo et al., 2008;Yamaji and Hanada, 2015;Mesmin et al., 2017;Nagashima et al., 2020) (Table 3). PI(4,5)P2 is mainly found at the PM, although evidence for its presence within membranes of the ER, Golgi apparatus, endosomes and the nucleus has also been reported (Watt et al., 2002;Tan et al., 2015). PI(4,5)P2 has multiple roles at the PM including endocytosis or actin rearrangements (Sun et al., 2013).

Interestingly, there is increasing evidence for a role of PI (4,5)P2 in endolysosomal trafficking and recycling, as well as autophagy (Tan et al., 2015). Phosphatidylinositol 3,4,5triphosphate (PI(3,4,5)P3) is found at low levels at the PM and its local concentration increases following the engagement of membrane receptors at the onset of phagocytosis (Salamon and Backer, 2013) (Table 3). PM is also enriched in phosphatidylinositol 3,4-biphosphate (PI(3,4)P2), a lipid involved in endocytosis and present within membranes of endosomes, MVBs and lysosomes (Posor et al., 2013;Xie et al., 2013;Marat and Haucke, 2016). Finally, phosphatidylinositol 5-phosphate (PI(5)P) accumulates in the nuclear membrane as well as in the PM under stress or infection by bacterial pathogens such as Shigella flexneri (Ramel et al., 2011;Viaud et al., 2014a;Viaud et al., 2014b) (Table 3). PI(5)P is also found in low abundance in the ER, the Golgi apparatus, early endosomes and autophagosomes (Sarkes and Rameh, 2010;Vicinanza et al., 2015). Interestingly, this lipid has recently been reported to play a role in gene expression (Vicinanza et al., 2015;Hasegawa et al., 2017).

(iii)! Lipid-binding domains ! Lipids are capable of interacting with proteins by means of dedicated lipid-binding domains with a wide range of affinities and specificities for lipid species (Lemmon, 2008). Lipidbinding domains are short sequence motifs that are often enriched in basic and aromatic residues (such as lysine and arginine), thus allowing proteins to bind negatively charged lipids (Saliba et al., 2015). Lipid-binding domains can specifically recognise membrane lipids or sense biophysical properties of membranes such as charge, amphiphilicity or curvature (Lemmon, 2008). They include at least 17 different domains described in Table 4.

In contrast to eukaryotic lipid-binding domains, only few prokaryotic lipid-binding domains have been identified in bacterial proteins. Indeed, a handful of bacterial proteins have been reported to specifically bind lipids in eukaryotic cells without presenting canonical lipidbinding domains (Pizarro-Cerdá et al., 2015;[START_REF] Martinez | Tiny architects: biogenesis of intracellular replicative niches by bacterial pathogens[END_REF]. For example, the C. burnetii effector CvpB interacts with PI(3)P via its N-terminal domain, which does not display any known lipid-binding domain (Martinez et al., 2016) (Ramamurthi et al., 2006).

Interestingly, prokaryotic PI(4)P-binding domains have been also identified in L. pneumophila effectors (Del Campo et al., 2014;Luo et al., 2015) (Table 4). Three effectors (SidM, Lem4 and Lem28) bind PI(4)P through a P4M (PtdIns4P binding of SidM) domain (Brombacher et al., 2009;Hubber et al., 2014) and two homologous effectors (SidC and SdcA) at the top illustrate the different types of commonly an example below. Note that the size of lipids and probes (especially, antibodies and toxin domains) are not to scale. Add ly, s and some toxins have multivalent binding sites which enable them to bind to more than one lipid at a time. (A) BODIPY-lactosylceramide ( Lac) is as a probe for lactosylceramide, which localizes to the trans-Golgi network (TGN). Representative image of a cell after BODIPY-LacCer was added the medium, followed by a 60-minute chase period in label-free medium. The yellow dotted line outlines the cell. (B) LBPA (green in the schematic) can be A antibodies. Here, fixed CHO cells were incubated with mouse monoclonal anti-LBPA antibody (6C4) in the presence of 0.05% s by incubation with fluorophore-labeled secondary antibody. As shown in the image, it localizes to late endosomes. The yellow dotted line in of the cell. (C) Cholesterol (orange in the schematic) localizes in the outer leaflets of PM as visualized by using the cholesterol-binding to (PFO). For the image, domain 4 of the PFO protein was purified ( 6ed PFO-D4), added to cells and imaged using confocal microscopy. in the schematic) can be visualized by using genetically encoded protein domains. In the example shown here, PtdIns (4,5 in the of PM was visualized by GFP-PLC in CHO cells using confocal microcopy. Scale bars: 10 m. (E) Schematic diagram of the intracellular of lipids in the cytosolic (inner) leaflets and the luminal (outer) leaflets of cellular membranes. The subcellular distribution of li in different cellular , the luminal leaflets of intracellular compartments illustrated contain a certain degree of cho in orange). PA, phosphatidic acid.
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of Intracellular replication of vacuolar pathogens require the generation of a host-derived compartment. Thus host lipids are commonly manipulated by these bacteria to establish infections (van der Meer-Janssen et [START_REF] Chen | Large-scale identification and translocation of type IV secretion substrates by Coxiella burnetii[END_REF]Pizarro-Cerdá et al., 2015). In the case of C. burnetii, several studies have demonstrated that the subversion of host cell lipids such as cholesterol and phosphoinositide metabolism, is crucial for CCV biogenesis and intracellular replication [START_REF] Gilk | Bacterial colonization of host cells in the absence of cholesterol[END_REF]Martinez et al., 2016;[START_REF] Mulye | Elevated cholesterol in the Coxiella burnetii intracellular niche is bacteriolytic[END_REF][START_REF] Mulye | Elevated cholesterol in the Coxiella burnetii intracellular niche is bacteriolytic[END_REF].

(i)! Manipulation of cholesterol

!

Cholesterol is an important lipid required for both C. burnetii internalisation and CCV biogenesis. Indeed, DHCR24(24-Dehydrocholesterol Reductase) -/-cells, which are unable to synthesise endogenous cholesterol, fail to efficiently internalise C. burnetii [START_REF] Gilk | Bacterial colonization of host cells in the absence of cholesterol[END_REF].

Similarly, the use of inhibitors of cholesterol metabolism severely impacts CCV biogenesis and intracellular replication (Howe and Heinzen, 2006). The CCV membrane is enriched in sterols, particularly in cholesterol, and contains the lipid raft-associated proteins flotillin-1 and -2, creating organised microdomains that may recruit important proteins involved in CCV biogenesis (Howe and Heinzen, 2006). Interestingly, C. burnetii increases host cell cholesterol content by up-regulating the expression of genes involved in cholesterol biosynthesis and exogenous cholesterol uptake [START_REF] Gilk | Bacterial colonization of host cells in the absence of cholesterol[END_REF] (Figure 19). However, C. burnetii does not appear to generate cholesterol itself and seems to actively manipulate the cholesterol metabolism of the host cell. Indeed, the C. burnetii genome encodes two eukaryotic-like sterol reductases, CBU1158 (a putative ∆7 sterol reductase) and CBU1206 (a putative ∆24 sterol reductase). [START_REF] Seshadri | Complete genome sequence of the Q-fever pathogen Coxiella burnetii[END_REF][START_REF] Beare | Characterization of a Coxiella burnetii ftsZ mutant generated by Himar1 transposon mutagenesis[END_REF] (Figure 19). However, only the enzymatic activity of CBU1206 has been experimentally demonstrated, suggesting that CBU1206 may act on the final stages of cholesterol biosynthesis in mammalian cells. The presence of cholesterol in CCVs could originate from its fusion with cholesterol-rich multivesicular bodies [START_REF] Gilk | Bacterial colonization of host cells in the absence of cholesterol[END_REF] as well as the bacterial re-routing of both endogenous and exogenous cholesterol trafficking pathways [START_REF] Mulye | Elevated cholesterol in the Coxiella burnetii intracellular niche is bacteriolytic[END_REF] (Figure 19). Recent studies also showed that lipid droplets (LDs), which are major cellular components for the storage of lipids and in particular cholesterol, is important for C. burnetii intracellular growth suggesting that C. burnetii uses multiple pathways to recruit cholesterol to CCVs (Mulye et al., 2018). Given the important role of PIs in host cells, it is not surprising that intravacuolar bacteria have developed strategies to hijack PI metabolism, either for their uptake or for the biogenesis of their replicative compartment. To this aim, bacterial pathogens secrete effectors that directly bind PIs (Hilbi et al., 2011) and/or modify their metabolism (Weber et al., 2009).

Several studies demonstrated that C. burnetii also has the capacity to hijack PI metabolism.

Indeed, C. burnetii manipulates PI(3)P metabolism for an optimal development of its CCV through the action of CvpB (Coxiella vacuolar protein B, also called Cig2) (Newton et al., 2014;Martinez et al., 2016;Kohler et al., 2016) (Figure 19). S4 ) the Golgi comp 

! ! ! 1 | I N T R O D U CI N G COXIEL LA B U RNET II
Coxiella burnetii is a Gram negative obligate intracellular pathogen, and the causative agent of Q fever, a worldwide zoonotic disease [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF]. Animal coxiellosis is mostly associated with abortion, stillbirths and weak offspring (Figure 1). Desiccation of placental materials, excretions of birthing fluids, urine, faeces and milk from infected animals contribute to shed C. burnetii into the environment [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF]. Transmission to humans results from exposure to contaminated aerosols and dust (Figure 1). In humans, C. burnetii infections are often asymptomatic and self-limiting, however, 40% of individuals infected with C. burnetii develop an acute disease which is associated with a flu-like syndrome, pneumonia, hepatitis and chronic fatigue [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF] (Figure 1). Acute disease may convert into a chronic illness with severe complications, including endocarditis [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF]). An important risk factor for Q fever outbreaks is the multiple zoonotic reservoirs of C. burnetii, which include domestic livestock and wild animals (mammals, reptiles, birds and ticks) [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF]. C. burnetii is extremely infectious, with 1-to-10 bacteria being sufficient to cause disease [START_REF] Brooke | Human dose response relation for airborne exposure to Coxiella burnetii[END_REF]. The low infectious dose coupled to remarkable environmental stability contribute to the significant spreading of C. burnetii infections well away from the outbreak source and led to the classification of C. burnetii as a category B biothreat [START_REF] Madariaga | Q fever: A biological weapon in your backyard[END_REF].

Coxiella burnetii is a stealth pathogen that actively escapes innate immune recognition by inhibiting the NF-κB pathway [START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF] and inflammasome activation [START_REF] Cunha | Inhibition of inflammasome activation by Coxiella burnetii type IV secretion system effector IcaA[END_REF].

Infected cells are also protected from apoptosis, thereby preserving the bacterial replicative niche over long periods (Lührmann et al., 2017). C. burnetii enters macrophages by phagocytosis through the interaction with αVβ3 integrins [START_REF] Capo | Subversion of monocyte functions by Coxiella burnetii: Impairment of the cross-talk between alphavbeta3 integrin and CR3[END_REF]. In contrast, in nonphagocytic cells, internalisation is facilitated by the invasin OmpA (Outer membrane protein A) (Martinez et al., 2014) (Figure 1). Following internalisation, bacteria reside within early endosomal compartments, also called early CCVs, that passively mature along the endocytic pathway by successive fusion events with early and late endosomes and lysosomes (Figure 1). Maturation is accompanied by the acidification of the CCV lumen [START_REF] Heinzen | Differential interaction with endocytic and exocytic pathways distinguish parasitophorous vacuoles of Coxiella burnetii and Chlamydia trachomatis[END_REF], which is required to activate bacterial metabolism [START_REF] Hackstadt | Biochemical stratagem for obligate parasitism of eukaryotic cells by Coxiella burnetii[END_REF] and the translocation of bacterial effector proteins by a Dot/Icm Type 4b Secretion System (T4SS) (Newton et al., 2013).

Thus, by 48 h post-infection, cells display a single, large, mature CCV, where markers of multiple membrane compartments co-exist [START_REF] Dragan | Coxiella burnetii: International pathogen of mystery[END_REF], which is indicative of the capacity of C. burnetii to hijack multiple host membrane trafficking pathways (Figure 1).

Importantly, the biogenesis of these remarkable compartments is a two-step process requiring both cellular and bacterial factors. This review will focus on the recent technological advances that fostered remarkable progress in our understanding of the complex host/pathogen interplay that controls the generation of the C. burnetii replicative niche. Nevertheless, bacterial amplification of C. burnetii in embryonated eggs and/or cultured cells represented a real obstacle for its genetic manipulation. Indeed, transposon mutagenesis allowed the generation of C. burnetii mutants [START_REF] Beare | Characterization of a Coxiella burnetii ftsZ mutant generated by Himar1 transposon mutagenesis[END_REF]; however, amplification and isolation of these from infected cells ruled out the possibility of isolating mutations in virulence genes. Thus, until 2011, ftsZ was the only C. burnetii gene characterised using Himar1 transposon mutagenesis [START_REF] Beare | Characterization of a Coxiella burnetii ftsZ mutant generated by Himar1 transposon mutagenesis[END_REF] (Figure 2F).

| T H E LO

Whole-genome sequencing of C. burnetii NMI RSA493 in 2003 allowed the identification of typical features, including a Dot/Icm secretion system, which is highly homologous to that of L. pneumophila [START_REF] Seshadri | Complete genome sequence of the Q-fever pathogen Coxiella burnetii[END_REF] (Figure 2C). This finding was pivotal to develop bioinformatics-based approaches to predict effector proteins-coding genes. These revealed that similar to L. pneumophila, effector proteins translocated by C. burnetii encode a C-terminal secretion signal called the E-block motif and are mostly under the control of a PmrA response regulator (Zusman et al., 2007). Due to the genetic intractability of C. burnetii at that time, candidate effector proteins were tested for secretion using L. pneumophila as a surrogate model, exploiting the homologies between the Dot/Icm secretion systems of the two pathogens. This approach allowed the Roy laboratory to validate the translocation of four C. burnetii effector proteins encoding ankyrin repeat homology domains (ARHDs) [START_REF] Pan | Ankyrin repeat proteins comprise a diverse family of bacterial type IV effectors[END_REF] (Figure 2E). Later work from the Samuel laboratory reported the first large-scale, bioinformatics-based identification of C. burnetii effector proteins and used the L. pneumophila system to validate the secretion of 32 new T4SS substrates [START_REF] Chen | Large-scale identification and translocation of type IV secretion substrates by Coxiella burnetii[END_REF] (Figure 2H).

Moreover, using a shuttle plasmid system for the expression of recombinant proteins in C. burnetii, Chen and colleagues also demonstrated that the functionality of the Dot/Icm secretion system [START_REF] Chen | Large-scale identification and translocation of type IV secretion substrates by Coxiella burnetii[END_REF].

One year later, a genetic screen of C. burnetii proteins carrying C-terminal secretion signals led to the identification of additional effector proteins (Carey et al., 2011) (Figure 2I). For this study, wild type (wt) L. pneumophila or the T4SS-defective ΔdotA mutant were transformed with a library containing adenylate cyclase enzyme (CyaA)-tagged random fragments of C. burnetii genome, leading to the validation of seven additional C. burnetii effectors (Carey et al., 2011).

These were further tested for their intracellular localization and function, which indicated a possible implication in the manipulation of host membrane trafficking. Of note, this is the first study to report a replication phenotype associated with a transposon insertion in the C. burnetii Dot/Icm gene icmL (icmL::Tn), thus demonstrating the importance of C. burnetii effector protein translocation for infection (Carey et al., 2011) (Figure 2I). Today, the development of tailored bioinformatics algorithms for the identification of T4SS effector proteins led to the identification of over 140 candidate C. burnetii T4SS effectors [START_REF] Voth | The Coxiella burnetii ankyrin repeat domain-containing protein family is heterogeneous, with Cterminal truncations that influence dot/Icm-mediated secretion[END_REF][START_REF] Chen | Large-scale identification and translocation of type IV secretion substrates by Coxiella burnetii[END_REF]Carey et al., 2011;Maturana et al., 2013;[START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF]. Recent genome comparison of the C. burnetii strains NMII RSA493, Henzerling RSA331, G Q212, K Q154 and Dugway 5J108-111, revealed that many genes encoding candidate effector proteins are either pseudogenised or missing altogether, leaving only 44 out of the 143 identified effector protein-coding genes intact across all strains (Larson et al., 2016). Despite these significant advances, functional analysis of C. burnetii genes involved in virulence was still limited by the genetic intractability of this pathogen.

A game-changer in the study of C. burnetii infections has been the development of a synthetic medium (ACCM for Acidified Citrate Cysteine Medium), followed by the development of ACCM-2, allowing the extracellular culture of this obligate intracellular bacterium [START_REF] Omsland | Host cell-free growth of the Q fever bacterium Coxiella burnetii[END_REF](Omsland et al., , 2011) ) (Figure 2G). ACCM-2 development stems from metabolic requirement studies using microarrays, genomic reconstruction of metabolic pathways and metabolite typing [START_REF] Omsland | Host cell-free growth of the Q fever bacterium Coxiella burnetii[END_REF](Omsland et al., , 2011)). These studies highlighted that C. burnetii requires acid activation buffer (pH 4.75), to reproduce the CCV microenvironment [START_REF] Heinzen | Differential interaction with endocytic and exocytic pathways distinguish parasitophorous vacuoles of Coxiella burnetii and Chlamydia trachomatis[END_REF] and increase its metabolic potential as well as low oxygen levels (2.5%) to facilitate the bacterial micro-aerophilic respiration [START_REF] Omsland | Host cell-free growth of the Q fever bacterium Coxiella burnetii[END_REF](Omsland et al., , 2011)). This scientific milestone finally enabled genetic manipulation of C. burnetii, leading to a new era in our understanding of its pathogenesis (Figure 2).

3 | FR O M G E N E S TO F U N C T I O N : C H A R A C T E R I S A T I O N O F C . B U RN ETI I E F F E C T O R S I N V O L V E D I N V A C U O L E BIOG ENES IS
With the development of axenic culture, targeted deletion of C. burnetii was formally achievable (albeit remaining extremely challenging), and the role of C. burnetii effector proteins in infection could be tested directly. The Heinzen laboratory first exploited axenic culture with the generation of a dotA deletion mutant [START_REF] Beare | Two systems for targeted gene deletion in Coxiella burnetii[END_REF] (Figure 2J) and with the identification and characterisation of CvpA (for Coxiella vacuolar protein A). This effector protein localises at CCVs and reroutes recycling endosomes to this compartment by interacting with the clathrin adaptor protein AP2 (Larson et al., 2013) (Figure 1). In a follow-up study, the Heinzen laboratory identified four additional members of what constitutes today the Cvp sub-class of C. burnetii effector proteins (CvpA, CvpB/Cig2 and CvpC-to-E, Figure 1) (Larson et al., 2015). Accordingly, targeted deletion of C. burnetii vacuolar proteins severely affects the biogenesis of CCVs (Larson et al., 2013(Larson et al., , 2015)).

If targeted deletion of C. burnetii genes remains challenging,

Himar1-based transposon mutagenesis has been extensively applied to the generation of libraries of C. burnetii mutants. Thus, by 2013, the Samuel laboratory reported the first study that combined bioinformatics-mediated identification of candidate effector proteins with transposon mutagenesis [START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF] (Figure 2N).

Searching the C. burnetii genome for T4SS features (PmrA consensus sequences, E-block motifs and homologies with known effectors), led to the identification of 234 genes encoding putative C. burnetii effector proteins. β-lactamase translocation assay in L. pneumophila validated 53 T4SS substrates, most of which were never reported before. Transposon mutagenesis showed that 10 effector proteins were involved in the biogenesis of CCVs and bacterial replication [START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF] (Figure 2N).

The following year, two independent studies reported the largescale identification of C. burnetii virulence determinants based on the generation of two libraries of C. burnetii transposon mutants (Martinez et al., 2014;Newton et al., 2014) (Figure 2O, (r)). The Bonazzi library consisted of 3,000 GFP-tagged mutants, among which over 1,000 were sequenced, annotated and screened using quantitative, multiparametric image analysis to identify bacterial factors involved in host cell invasion, intracellular replication and persistence (Martinez et al., 2014(Martinez et al., , 2015)). This approach allowed to validate the function of 16 out of the 22 genes constituting the C. burnetii Dot/Icm secretion system, characterise the phenotype associated with transposon insertions in 31 genes encoding effector proteins and identify the first C. burnetii invasin OmpA (for Outer membrane protein A), which is necessary and sufficient to trigger internalisation by non-phagocytic cells (Martinez et al., 2014) (Figures 1 and2P). This study was also the first to report the use of the insect model Galleria mellonella to investigate C. burnetii virulence in vivo (Martinez et al., 2014).

The Roy laboratory used a modified-Himar1 expressing mCherry fluorescent protein to generate over 3200 mutants. These were visually screened in HeLa cells to identify genes important in the biogenesis of CCVs and bacterial replication using the lysosomal marker LAMP-1 to visualise the membranes of the C. burnetii replicative compartment (Newton et al., 2014) (Figure 2O). This approach allowed the isolation of mutants characterised by different intracellular phenotypes, including defects in intracellular replication and homotypic fusion of independent CCVs or the appearance of filamentous bacteria. Of note, mutants carrying a transposon insertion in gene encoding CBU1751 (cig57) displayed a severe vacuole biogenesis defect (Newton et al., 2014). The Newton laboratory has further characterised the role of this effector protein in the development of CCVs and intracellular replication, showing that Cig57 subverts clathrin-mediated traffic by interacting with FCHO2, an accessory protein of clathrin-coated pits (Latomanski et al., 2016) (Figure 1).

More recently, CTLC (clathrin heavy chain) has been observed at

CCVs, where it plays an essential role in vacuole expansion (Latomanski and Newton, 2018). Importantly, CTLC recruitment to the CCV is related to autophagy, and conversely, the fusion of autophagosomes with CCVs is dependent on CTLC (Latomanski and Newton, 2018). The Roy visual screen also highlighted a multivacuolar phenotype associated with transposon insertions in the gene CBU0021 (cig2), identical to that previously observed following the knockdown of autophagy-related genes (McDonough et al., 2013), suggesting a functional link between a bacterial effector protein and the manipulation of a specific host cell function (Figure 2O). This hypothesis was further investigated, demonstrating that Cig2 contributes to the recruitment of the autophagy machinery to CCVs (Figure 1), thus facilitating their homotypic fusion and contributing to an enhanced bacterial virulence in the Galleria mellonella infection model (Kohler et al., 2016).

| IT TAK ES TWO TO TANGO: RO LE OF HO ST C E LL PAT HW

A YS IN C . B U R N E T I I V A C U O L E B I O G E N E S I S
If on one hand effector proteins translocation is critical for pathogenesis, host cell proteins, lipids and membrane trafficking pathways also play a significant role in C. burnetii infections. As mentioned above, the maturation of CCVs along the endocytic pathway is a prerequisite for effector proteins translocation (Newton et al., 2013)-(Figure 2L); thus, Rab GTPases of the endocytic pathway play a key role in C. burnetii intracellular replication (Figure 1) [START_REF] Beron | Coxiella burnetii localizes in a Rab7-labeled compartment with autophagic characteristics[END_REF]Romano et al., 2007;Campoy et al., 2011). Indeed, silencing of either Rab5 or Rab7 correlates with effector protein translocation defects [START_REF] Newton | Applying fluorescence resonance energy transfer (FRET) to examine effector translocation efficiency by Coxiella burnetii during siRNA silencing[END_REF] (Figure 2R). C. burnetii actively manipulates autophagy during infections (Gutierrez et al., 2005;Romano et al., 2007). However, the precise role of autophagy in CCVs' development remained to be characterised. The genome-wide screening approach of the Roy laboratory revealed that knockdown of autophagy proteins syntaxin-17, ATG5 and ATG12 results in the formation of multiple CCVs of smaller size as compared to control cells (McDonough et al., 2013). It was later demonstrated that this multivacuolar phenotype is the result of the defective homotypic fusion of CCVs (Newton et al., 2014;Martinez et al., 2016).

The Voth and Heinzen laboratories have further explored the complex interplay between C. burnetii and autophagy by. The autophagy-associated cargo receptor p62 is actively recruited at CCVs, independently of LC3-interacting domains (Winchell et al., 2018). Interestingly, C. burnetii infections seem to preserve p62 from degradation upon induction of autophagy (Winchell et al., 2018).

Accordingly, C. burnetii infections inhibit mTORC1, a master regulator of autophagy, by a non-canonical mechanism that does not result in accelerated autophagy, nor a block of the autophagic flux (Larson et al., 2019). Finally, autophagy is also involved in repairing the membranes of CCVs during expansion, which are subject to transitory damage and loss-of-acidification [START_REF] Mansilla Pareja | Alterations of the Coxiella burnetii replicative vacuole membrane integrity and interplay with the autophagy pathway[END_REF] (Figure 2T).

Besides host cell proteins, lipids also play a significant role in the development of CCVs, which are rich in sterols [START_REF] Gilk | Coxiella burnetii expresses a functional Δ24 sterol reductase[END_REF].

Indeed, cholesterol homeostasis regulates CCVs biogenesis and intracellular survival of C. burnetii [START_REF] Gilk | Bacterial colonization of host cells in the absence of cholesterol[END_REF][START_REF] Mulye | Elevated cholesterol in the Coxiella burnetii intracellular niche is bacteriolytic[END_REF] (Figure 2K). Accordingly, C. burnetii actively manipulates cholesterol metabolism via a eukaryotic-like Δ24 sterol reductase [START_REF] Gilk | Coxiella burnetii expresses a functional Δ24 sterol reductase[END_REF]. Furthermore, an image-based supervised machine learning approach led to the identification of CvpB/Cig2 as the first C. burnetii effector protein to bind phosphoinositides and manipulate their metabolism (Martinez et al., 2016) (Figure 2S). Indeed, CvpB/Cig2 binds phosphatidylinositol-3-phosphate (PI[3]P) and phosphatidylserine (PS) and perturbs the activity of the PI3-kinase PIKFYVE. This inhibition results in an enrichment of PI(3)P at CCVs, which is essential for their homotypic fusion (Martinez et al., 2016).

Importantly, despite the apparent defect in the biogenesis of CCVs, cvpB transposon mutants were unaffected in their capacity of replicating within infected cells. However, cvpB mutants are attenuated in the in vivo models Galleria mellonella (Martinez et al., 2016) and SCID mice (van Schaik et al., 2017), demonstrating that the biogenesis of CCVs can modulate C. burnetii virulence, independently of bacterial replication.

| T O I N F I N I T Y A N D B E Y O ND (C ONC LU SIONS)

As of today, C. burnetii stands as the sole example of an obligate intracellular bacterial pathogen for which a specific axenic culture medium has been developed. Consequently, research on this dangerous and complex pathogen has bloomed during this decade, with the development of genetic tools and phenotypic screening approaches to better understand the complex interactions established between C. burnetii and its host. The generation of libraries of C. burnetii transposon mutants combined with the development of multi-parametric screening approaches have allowed the rapid and unbiased identification of microbial genes involved in specific steps of the infectious process.

This has been facilitated by the fact that the majority of C. burnetii transposon mutants isolated to date display a significant phenotype during infection (Martinez et al., 2014), suggesting a milder functional gene redundancy as compared to the closely related pathogen L. pneumophila. Accordingly, bioinformatics predicted ~150 effector proteins compared to the 300 translocated by Legionella.

Nevertheless, understanding how these newly identified virulence determinants manipulate host cell functions remains exceptionally 
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The authors declare no conflict of interest. Apoptosis can be initiated by the intrinsic or the extrinsic pathways and these involve key apoptotic molecules such as the Bcl-2 (B-cell lymphoma protein-2) family of proteins and caspases (cysteine-aspartic proteases). The intrinsic pathway involves the activation of Bcl-2 proteins leading to mitochondrial membrane permeabilisation and subsequent release of cytochrome c into the cytoplasm while the extrinsic pathway is mediated by activated caspases following ligand binding to death receptors (Nagata, 2018).

The immune system include an innate and an adaptative response that act in a complementary way against foreign threats (Medzhitov and Janeway C., 2000). Innate

immunity is an early and nonspecific reaction whereas adaptive immunity provides a specific but non immediate reaction (Medzhitov and Janeway C., 2000).

As a stealth pathogen, C. burnetii evades innate immune recognition and persist in infected cells. Although the precise mechanisms involved in the inhibition of apoptosis and innate immunity are not fully understood, some effector proteins involved in these processes have been identified and characterised.

!

2.3.1! Inhibition of apoptosis ! !

To prevent premature host cell death, C. burnetii interferes with intrinsic and extrinsic apoptotic pathways, either by promoting anti-apoptotic transcription activity [START_REF] Voth | Lounging in a lysosome: the intracellular lifestyle of Coxiella burnetii[END_REF] or by preventing the release of cytochrome c (Lührmann and Roy, 2007). The role of C. burnetii effector proteins in the inhibition of apoptosis has been highlighted with the identification of 3 anti-apoptotic effectors. The first identified anti-apoptotic C. burnetii effector is the eukaryoticlike protein AnkG which displays 2 ankyrin repeats [START_REF] Lührmann | Inhibition of pathogen-induced apoptosis by a Coxiella burnetii type IV effector protein[END_REF]. AnkG inhibits intrinsic apoptosis by interfering with the pro-apoptotic activity of the mitochondrial-associated protein p32 [START_REF] Eckart | Antiapoptotic activity of Coxiella burnetii effector protein AnkG is controlled by p32-dependent trafficking[END_REF]. Indeed, AnkG localises to mitochondria but migrates to the nucleus by interacting with p32 and importin-α1, a host cell protein involved in the nucleocytoplasmic transport of proteins. It has been suggested that AnkG probably localises to mitochondria in order to sense apoptosis and then, interacts with p32 and importin-α1 to relocalise to the nucleus where it can prevent apoptosis by an unknown mechanism [START_REF] Schäfer | Nuclear trafficking of the anti-apoptotic Coxiella burnetii effector protein AnkG requires binding to p32 and Importin-α1[END_REF] (Figure 21).

Another C. burnetii anti-apoptotic effector is CaeB (C. burnetii anti-apoptotic effector B), which robustly inhibits the intrinsic apoptosis (Klingenbeck et al., 2013). Similarly to AnkG, CaeB localises to mitochondria (Carey et al., 2011); however, an ER localisation has also been described (Rodríguez-Escudero et al., 2016). CaeB blocks the mitochondrial apoptotic pathway without preventing the activation or the mitochondrial insertion of the pro-apoptotic protein Bax (Bcl-2-associated X protein). In fact, CaeB interferes with the permeabilisation of the mitochondrial outer membrane (MOM) (Klingenbeck et al., 2013), which triggers the intrinsic apoptosis (Peña-Blanco and García-Sáez, 2018) (Figure 21). Additionally, C. burnetii also prevents apoptosis by regulating the activity of pro-survival host signaling proteins including Akt (RAC-alpha serine/threonine-protein kinase), Erk1/2 (Extracellular signal-regulated kinases 1/2), p38 and cAMP-dependent kinase (PKA) (Voth and Heinzen, 2009a;Macdonald et al., 2014;Cherla et al., 2018) 21). These processes depend on a functional T4BSS, however, the bacterial effectors involved remain to be identified. 

(ii)! Surface sensors

The TLR family is the most characterised class of PRRs. These are expressed in most cell types including epithelial cells as well as macrophages, DCs and lymphocytes (Iwasaki and Medshitov, 2004). 10 human TLRs have been described that recognise multiple PAMPs originating from bacteria, viruses, protozoa and fungi (Akira et al., 2006) . TLR1, 2, 4, 5, 6 and 10 are expressed at the cell surface and mostly detect bacterial products (Mogensen, 2009).

In contrast, TLR3, 7, 8 and 9 are present in intracellular compartments, including endosomes and lysosomes (Barton and Kagan, 2009) and are specialised in the recognition of nucleic acids (Heil et al., 2004). Gram-negative bacteria are detected by TLR4 through their LPS while both Gram-negative and -positive bacteria are recognised by TLR2 via lipoproteins, peptidoglycan and lipoteichoic acid (LTA) (Poltorak et al., 1998;Schwandner et al., 1999).

Additionally, TLR5 is activated by flagellin, which is the main constituent of the motility apparatus of flagellated bacteria (Hayashi et al., 2001). Converserly, TLR3, 7, 8 and 9 are activated by foreign nucleic acids including double and single-stranded RNA produced during viral replication as well as unmethylated CpG DNA derived from both viral and bacterial genomes (Hemmi et al., 2000;Hayashi et al., 2001;Heil et al., 2004) (Figure 23).

Pathogen recognition triggers TLRs dimerisation and the recruitment of the adaptor proteins MyD88 or TIR domain-containing adaptor inducing IFN-β (TRIF), which in turn activates immune signaling pathways (Akira and Takeda, 2004;O'Neill and Bowie, 2007).

Three main immune signaling pathways exist, including the nuclear factor-kappa B (NF-κB), the mitogen-activated protein kinases (MAPKs) p38 and JNK (c-JUN N-terminal kinases), and the IFN regulatory factors (IRFs), whose activation results in the nuclear translocation of NF-κB, activator protein 1 (AP1) or IRF3/7 transcription factors, respectively (Akira and Takeda, 2004) (Figure 23). In unstimulated cells, the interaction with the nuclear factor kappa-light polypeptide gene enhancer in B cells inhibitor alpha (IκBα) retains NF-κB in the cytoplasm.

Stressful stimuli, including recognition of the tumor necrosis factor alpha (TNF-α) by the TNF receptor or LPS by TLR4, trigger the phosphorylation and the proteasomal degradation of IκBα. This liberates NF-κB and unmasks its NLS. This is then recognised by importin-α and members of the importin-β family, which mediate nuclear translocation of NF-κB. In the nucleus, NF-κB interacts with specific gene promoters in order to stimulate the expression of proinflammatory genes (Lawrence, 2009) (Figure 24). Energy for nuclear transport of NLScontaining proteins is provided by intracellular gradients of the small GTPase Ras-related nuclear protein (Ran), which interacts with the importin complexes. GDP-bound Ran is largely cytoplasmic and nuclear translocation triggers the conversion to the GTP-bound form by means of the Ran GEF RCC1 (regulator of chromosome condensation-1). In its GTP-bound form, Ran triggers the dissociation of importins from the cargo and importin complexes recycle back to the cytoplasm. There, Ran GTPase activating protein (RanGAP) stimulates the GTPase activity of Ran to generate Ran-GDP, which dissociates from importin complexes [START_REF] Stewart | Molecular mechanism of the nuclear protein import cycle[END_REF] The recruitment of the adaptor protein MyD88 activates the IKK complex which in turn phosphorylates IκBα allowing thus its ubiquitination for proteasomal degradation. IκBα degradation releases the p50/p65 NF-κB heterodimer, which translocates into the nucleus in a Ran-dependent manner to finally activates transcription of proinflammatory cytokines. P: phosphorylation.

(iii)! Cytosolic sensors

In addition to surface sensors, cells also display cytosolic sensors including RLRs and NLRs, to recognise intracellular pathogens. RLRs sense viral RNA which lead to the production of proinflammatory cytokines and type I interferons (Dixit and Kagan, 2013). NLRs detect both viral and bacterial components inducing either the activation of proinflammatory gene and/or caspases (Kanneganti et al., 2007). The best characterised NLR family members are the NLRC receptors NOD-1 and -2 (Nucleotide-binding oligomerisation domain-containing protein -1 and -2, respectively) and the inflammasome-inducing NLRP receptors (Franchi et al., 2009) (Figure 23). The former sense bacterial peptidoglycan-derived molecules while the latter detect several ligands including bacterial DNA, flagellin, T3SS structural proteins as well as viral RNA (Broz, 2019;da Costa et al., 2019). Inflammasomes are multiprotein complexes which can be formed from five different cytosolic proteins sensors among the NLR family including NLRP1, NLRP3, NLRC4, AIM2 (absent in melanoma 2) and pyrin (Broz, 2019) (Figure 23). These proteins induce caspase-1 activation which promote IL-1β, IL-18 and IL-1α release, membrane permeabilisation and finally cause a form of cell death known as pyroptosis (Martinon et al., 2002;Bergsbaken et al., 2009). These represent canonical inflammasomes that differ from the noncanonical inflammasome pathway, which activates caspase-11 in mouse cells and caspase-4 and -5 in human cells following LPS recognition (Kayagaki et al., 2011;Baker et al., 2015).

Pathogen recognition mediated by surface and cytosolic sensors finally constitute an important barrier to many pathogens-derived molecules in host cells. However, some pathogens, including C. burnetii, have evolved strategies to evade one or more of these sensors to allow intracellular persistence.

! !

2.3.2.2! Immune evasion by Coxiella burnetii !

!

While some pathogens exploit inflammation to their own advantages, others, such as C. burnetii, prevent the recognition by the innate immune system to promote their survival [START_REF] Asrat | Modulation of the host innate immune and inflammatory response by translocated bacterial proteins[END_REF]. Studies on the manipulation of host innate immunity by C. burnetii appear controversial as they report diverging results according to bacterial strains and host cells used.

The ability of C. burnetii to alter the immune response has nevertheless been demonstrated in many ways, showing the importance to investigate how the pathogen subverts host defenses to allow intracellular persistence. 6).

Collectively, these results reveal the complexity of the immune response against C. burnetii infection.

Following host cell internalisation, C. burnetii alters the microbicidal activity of macrophages by modulating their activation profiles and their polarisation into an antiinflammatory M2-like phenotype. Indeed, C. burnetii stimulates the phenotypic switch from M1 polarisation to an atypical M2 macrophage with M2-typical properties but secreting proinflammatory cytokines such as interleukin respectively), that are rather associated with M1-polarised macrophages (Benoit et al., 2008). This suggests that C. burnetii may attempt to convert macrophages to a less hostile intracellular environment, by reprogramming macrophages towards an anti-inflammatory phenotype. This may facilitate C. burnetii persistence and replication within the host cell, without alerting the immune system.

! Table 6. Differences in C. burnetii phase I and phase II detection depending on cell types. n/a : not applicable

(ii)! Manipulation of innate immune signaling pathways

As highlighted in the context of pathogen detection, cytokine production in response to C. burnetii infection also widely differs according to bacterial strains and host cells used.

Following pathogen detection, TLR signaling ultimately leads to the activation of MAPKs, NF- (Secreted phosphoprotein 1) expression to evade the host innate immune response in THP-1 cells (Table 7). In this case, C. burnetii protein synthesis is required, suggesting that Dot/Icm activity and the translocation of bacterial effectors are involved in this process (Mahapatra et al., 2010). Similarly, PBMCs exposed to heat-killed NMI organisms produce more TNF-α, IL-1β, IL-6, and IL-10 as compared to cells challenged with live bacteria, but equal amounts of IFN-γ, IL-17, and IL-22 (Jansen et al., 2018) (Table 7) C. burnetii also evades the host immune response by modulating the pro-inflammatory NF-κB signalling pathway [START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF]. It has been reported that C. burnetii activates NF-κB via the canonical pathway by phosphorylating the NF-κB subunit p65 (RelA).

In THP-1 infected cells, a down-modulation of NF-κB is observed during the early and mid phases of infection. To determine whether this down-modulation is Dot/Icm-dependent, NF-κB activation was analysed by measuring p65 phosphorylation and nuclear localisation in cells infected with either C. burnetii NMII or the T4BSS-deficient dotA mutant. This revealed higher levels of p65 phosphorylation and nuclear translocation in cells infected with the ∆dotA mutant, strongly suggesting that C. burnetii secretes bacterial effectors that modulate NF-κB signaling [START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF]. To date however, only one C. burnetii effector has been shown to modulate the host innate immune response. Indeed, the Dot/Icm effector IcaA (Inhibition of caspase activation A) inhibits the non-canonical inflammasome pathway and pyroptotic cell death in BMDMs, thus contributing to C. burnetii persistence [START_REF] Cunha | Inhibition of inflammasome activation by Coxiella burnetii type IV secretion system effector IcaA[END_REF]. IcaA inhibits caspase-11 activation which is involved in the non-canonical activation of the NLRP3 inflammasome. Consequently, IcaA inhibits caspase-1 activation, which leads to an impaired IL-1β production and inflammasome activation in BMDMs-infected cells [START_REF] Cunha | Inhibition of inflammasome activation by Coxiella burnetii type IV secretion system effector IcaA[END_REF]Bradley et al., 2016). However, inflammasome modulation by C. burnetii differs in hAMs, as

C. burnetii infection triggers increased expression of inflammasome-related genes and IL-1β

production in hAMs without eliciting elevated caspase-1 activity or pyroptosis (Graham et al., 2013;[START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF]. This could be due to the fact that humans possess two homologs to murine caspase-11 (caspase-4 and -5). It is thus possible that IcaA may target and prevent the activity of caspase-4 but fails to block caspase-5 activity in hAMs-infected cells. This may explain why IcaA inhibits caspase-1 activation in BMDMs and not in hAMs.

However, C. burnetii infections do not elicit pyroptosis suggesting that other unidentified effectors may modulate inflammasome activation.

All these findings clearly illustrate how C. burnetii has evolved distinct immune evasion strategies including avoidance of TLR recognition, modulation of inflammatory responses or inhibition of pyroptosis to promote its persistence. However, much remains to be done to unravel the complexity of the innate immune response against C. burnetii. necessary to inhibit the NF-κB pathway during infections; however, the effector proteins involved in this process remained unknown [START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF]. In the same way, our team showed that C. burnetii subverts PI(3)P metabolism for an optimal development of its CCV through the action of CvpB (Martinez et al., 2016), suggesting that C. burnetii manipulates other lipid metabolism for CCV biogenesis. 
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3.! Aim of the thesis

Material and Methods

! ! 1.! Materials 1.1! Chemicals
Unless otherwise stated, all chemicals were purchased from Sigma (Sigma-Aldrich Chemie GmbH, Germany).

1.2! Strains

! Strains used in this study are listed in Table 8.

1.2.1! Escherichia coli

All bacteria were cultured in Luria-Bertani (LB) broth or on LB agar supplemented with ampicillin (100 μg/ml), kanamycin (50 μg/ml) or chloramphenicol (30 μg/ml) as required.

1.2.2! Coxiella burnetii

All bacteria were cultured in 1x ACCM-2 (13.4 U2OS cells were sub-cultured every four days by removal of the spent medium, followed by treatment of the confluent cells. Confluent cells were washed with 5 ml Dulbecco's Phosphate Buffer Saline (DPBS) followed by treatment with trypsin-EDTA (ethylenediaminetetraacetic acid) 0.25% (Gibco). Cells were harvested after 5 minutes, followed by the addition of 8 ml of fresh DMEM of which 1 ml was sub-cultured in a final volume of 5 ml (equivalent of 1 passage). U2OS cells were discarded after 18 passages. THP-1 cells were sub-cultured by centrifugation of the cell suspension at 1,500 rpm for 5 minutes. After discarding the supernantant, cells were resuspended at a density of 5.0 x 10 5 cells/ml in fresh medium + 10% FCS. THP-1 cell culture was maintained at a high density (2.0 x 10 6 cells/ml) with media being refreshed every 5-7 days for a period of 1 month.

THP-1 cells were differentiated into macrophages-like with Phorbol 12-Myristate 12-Acetate (PMA, Invivogen) at a concentration of 200 ng/ml in RPMI + 10% FCS for 48h.

Following differentiation, fresh RPMI medium supplemented with 10% FCS was added for 24h, prior to infection experiments.

1.4! Plasmids

Plasmids used in this study are listed in Table 9.

1.5! Oligonucleotide primers

All synthetic primers used in polymerase chain reactions (PCR) were synthesised by Sigma-Aldrich GmbH (Germany). Primers used in this study are listed in Table 10.

Oligonucleotide primers were used at a final concentration of 10 pmol/μl.

1.6! Antibodies

Antibodies used in this study are listed in Table 11. X was optimised for each PCR reaction, with a value ranging from 50 to 70°C. Y was calculated according to the estimated size of the DNA fragment to amplify and the polymerisation speed of the DNA polymerase (30 sec per kb on average).

2.! DNA manipulation

2.2! Agarose gel electrophoresis

Following PCR-amplification, DNA was resolved by horizontal electrophoresis. 

2.4! Purification of DNA

PCR-amplified and digested DNA was run on agarose gels and visualised using a Safe ImagerTM blue light transilluminator (Invitrogen). The agarose plug containing the DNA was removed using a scalpel and DNA was purified using a NucleoSpin Gel and PCR clean-up gel extraction kit (Macherey Nagel) according to manufacturer's protocols. Briefly, the agarose plug was melted at 55°C in a high salt-containing buffer and DNA was purified on silicamembranes columns to remove contaminants. DNA was eluted in 30 μl of sterile deionised water and processed for ligation or stored at -20°C. Small scale, purified plasmid DNA was prepared from 5 ml of overnight liquid cultures using GenElute Plasmid Miniprep kit according to the manufacturer's protocols (Sigma). Large scale, purified plasmid DNA was prepared from 300 ml of overnight liquid cultures using NucleoBond Xtra Maxi Plus purification kit according to the manufacturer's protocols (Macherey Nagel). Briefly, bacteria were harvested and resuspended in an alkaline solution containing sodium dodecyl sulphate (SDS) and RNase. These conditions provoke the lysis of bacteria as well as the denaturation of genomic and plasmid DNA. Neutralisation of the solution led to re-annealing of plasmid DNA and precipitation of genomic DNA. Bacterial debris and precipitated DNA were then aggregated by centrifugation. Plasmid DNA was then purified and concentrated on silica-membranes columns. Following a washing step with 70% ethanol, plasmid DNA was eluted in sterile water.

2.8! DNA sequencing

DNA was sequenced using primers corresponding to the flanking regions of the DNA fragment of interest. Sequencing was performed by Eurofins Genomics (Ebersberg, Germany) using 100 ng/μl and 10pmol of primers. Sequences were analysed using SerialCloner alignment function. glycerol, pH 6.5). 200 μl aliquots were stored at -80°C.

3.! Transformation of bacteria

For each heat shock transformation, 50 μl of competent bacteria were thawed on ice before addition of DNA (5 μg of plasmid DNA or 10 μl of ligation reaction). Bacteria were then incubated for 30 min on ice before being heat shocked for 1 min at 42°C. Following addition of 600 μl of LB medium, the transformation mix was then incubated shaking at 37°C with shaking at 200 rpm for 1 h. Bacteria were then plated on LB agar plates containing the appropriate antibiotic and incubated at 37°C overnight.

3.2! Electroporation

For preparation of electrocompetent C. burnetii, 2.10 6 GE/ml was inoculated into 100 ml of 1x ACCM-2 and incubated for 7 days at 37°C. Following 7 days of culture, bacteria were pelleted at 4,500 rpm for 30 min at 4°C. The bacterial pellet was resuspended in 30 ml of sterile ice-cold 10% glycerol and centrifuged as described above. The bacterial pellet was resuspended in 2 ml of sterile ice-cold 10% glycerol before being aliquoted and stored at -80°C.

For each electroporation reaction, 50 μl of electrocompetent bacteria were thawed on ice before addition of 10 to 20 μg plasmid DNA. Bacteria were transferred to an ice-cold electroporation cuvette. Electroporation was performed using a BioRad gene pulser programmed to the following settings: 500 Ω, 25 μF, 1,8 kV. Following addition of 950 μl of RPMI medium, 200 μl of the transformation mix was inoculated into 3 ml of 1x ACCM-2 supplemented with 1% FCS and incubated for 24 h in a humidified atmosphere of 5% CO2 and 2.5% O2 at 37°C. The following day, 1x ACCM-2 was supplemented with chloramphenicol (3 μg/ml) and/or kanamycin (375 μg/ml) as required and transformed bacteria were incubated 3 more days in a humidified atmosphere of 5% CO2 and 2.5% O2 at 37°C. Bacteria were then plated on 2x ACCM-2 plates containing the appropriate antibiotics as described in section 

4.3! Silver staining of SDS-PAGE

Silver was used to stain proteins separated by SDS-PAGE using the silver stain kit (Pierce) according to the manufacturer's protocol. Briefly, gels were fixed in 30% (v/v) ethanol and 10% (v/v) acetic acid solution two times for 15 min. Gels were washed two times with 10% (v/v) ethanol for 5 min and two times with ultrapure water for 5 minutes. Gels were then sensitised for 1 min and stained for 30 min. Gels were finally developed until the protein bands could be visualised and the reaction was stopped with 5% acetic acid for 10 minutes.

4.4! Western blotting

Proteins resolved by SDS-PAGE were transferred to a Polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific) using a wet electroblotting system (Biorad). Briefly, SDS-PAGE, PVDF membrane and Whatman papers were soaked in wet transfer buffer (25 mM Tris, 192 mM glycine, 15% (v/v) methanol) and stacked on the blotting apparatus. Proteins were transferred under constant voltage (routinely 100 V, 400 mA) for 1h to 1.5h at 4°C. PVDF membranes were then blocked at room temperature in 5% (w/v) skimmed milk in Phosphate buffer saline (PBS) containing 0.1% (v/v) Tween-20 (PBST) for 1 h on a rocking platform.

Blocking buffer was then replaced with primary antibody (listed in Appendix 4) diluted in 5% skimmed milk in PBST. Membranes were incubated on a rocking platform for 1 h before being washed thoroughly 3 times in PBST. Anti-mouse and anti-rabbit Horse radish peroxydase 94 ! (HRP)-conjugated secondary antibodies (Sigma) were diluted (1:2000) in PBST/5% skimmed milk and added to the membranes. After 60 min incubation as previously described, membranes were washed thoroughly 3 times in PBST. Western blots were developed using the Enhanced ChemiLuminescence (ECL) SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) and visualised using a ChemiDoc imaging system (Biorad).

4.5! Densitometry

Regions of Interest (ROIs) were obtained from each band of interest and the intensity was measured using ImageJ. For each band, the same ROI was used for background calculation and removal from areas adjacent to each band. The intensity of bands from samples were normalised for the intensity of the corresponding control sample. Branson Sonifier S-450 for 20 seconds every 30 seconds for 15 min and centrifuged at 10,000

5.! Infection

x g for 5 min at 4°C. The amount of soluble protein was estimated using the BCA assay as described in section 4.1.

For pulldown assays, 1 ml of lysate containing 10 -30 ug of total proteins was incubated 2 h at 4°C with 50 μl of lipid-coated agarose beads (10 pM of lipids / μl slurry;

Echelon). The beads were washed five times in W-buffer supplemented with 0.25% NP-40.

Bound proteins were eluted by adding 20 μl of Laemmli buffer (5 min, 95 °C) and analysed by SDS-PAGE/Silver staining.

7.2! PIP strips

Purified His-tagged C. burnetii proteins were incubated with PIP Strips (Echelon)

following the manufacturer's recommendations. Briefly, Tris buffered saline + BSA (TBS-T/BSA) (10 mM Tris•HCl, pH 8, 150 mM NaCl, 0.1% Tween 20, 3% (wt/vol) BSA) was used throughout the assay. PIP Strips were first blocked for 1 h in TBS-T/BSA before being incubated with 1 μg/mL of purified proteins at 4 °C overnight. Membranes were washed three times with TBS-T/BSA and immunoblotted with anti-His HRP-conjugated antibodies for 1 h at room temperature. Following three washes with TBS-T/BSA, the membranes were probed with ECL for signal detection and visualised using a ChemiDoc imaging system (Biorad). Where appropriate, cytoplasmic, nuclear, and chromatin fractions were subjected to immunoprecipitation using 40 μL of anti-HA magnetic beads (Sigma) for 2 h at 4 °C with rotation. Bound proteins were eluted using 80 μL of 100 μg/mL -1 HA-peptide (Sigma) and then resuspended in 4x Laemmli buffer for Western blot analysis as described in section 4. 8.4 was added to the secondary antibody solution for actin staining. To visualise nuclear proteins, cells were fixed as previously described in 4% (wt/vol) paraformaldehyde in PBS solution. Cells were permeabilised with 0.5% Triton X-100 in PBS solution for 3 min at room temperature.

8.! Eukaryotic cells methods

Sample were then rinsed in PBS solution and incubated with blocking solution (0.1% Triton X-100, 5% [wt/vol] milk in PBS solution) for 1 h at room temperature. Cells were then incubated with the primary antibodies diluted in blocking solution for 1 h at 37 °C, rinsed five times in PBS solution and incubated with the secondary antibodies for 1 h at room temperature. For all conditions, coverslips were mounted by using Fluoromount mounting medium (Sigma)

supplemented with Hoechst 33258 (Sigma) for DNA staining.

8.8! Microscopy and image analysis

Samples were imaged with a Zeiss Axio Imager Z1 epifluorescence microscope (Carl Zeiss) connected to a CoolSNAP HQ 2 charge-coupled device (CCD) camera (Photometrics).

Images were acquired alternatively with 100×, 63×, or 40× oil immersion objectives and processed with MetaMorph (Universal Imaging). ImageJ and CellProfiler softwares were used for image analysis and quantifications.

Confocal microscopy was performed using a TCS SP8 HyVolution microscope (Leica)

connected to an SP5-SMD microscope (Leica). Images were acquired with a 63x oil immersion objective and processed with LAS-AF (Leica). 3D reconstruction was performed using IMARIS software.

Simultaneous multicolor confocal image acquisition was performed in live with the Opera phenix system (Perkin Elmer). Images were acquired with a 63x oil immersion objective and analysed using Icy software. 

8.9! Flow cytometry

9.! Statistical analysis

Statistical analyses of data were performed using Prism software (GraphPad,) 
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T he nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) family of transcription factors regulates the expression of genes associated with diverse cellular functions and plays a central role in regulating the innate and acquired host immune response to bacterial infections (1,2). Under physiological conditions, the transcription factors of the NF-κB family are sequestered in the cytoplasm by specific interactions with nuclear factor kappa-light polypeptide gene enhancer in B cells inhibitor alpha (IκBα), which mask the nuclear localization signal (NLS) on transcription factors. Exogenous signals, including recognition of the tumor necrosis factor (TNF) by TNF receptor or the bacterial lipopolysaccharide (LPS) by toll-like receptor 4 (TLR4), activate the NF-κB signaling pathway by triggering the phosphorylation and proteasomal degradation of IκBα, thus unmasking the NLS on transcription factors. The signal is then recognized by importin-α and members of the importin-β family, which mediate the translocation of transcription factors to the nucleus through nuclear pore complexes (1). Energy for nuclear transport of NLS-containing proteins is provided by intracellular gradients of the small GTPase Ras-related nuclear protein (Ran), which interacts with the importin complexes upon nuclear import. GDP-bound Ran is largely cytoplasmic and nuclear translocation triggers the conversion to the GTP-bound form by means of the Ran guanine nucleotide exchange factor (GEF) RCC-1 (regulator of chromosome condensation-1). In its GTPbound form, Ran triggers the dissociation of importins from the cargo and importin complexes recycle back to the cytoplasm.

There, Ran GTPase activating protein (RanGAP) generates Ran-GDP, which dissociates from importin complexes (3).

Given its pivotal role in the antimicrobial response, it is not surprising to observe that a considerable number of bacterial pathogens deploy effector proteins that modulate the NF-κB signaling pathway (1,2). These are mostly involved in phosphorylation, ubiquitination, and proteasomal degradation of components of the NF-κB complex, whereas others modulate NF-κB-mediated transcription (1,2). Interestingly, it has recently been reported that Salmonella and Orientia tsutsugamushi effector proteins can interfere with nucleocytoplasmic transport, thereby inhibiting nuclear translocation of the p65/RelA transcription factor (4,5).

The Q fever pathogen Coxiella burnetii is an obligate intracellular bacterium that relies on the translocation of effector proteins by a defect in organelle trafficking/intracellular multiplication (Dot/Icm) type 4b secretion system (T4SS) to replicate within large autolysosomal-like compartments inside infected cells (6,7). Bioinformatics analysis identified over 140 C. burnetii genes encoding candidate effector proteins (7); however, the majority of these remain underinvestigated due to the technical constraints associated with the genetic manipulation of this organism. A subset of effector proteins is involved in the biogenesis of Coxiella-containing vacuoles (CCVs), by rerouting membrane traffic to the bacterial replicative niche, while other effectors manipulate the

Significance

Coxiella burnetii is a stealth pathogen that evades innate immune recognition by inhibiting the NF-κB signaling pathway. This process is mediated by the bacterial Dot/Icm secretion system; however, the bacterial effector/s, as well as the molecular mechanism involved in this process have remained unknown to date. Here, by investigating C. burnetii proteins with eukaryotic-like features (EUGENs), we discovered a new effector protein, NopA (nucleolar protein A), which localizes at nucleoli of infected cells and perturbs nucleocytoplasmic transport by manipulating the intracellular gradients of the GTPase Ran. In doing so, NopA reduces the nuclear levels of transcription factors involved in the innate immune sensing of pathogens and single-handedly down-modulates the expression of a panel of cytokines.

apoptotic and inflammatory pathways to ensure intracellular persistence (6). Importantly, C. burnetii behaves as a stealth pathogen, evading the host innate immune response by down-modulating the NF-κB and the inflammasome signaling pathways (8,9). The C. burnetii effector protein IcaA (inhibition of caspase activation A) inhibits NOD-like receptor family pyrin domain containing 3 (NLRP3)-mediated inflammasome activation induced by caspase-11 (8), whereas the NF-κB signaling pathway is down-modulated in a Dot/Icm-dependent manner, by perturbing the nuclear translocation of the p65/RelA subunit, without affecting the overall cellular levels of p65 (9). However, the bacterial effector/s involved in this process remains uncharacterized (9). We have previously reported the large-scale phenotypic characterization of the C. burnetii transposon mutant library, which led to gaining important insights into the function of the Dot/Icm secretion system, and which highlight an important set of virulence determinants (10)(11)(12). Importantly, several genes involved in intracellular replication of C. burnetii encode proteins with predicted eukaryotic-like domains, which prompted us to investigate eukaryotic-like genes (EUGENs) on a genomewide scale. Here, we identify and validate the Dot/Icm-mediated translocation of seven C. burnetii EUGENs. Among these, NopA (nucleolar protein A) displays four regulation of chromosome condensation (RCC) repeats, which are partially homologous to the seven repeats found in the bladed β-propeller structure of the Ran GEF RCC1 (13)(14)(15). Similarly to RCC1, NopA also localizes at the nucleus of infected or transfected cells; it is found associated with the chromatin nuclear fraction; and it uses the RCC-like domain to interact with Ran. Differently from RCC1, however, NopA accumulates at nucleoli and sequesters Ran, thus perturbing nucleocytoplasmic transport. Indeed, NopA perturbs nuclear translocation of p65 upon cell treatment with TNF-α or challenge with C. burnetii. Conversely, transposon insertions in the nopA gene restore nuclear translocation of p65 during infections, to levels that are similar to those observed with the Dot/Icm-deficient C. burnetii dotA mutant. Accordingly, myeloid cells challenged with the C. burnetii nopA or dotA mutant strains present a functional innate immune response, as opposed to myeloid cells exposed to wild-type (WT) C. burnetii or the nopA complemented strain.

Results

Identification of C. burnetii EUGENS. The searching algorithm for type IV effector proteins (S4TE) 2.0 (16) was used to identify C. burnetii eukaryotic-like genes (EUGENs) encoding candidate effector proteins. This allowed the identification of 56 genes, which were validated using the Protein families database (PFAM), Simple Modular Architecture Research Tool (SMART), Conserved Domain Database (CDD), and Eukaryotic Linear Motif (ELM) databases (SI Appendix, Table S1). Of these, 20 candidate EUGENS were retained for further analysis (SI Appendix, Table S2), based on the S4TE score (16), the eukaryotic-like domain encoded, and the presence of corresponding transposon mutants in our library (10). cbu0072 (ankA), cbu0201 (ankC), cbu0447 (ankF), cbu0781 (ankG), and cbu1213 (ankI) encode ankyrin repeats (17,18); cbu0295, cbu0547, and cbu1457 (cig43) encode tetratricopeptide repeats; cbu0175 and cbu1379a encode predicted Ser/Thr kinases; cbu0801 (rimI), cbu0505 (cig14), and cbu1799 encode acetyltransferases; cbu0096 encodes a predicted phospholipase D; cbu0519 (dedA) encodes a SNARE-like domain-containing protein; cbu1206 encodes a predicted sterol reductase; cbu1217 encodes a protein with four regulation of chromosome condensation (RCC) repeats; cbu1724 encodes a predicted F-box protein; cbu1366 (cig40) encodes a coiled-coil domaincontaining protein; and cbu0542 (ligA) encodes a predicted DNA ligase (SI Appendix, Table S2). Of note, Dot/Icm-dependent translocation of proteins encoded by 8 of these genes has been previously validated using Legionella pneumophila as a surrogate system (17,19,20) (SI Appendix, Table S2). Selected genes were cloned into pXDC61K-blaM vector, thus generating N-terminal fusions with β-lactamase, and transformed into C. burnetii Nine Mile II (NMII) RSA439. The expression of 16 out of 20 chimeric proteins was validated by Western blot using an anti-β-lactamase antibody (SI Appendix, Fig. S1A). Candidate effector protein translocation was assessed at 6, 12, 24, 48, and 72 h postinfection using the β-lactamase assay. C. burnetii expressing β-lactamase alone or β-lactamase-tagged CvpB (CBU0021) (12) were used as negative and positive controls, respectively. CvpB, CBU0295, and CBU1217 were efficiently translocated from 12 h postinfection, whereas AnkA, F, and G were translocated from 24 h postinfection (Fig. 1 A and B). Finally, AnkC, CBU0175, and CBU1724 were also translocated, albeit less efficiently, at later time points of infection (Fig. 1 A and B). Plasmids encoding translocated effectors were then transformed into the C. burnetii dotA::Tn strain to validate their Dot/Icm-dependent secretion at 72 h postinfection. The expression of 6 chimeric proteins was validated by Western blot using an anti-β-lactamase antibody (SI Appendix, Fig. S1B). None of the effector proteins were secreted by the Dot/Icmdefective mutant as expected (Fig. 1A). Next, cbu0072 (ankA), cbu0295, cbu0447 (ankF), cbu0781 (ankG), and cbu1217 were cloned into a pLVX-mCherry vector to tag effector proteins at their N-terminal domain and their localization was investigated in noninfected and C. burnetii-infected U2OS cells (Fig. 1C). AnkA and CBU0295 were mostly diffuse in the cytoplasm and did not localize at CCVs in infected cells. AnkF displayed a punctate pattern in the cytoplasm, which partially colocalized with the lysosomal marker LAMP1 in noninfected and infected cells alike (Fig. 1C). Differently from previous reports, indicating a translocation of AnkG from mitochondria to the nucleus of transfected cells following staurosporine treatment (21), in our hands, this effector protein displayed nuclear localization even in the absence of staurosporine, in both infected and noninfected cells (Fig. 1C). Of note, CBU1217 was exclusively localized at subnuclear structures in over 90% of either infected or noninfected cells (Fig. 1C).

The Effector Protein CBU1217 Localizes at Nucleoli in Infected and

Transfected Cells. The localization of CBU1217 was further investigated by cloning the gene into a pJA-LacO-4HA plasmid, to express the effector protein carrying an N-terminal 4×HA tag in C. burnetii, under the control of an isopropyl β-D-1-thiogalactopyranoside (IPTG) promoter, and monitor its localization during infection. GFP-expressing WT C. burnetii or the dot/icm mutant dotA::Tn (10) were transformed either with pJA-LacO-4HA or with pJA-LacO-4HA-cbu1217. Expression of 4HA-CBU1217 was validated by Western blot using an anti-HA antibody (SI Appendix, Fig. S1C). U2OS cells were challenged with the transformed C. burnetii strains and NopA localization was assessed, in the presence or absence of IPTG, using anti-HA and anti-fibrillarin antibodies, and Hoechst dye. Infections by C. burnetii transformed with pJA-LacO-4HA-cbu1217 in the absence of IPTG did not show specific HA labeling (Fig. 2A). Addition of 1 mM IPTG triggered 4HA-CBU1217 expression, which colocalized with fibrillarin in over 90% of HA-positive cells (Fig. 2B). The intracellular localization of 4HA-CBU1217 was lost when cells were infected with the dotA::Tn mutant transformed with pJA-LacO-4HA-cbu1217 in the presence of IPTG (Fig. 2D), confirming that CBU1217 is a Dot/Icm substrate. Induction of the expression of the HA tag alone did not show specific localization (Fig. 2C). We thus named the new C. burnetii EUGEN NopA, for nucleolar protein A. As mentioned above, NopA encodes four RCC repeats in its C-terminal domain (Fig. 2E). In the eukaryotic protein RCC1, seven repeats are arranged in a seven-bladed propeller, which associates with nuclear chromatin and acts as a GEF for Ran, thus regulating nucleocytoplasmic protein transport (3). To determine the role of the RCC-like domain in NopA localization and function, the effector protein was cloned into a pRK5-HA plasmid to generate HA-tagged NopA. U2OS cells transfected with pRK5-HA-NopA were processed for immunofluorescence using Hoechst dye and anti-HA and anti-fibrillarin antibodies. In parallel, HA-NopA localization was investigated by Western blot using U2OS cells transfected as above and lysed and separated into cytoplasmic, nuclear, and chromatin fractions. Full-length NopA (NopA FL ) localized at nucleoli in over 90% of transfected cells, confirming our observations in the context of C. burnetii infections (Fig. 2E). Western blot analysis confirmed that NopA is excluded from the cytoplasmic fraction and localized at the soluble and chromatin nuclear fractions (Fig. 2E). Next, we generated HA-tagged NopA deletions to exclude (NopA N-ter ; amino acids [aa] 1 to 195, Fig. 2F) or include (NopA C-ter ; aa 196 to 497, Fig. 2G) the RCC repeats. Ectopically expressed HA-NopA N-ter was excluded from nuclei and remained diffuse in the cytoplasm (Fig. 2F), whereas HA-NopA C-ter retained the nucleolar localization (Fig. 2G). Cell fractionation confirmed the cytoplasmic localization of HA-NopA N-ter and the nuclear localization of HA-NopA C-ter , as well as the association with the chromatin fraction (Fig. 2 F and G). Thus, despite the lack of typical nuclear or nucleolar localization signals, the C-terminal domain of NopA encoding the RCC-like domain, is necessary and sufficient for the nucleolar targeting of the effector protein. The role of the RCC repeats in the intracellular localization of NopA was further dissected by generating increasing deletions of single RCC repeats (numbered from 1 to 4 from the N-terminal) from either the N-terminal or C-terminal ends of HA-NopA C-ter (SI Appendix, Fig. S2A). The intracellular localization of each construct was tested by immunofluorescence and cell fractionation following ectopic expression in U2OS cells. Interestingly, this revealed that the first RCC repeat is critical for targeting NopA to the nucleus as removal of this repeat from NopA C-ter displaces the protein to the cytoplasm (SI Appendix, Fig. S2 B and C). The first two RCC repeats (RCC12; aa 196 to 310) alone localize within the nucleus but are excluded from nucleoli (SI Appendix, Fig. S2E) and instead localize at promyelocytic leukemia (PML) bodies (SI Appendix, S2G). This localization remains unchanged with the addition of the third RCC repeat (SI Appendix, Fig. S2 D and F), and it is only with the addition of the complete NopA C-ter that the protein localizes at nucleoli (Fig. 2G), suggesting the presence of a nucleolar-targeting motif in the fourth RCC repeat. Unfortunately, we were unable to express detectable amounts of single RCC repeats (RCC1 and RCC4, SI Appendix, Fig. S2A).

NopA Is Not Involved in C. burnetii Intracellular Replication. Given the early translocation of NopA observed using the β-lactamase assay, we determined the time course of NopA production during infection. To this aim, we have complemented the nopA mutation, using a mini Tn7 transposon to integrate a WT copy of HA-tagged nopA, under the regulation of its predicted endogenous promoter, in the chromosome of the C. burnetii Tn227 strain, which carries the transposon insertion closest to the nopA start codon (10). Protein expression was then monitored by Western blot, using an anti-HA antibody, from cells challenged with the complemented nopA::Tn strain for 12, 24, 48, and 72 h. By this approach, detectable amounts of NopA were observed from 12 h postinfection (SI Appendix, Fig. S1D).

We previously reported that transposon insertions in nopA do not affect bacterial replication in Vero cells (10). To further investigate the role of NopA in C. burnetii infections, bacterial replication and virulence of the wild-type, dotA::Tn, nopA::Tn, and the nopA::Tn complemented strain (nopA::Tn Comp.) described above, were tested using either bone marrow-derived macrophages (BMDMs) or a severe combined immunodeficiency (SCID) mouse model of infection. Confirming our initial observations, transposon insertions in nopA do not affect C. burnetii replication (Fig. 2 H and I) or virulence (as determined here by splenomegaly measurements, Fig. 2J).

NopA Interacts with the Small GTPase Ran. Given that NopA localizes at nucleoli and presents four out of the seven RCC repeats present in the eukaryotic Ran-GEF RCC1, we investigated whether NopA can interact with Ran. To this aim, U2OS cells incubated either with the nopA::Tn mutant or the complemented strain expressing 4HAtagged NopA under the control of the predicted endogenous promoter (nopA::Tn Comp.). Twenty-four hours postinfection, cells were lysed, separated into cytoplasmic, nuclear, and chromatin fractions, and NopA was immunocaptured from cell fractions using an anti-HA antibody. As expected, NopA was not detected in cells infected with the nopA::Tn mutant strain, whereas it was efficiently isolated from the nuclear and chromatin fractions of cells challenged with the complemented strain (Fig. 3A). Of note, whole cell lysates of cells incubated with the complemented strain also presented an accumulation of Ran in the chromatin fraction, which was not observed in cells challenged with the nopA::Tn mutant strain (Fig. 3A). Importantly, Ran was efficiently detected, together with NopA, in immunoprecipitates from the nuclear and chromatin fractions of cells challenged with the nopA::Tn complemented strain, indicating indeed an interaction with the C. burnetii effector protein (Fig. 3A). The NopA/Ran interaction was further investigated in U2OS cells, following the ectopic expression of either HA-tagged NopA N-ter , NopA C-ter , or the C. burnetii effector protein CvpF as negative control (22). Unfortunately, under these conditions, we were unable to immunoprecipitate full-length NopA from transfected cells. Similarly to infected cells, 24 h posttransfection, cells were lysed, Fig. 3. NopA interacts with the small GTPase Ran. (A) U2OS cells challenged for 24 h with either the C. burnetii nopA transposon mutant (nopA::Tn) or the corresponding complemented strain (nopA::Tn Comp.) were lysed and processed for cell fractionation. Whole cell lysates (WCLs) were probed with the indicated antibodies, as well as anti-GAPDH and anti-fibrillarin antibodies as cytoplasmic (Cy), and nuclear/chromatin (Nu/Ch) markers, respectively. Following immunoprecipitation with anti-HA-coated magnetic beads, the presence of Ran and that of fibrillarin (as a negative control) was assessed using specific antibodies (IP HA). (B) U2OS cells transfected with HA-tagged versions of either the N-terminal domain (NopA N-ter ), the C-terminal domain (NopA C-ter ) of NopA, or CvpF as negative control were lysed and processed for cell fractionation. WCLs were probed with the indicated antibodies, as well as anti-GAPDH and anti-fibrillarin antibodies as cytoplasmic (Cy), nuclear/chromatin (Nu/Ch) markers, respectively. Following immunoprecipitation with anti-HA-coated magnetic beads, the presence of candidate interacting proteins was assessed using specific antibodies (IP HA). (C) U2OS cells were transfected with plasmids encoding GFP1-9 in combination with plasmids encoding either the GFP10 and GFP11 tags alone as negative control (Top row), GFP10 and GFP11 linked by a leucine zipper motif (GFP10-zip-GFP11) as positive control (Middle row), or GFP10-Ran and GFP11-NopA (Bottom row). At 24 h after transfection, cells were fixed and labeled with Hoechst (blue) and anti-GFP antibodies (red) to reveal nuclei and the expression of GFP1-9, respectively. Protein/protein interaction was assessed following the reconstitution of GFP (Reconst. GFP, green). Arrows point at nuclei in which Ran and NopA interact. separated into cytoplasmic, nuclear, and chromatin fractions, and NopA truncations and CvpF were immunocaptured from cell fractions using an anti-HA antibody. As expected, NopA N-ter and CvpF were efficiently isolated from the cytoplasmic fractions, whereas NopA C-ter was isolated from the nuclear and cytoplasmic fractions (Fig. 3B). In agreement with what we observed in infected cells, the ectopic expression of NopA C-ter triggered an accumulation of Ran to the chromatin fractions (Fig. 3B). Moreover, Ran was specifically detected in the nuclear and chromatin fractions upon immunocapturing of NopA C-ter , confirming an interaction between the two proteins (Fig. 3B). Of note, no interaction was detected between Ran and NopA N-ter , despite their shared cytoplasmic localization (Fig. 3B). Furthermore, NopA C-ter did not interact with other small GTPases such as DRP1 or RAB26, nor with the nucleolar marker fibrillarin (Fig. 3B). Conversely, the C. burnetii effector protein CvpF (22), was readily immunocaptured from the cytoplasm of transfected cells and interacted with RAB26 as reported ( 22) (Fig. 3B).

Finally, the direct interaction between NopA and Ran was further investigated using the tripartite split-GFP interaction sensor (23). Briefly, the assay is based on a tripartite association between two GFP β-strands (GFP10 and GFP11), fused to proteins of interest, and the complementary GFP1-9 detector. If proteins interact, GFP10 and GFP11 self-associate with GFP1-9 to reconstitute a functional GFP. pCDNA3-zipper-GFP10 and pCDNA3-zipper-GFP11 were used as negative control, whereas a plasmid encoding GFP10 and GFP11 linked by a zipper motif (GFP10-zip-GFP11) was used as positive control (23). ran cDNA was cloned into the pCDNA3-GFP10-zipper plasmid to generate the GFP10-Ran, whereas nopA, rcc1, and fbl (the gene encoding fibrillarin) were cloned into the pCDNA3-zipper-GFP11 plasmid to generate the corresponding GFP11 fusion proteins. Combinations of the above-mentioned constructs with a pCMV plasmid encoding GFP1-9 were used for triple transfections in U2OS cells. After fixation, an anti-GFP antibody was used to identify cells expressing GFP1-9 (which is not fluorescent) and protein interactions were analyzed by monitoring GFP reconstitution. As expected, coexpression of GFP1-9 with GFP10 and GFP11 did not result in the reconstitution of GFP (Fig. 3 C, Top row, and 3D). The coexpression of GFP1-9 with GFP10-zip-GFP11 led to the reconstitution of GFP fluorescence in over 93% of transfected cells, demonstrating the functionality of the assay (Fig. 3 C, Center row, and 3D). Importantly, over 60% of cells expressing GFP1-9 in combination with GFP10-Ran and GFP11-NopA showed reconstitution of GFP, with a fluorescent signal detected at nuclei, with a strong accumulation at nucleoli (Fig. 3 C, Bottom row, and 3D). On the contrary, the expression of GFP1-9 in combination with GFP10-Ran and GFP11-RCC1 allowed reconstitution of GFP fluorescence, which was homogeneously detected in the nucleus in over 73% of transfected cells (SI Appendix, Fig. S3 A and D). Lack of GFP reconstitution upon expression of GFP1-9 in combination with GFP10-Ran and GFP11-fibrillarin indicated that the shared nucleolar localization was not sufficient for GFP reconstitution (SI Appendix, Fig. S3 A and D).

Ectopic expression of either mCherry-NopA FL or mCherry-NopA C-ter in combination with GFP-Ran in U2OS cells also confirmed the colocalization of both proteins at nucleolar structures labeled with the anti-fibrillarin antibody (SI Appendix, Fig. S3B), Conversely, Ran-GFP accumulation at nucleoli was lost when the small GTPase was ectopically expressed in U2OS cells in combination either with mCherry alone or mCherry-NopA N-ter (SI Appendix, Fig. S3B). Collectively, these observations indicate that NopA specifically interacts with Ran and may sequester it at nucleoli.

NopA Preferentially Interacts with GDP-Bound Ran and Triggers an

Increase in Ran-GTP. To determine whether NopA displays preferential binding to Ran in its GDP-versus GTP-bound form, a GFPtrap assay was carried out on U2OS cells cotransfected with plasmids encoding HA-NopA C-ter in combination with either GFP alone, GFP-Ran, GFP-Ran T24N (GDP-locked), GFP-Ran Q69L (GTP-locked), or GFP-Ran N122I (nucleotide-free form). Similar to RCC1, NopA displayed preferential binding to either GDP-locked Ran T24N or the nucleotide-free form Ran N122I (Fig. 4A).

Next, we investigated whether NopA binding to Ran can affect the Ran GDP/GTP ratio that is required to fuel nucleocytoplasmic transport. U2OS cells were challenged either with WT C. burnetii, the dotA::Tn, nopA::Tn, or the nopA::Tn complemented strains. The GFP-trap assay was carried out in U2OS cells expressing HA-tagged NopA C-ter in combination with either GFP alone, GFP-Ran, GFP-Ran T24N (GDP-locked), GFP-Ran Q69L (GTP-locked), or GFP-Ran N122I (guanosine-free). WCLs (Upper) were probed with anti-GFP and anti-HA antibodies to assess the expression of the GFP-tagged proteins and HA-tagged NopA C-ter , and anti-tubulin antibodies as loading control. Protein/ protein interactions were assessed using anti-GFP and anti-HA antibodies following GFP capture (GFP-trap, Lower). (B) GTP-bound Ran was pulled down using RanBP1-coated beads from cell lysates of U2OS cells challenged for 24 h with either WT C. burnetii (WT), a nopA transposon mutant (nopA::Tn), the corresponding complemented strain (nopA::Tn Comp.), or the Dot/Icm-defective mutant (dotA::Tn). Noninfected cells (NI) were used as control. WCLs were probed with anti-C. burnetii (NMII), anti-Ran, and anti-β-tubulin antibodies. GTP-bound Ran was revealed using an anti-Ran antibody (IP RanBP1). (C) GTP-bound Ran was pulled down using RanBP1-coated beads from cell lysates of U2OS cells expressing either the HA tag alone, HA-tagged versions of either full-length (NopA FL ), the N-terminal domain (NopA N-ter ), the C-terminal domain (NopA C-ter ) of NopA, or CvpB. WCLs were probed with anti-HA antibodies to assess the expression of the HA-tagged versions of NopA and anti-Ran and anti-tubulin antibodies as loading controls. GTP-bound Ran was revealed using an anti-Ran antibody (IP RanBP1). The signal ratio of GTP-bound Ran over the total amount of Ran is indicated for experiments illustrated in B and C. Values are mean ± SD from three independent experiments. n.s., nonsignificant, ****P < 0.0001, **P < 0.007, *P < 0.02, one-way ANOVA, Dunnett's multiple comparison test.

Noninfected cells were used as control. Twenty-four hours postinfection, cells were lysed and incubated with agarose beads coated with the Ran effector Ran-binding protein 1 (RanBP1), to specifically pull down the GTP-bound form of Ran. Indeed, infection with WT C. burnetii triggered a 40-fold increase in the intracellular levels of Ran-GTP, as compared to noninfected cells (Fig. 4B). This phenotype was lost in cells challenged with the dotA::Tn mutant strain and only an 8.5-fold increase was observed in cells challenged with the nopA::Tn mutant strain. Increased levels of Ran-GTP were largely restored (35-fold increase) in cells exposed to the complemented strain (nopA::Tn Comp., Fig. 4B). The effects of NopA on the intracellular levels of Ran-GTP were further investigated in U2OS cells transfected with plasmids encoding either HA alone, HA-NopA, HA-NopA N-ter , HA-NopA C-ter , or the C. burnetii effector protein CvpB ( 12) used here as negative control. A threefold increase in the intracellular levels of Ran-GTP was observed in cells expressing either HA-NopA or HA-NopA C-ter , as compared to cells transfected with HA alone or HA-NopA N-ter (Fig. 4C). As expected, ectopic expression of CvpB had negligible impact on the intracellular levels of Ran-GTP (Fig. 4C). These observations suggest that NopA sequestration of Ran at nucleoli leads to an increase in the intracellular levels of Ran-GTP, which may negatively regulate nuclear import (24).

NopA Perturbs Protein Translocation to the Nucleus. Given the role of Ran in nucleocytoplasmic traffic, and the previously reported observation that C. burnetii infections modulate nuclear translocation of p65 by a Dot/Icm-dependent mechanism ( 9), we investigated whether NopA affects the nuclear localization of p65, which follows the activation of the NF-κB signaling pathway. U2OS cells transfected with plasmids encoding either HA-or mCherry-tagged versions of NopA were either left untreated or challenged with 10 ng/mL TNF-α for 30 min, and the nuclear translocation of p65 was monitored using an anti-p65 antibody either by fluorescence microscopy or Western blot following cell fractionation. Cells expressing either HA-or mCherry-tagged CvpB or the tags alone were used as controls. TNF-α treatment efficiently activated the NF-κB pathway, as indicated by the significant degradation of IκBα (Fig. 5A). Accordingly, p65 was readily relocalized to the nucleus of cells expressing either the HA or mCherry tags alone or tagged versions of the C. burnetii effector CvpB (Fig. 5 B-D). However, p65 translocation was largely inhibited in cells expressing either HA-NopA or mCherry-NopA (Fig. 5 B-D). In all cases, the intracellular levels of p65 remained largely unaltered. To determine whether NopA modulates the intracellular levels of p65 by perturbing its nuclear import or by accelerating its nuclear export, U2OS cells expressing either mCherry-NopA, mCherry-CvpB, or mCherry alone as controls, were incubated for 4 h with 5 nM leptomycin B (LMB), a fungal metabolite that blocks nuclear export by covalently binding to exportin 1. As p65 shuttles continuously between the nucleus and the cytoplasm, treatment with LMB in mCherry or mCherry-CvpB expressing cells led to an accumulation of the transcription factor in the nucleus (Fig. 5D and SI Appendix, Fig. S4). Interestingly however, ectopic expression of mCherry-NopA significantly prevented p65 nuclear accumulation in response to LMB treatment (Fig. 5D and SI Appendix, Fig. S4). A similar phenotype was observed in cells treated with LMB for 4 h, followed by a 30-min incubation with TNF-α (Fig. 5D and SI Appendix, Fig. S4). These data indicate that indeed, NopA perturbs nuclear import.

Next, we tested whether the perturbation of nuclear import triggered by NopA was specific to p65 and C. burnetii infections. The nuclear translocation of the transcription factor IRF3 was monitored in U2OS cells cotransfected with 3FLAG-tagged IRF3 in combination with either mCherry alone, mCherry-NopA, or mCherry-CvpB, and infected with the Sendai virus for 18 h. Noninfected cells were used as control (SI Appendix, Fig. S5A). Similar to what we reported for p65, IRF3 was readily translocated to the nuclei of cells expressing either mCherry alone or mCherry-CvpB but remained largely cytoplasmic in cells expressing mCherry-NopA (SI Appendix, Fig. S5 A and B).

NopA Is Involved in the Silencing of the Innate Immune Response during C. burnetii Infections. p65 nuclear translocation was further monitored in U2OS cells noninfected or challenged either with 10 ng/mL TNF-α for 30 min, WT C. burnetii, the Dot/Icm-defective mutant dotA::Tn, the nopA::Tn, or the complemented strain (nopA::Tn Comp.), for 24, 48, and 72 h by fluorescence microscopy and, for the 72 h time point, by Western blot following cell fractionation. IκBα was significantly degraded in all conditions as compared to noninfected cells, indicating an efficient activation of the NF-κB pathway (Fig. 6A). Translocation of p65 to the nucleus was readily detected in cells treated with TNF-α, either by Western blotting (Fig. 6B) or by immunofluorescence (Fig. 6 C and D). Cells challenged with WT C. burnetii or the nopA::Tn complemented strain showed a small but significant increase in nuclear p65 fluorescence as compared to noninfected, untreated cells (Fig. 6 B-D). However, incubation with either the dotA::Tn or the nopA::Tn mutants triggered an accumulation of p65 to the nucleus which was comparable to the TNF-α treatment (Fig. 6 B-D). Measurement of p65 nuclear translocation by immunofluorescence, which was specifically measured in infected cells, resulted in a stronger phenotype as compared to Western blot analysis, which was carried out on the total cell population.

To investigate the downstream effects of perturbing the nuclear translocation of transcription factors involved in the immune response to C. burnetii infections, differentiated THP-1 macrophages were exposed to either WT C. burnetii, the Dot/Icm-deficient dotA::Tn mutant, the nopA::Tn mutant, or the corresponding complemented strain (nopA::Tn Comp.) for 24, 48, and 72 h. Total RNA was extracted from cell lysates and qRT-PCR analysis was used to monitor the expression of a panel of cytokines (Fig. 7A and SI Appendix, Fig. S6A). A slight increase in the mRNA expression levels of all tested cytokines was observed in cells exposed to WT C. burnetii or the nopA::Tn complemented strain, as compared to noninfected cells. Interestingly however, cells exposed to either the dotA::Tn mutant or the nopA::Tn mutant displayed a comparable, significant increase in the production of the majority of the cytokines tested, ranging from a 2-fold increase to a 100-fold increase for IL8 (Fig. 7A and SI Appendix, Figs. S6A and S7). Down-modulation of the innate immune response was further confirmed by monitoring TNF-α and IFN-α production in THP-1 macrophages infected as above for 72 and 96 h. As C. burnetii effectors are known to perturb the secretory pathway of infected cells (20,25), THP-1 cells were treated with brefeldin A (BFA) 24 h prior to fixation and the intracellular levels of TNF-α and IFN-α were assessed by flow cytometry (Fig. 7 B and C), following the application of a specific gating to isolate the population of infected cells (SI Appendix, Fig. S6B). A significant increase in the intracellular levels of both cytokines was observed in cells infected either with the nopA::Tn or the dotA::Tn strains as compared to cells infected with WT C. burnetii or the nopA::Tn complemented strain (Fig. 7 B and C). Overall, our data indicate that C. burnetii uses the Dot/Icm secretion system to downmodulate the NF-κB signaling pathway as previously reported ( 9), and that NopA is a key effector for this process.

Discussion

Intracellular bacterial pathogens and symbionts establish intimate interactions with their eukaryotic hosts, which have evolved by coevolution over time. Part of their adaptation to their intracellular niches has been mediated by transkingdom acquisition and functional integration of eukaryotic genes in bacterial genomes (26). Indeed, EUGENs represent a hallmark of intracellular bacteria, and are rarely observed in free-living bacteria. Importantly, many EUGENs from intracellular bacteria produce candidate or validated effector proteins that are translocated into host cells through dedicated type III or type IV secretion systems (27). Thus, EUGENs are predicted to play an important role in the establishment of parasitic or symbiotic bacterial lifestyles.

In this study, bioinformatics analysis combined with translocation assays led to the identification of seven C. burnetii effector proteins encoding eukaryotic-like domains involved in protein/protein interactions, protein/chromatin interactions, and posttranslational modifications. CBU0447 and CBU0175 are conserved among C. burnetii strains, whereas the remaining five EUGENS present some degree of polymorphism (7). Upon ectopic expression in epithelial cells of translocated ankyrin repeat-containing proteins, AnkA (CBU0072) was largely cytoplasmic, whereas AnkF (CBU0447) seemed to associate with membranes that partially colocalized with the lysosomal marker LAMP1. AnkG (CBU0781), which was previously reported to localize at mitochondria and translocate to the nucleus upon staurosporine treatment of transfected cells (21), partially localized to the nucleus even in the absence of staurosporine in our hands. It is thus possible that other Ank proteins modify their intracellular localization at different stages of infection.

Here, we have focused our study on CBU1217, which encodes four RCC repeats in its C-terminal domain (aa 196 to 497). RCC repeats are found in the regulation of chromosome condensation 1 (RCC1) eukaryotic protein (28). In eukaryotes, the RCC domain consists of seven homologous repeats of 51 to 68 amino acid residues, arranged in a β-propeller fold (15). A single RCC domain constitutes the majority of the protein in the case of the RCC1 subgroup of the RCC1 superfamily, whereas multiple RCC domains can be found, either alone or in combination with other functional domains of the other subgroups of the superfamily (13). As such, RCCs are versatile domains that can be involved in protein/protein or protein/chromatin interactions, guanine nucleotide exchange factor (GEF), and posttranslational modifications including ubiquitination and phosphorylation (13). RCC1 is primarily found in association with histones H2A and H2B on chromatin (29) and acts as a GEF for the small GTPase Ran, a master regulator of nucleocytoplasmic transport during interphase and mitotic spindle assembly during mitosis (30).

Among vacuolar bacterial pathogens, the L. pneumophila effector protein LegG1 encodes an RCC-like domain (RLD) consisting of three out of the seven RCC repeats typically found in eukaryotes (31). Of note, LegG1 localizes at Legionella-containing vacuoles (LCVs) where it recruits and activates Ran to promote microtubule polymerization and LCV mobility (32). Differently from LegG1, C. burnetii NopA encodes an additional RCC repeat and, despite the lack of typical nuclear or nucleolar localization signals, exclusively localizes at nuclei with a strong enrichment in the chromatin fraction, which is consistent with RCC1 localization. NopA RCC repeats are necessary and sufficient to target the protein to nucleoli and exert its functions. Moreover, the first RCC repeat seems to be critical for targeting NopA to the nucleus, as removal of this repeat from NopA C-term displaces the protein to the cytoplasm. Interestingly, the first two RCC repeats (aa 196-310) alone localize at PML bodies. This localization remains unchanged with the addition of the third RCC repeat and it is only the expression of the complete NopA C-term that triggers protein localization at nucleoli, suggesting the presence of a nucleolar-targeting motif in the fourth RCC repeat.

Similarly to the eukaryotic protein RCC1, NopA interacts with Ran, with preferential affinity for the GDP-bound form and promotes the activation of Ran. Differently from RCC1, however, NopA also triggers a nucleolar accumulation of Ran. Thus, the observed increase in the intracellular levels of GTP-bound Ran may result from either GEF activity of NopA (which has been reported for RCC1), or via the observed sequestration of Ran at nucleoli, which would prevent GTP-bound Ran to recycle back to the cytoplasm, where Ran GTPase-activating proteins (GAPs) stimulate GTP to GDP conversion. As we were unable to purify sufficient amounts of either full-length NopA or NopA C-ter , we could not assess for the moment whether NopA has intrinsic GEF activity. Interestingly, a residual increase in the intracellular levels of Ran-GTP was still observed in cells challenged with the nopA::Tn mutant strain, as compared to infections with the Dot/Icm-defective dotA::Tn strain. This may suggest that other C. burnetii effectors may have a role in the modulation of Ran activity.

Of note, mutations in nopA do not affect C. burnetii intracellular replication (10). However, increasing the intracellular levels of Ran-GTP results in a global alteration in the nucleocytoplasmic transport of proteins (24). It has been reported that during infections, C. burnetii requires Dot/Icm activity to down-modulate the NF-κB pathway by perturbing the nuclear translocation of the p65 transcription factor (9). Here we demonstrate that NopA is one of the effector proteins involved in this process, as indicated by the strong inhibition of nuclear translocation of p65 upon treatment of cells with TNF-α or infection. The modulation of the NF-κB signaling pathway has been reported for a number of bacterial pathogens and viruses (1,2). In most cases, bacteria interfere with the degradation of IκBα and the release of p65 or by triggering the proteasomal degradation of p65 itself. Other bacteria, including L. pneumophila and Shigella flexneri may also inhibit the innate immune response downstream of p65 nuclear translocation, at the level of transcription and mRNA processing, respectively (2). Finally, an emerging number of bacterial effectors inhibit NF-κB activation by modulating the nuclear translocation and/or accumulation of p65, by interfering with nucleocytoplasmic protein transport. The Salmonella SPI-2 T3SS effector protein SpvD accumulates importin-α in the nucleus by binding exportin Xpo2, thereby preventing p65 nuclear import (4). O. tsutsugamushi uses ankyrin repeat-containing effector proteins Ank1 and 6 by coopting the function of both importin-β and exportin 1, thus accelerating p65 nuclear export (5). Here we show that the NF-κB pathway is readily activated upon C. burnetii infections as shown by efficient IκBα degradation. However, NopA perturbs nuclear accumulation of p65 by triggering the nuclear accumulation of GTP-bound Ran, resulting in an imbalanced Ran gradient across cells. In turn, this leads to a defective nuclear import of proteins, as also demonstrated by challenging cells ectopically expressing NopA with leptomycin B to block nuclear export.

Considering that these bacterial effectors manipulate common adaptors and GTPases involved in nucleocytoplasmic transport, it would be of interest to monitor their effect on a broader panel of proteins and investigate how infected cells respond to these perturbations. For example, other C. burnetii effector proteins have been described to localize at the nucleus of infected cells (21,33,34). In this perspective, it is important to note that nuclear translocation of p65 is not completely ablated during C. burnetii infections, and that the strongest phenotypes are observed at 48 and 72 h postinfection, which is compatible with a reduced, but still detectable translocation of protein to the nucleus at earlier time points. Here we show that indeed the perturbation of nuclear import by NopA affects a broader class of proteins, also outside the context of C. burnetii infections, as indicated by the perturbation of nuclear translocation of IRF3 in response to Sendai virus infection, in cells ectopically expressing NopA.

To monitor the downstream effects of inhibiting the nuclear accumulation of transcription factors involved in immune sensing, we challenged differentiated THP-1 cells with WT C. burnetii or strains carrying mutations either in the Dot/Icm secretion system or in nopA. As expected, infections by the WT strain elicited a minor response in the expression of a panel of cytokines, including TNF-α, interleukins, and interferons, in agreement with the observation that C. burnetii is a stealth pathogen. Evasion of the innate immune response was unmasked by infections with the Dot/Icm-defective strain dotA::Tn, which triggered a significant cytokine response. Interestingly, infections by the nopA::Tn mutant strain largely phenocopied the dotA::Tn mutation, suggesting that NopA is critical for the down-modulation of the innate immune response.

Together, this work highlighted a number of C. burnetii eukaryoticlike effector proteins and showed that one of them, NopA, is responsible for evading the host innate immune response by interfering with nucleocytoplasmic transport.

Materials and Methods

Antibodies, reagents, bacterial strains, cell lines, and growth conditions used in this study are listed in SI Appendix.

Plasmids.

Plasmids used in this study are listed in SI Appendix, Table S4. DNA sequences were amplified by PCR using Phusion polymerase (New England Biolabs) and gene-specific primers (Sigma).

Plasmid Design for Secretion Assay in C. burnetii. Selected genes from SI Appendix, Table S2 were amplified from C. burnetii RSA439 NMII genomic DNA using primer pairs indicated in SI Appendix, Table S5. PCR products were cloned into the pXDC61-BLAM plasmid to generate N-terminal-tagged fusion version of all candidate effector proteins.

Plasmid Design for Mammalian Cells Transfection. Effector-coding genes were amplified from C. burnetii RSA439 NMII genomic DNA using primer pairs indicated in SI Appendix, Table S5. PCR products were cloned either into pLVX-mCherry-N2 or pRK5-HA plasmids to generate N-terminal-tagged mCherry or HA fusion versions of all effector proteins, respectively. For cloning of Ran in pcDNA3-GFP10-zipper, Ran was amplified using forward primers Ran-BspEI and reverse primers Ran-XbaI-rev. For cloning of NopA, RCC1, and fibrillarin in pcDNA3-zipper-GFP11, genes were amplified using forward primers NopA-NotI, RCC1-NotI, or FBL-NotI and reverse primers NopA-ClaI-rev, RCC1-ClaI-rev, or FBL-ClaI-rev. pGBKT7-containing eukaryotic sequence of Ran WT, RanT24N/Q69L/N122I mutants were kindly provided by Aymelt Itzen, Zentrum für Experimentelle Medizin Institut für Biochemie und Signaltransduktion, Hamburg, Germany. Ran WT and mutants were amplified from pGBKT7-Ran-WT, pGBKT7-Ran-T24N, pGBKT7-Ran-Q69L, and pGBKT7-Ran-N122I using primers pairs XhoI-Ran-F and Ran-XmaI-rev, and the PCR products were cloned into pLVX-GFP-N2.

Plasmid Design for nopA Complementation in C. burnetii. For nopA complementation, the nopA putative promoter and nopA sequences were amplified using the primer pairs NheI-prom1217-fw/PstI-prom1217-Rev and CBU1217-BamHI/CBU1217-EcoRI-rev, respectively (SI Appendix, Table S5). The PCR products were cloned into pUCR6K-miniTn7-Kan-tetRA-4HA. Plasmids were electroporated in the nopA::Tn mutant strain Tn227 (10).

Beta-Lactamase Translocation Assay. For C. burnetii effector translocation assays, cells were cultured in black, clear-bottomed, 96-well plates and infected with the appropriate C. burnetii strain (multiplicity of infection [MOI] of 100) for 24 and 48 h. C. burnetii-expressing BLAM alone or BLAMtagged CBU0021 were used as negative and positive controls, respectively. Cell monolayers were loaded with the fluorescent substrate CCF4/AM (LiveBLAzer-FRET B/G loading kit; Invitrogen) in a solution containing 20 mM Hepes, 15 mM probenecid (Sigma) pH 7.3, in Hank's balanced salt solution (HBSS). Cells were incubated in the dark for 1 h at room temperature and imaged using an EVOS inverted fluorescence microscope. Images were acquired using DAPI and GFP filter cubes. The image analysis software CellProfiler was used to segment and count total cells and positive cells in the sample using the 520-nm and 450-nm emission channels, respectively, and to calculate the intensity of fluorescence in each channel. Following background fluorescence subtraction using negative control samples, the percentage of positive cells was then calculated and used to evaluate effector translocation. A threshold of 20% of positive cells was applied to determine efficient translocation of bacterial effector proteins.

Immunofluorescence Staining and Microscopy. Cells were fixed in 4% (wt/vol) paraformaldehyde in phosphate-buffered saline (PBS) solution at room temperature for 20 min. Samples were then rinsed in PBS solution and incubated in blocking solution (0.5% bovine serum albumine [BSA], 50 mM NH 4 Cl in PBS solution, pH 7.4). Cells were then incubated with the primary antibodies diluted in blocking solution for 1 h at room temperature, rinsed five times in PBS solution, and further incubated for 1 h with the secondary antibodies diluted in the blocking solution. To visualize HA-tagged NopA or nuclear/nucleolar proteins, cells were fixed as previously described in 4% (wt/vol) paraformaldehyde in PBS solution. Then, cells were permeabilized with 0.5% Triton X-100 in PBS solution for 3 min at room temperature. Sample were then rinsed in PBS solution and incubated with blocking solution (0.1% Triton X-100, 5% [wt/vol] milk in PBS solution) for 1 h at room temperature. Cells were then incubated with the primary antibodies diluted in blocking solution for 1 h at 37 °C, rinsed five times in PBS solution, and incubated with the secondary antibodies for 1 h at room temperature. For all conditions, coverslips were mounted by using Fluoromount mounting medium (Sigma) supplemented with Hoechst 33258 for DNA staining. Samples were imaged with a Zeiss Axio Imager Z1 epifluorescence microscope (Carl Zeiss) connected to a CoolSNAP HQ 2 charge-coupled device (CCD) camera (Photometrics). Images were acquired alternatively with 100×, 63×, or 40× oil immersion objectives and processed with MetaMorph (Universal Imaging). ImageJ and CellProfiler software were used for image analysis and quantifications.

Immunoprecipitations and Pull-Down Assays. For coimmunoprecipitation experiments, pLVX-GFP-N2-tagged WT Ran, RanT24N/Q69L/N122I mutants, or vector control were cotransfected with pRK5-HA-NopA C-ter in U2OS cells. At 24 h posttransfection, cells were lysed in lysis buffer (10 mM Tris HCl, pH 7.5, 150 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid [EDTA] 1% Nonidet P-40) supplemented with a protease inhibitor tablet (Complete; Roche) and incubated with 25 μL of GFP-Trap magnetic beads (Chromotek) for 2 h at 4 °C with rotation. The beads were then washed three times with wash buffer (10 mM Tris HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA), resuspended in Laemmli buffer 4×, and analyzed by Western blot.

Tripartite Split-GFP Assay. U2OS were grown in Dulbecco's modified Eagle medium (DMEM) supplemented in 10% (vol/vol) fetal calf serum (FCS) at 37 °C and 5% CO 2 . For the interaction assay, U2OS cells were cotransfected with Lipofectamine 2000 (Gibco, Invitrogen) with plasmids encoding for GFP1-9, GFP10, and GFP11 fusions. At 24 h posttransfection, cells were fixed in 4% paraformaldehyde in PBS solution and processed for immunofluorescence. Protein/protein interactions were scored by calculating the percentage of GFP-positive cells over the total number of cells positive for the anti-GFP antibody.

Cell Fractionation. U2OS cells were grown to 60% confluence in 100-mm Petri dishes before being transfected with 10 μg of pRK5-HA-NopA N-ter or pRK5-HA-NopA C-ter in JetPEI reagent (Polyplus-Transfection) according to the manufacturer's recommendations. At 24 h after transfection, cells were washed in PBS and pelleted at 4 °C. U2OS cells cultured in 100-mm dishes were infected with the nopA::Tn mutant or the corresponding complemented strain (nopA::Tn Comp.) expressing a 4HA-tagged version of NopA. After 24 h of infection, cells were washed in PBS and pelleted at 4 °C.

Transfected or infected cell pellets were subjected to cell fractionation as previously described (35). Where appropriate, cytoplasmic, nuclear, and chromatin fractions were subjected to immunoprecipitation using 40 μL of anti-HA magnetic beads (Sigma) for 2 h at 4 °C with rotation. Bound proteins were eluted using 80 μL of 100 μg/mL -1 HA-peptide (Sigma) and then resuspended in Laemmli buffer 4× and analyzed by Western blot.

Ran Activation Assay. For the analysis of enzymatic activity of NopA, U2OS cells were either infected or transfected and lysed with lysis buffer (25 mM Hepes, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl 2 , 1 mM EDTA, 2% glycerol) containing a protease inhibitor tablet (Complete; Roche). Cell lysates were then centrifuged for 10 min at 14,000 × g at 4 °C. For Ran-GTP immunoprecipitation, 40 μL of RanBP1 beads (Cell Biolabs, Inc.) were incubated with cell lysates for 1 h at 4 °C, and then washed three times with lysis buffer, subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS/PAGE), and visualized by Western blotting using an anti-Ran antibody (1:4,000, Sigma). GTP-bound Ran levels were determined by calculating the signal ratio of GTP-bound Ran over the total amount of Ran.

NF-κB/IRF3 Translocation Assays.

To analyze NF-κB translocation, U2OS cells were grown to 60% confluence before being transfected as previously described. At 24 h posttransfection, cells were incubated with media containing 10 ng/mL TNF-α for 30 min at 37 °C. Alternatively, cells were preincubated with media containing 5 nM LMB for 4 h at 37 °C, followed by a TNF-α treatment as indicated above where needed. For C. burnetii infection assays, cells were infected with C. burnetii and incubated at 37 °C for 1 to 3 d. Cells were then fixed in 4% paraformaldehyde in PBS solution and processed for NF-κB immunostaining. The image analysis software CellProfiler was used to segment all nuclei using the Hoechst staining and cell contours using nuclei as seeds and p65 labeling. Cytoplasm was segmented by subtracting nuclei from cell objects. Next, mCherry signal was used to identify and isolate the subpopulation of transfected cells, and single cell measurements of the ratio of the mean p65 fluorescence in the nucleus versus cytoplasm were calculated for each condition. For infection assays, CellProfiler was used to identify and isolate the population of infected cells based on the GFP fluorescence associated with the strains of C. burnetii used in this study and nuclear p65 fluorescence was specifically measured as described above in the subpopulation of infected cells. To analyze IRF3 translocation, pLVX-mCherry-N2-tagged NopA, CvpB, or empty vector were cotransfected with pcDNA3-3×FLAG-tagged IRF-3 in U2OS cells. At 24 h posttransfection, cells were infected with a defective-interfering H4 Sendai virus (36) provided by D. Garcin, Department of Microbiology and Molecular Medicine, University of Geneva, Geneva Switzerland, and used at 50 hemagglutination units (HAU)/mL for 18 h at 37 °C. Cells were then fixed in 4% paraformaldehyde in PBS solution and processed for FLAG immunostaining. IRF3 nuclear translocation was measured as described above for p65.

Densitometry. Regions of Interest (ROIs) were obtained from each band of interest and the intensity was measured using ImageJ. For each band, the same ROI was used for background calculation and removal from areas adjacent to each band. For the experiments illustrated in Fig. 5, the intensity of bands from samples treated with TNF-α were normalized for the intensity of the corresponding untreated sample. For the experiments illustrated in Fig. 6, the intensity of bands from samples challenged with C. burnetii or treated with TNF-α were normalized for the intensity of the noninfected (NI) sample.

qRT-PCR Analysis of Cytokine mRNA. Total RNA was extracted from THP-1 cells using the RNeasy Micro kit and submitted to DNase treatment (Qiagen), following manufacturer's instructions. RNA concentration and purity were evaluated by spectrophotometry (NanoDrop 2000c, Thermo Fisher Scientific). A total of 500 ng of RNA was reverse transcribed with both oligo-dT and random primers, using PrimeScript RT Reagent Kit (Perfect Real Time, Takara) in a 10-mL reaction. Real-time PCR reactions were performed in duplicates using Takyon ROX SYBR MasterMix blue dTTP (Eurogentec) on an Applied Biosystems QuantStudio 5, using the following program: 3 min at 95 °C followed by 40 cycles of 15 s at 95 °C, 20 s at 60 °C, and 20 s at 72 °C. Cycle threshold (Ct) values for each transcript were normalized to the geometric mean of the expression of RPL13A, B2M, and ACTB (i.e., reference genes) and the fold changes were determined by using the 2 -ΔΔCt method. Primers used for quantification of transcripts by real-time quantitative PCR are indicated in SI Appendix, Table S5. SCID Mouse Infections. SCID (C.B-17/LcrHsd-Prkdcscid) mice were purchased from Envigo and housed in the Texas A&M Health Science Center (TAMHSC) animal facility. All animal procedures were done in compliance with Texas A&M University Institutional Animal Care and Use Committee (Animal Use Protocol, AUP 2016-0370). Infections were performed as described previously (37). Briefly, 6-to 8-wk-old female mice (SCID or C57BL/6) were infected with 1 × 10 6 viable C. burnetii phase II strain via intraperitoneal (i.p.) injection. Inoculum concentrations were confirmed by serial dilution spot plating on acidified citrate cysteine medium-2-defined (ACCM-D) agarose as described previously (38).

Mouse Tissue Collection, Processing, and DNA Purification. At 10 d (competitive infections) or 14 d postinfection (single infections), the mouse spleens were removed and weighed at necropsy to determine splenomegaly (spleen weight/body weight). Each spleen was added to 1 mL PBS and homogenized using an Omni tissue homogenizer equipped with plastic tips. A total of 100 μL of homogenate was added to 400 μL of TriZol LS (Invitrogen) for RNA extraction. For DNA extraction, 100 μL of homogenate was added to 900 μL tissue lysis buffer (Roche) plus 100 μL of proteinase K and incubated at 55 °C overnight. The following day 100 μL of 10% SDS (wt/vol) was added and incubated at room temperature for 1 h. Lysed tissue samples were then processed using the Roche High Pure PCR template preparation kit according to the manufacturer's instructions.

Enumeration of Coxiella in Mouse Spleens. DNA purified from infected organs was used as template for TaqMan real-time PCR using primers and probe for com1 or primers and probe of IS1111 as described previously (37). Quantitative PCR was performed in 20-μL reactions with ABI TaqMan universal PCR mastermix run on an ABI StepOne Plus machine. The replication index reported for each mouse was calculated by dividing the number of genome copies recovered from spleens by the number of genome copies in the original inoculum.

Flow Cytometry. For intracellular human TNF-α/IFN-α4 staining, 5 × 10 4 THP-1 cells differentiated in phorbol 12-myristate 13-acetate (PMA) (200 ng/mL) for 2 d seeded in 24-well plates were infected with the indicated C. burnetii strain for 72 and 96 h. Cells were then treated with 1 μg/mL of BFA for the last 24 h. The following day, cells were fixed using 2% paraformaldehyde in PBS solution for 20 min at 4 °C. After washing with fluorescence-activated cell sorting (FACS) buffer (1% BSA in PBS solution), cells were permeabilized in FACS buffer supplemented with 0.1% saponin for 30 min at 4 °C and then stained with anti-TNF-α-PE and IFN-α-PE antibodies for 1 h at 4 °C. 

*

Bacterial strains, cell lines and growth conditions.

Strains used in this study are listed in Table S3. Coxiella burnetii NMII and transposon mutants were grown in ACCM-2 supplemented with kanamycin (340 !g/ml) and/or chloramphenicol (3 !g/ml) as appropriate in a humidified atmosphere of 5% CO 2 and 2.5% O 2 at 37 °C. Cells were routinely maintained in RPMI (THP-1) or DMEM (U2OS), supplemented with 10% foetal calf serum (FCS) in a humidified atmosphere of 5% CO 2 at 37 °C. Where appropriate, THP1 cells were seeded at 200,000 per well in 24-well plates in RPMI medium supplemented with 10% FCS and treated with 200 ng/ml PMA for 48 h to allow the differentiation into macrophages. Fresh medium supplemented with 10% FCS was added 48h post-differentiation.

The following day, cells were challenged with C. burnetii for 1 to 4 d. Total RNA were collected at 24h intervals during the time course of the experiment. Primary bone marrow derived macrophages (BMDM) were prepared from C57BL/6 (Envigo, Houston, TX) as previously described (1). To infect BMDM with C. burnetii, bacterial stocks from ACCM-D cultures were enumerated by TaqMan qPCR using primers and probe directed against the com1 gene sequence (2) and applied to the cells on ice at a multiplicity of infection (MOI) of 10. The inoculated BMDM were centrifuged at 500xg for 10 minutes at 4°C, and then shifted to a water bath at 37 °C, 5% CO 2 to synchronize bacterial uptake. After one hour, the cells were washed 3 times with warm DMEM to remove excess inoculum. The medium was replaced with complete macrophage medium (DMEM supplemented with 10% FBS, and 10% L929conditioned medium), and returned to the incubator for a total of 7 days. The culture medium was replaced daily. For bacterial growth curves, infected cells were collected in triplicate wells at 0, 1, 4, and 7 days post-infection for genomic DNA isolation and enumeration of bacteria by TaqMan qPCR (2).

*

Cell transfection.

For the ectopic expression of proteins in mammalian cells, cells were grown to 60% confluence and transfected with JetPEI cationic polymer transfection reagent (Polyplus Transfection) or Lipofectamine 2000, according to the manufacturer's recommendations. Cells were assayed 12-24 h post transfection.

*

Supporting information references 1. A. Chong,et al., The early phagosomal stage of Francisella tularensis determines optimal phagosomal escape and Francisella pathogenicity island protein expression.
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Pkinase were still enriched at vacuoles containing the dotA::Tn mutant, whereas PI(3)P, whose recruitment depends on the translocation of the effector protein CvpB (Martinez et al., 2016) was absent (Figure 27). Interestingly, both PI(4)P and LBPA were absent from vacuoles containing the dotA::Tn mutant (Figure 27), indicating that their recruitment to CCV membranes is Dot/Icm-dependent. 4)P appear to be at the Golgi apparatus and the plasma membrane (D'Angelo et al., 2008).

To test whether the PI( 4)P detected at CCVs originates from the Golgi-associated pool, we used a mutant of the PI-4 phosphatase Sac1 (Sac1-K2A), which is retained at the Golgi apparatus where it constitutively dephosphorylates PI(4)P, without affecting other PI pools (Rohde et al., 2003). U2OS cells were co-transfected with plasmids encoding the PI( 4)P probe mCherry-OSBP-PH either in combination with either GFP alone or GFP-Sac1-K2A. 12 h post transfection, cells were infected with the C. burnetii NMII strain for 48 h prior to fixation. Noninfected U2OS cells were used as controls and labelled with an anti-GM130 antibody to visualise the Golgi apparatus and validate the depletion of the Golgi-associated PI(4)P pool.

mCherry-OSBP-PH was found at the Golgi apparatus in GFP-expressing cells (Figure 28A), whereas in cells expressing GFP-Sac1-K2A, mCherry-OSBP-PH was diffuse in the cytoplasm (Figure 28B). As previously observed, PI(4)P was enriched at CCV membranes labelled by an anti-LAMP1 antibody in infected U2OS cells expressing GFP alone (Figure 28C).

Interestingly, PI(4)P was absent from CCVs in cells expressing GFP-Sac1-K2A (Figure 28D), suggesting that indeed, the PI( 4)P observed at CCVs originates from the Golgi complex.

Moreover, the size of CCVs was smaller in cells depleted of PI(4)P, as compared to cells expressing GFP alone (Figure 28D), indicating that PI(4)P is important in early steps of CCV biogenesis to generate a large replicative compartment. Unfortunately, the identification of these proteins by mass spectrometry was unsuccessful. Regardless, we carried out a bioinformatics analysis by cross-referencing the apparent molecular mass (± 10%) of proteins eluted from lipid-coated beads with the predicted molecular mass of C. burnetii hypothetical proteins. This allowed the identification of 67 protein-coding genes (Table 13), 5 of which were retained for further analysis based on literature analysis, the prediction of effector proteins using the S4TE algorithm [START_REF] Noroy | Searching algorithm for Type IV effector proteins (S4TE) 2.0: Improved tools for Type IV effector prediction, analysis and comparison in proteobacteria[END_REF] and the presence of putative lipid-related features identified using Protein Homology/analogy Recognition Engine V 2.0 (Phyre2), RaptorX (Table 14). Among these, cbu0635 is a PI(4)P-binding candidate, previously shown to be translocated during infections, localise to the Golgi apparatus and interfere with the secretory pathway (Carey et al., 2011).

Results ! 154 ! Importantly, bioinformatics analysis revealed that cbu0635 encodes a candidate PH and a candidate C2 domain (Table 14). cbu1576 is a PI/PS-binding candidate encoding a putative PH domain (Table 14). cbu1639 and cbu686 are LBPA/sphingosine-binding and PI/PS-binding candidates, respectively, and are predicted as lipid binding proteins (Table 14). cbu2007 is a LBPA/sphingosine-binding candidate that encodes for a putative F-BAR domain and is related to the Legionella effector SidF, a PI 3-phosphatase that hydrolyses PI (3,4)P2 and PI (3,4,5) cbu0635, cbu1576, cbu1639, cbu1686 and cbu2007 were thus cloned into a pLVX-mCherry vector to tag proteins at their C-terminal domain and their localisation was investigated in non-infected and GFP-tagged WT C. burnetii-infected U2OS cells (Figure 30).

CBU0635 localised to vesicular structures in the perinuclear area of cells, which may correspond to the Golgi apparatus, and in infected cells, the protein localised to CCVs (Figure 30). CBU1576 partially co-localised with the lysosomal marker LAMP1 in non-infected cells and at CCVs in infected cells (Figure 30). CBU1639 and CBU1686 were largely cytoplasmic with partial localisation at nuclear compartments in both infected and non-infected cells (Figure 30). CBU2007 localised at vesicles and plasma membrane in both infected and non-infected cells (Figure 30). Interestingly, ectopic expression of CBU2007 triggered the formation of a large LAMP1-positive compartment reminiscent of CCVs in non-infected cells (Figure 30). Non-infected or GFP-expressing C. burnetii-infected U2OS cells were transfected with plasmids encoding N-terminally tagged mCherry versions of the selected candidate lipidbinding proteins (Table 13 and 14, white). Cells were fixed 24 h after transfection and labelled with Hoechst (blue) and an anti-LAMP1 antibody (red). (Scale bars, 10 μm).

Given their original localisation which may be consistent with a potential lipid interaction, here we have focused our analysis on CBU0635, CBU1576 and CBU2007.

Dot/Icm-dependent translocation of CBU0635 and CBU2007 has been previously reported using Legionella pneumophila as a surrogate system (Carey et al., 2011;[START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF].

To et al., 2016) were used as negative and positive controls, respectively. All candidates were efficiently translocated at all time points of infection (Figure 31B andC), whereas none of the proteins were translocated by the Dot/Icm-defective mutant strain (Figure 31B andC),

indicating that CBU0635, CBU1576 and CBU2007 are indeed Dot/Icm substrates. Due to the presence of corresponding transposon mutants in our library (Martinez et al., 2014), we privileged the characterisation of CBU0635 and CBU2007. Results ! 161

!

To determine whether CBU0635 may use PI(4)P to localise at the TGN, we depleted the Golgi pool of PI(4)P by means of the Sac1-K2A mutant in cells expressing HA alone or HA-CBU0635. U2OS cells expressing the PI(4)P probe mCherry-OSBP-PH were used as control of the PI(4)P depletion. As previously described, expression of Sac1-K2A resulted in the complete loss of PI( 4)P at the Golgi apparatus (Figure 33A). Despite the depletion of PI( 4)P, the Golgi apparatus remained intact labelled with an anti-TGN46 antibody (Figure 33A and B). Regardless, CBU0635 was still observed at the TGN (Figure 33C), suggesting that CBU0635 targeting may depend on the interaction with Golgi-resident proteins or other lipids. Results ! 164 ! Interestingly, CBU0635138-313 expression also triggered an increase in the size of PI (3,4)P2-positive compartments compared with cells expressing the HA tag alone (Figure 36). More importantly, ectopic expression of HA-CBU0635FL led to the complete disappearance of PI (3,4)P2-positive vesicles from transfected cells (Figure 36), suggesting that CBU0635 may act as a PI-phosphatase. 

2.3.1.2! CBU0635 is a putative PI phosphatase

To further investigate a putative catalytic activity of CBU0635, we searched its aminoacidic sequence for CX5R motifs, a signature sequence of the catalytic residues in PI phosphatases (Norris et al., 1998). Indeed, bioinformatics analysis revealed the presence of a putative CX5R motif (CVFACHR, aa 133-139) upstream of the putative PH lipid-binding domain (Figure 37A).!We thus generated cysteine and arginine mutants of this motif to validate its functionality. HA, HA-CBU0635, HA-CBU0635C133A or HA-CBU0635R139A were thus ectopically expressed in U2OS cells in combination with 0"#$RN8=:%@R;$75-? 37B 37B), suggesting that indeed, the CX5R motif in CBU0635 may be functional and that the effector protein might regulate intracellular levels of RN8=:%@R!. Further biochemical assays are required to determine whether CBU0635 can catalyse the dephosphorylation of PI (3,4)P2 to either PI(4)P or PI(3)P. 
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2.3.1.3! CBU0635 is important for CCV biogenesis !

!

To determine whether CBU0365 is involved in CCV biogenesis, we infected U2OS or PMA-treated THP-1 with a transposon insertion mutant in cbu0635 (Tn1898), which was previously isolated in our laboratory (Martinez et al., 2014). Southern blot analysis confirmed U2OS cells were thus challenged either with GFP-tagged C. burnetii (WT), the CBU2007 mutant Tn1577 (hereafter referred to as cbu2007::Tn) or the dotA::Tn mutant for 6 days, fixed, and immuno-labelled with anti-LAMP1 and anti-LBPA antibodies to visualise CCVs and LBPA, respectively. In all conditions, LAMP1 and LBPA largely co-localised at vesicles in the cytoplasm of both infected and non-infected cells. LAMP1 decorated the whole external

Results ! 169 ! membrane of CCVs harbouring WT bacteria as well as vesicles inside its lumen. In these conditions, LBPA co-localised with LAMP1 within isolated domains at the vacuole membrane.

Interestingly however, a large number of LBPA-positive but LAMP1-negative vesicles were also observed in the lumen of the CCVs (Figure 41A). LAMP1 labelling of CCVs generated by the cbu2007::Tn mutant revealed highly convoluted membranes with protrusions extending both inside the lumen of the vacuole and projecting out of the external membrane (Figure 41B). Interestingly, LBPA was largely absent from these vacuoles. Finally, LAMP1 labelled vacuoles containing dotA::Tn mutants as expected. LBPA was also present within these vacuoles but remained segregated in a separate sub-compartment (Figure 41C). These results indicate that CBU2007 is involved in the biogenesis of CCV and in the recruitment of LBPA at these compartments.

Complementation of the cbu2007::Tn strain is in progress either by expressing cbu2007 alone or the full cbu2007-cbu2006-cbu2005-cbu2004 operon under the control of the endogenous PmrA promoter. Given the important role of VPS4A in MVB biogenesis, we were interested in determining whether the catalytic activity of VPS4A was important for the activity of CBU2007.

U2OS cells we co-transfected either with plasmids encoding the HA tag alone or HA-CBU2007 in combination with plasmids encoding two inactive forms of VPS4A : GFP-VPS4A K178Q and GFP-VPS4A E225Q , which are unable to bind or hydrolyse ATP, respectively (Bishop and Woodman, 2000). Co-expression of either mutants with HA-CBU2007 did not affect the formation of the CBU2007-induced vacuole (Figure 46). However, membrane targeting of GFP-VPS4A K178Q was reduced in cells expressing HA-CBU2007 as compared to cells expressing the HA tag alone (Figure 46), suggesting that CBU2007 may block VPS4A membrane binding and thus ATPase activity to inhibit fission events involved in MVB biogenesis. Given the role of RAB7 in membrane fusion of endocytic vesicles (Vanlandingham and Ceresa, 2009) and its localisation at CBU2007-induced vacuoles, we investigated whether the small GTPase is involved in the biogenesis of this compartment. U2OS cells were transfected with HA-CBU2007 in combination either with GFP-RAB7 Q67L (dominant-positive) or GFP-RAB7 T22N (dominant-negative) to investigate the respective localisation of the two proteins and monitor the formation of CBU2007-induced vacuoles. As observed with the ectopic expression of WT RAB7, co-expression of GFP-RAB7 Q67L with HA-CBU2007 resulted in the targeting of both proteins to the large vacuole (Figure 48). Conversely, ectopic expression of GFP-RAB7 T22N reduced CBU2007 targeting to cellular membranes and results in the appearance of multiple, smaller vacuoles that fail to merge into the single one observed in cells expressing either WT RAB7 or GFP-RAB7 Q67L in combination with HA-CBU2007 (Figure 48). These data suggest that RAB7 is indeed involved in the formation of CBU2007-induced vacuoles.

Immunoprecipitation of HA-CBU2007 will allow to investigate a potential interaction with RAB7. A common strategy of persistent bacterial pathogens is to evade immune clearance by overcoming cellular functions. Some bacterial effector proteins are secreted to promote persistence by modulating host innate immune responses and interfering with host detection mechanisms, signaling pathways or host transcription and translation [START_REF] Asrat | Modulation of the host innate immune and inflammatory response by translocated bacterial proteins[END_REF].

Indeed, previous studies have shown that C. burnetii evades the innate immune response by perturbing TLR signaling (Conti et al., 2014), blocking pro-inflammatory pathways such as the non-canonical inflammasome [START_REF] Cunha | Inhibition of inflammasome activation by Coxiella burnetii type IV secretion system effector IcaA[END_REF] and modulating the NF-κB signaling pathway (Mahapatra et al., 2010;[START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF]. Here, we have identified the The NF-κB signaling pathway can be modulated at several levels to stimulate (dotted arrows) or inhibit (dotted -|) host innate immunes responses. Bacterial proteins (oranges boxes: species (top) and bacterial protein (bottom)) are involved in phosphorylation (P), ubiquitination (Ub) and proteasomal degradation of components of the NF-κB complex, whereas other modulate the NF-κB-mediated transcription. Some of them are able to interfere in the nuclear import of the NF-κB subunit p65 as the S. typhimurium effector SpvD [START_REF] Rolhion | Inhibition of nuclear transport of NF-ĸB p65 by the Salmonella type III secretion system effector SpvD[END_REF], the two O. tsutsugamushi proteins Ank1 and Ank6 [START_REF] Evans | Orientia tsutsugamushi uses two Ank effectors to modulate NF-κB p65 nuclear transport and inhibit NF-κB transcriptional activation[END_REF], the B. pertussis effector BopN (Nagamatsu et al., 2009) and the recently identified C. burnetii effector NopA (Burette et al., 2020).

Discussion ! 182 ! Xpo2, thereby inducing the nuclear accumulation of importin-α [START_REF] Rolhion | Inhibition of nuclear transport of NF-ĸB p65 by the Salmonella type III secretion system effector SpvD[END_REF] (Figure 51). Two Orientia tsutsugamushi effector proteins Ank1 and Ank6 subvert both importin and exportin activities, thus accelerating p65 nuclear export [START_REF] Evans | Orientia tsutsugamushi uses two Ank effectors to modulate NF-κB p65 nuclear transport and inhibit NF-κB transcriptional activation[END_REF] (Figure 51). The Bordetella pertussis effector BopN perturbs the nuclear translocation of p65 following IκBα degradation by manipulating the nuclear export (Nagamatsu et al., 2009) (Figure 51).

Here, we have shown that the C. burnetii eukaryotic-like effector NopA sequesters Ran at nucleoli via its RCC-like domain, triggering s an imbalance in the nucleocytoplasmic gradient of the GTPase, thereby perturbing the nuclear import of eukaryotic proteins, including the p65 subunit of NF-κB. During infections, this results in a reduced expression of pro-inflammatory cytokines. Interestingly, the four RCC repeats found in NopA are homologous to those present in the eukaryotic Ran GEF RCC1. RCC1 is primarily found in association with chromatin and triggers the generation of GTP-bound Ran required for nucleocytoplasmic transport [START_REF] Clarke | Spatial and temporal coordination of mitosis by Ran GTPase[END_REF]. Similar to the Ran GEF RCC1, NopA is found associated with the chromatin fraction, suggesting a potential interaction with DNA or RNA. and uses its RCC-like domain to interact with Ran. Differently from RCC1, however, NopA accumulates at host cell nucleoli and sequesters Ran, thus perturbing the shuttling of nuclear proteins. To date, very few bacterial effectors are able to localise to the nucleolus where they have distinct functions. The L. pneumophila effector LegAS4 is a histone methyltransferase that targets histone 3 lysine 4 (H3K4) (Li et al., 2013). This leads to an increase of the transcription of ribosomal RNA genes (rRNA genes) which is the main function of the nucleolus (Boisvert et al., 2007). Bordetella bronchipseptica and Burkholderia thailandensis also secrete nucleolar histone methyltransferase effectors, BtSET and BbSET respectively, to control rRNA synthesis in an epigenetic-dependent manner (Li et al., 2013). LegAS4, BtSET and BbSET harbor a SETdomain, which is typically found in eukaryotic proteins with a methyltransferase activity (Cheng et al., 2005). Another example of nucleolar bacterial protein is the Escherichia coli effector EspF that disrupts several nucleolar factors that are important for ribosomal biogenesis (Dean et al., 2010). Whether NopA also plays a role as an epigenetic factor influencing gene expression remains to be investigated, given its putative interaction with DNA or RNA.

The modulation of nucleocytoplasmic transport by NopA deserves further investigation.

Despite the clear impact of NopA on nucleocytoplasmic transport, shuttling of nuclear proteins is not completely suppressed during C. burnetii infections as cells challenged with the WT strain or the nopA::Tn complemented strains showed a small increase in nuclear p65 fluorescence as compared to cells infected with the nopA::Tn or the dotA::Tn strains.

Interestingly, it has been shown that NF-κB-mediated anti-apoptotic genes such as a1/bfl-1 and c-iap2 are upregulated during C. burnetii infections [START_REF] Voth | Lounging in a lysosome: the intracellular lifestyle of Coxiella burnetii[END_REF]. Thus, NopA may Furthermore, the nuclear localisation of several C. burnetii effector proteins is not prevented by the expression and secretion of NopA [START_REF] Eckart | Antiapoptotic activity of Coxiella burnetii effector protein AnkG is controlled by p32-dependent trafficking[END_REF]Weber et al., 2016a;[START_REF] Schäfer | Nuclear trafficking of the anti-apoptotic Coxiella burnetii effector protein AnkG requires binding to p32 and Importin-α1[END_REF]. However, NopA perturbs the nuclear translocation of IRF3, a transcriptional factor required to protect the host from viral infections by inducing type I IFN responses (Tamura et al., 2008). Interestingly, this shows that NopA elicits a general impairment of the nucleocytoplasmic transport by affecting a broader class of proteins and also outside the context of C. burnetii infection. In this context, a recent study showed that C. burnetii selectively inhibits the nuclear translocation of the pro-apoptotic protein CHOP, to inhibit the ER-stress-induced apoptosis, whereas the nuclear import of the transcription factor ATF4 remains unaffected (Brann et al., 2020). As NopA manipulates the nucleocytoplasmic transport in host cells, NopA may also interfere with the nuclear translocation of CHOP suggesting that NopA is important not only for the down-modulation of the innate immune response, but also for other processes such as apoptosis.

Among intracellular pathogens, L. pneumophila secretes 3 RCC1 repeat proteins LegG1, PpgA and PieG that are important for intracellular replication in host cells [START_REF] Rothmeier | Activation of Ran GTPase by a Legionella effector promotes microtubule polymerization, pathogen vacuole motility and infection[END_REF]Swart et al., 2020). Similar to NopA, the 3 L. pneumophila RCC1 repeat effectors increase the intracellular levels of Ran-GTP by targeting distinct components of the Ran GTPase cycle. However, LegG1, PpgA and PieG localise to the cytoplasm where they stabilise microtubules in a Ran-dependent manner to promote the intracellular motility of LCVs [START_REF] Rothmeier | Activation of Ran GTPase by a Legionella effector promotes microtubule polymerization, pathogen vacuole motility and infection[END_REF]Swart et al., 2020). Interestingly, the residual increase in the intracellular levels of Ran-GTP in cells infected with the nopA::Tn mutant suggest that other C. burnetii effectors may promote Ran activation as strain showed. Indeed, the gene cbu0814 encodes for a hypothetical protein that displays one RCC repeat and may be secreted [START_REF] Chen | Large-scale identification and translocation of type IV secretion substrates by Coxiella burnetii[END_REF].

Despite the emerging role of lipids in bacterial infection (van der Meer-Janssen et [START_REF] Chen | Large-scale identification and translocation of type IV secretion substrates by Coxiella burnetii[END_REF]Pizarro-Cerdá et al., 2015), a systematic analysis of the interplay between bacterial effector proteins and host lipids has never been attempted. Building on the previous identification of CvpB as a C. burnetii effector that binds phosphoinositides and manipulate their metabolism (Martinez et al., 2016), here we have further characterised the role of host lipids in C. burnetii infections, first by determining the lipid composition of CCVs during the course of infection and then by identifying two C. burnetii putative lipid-binding effector proteins. By using a wide array of lipid probes and confocal live cell imaging, PI(3)P, PI(4)P, PI (3,5)P2, PS and LBPA were Discussion ! 184 ! found to be present on CCV membranes, however, only the recruitment of PI(3)P, PI(4)P and LBPA required a functional Dot/Icm T4SS (Figure 52). CCVs were originally defined as expanded autolysosomes. However, their lipid composition appeared far more complex than expected as the presence of the typical marker of early endosomes PI(3)P on CCVs was described (Martinez et al., 2016). The presence of PI(4)P and LBPA to CCVs actually shows that several membrane trafficking pathways of the infected cell are subverted for the biogenesis of these compartments. Differently from other intracellular bacteria, which replicate in multiple but relatively small compartments, CCVs are extremely large and fusogenic, which leads to the generation of a single replicative niche per infected cell (Larson et al., 2016). This may explain why C. burnetii requires to intercept multiple pathways such as endocytic, autophagy, secretory and recycling pathways for CCV biogenesis [START_REF] Berón | Coxiella burnetii localizes in a Rab7-labeled compartment with autophagic characteristics[END_REF]Campoy et al., 2011;Larson et al., 2013). PI(4)P is essential for the secretory pathway by regulating the exit of cargo from the Golgi complex (Mayinger, 2009). As several studies have demonstrated that C. burnetii hijacks the secretory pathway (Campoy et al., 2011;Carey et al., 2011;[START_REF] Weber | Identification of Coxiella burnetii type IV secretion substrates required for intracellular replication and Coxiella-containing vacuole formation[END_REF]Graham et al., 2015), we investigated if PI(4)P-positive secretory vesicles are re-routed to the forming CCVs.

We showed that depleting the Golgi-associated pool of PI( 4)P results in an absence of PI(4)P on CCVs that affects the early steps of CCV biogenesis. Similarly to Legionella-containing vacuoles, accumulation of PI(4)P on CCVs may promote the recruitment of secretory vesicles to favor CCV biogenesis (Ragaz et al., 2008). For example, the Legionella effector SidF displays a PI-3 phosphatase activity and accumulates PI(4)P on Legionella-containing vacuoles by dephosphorylating PI (3,4)P2 (Hsu et al., 2012). The enrichment of PI(4)P on CCV membranes may thus be achieved by an unknown C. burnetii effector protein and/or via the activity of a host cell kinase. To date, however, we fail to identify C. burnetii transposon mutants generating PI(4)P-free vacuoles in our library.! Interestingly, the C. burnetii effector CBU0635 was identified in our screening of C. burnetii lipid-binding proteins as a putative PI(4)P interactor (Figure 53). Despite the fact that CBU0635 localises to and condenses the TGN, our data indicate that PI(4)P is not required for CBU0635 localisation at the TGN. As we were unable to purify either full-length CBU0635 or CBU0635138-313 containing the putative PH domain, we could not assess the direct interaction of CBU0635 with lipids for the moment. Additional experiments are required to assess the functionality of the CBU0635 putative PH lipid-binding domain and whether protein targeting to membranes depends on the interaction with other lipids. Intracellular pathogens commonly manipulate lipid metabolism for the establishment of their replicative compartment (Weber et al., 2009;Pizarro-Cerdá et al., 2015). Bacterial effectors can bind host lipids to alter membrane targeting (Hilbi al., 2011) but can also modify PI metabolism (Weber et al., 2009;Pizarro-Cerdá et al., 2015).
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Indeed, several studies have reported bacterial PI phosphatases that share sequence similarities with the active CX5R signature motif of eukaryotic PI phosphatases (Norris et al., 1998). For example, Legionella pneumophila (Hsu et al., 2012;Toulabi et al., 2013) and Mycobacterium tuberculosis (Vergne et al., 2005;Beresford et al., 2007) secrete effectors with PI-3 phosphatase activity to clear PI(3)P from their vacuoles to arrest phagosome maturation.

Similarly, the Listeria monocytogenes effector LipA has a lipid phosphatase activity for PI(3)P, PI( 5)P and PI (3,5)P2 and plays an important role in Listeria virulence. The enteric pathogens Salmonella typhimurium and Shigella flexneri use secreted PI-4 phosphatases during the course of infection (Mallo et al., 2008;Viaud et al., 2014b). The S. typhimurium effector SopB hydrolyses PI (3,4)P2 to maintain high levels of PI(3)P at Salmonella-containing vacuoles and favor their biogenesis (Mallo et al., 2008). Conversely, the S. flexneri effector IpgD hydrolyses PI (4,5)P2 into PI(5)P to cause membrane ruffling and thus favor the bacterial invasion (Viaud et al., 2014b). Interestingly, our data seem to indicate that CBU0635 may act as a PI phosphatase by manipulating PI (3,4)P2 metabolism. Indeed, bioinformatics analysis of the aminoacid sequence of CBU0635 led to the identification of a putative CX5R motif, correlating with our observation on the absence of PI (3,4) Moreover, this hypothesis would be in agreement with a previous study showing that CBU0635 disturbs the secretory pathway (Carey et al., 2011). On the other hand, CBU0635 may act as a PI-3 phosphatase that hydrolyses PI (3,4)P2 to enrich cells in PI(4)P (Figure 52). However, this hypothesis remains to be experimentally validated as we cannot exclude a PI-4 phosphatase activity.

LBPA is a typical lipid of late endocytic multivesicular compartments and lysosomes (Kobayashi et al., 1998). LBPA plays an essential role in the regulation of the transport of cholesterol (Kobayashi et al., 1999) and the control of endosomal cholesterol levels (Chevallier et al., 2008), which is another host-derived lipid recruited to CCVs (Howe and Heinzen, 2006).

Cholesterol is an important component of membranes regulating membrane rigidity and fluidity (Ikonen, 2008). Here, we showed that the recruitment of LBPA at CCVs during infection Discussion ! 186 ! depends on the secreted effector CBU2007 (Figure 52). Indeed, most of CCVs generated by the cbu2007::Tn mutant present highly convoluted membranes devoid of LBPA. As LBPA levels are correlated with endosomal cholesterol levels (Chevallier et al., 2008), our results may suggest that CBU2007 favor CCV biogenesis by influencing physical properties of CCV membranes. By recruiting LBPA to CCVs, CBU2007 may increase cholesterol levels in CCV membranes to stabilise their curvature and inner volume. Moreover, the formation of LBPArich micro domains on the CCV membrane suggests that CBU2007 may control the fusion and the fission of vesicles with the CCV membrane, thus contributing to CCV expansion (Bissig and Gruenberg, 2013).

The presence of LBPA on CCVs also suggests the direct fusion of MVBs with CCVs during the course of CCV biogenesis. The re-routing of MVBs to CCVs could thus be a strategy for C. burnetii to access essential host-derived components or to promote membrane supply as observed during Chlamydia trachomatis infections (Beatty, 2006;Beatty, 2008). Indeed, MVBs are lipid-rich, late endocytic compartments that are crucial in the transport of lipids and proteins (Piper and Katzmann, 2007). MVBs are defined by the presence of intraluminal vesicles (ILVs) that bud from the membrane of late endosomes into their lumen (Piper and Katzmann, 2007).

This requires the activity of the ESCRT machinery, a multiproteic complex that participates in many processes involving membrane invagination (Hurley, 2015). The recruitment of the ESCRT machinery to endosomes depends on the ESCRT-associated protein ALIX, that also interacts with LBPA (Bissig and Gruenberg, 2013). Interestingly, several studies have shown that intracellular pathogens such as C. burnetii, M. tuberculosis and S. enterica, accumulate components of the ESCRT system on phagosomes to repair damage on these membranes (Mittal et al., 2018;Radulovic et al., 2018;Göser et al., 2020). Our data show that CBU2007 regulates the activity of the ESCRT machinery by recruiting ALIX to the CCV. Indeed, CCVs generated by the cbu2007::Tn mutant are devoid of the ESCRT-associated protein ALIX, suggesting that CBU2007 might promote the repair of transient CCV damages by recruiting the ESCRT machinery.

Ectopically expressed CBU2007 strongly remodels the endosomal network by triggering the clustering of early and late endosomal vesicles, which probably participates in the biogenesis of large CBU2007-induced vacuoles. Importantly, CBU2007 encodes a putative F-BAR lipid-binding domain, potentially involved in the interaction of CBU2007 with PS. The reported intracellular distribution of PS at plasma membrane and endocytic vesicles (Yeung et [START_REF] Voth | The Coxiella burnetii ankyrin repeat domain-containing protein family is heterogeneous, with C-terminal truncations that influence Dot/Icm-mediated secretion[END_REF]Leventis and Grinstein, 2010) correlated with our results on the subcellular localisation of CBU2007, suggesting that CBU2007 may use PS for membrane anchoring, by means of its putative F-BAR domain. As BAR domains play an important role in endocytosis Discussion ! 187 ! by sensing and inducing membrane curvature (Qualmann et al., 2011), CBU2007 may similarly sense and induce membrane curvature to promote endocytosis and thus the biogenesis of CBU2007-induced vacuoles (Figure 52). In the context of infection, this may contribute to the expansion of CCVs.

Upon ectopic expression in non-infected cells, CBU2007 triggers the biogenesis of vacuoles that are positive for typical lipids and intracellular markers of MVBs including LBPA, LAMP1, CD63 and RAB7. We observed that overexpression of RAB7 increases membrane targeting of CBU2007 to the large CBU2007-induced vacuole. Similar to C. burnetii effectors CirA and CvpF that modulate the activity of RhoA and RAB26 GTPases, respectively (Weber et al., 2016b;Weber et al., 2018;[START_REF] Siadous | Coxiella effector protein CvpF subverts RAB26-dependent autophagy to promote vacuole biogenesis and virulence[END_REF], CBU2007 may stimulate the GTPase activity of RAB7 to manipulate endocytic trafficking and facilitate heterotypic and homotypic vesicular fusion events. Besides its role in membrane fusion, RAB7 participates in cholesteroldependent endosomal trafficking (Rocha et al., 2009) andMVB formation (Kobuna et al., 2010) by interacting with the protein ORP1L. Prior studies have shown that RAB7 is required for CCV biogenesis and expansion [START_REF] Berón | Coxiella burnetii localizes in a Rab7-labeled compartment with autophagic characteristics[END_REF]Newton et al., 2013) and that ORP1L is actively recruited to the CCV to promote CCV expansion (Justis et al., 2017).!This raises the possibility that CBU2007 could be the effector involved in the recruitment of ORP1L to the CCV.

Our data have shown that the ESCRT-associated protein ALIX is efficiently recruited to the CBU2007-induced vacuole. Interestingly, CBU2007 seems to decrease the binding of the VPS4A complex, that terminates membrane scission (Schmidt and Teis, 2012). These observations raise the possibility that CBU2007 could block the formation of ILVs to generate a large and unique CCV by inhibiting VPS4A-dependent fission events (Figure 52). et al., 2012;Jacob et al., 2013). Targeted point mutations in NopA showed that this motif might indeed be functional. The interaction with OP?!
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Conversely, if NopA is not a NoDS-containing protein, one explanation of how NopA localises to nucleoli is a piggyback mechanism by binding to either importins or any host or C. burnetii nuclear proteins, which contains a classical NLS. To investigate this, it could be interesting to identify NopA interactors by immunoprecipitation using NopAFL, NopAN-ter and NopAC-ter to identify proteins involved in the nuclear import of NopA.

In order to further explore the role of NopA, it will be interesting to determine whether NopA interacts with and also modifies the function of DNA or RNA within the host cells. This requires purifying NopA in order to perform chromatin immunoprecipitation (ChIP) or RIP. In parallel,

NopA also encodes a putative F-box domain, which is another eukaryotic-like domain in addition to the 4 RCC-like repeats. This raises the possibility that NopA may also modulate host ubiquitination pathways, which is a strategy shared by multiple bacterial pathogens as L.

pneumophila (Lomma et al., 2010), Shigella spp (Singer et al., 2008) or Salmonella typhimurium (Gulati et al., 2019). Finally, we have shown that NopA interacts with Ran, with preferential affinity for the GDP-bound form and promotes its activation. The purification of NopA will be also useful to assess whether NopA activates Ran directly or indirectly via the Ran GEF RCC1 using an in vitro GEF assay. Given the role of Ran in spindle assembly during mitosis [START_REF] Clarke | Spatial and temporal coordination of mitosis by Ran GTPase[END_REF], it could be interesting to examine the impact of NopA on microtubules polymerisation. To test this, I propose to treat cells with taxol or nocodazole for We have gained new insights into the role of lipids upon C. burnetii infection that remains to be further characterised. We have better defined the lipid signature of CCVs at different stages of infection showing that PI(3)P, PI(4)P and LBPA are actively recruited to the CCV membrane. These results could then be exploited to determine the specific role of a given lipid and of its downstream signaling pathways in CCV biogenesis. Additional experiments are needed to further characterise the function of CBU0635 and CBU2007 during C. burnetii infections. In order to confirm the defective CCV biogenesis phenotype observed in cells challenged with the cbu0635::Tn or cbu2007::Tn mutants, it will be crucial to complement both strains. It will be then interesting to evaluate the in vivo relevance of these mutations using the SCID mouse model (van Schaik et al., 2017).

Previous studies have reported the presence of the secretory pathway marker RAB1b on

CCVs showing that CCVs intercept with the secretory pathway (Campoy et al., 2011). In the context of infection, a potential function for CBU0635 could be to favour the re-routing of secretory vesicles to the forming CCV. To explore this hypothesis, we could assess the presence of the secretory pathway markers RAB1b or RAB6 on CCVs generated by either WT, cbu0635::Tn and dotA::Tn strains.

In order to further investigate this hypothesis, it could be interesting to investigate whether CBU0635 acts on the GOLPH3 pathway, which is known to regulate the Golgi shape and function in cells (Buschman et al., 2015). Indeed, GOLPH3 is a PI(4)P-binding protein that localises to the Golgi apparatus and plays a critical role in the secretory pathway. Perturbation of the GOLPH3 pathway results in the alteration of both Golgi morphology and trafficking of secretory vesicles to the plasma membrane (Buschman et al., 2015). As ectopic expression of CBU0635 triggers Golgi condensation and disturbs the secretory pathway, I then propose to investigate the intracellular localisation and levels of GOLPH3 in presence of CBU0635.

We have shown that CBU0635 encodes for a putative catalytic motif suggesting a PIphosphatase activity. Further characterisation of CBU0635 activity requires its purification to assess its enzymatic activity using the malachite green-based assay in vitro. Because CBU0635C133A and R139A mutants seems to lose their putative enzymatic activity, the PI substrate specificity of purified WT, C133A and R139A mutants CBU0635 could be evaluated (Martinez et al., 2016), large and giant unilamellar vesicles (LUVs and GUVs, respectively) of specific lipid composition could be used to confirm and characterise the specificity of both CBU0635 and CBU2007 interaction with lipids. Recombinant CBU2007 could also be incubated with LUVs of specific lipid composition and concentration matching those observed in either plasma membrane or endosomes, to investigate a preferential binding to either compartment. Finally, purified recombinant CBU0635 and CBU2007 could be used to identify their respective interactors by affinity purification technique to isolate either CBU0635-or CBU2007-containing protein complexes.

As BAR domain proteins are able to sense and induce membrane curvature, the functionality of the putative F-BAR domain in CBU2007 sequence could be tested using welldefined in vitro assays. Flat membrane sheets may be used with a plasma membrane-like composition containing 5-20% PS (Itoh et al., 2005;Picas et al., 2014) 

Introduction

Coxiella burnetii is the causative agent of animal coxiellosis and human Q fever, considered as one of the most relevant reemerging zoonosis in Europe [1]. The symptoms of Q fever range from fatigue, long-lasting fever, and hepatitis in the acute form of the disease, to severe endocarditis in its chronic form [2]. Upon internalization by phagocytic and nonphagocytic cells, Coxiella remains in endosomes that progress in the endocytic pathway. Endosomal acidification triggers the activation of a defect in organelle trafficking genes/intracellular multiplication (Dot/Icm) type 4 secretion system (T4SS) and the translocation of bacterial effectors, which are essential for the biogenesis of the Coxiella-containing vacuole (CCV) [3][4][5]. Bioinformatics analysis and secretion assays using either Legionella [6] or Coxiella [7] have identified approximately 143 candidate Coxiella effectors [8]. However, very few host cell partners have been identified [9,10], and the role of Coxiella effectors in CCV biogenesis remains poorly characterized. Coxiella vacuolar proteins (Cvps) constitute a class of effectors that localize to endosomal compartments and CCVs in cells infected with wild type Coxiella. These effectors play an important role in Coxiella vacuole biogenesis, as the mutation of their corresponding genes leads to smaller CCVs [11].

CvpA interacts with adaptor related protein complex 2 (AP2) and clathrin [10]. CvpB (or Cig2) interacts with cellular lipids phosphatidylinositol 3-phosphate (PtdIns3P) and phosphatidylserine (PS) and interferes with PIKFYVE (phosphoinositide kinase, FYVE-type zinc finger containing) activity to promote autophagy-mediated homotypic fusion of CCVs [12]. The functions of CvpC, CvpD, and CvpE remain undetermined. Besides CvpB, additional effector proteins manipulate the autophagy machinery for optimal vacuole biogenesis: effectors CpeB and CpeL colocalize with the autophagosomal marker LC3B [13,14] and mutants of the effector proteins CBU0513, and Cig57 display decreased presence of LC3B at their respective vacuoles [15,16]. Macroautophagy (hereafter termed autophagy) is a highly conserved eukaryotic process used by cells to recycle and degrade cargos, such as damaged organelles and misfolded proteins, in order to acquire nutrients during periods of Recently, additional RAB GTPases, such as RAB26 and RAB37, have also been shown to participate in the autophagy process [18][19][20][21]. RAB GTPases shuttle between a cytosolic inactive GDP-bound state and a membrane-anchored active GTP-bound state. Once inserted into the membranes, these proteins can interact with other partner proteins to mediate vesicular trafficking and maturation events. Their central role in membrane dynamics and immunity made them ideal targets for intracellular bacterial pathogens, which divert their function for the development of optimal intracellular niches [22][23][24]. In the context of Coxiella infections, inhibiting the function or expression of RAB1, RAB5, RAB7, and RAB24 affects the vacuole biogenesis and impairs intracellular replication [12,[25][26][27][28][29].

Multi-parametric phenotypic analysis of a Coxiella transposon library revealed that transposon insertions in the gene cbu0626 affect Coxiella vacuole biogenesis and intracellular replication [30]. Here, we demonstrate that CBU0626 is a new Coxiella vacuolar effector protein interacting with RAB26 to trigger LC3B recruitment at CCVs. Decreased LC3B recruitment at CCVs in cells challenged with cbu0626 mutants is associated with altered replication in vitro and in vivo, suggesting that diversion of autophagy by this effector is crucial for Coxiella virulence.

Results

CvpF is a Dot/Icm vacuolar effector protein required for LC3B recruitment to CCVs and for Coxiella virulence in vivo Our phenotypic screen of a Coxiella transposon mutant library identified a significant number of genes encoding candidate Coxiella effector proteins with a role in CCV biogenesis [30]. Among these, the mutant Tn248 with a transposon insertion in the gene cbu0626 displayed a severe replication defect in epithelial cells [30]. Bioinformatics analysis indicated that cbu0626 is likely part of a PmrA-regulated operon, together with cbu0625 (also known as cig17) [31], and possesses a C-terminal E-Block motif found in type 4-secreted effectors [32] (Figure S1A). Southern blot analysis confirmed that transposon insertion in the genome of Tn248 is unique and occurs in the gene cbu0626 (Figure S1B). Complementation of the cbu0626::Tn mutation in Tn248 by the introduction of the full cbu0625-cbu0626 operon under the control of the endogenous PmrA promoter (Tn248 Comp.) restored the expression of the full cbu0626 mRNA (Figure S1C andD). We validated CBU0626 translocation by transforming either a control Coxiella transposon mutant (WT) or a T4SS-defective dotA::Tn mutant with a β-lactamase-cbu0626 fusion construct and comparing the secretion of CBU0626 with that of the previously reported effector protein CvpB [12], using the β-lactamase secretion assay. We verified the expression of all β-lactamase-tagged constructs by western blot (Figure S1E). CBU0626 secretion was comparable with that of CvpB after 24, 48, and 72 h of infection by the control Coxiella strain (Figure S1F). The absence of detectable secretion of either protein by the T4SSdefective dotA::Tn mutant indicated that CBU0626 is indeed a Dot/Icm secreted protein. Of note, T4SS-dependent translocation was still functional in the Tn248 mutant strain (Figure S1F).

To determine the subcellular localization and targets of CBU0626, we transfected U2OS cells infected with WT Coxiella Tn1832 for 4 d with a plasmid coding for mCherrytagged CBU0626 (mCh-CBU0626, Figure 1A). The Coxiella effector colocalized with the lysosomal marker LAMP1 at CCVs, indicating that CBU0626 is a newly identified member of the Cvp family of Coxiella effector proteins. We, thus, renamed this protein CvpF for Coxiella vacuolar protein F. Next, we used our implemented image analysis algorithm [33] to validate the replication phenotypes previously observed with the cvpF::Tn mutant in our transposon library [30]. U2OS and PMA-treated THP-1 cells infected for 6 d with either the control Coxiella mutant Tn1832 (WT). We fixed and processed the cvpF::Tn transposon mutant or the complemented cvpF transposon mutant (cvpF::Tn Comp.) for immunofluorescence and quantitative PCR. Automated image analysis indicated that cvpF transposon mutant generated smaller CCVs and colonies in U2OS and THP1 cells, respectively (Figure 1B,D), and replicated less efficiently than WT bacterium (Figure 1C,E). Interestingly, in ACCM-2 axenic media, replication of the cvpF::Tn mutant was similar to WT Coxiella, the T4SS-defective dotA::Tn mutant and the cvpF::Tn complemented strain (Figure 1F), indicating that transposon insertion in cvpF only affects intracellular development of the bacterium.

We, then, investigated the in vivo relevance of CvpF using the recently developed SCID mice model [34]. Mice challenged via the IP route either with the control Coxiella strain NMII, the cvpF::Tn mutant, the complemented cvpF:: Tn strain and the dotA::Tn mutant, were culled at 14 d postinfection and we assessed bacterial genome equivalents (GE) in the spleen, as well as splenomegaly (Figure 1G,H). In agreement with the observations on cultured cells, the number of cvpF::Tn mutant GE in the spleen of infected animals was significantly lower than those found for the WT bacterium and complementation of the cvpF::Tn mutant partially restored this replication defect (Figure 1G). The splenomegaly induced by the cvpF::Tn mutant was also much lower than the one provoked by WT bacterium (Figure 1H), strongly suggesting that the virulence of the cvpF::Tn mutant is severely attenuated in vivo and could be partially restored using the cvpF::Tn-complemented strain.

As CvpF appears to be important for CCV biogenesis, we investigated whether the absence of CvpF affects typical CCVs markers. More than 80% of vacuoles generated by WT Coxiella, cvpF::Tn and cvpF::Tn Comp. strains were positive for the acidification marker LysoTracker and the lysosomal/ late endosomal protein LAMP1 (Figure 2A,B). However, 15.77 ± 6.8% of CCVs generated by the cvpF::Tn mutant was positive for LC3B (Figure 2C,D), while 93.56 ± 3.4% of CCVs generated by WT Coxiella and 70.13 ± 10.2% of CCVs generated by the cvpF::Tn-complemented strain were positive for LC3B (Figure 2C,D). Colocalization analysis between LAMP1 and LC3B on CCVs generated by WT, cvpF::Tn, and cvpF::Tn complemented strains (Figure 2E) showed that significantly less LC3B is found on CCVs generated by the cvpF::Tn mutant, strongly suggesting that CvpF plays a role in the recruitment of this autophagosomal marker on CCVs.

Ectopically expressed CvpF localizes to vesicular structures with autolysosomal features

The defective vacuole biogenesis phenotype observed with the cvpF transposon mutants, accompanied by the loss of LC3B at CCVs, suggested a role for this bacterial effector in re-routing autophagy components to the forming CCV. We, thus, further investigated CvpF localization in cells overexpressing either mCherry-or HA-tagged versions of the effector protein.

CvpF was excluded from the Golgi complex either labeled by an anti-GM130 antibody or by expression of GFP-tagged M6PR (mannose-6-phosphate receptor, cation dependent) (Figure S2), whereas we observed partial colocalization of CvpF with markers of the endosomal sorting complex required for transport (ESCRT) complex (GFP-TSG101, GFP-VPS4A and FLAG-CHMP4B) (Figure S2). Conversely, CvpF signal overlapped with the lysosomal marker LAMP1, but also with the early endosomal and autophagosomal markers phosphatidylinositol 3-phosphate (PtdIns3P) probe 2xFYVE-GFP and LC3B (Figure 3A). Importantly, all compartments labeled by CvpF displayed a clustered perinuclear localization (Figure 3A), as opposed to cells expressing either the HA or the mCherry tags alone (Figure S3).

To understand how CvpF is targeted to host cell membranes, we carried out a mutational analysis of this Coxiella effector protein. We transfected U2OS cells with mCherry-or HA-tagged versions of incremental deletions either from the N-terminal or the C-terminal of CvpF, and we assessed the localization of the bacterial effector fragments, with respect to 2xFYVE-GFP, LC3B, and LAMP1 (Figure 3B,C). The deletion of the first 370 amino acids did not affect CvpF localization nor the formation of perinuclear clusters of CvpF-labeled compartments (Figure 3B). Conversely, CvpF 500-695 failed to localize at cellular membranes and remained diffused in the cytoplasm (Figure 3B). Accordingly, the expression of CvpF 500-695 also failed to reposition cellular compartments to the perinuclear area (Figure 3B). Deletion of the last 195 amino acids (CvpF 1-500 ) did not affect membrane targeting of CvpF; however, the localization with LAMP1-and LC3Bpositive vesicles was lost, together with the effect on the perinuclear positioning of these two markers. Of note, CvpF 1-500 still localized at PtdIns3P-positive structures, which retained the perinuclear localization. Further C-terminal deletions of CvpF resulted in a loss of membrane localization and the cytoplasmic redistribution of membrane markers. This result indicated that the membrane-binding domain (MBD) of CvpF is located between amino acids 370 and 500 and that the C-terminal domain of CvpF (effector domain, ED) may play a role either in the re-routing of early endosomes to autophagosomes or the maturation of autophagosomes to autolysosomes (Figure 3C).

Bioinformatics analysis of the CvpF MBD revealed the presence of one [DERQ]XXX[LI] and 2 YXXΦ endocytic sorting motifs (Figure S4A), involved in the interaction with clathrin adaptor complexes. We, thus, generated di-leucine and tyrosine mutants to validate the functionality of these motifs. The di-leucine LLAA mutant, and the Y440A mutant, failed to affect the membrane targeting and perinuclear localization of CvpF, whereas the Y425A mutation sufficiently displaced CvpF to the cytoplasm with concomitant loss of LAMP1 and LC3B repositioning (Figure S4B andC). Accordingly, Tyr425 is required for CvpF localization at the CCV (Figure S4D). These observations suggest that Tyr425 could be part of a functional endocytic sorting motif. To date, however, we could not detect any interaction or colocalization between CvpF and adaptor complexes or clathrin (data not shown).

CvpF stimulates LC3B-II formation

Several studies have shown that Coxiella stimulates the formation of LC3B-II in a T4SS-dependent manner during infection [15,35,36]. To determine whether the secretion of CvpF participates in the formation of LC3B-II, we infected U2OS cells either with the WT GFP Coxiella strain (Tn1832), the cvpF::Tn mutant, or the complemented cvpF::Tn mutant (cvpF::Tn Comp.). Given the intracellular replication defect of the cvpF::Tn mutant Tn248, and to rule out the possibility that LC3B-II increase is dependent on the bacterial load, we also infected cells with an excess of cvpF::Tn mutant (cvpF::Tn x10) (Figure 4A). We observed an increase in LC3B-II levels for cells infected with WT Coxiella and the complemented cvpF::Tn mutant, in the presence of bafilomycin A 1 . We observed no LC3B-II increase for cells infected with the cvpF::Tn mutant (Figure 4A). Next, we infected the cells as in Figure 4A and starved for 3 h to determine whether the LC3B-II increase observed with WT Coxiella and the complemented cvpF::Tn mutant was not due to a blockade of the autophagy flux. We analyzed levels of SQSTM1/p62 (sequestosome 1) by western blot, which revealed that upon starvation, SQSTM1 is degraded for all conditions, indicating that CvpF does not block the starvation-induced autophagy flux but stimulates the formation of LC3B-II (Figure 4B).

The vacuolar localization of CvpF, together with the decreased presence of LC3B on CCVs generated by cvpF::Tn mutants prompted us to investigate the role of CvpF in autophagosome dynamics further. We probed the individual role of CvpF on LC3B-II increase in transfected cells. We analyzed the autophagy flux by western blotting on U2OS cells expressing HA, HA-CvpF, or HA-CvpF Y425A (Figure 4C). When bafilomycin A 1 blocks the autophagy flux, we observed a marked increase in LC3B-II and SQSTM1 in cells expressing CvpF and HA-CvpF Y425A compared to cells expressing HA, with wild type CvpF having the greatest effect on SQSTM1 levels, indicating that CvpF stimulates the autophagy flux and that its membrane localization participates in this process (Figure 4C).

Next, we co-transfected HA-CvpF and HA-CvpF Y425A with the tandem-fluorescent probe TF-LC3. This probe consists of an LC3B linked to GFP and RFP. Since acidic conditions quench GFP fluorescence, this probe labels autophagosomes in green and red, while autolysosomes appear only red. In transfected cells, HA-CvpF localizes to clustered vesicles, only displaying red fluorescence corresponding to autolysosomes (Figure S5A). Conversely, CvpF Y425A displayed a diffuse localization, and transfected cells displayed non-acidified autophagosomes similarly to HA-transfected cells (Figure S5A). Upon addition of bafilomycin A 1 , CvpF was still found present on clustered vesicles, but these were GFP-and RFPpositive (Figure S5B). In bafilomycin A 1 -treated cells, HA and HA-CvpF Y425A

-transfected cells displayed nonacidified autophagosomes similarly to the mock-treated condition (Figure S5B). CvpF-dependent clustering of vesicles rendered the scoring of LC3B-positive puncta impossible. Of note, vesicular swelling and clustering triggered by overexpression of LAMP1-Flag did not affect the TF-LC3 probe signal in the presence or absence of bafilomycin A 1 , indicating that CvpF alone can stimulate the formation of autophagosomes and autolysosomes. Furthermore, its membrane localization seems critical to act on this endosomal system.

Finally, to rule out the possibility that CvpF stimulates autophagy by inhibiting MTORC1, we stained U2OS cells transfected with HA, HA-CvpF, or HA-CvpF Y425A for MTOR and we labeled lysosomes with LysoTracker (Figure S6A). The expression of CvpF or CvpF Y425A did not affect the localization of MTOR on lysosomes, indicating that CvpF does not alter MTORC1 activity to stimulate autophagy.

CvpF interacts with the autophagy-related RAB GTPase RAB26

Yeast two-hybrid screening identified the small GTPase RAB26 as a candidate interactor of CvpF. Of note, RAB26 has been previously involved in lysosomal positioning [37], autophagosome maturation [18,19], and vesiclemediated secretion of adrenergic receptors [38]. We, thus, validated the interaction using a co-immunoprecipitation approach on U2OS cells co-expressing HA-CvpF and GFP-RAB26 (Figure 5A). The lack of interaction in cells coexpressing HA-CvpF together with GFP-tagged versions of RAB5, RAB7, RAB9, RAB11, or RAB37 (the closest homolog of RAB26 with 54% amino acid identity), indicated that the CvpF-RAB26 interaction is specific (Figure 5A). In agreement with the interactomics analysis, fluorescence microscopy indicated that CvpF and RAB26 localize at the same cellular compartments, and that expression of CvpF increases membrane targeting of RAB26 (Figure 5B). Of note, we still observed interactions in cells co-expressing CvpF Y425A and RAB26, indicating that the membrane targeting of CvpF is not required for the interaction with RAB26 (Fig. S6B). However, ectopically expressed CvpF Y425A does not alter GFP-RAB26 distribution in cells, indicating that the interaction of CvpF with membranes is required to relocalize RAB26 (Figure S6C). Further analysis using the CvpF truncations revealed that the domain 370-695 of CvpF is sufficient to relocalize RAB26 onto vesicles (Figure S7).

To investigate whether CvpF binds preferentially to active or inactive forms of RAB26, we generated GFP-tagged dominantnegative (GFP-RAB26 T77N ), dominant-positive (GFP-RAB26 Q123L ) and guanosine-free (GFP-RAB26 N177I ) versions of RAB26. We co-expressed these constructs in U2OS cells, in combination with HA-CvpF for the co-immunoprecipitation assay or mCherry-CvpF, to investigate the respective intracellular localization of the two proteins. Interactomics analysis indicated that CvpF preferentially binds to inactive RAB26 (Figure 5C), which we confirmed by fluorescence microscopy. Indeed, co-expression of either GFP-RAB26 T77N or GFP-RAB26 N177I with mCherry-CvpF resulted in the membrane targeting of the small GTPase, conversely, we observed little or no overlapping between mCherry-CvpF and GFP-RAB26 Q123L (Figure 5D). Together, these observations suggest that CvpF might act as a guanosine exchange factor (GEF) or GDI displacement factor (GDF), anchoring and/or activating RAB26 on either early endosomal or pre-autophagosomal structures.

CvpF triggers the recruitment of RAB26 to CCVs

CvpF localization at CCVs (Figure 1A) and its interaction with RAB26 (Figure 5A) suggested that the small GTPase might be recruited at CCVs and be involved in vacuole biogenesis. To test whether RAB26 recruitment at CCVs is CvpF-dependent, we infected U2OS cells with WT Coxiella, cvpF::Tn or cvpF::Tn Comp. and transfected with a plasmid expressing GFP-RAB26 (Figure 6A). Indeed, GFP-RAB26 became recruited on 75.4 ± 2.72% of CCVs generated by WT Coxiella and 66.9 ± 6.12% of CCVs generated by cvpF::Tn Comp. strains but only 23.23 ± 3.78% of CCVs generated by cvpF::Tn mutants were positive for RAB26 (Figure 6B). Colocalization analysis between LAMP1 and RAB26 on CCVs generated by WT, cvpF::Tn and cvpF::Tn complemented strains (Figure 6C) indicated that CvpF stimulates the presence of RAB26 at the CCV.

Inhibition of RAB26 activity alters LC3B recruitment to CCVs and CCV development

Active RAB26 has been shown to interact with ATG16L1 [18,19], which is key for LC3B anchoring to membranes. We, thus, determined the requirement of active RAB26 for CCV biogenesis and investigated the presence of the LC3B autophagy marker on CCVs in cells expressing GFP, GFP-RAB26, GFP-RAB26 T77N , GFP-RAB26 Q123L , and GFP-RAB26 N177I . The LC3B signal on CCVs generated by Coxiella NMII became much reduced in cells transfected with the inactive forms of RAB26 (GFP-RAB26 T77N and GFP-RAB26 N177I ) compared to cells expressing either RAB26 wild type (GFP-RAB26) or active RAB26 (GFP-RAB26 Q123L ) (Figure 7A). Of note, loss of LC3B was accompanied by a reduction in the size of CCVs (Figure 7B).

To confirm the importance of RAB26 for CCV development, we inhibited endogenous RAB26 expression using the CRISPR-Cas9 genome editing system. We used three RAB26targeting guides, and guide 5 was the most efficient in decreasing RAB26 expression (Figure 7C). We infected U2OS cells treated with either non-targeting guides or RAB26-targeting guide 5 with WT Coxiella, and we determined the CCV area and Genome Equivalents (GE). We observed a marked decrease in CCV area (Figure 7D), as well as bacterial replication (Figure 7E) in cells deficient in RAB26 expression, indicating that RAB26-mediated autophagy is key to the development of CCVs.

Co-expression of RAB26 with CvpF stimulates the formation of LC3B-II

To determine whether the interaction between CvpF and RAB26 stimulates the recruitment of LC3B onto vesicles, we transfected U2OS cells with HA-CvpF, in combination with either GFP, GFP-RAB26, GFP-RAB26 T77N , GFP-RAB26 Q123L , or GFP-RAB26 N177I . While the co-expression of RAB26 wild type and RAB26 Q123L with CvpF led to an increase of the LC3B signal onto vesicles, the concomitant expression of the dominant-negative and guanosine-free forms of RAB26 with CvpF led to a moderate increase of the LC3B signal (Figure 8). These observations indicate that active RAB26 can stimulate the recruitment of LC3B onto vesicles and that CvpF could activate RAB26 to trigger the recruitment of LC3B onto vesicles.

Discussion

Coxiella-containing vacuoles (CCVs) are unique compartments with autolysosomal features. Key to the generation of CCVs is the secretion of bacterial effectors that divert host cell mechanisms to shape an adequate environment for bacterial replication. Here, we identified a new Coxiella effector protein important for vacuole biogenesis and replication of the bacterium in epithelial and myeloid cell lines. As recent studies have highlighted, the fact that defective vacuole biogenesis impacts Coxiella virulence in insect and mammalian models of infection [12,34,[START_REF] Kohler | Effector protein cig2 decreases host tolerance of infection by directing constitutive fusion of autophagosomes with the Coxiella-containing vacuole[END_REF], we, thus, investigated the in vivo relevance of CvpF using the recently developed SCID mouse model. This model is capable of assessing two traits relevant to virulence, such as the ability to cause splenomegaly (a surrogate for inflammation) and the ability to replicate within the spleen (replication defect). The cvpF::Tn mutant was severely attenuated for both virulence readouts, and we found even less GE in the spleens than in the dotA::Tn mutant. We hypothesize that this is a result of the impaired vacuole synthesis, but it could be due to the ability of the cvpF::Tn mutant to secrete proteins, which may alert the innate immune system. In agreement with the in vitro observations, the complemented strain was able to partially rescue the ability of cvpF::Tn to replicate within the spleen and marginally increased the amount of splenomegaly.

Stimulation of autophagy leads to increased CCV size, suggesting that autophagy provides nutrients and membranes to the expanding CCV [28]. It has been shown that infection of cultured myeloid and epithelial cells with Coxiella wild type leads to increased lipidation of LC3B [35,40] and that this lipidation is dependent on the secretion of bacterial effectors [15,36]. Besides lipidation of LC3B, secretion of bacterial effectors via the T4SS is required for the acquisition of autophagosomes and autophagosomal markers to the CCV [12,35,[START_REF] Kohler | Effector protein cig2 decreases host tolerance of infection by directing constitutive fusion of autophagosomes with the Coxiella-containing vacuole[END_REF]40]. Here, we showed how the secreted effector CvpF diverts RAB26-dependent autophagy to favor the generation of Coxiella-containing vacuoles in vitro, and the virulence of the bacterium in vivo. Indeed, most of CCVs generated by the cvpF::Tn mutant are devoid of the autophagosomal marker LC3B, suggesting that CvpF could favor CCV biogenesis by manipulating autophagy. Interestingly, SQSTM1 levels are stabilized during Coxiella infections [40,[START_REF] Winchell | Coxiella burnetii subverts p62/sequestosome 1 and activates Nrf2 signaling in human macrophages[END_REF], and SQSTM1 is recruited to CCVs in a T4SS-dependent but LC3B-independent manner. We showed here an increase of steady-state levels of LC3B-II and SQSTM1 in cells infected with WT Coxiella and the cvpF::Tn complemented strains compared to cells infected with the cvpF::Tn mutant or in uninfected cells. This observation is similar to what is observed in HeLa cells infected with the cig57::Tn mutant [15]. Indeed, Coxiella effector Cig57 has been shown to influence autophagy via clathrin recruitment to CCVs, as cig57::Tn mutant CCVs display decreased levels of clathrin and LC3B [15,[START_REF] Latomanski | The effector Cig57 hijacks FCHO-mediated vesicular trafficking to facilitate intracellular replication of Coxiella burnetii[END_REF]. However, contrary to CvpF, Cig57 alone was not capable of inducing LC3B lipidation [15]. This observation raises the possibility that CvpF and Cig57 could be functionally linked through the recruitment of host cell proteins RAB26 and clathrin, respectively, to CCVs.

Cells expressing HA-CvpF show decreased steady-state levels of SQSTM1 but unaltered levels of steady-state LC3B-II. The increased levels of SQSTM1 and LC3B-II in the presence of bafilomycin A 1 suggest that ectopically expressed CvpF could stimulate the degradation of SQSTM1 and the lipidation of LC3B-II. However, in the context of infection, multiple effectors are translocated that could counteract some of CvpF actions (i.e., SQSTM1 degradation, stimulation of SQSTM1 transcription). The fact that cells infected with the cvpF::Tn mutant display less SQSTM1 compared to cells infected with the WT strain could be the result of other Coxiella effectors. Overall, ectopically expressed CvpF stimulates the formation of LC3B-II but also the degradation of SQSTM1, suggesting that CvpF would be involved in the formation of autolysosomes, but other effectors could stabilize SQSTM1 during infection.

Several studies have shown that mature autophagosomes are recruited to the CCV [START_REF] Kohler | Effector protein cig2 decreases host tolerance of infection by directing constitutive fusion of autophagosomes with the Coxiella-containing vacuole[END_REF]40] and that another effector protein, CvpB/Cig2, is important to recruit LC3B to CCVs and to maintain the CCV in an autolysosomal stage of maturation [35,[START_REF] Kohler | Effector protein cig2 decreases host tolerance of infection by directing constitutive fusion of autophagosomes with the Coxiella-containing vacuole[END_REF]. This is achieved via the CvpB-dependent stabilization of phosphatidylinositol 3-phosphate at CCVs [12]. Interestingly, in cvpB/cig2::Tn mutants, LC3B lipidation, and SQSTM1 levels are increased. This raises the possibility that Coxiella effectors may act in sequence to modify the lipid and protein signature of the CCV, and to alter the physiological behavior of the endosomal network. In this case, effectors such as CvpB and Cig57 would initiate CCV maturation events, and CvpF could then stimulate the autophagy flux to provide membranes and nutrients to expand CCVs and permit optimal Coxiella replication.

Ectopic expression showed that CvpF has a strong capacity to remodel the endosomal network by clustering early and late endosomal vesicles, as well as autophagosomal structures in the perinuclear area of transfected cells. Of note, the dynein-dependent movement of autophagosomes is used in cells to promote their efficient encounter with lysosomes [START_REF] Kimura | Dynein-dependent movement of autophagosomes mediates efficient encounters with lysosomes[END_REF], a mechanism that could be used by CvpF to drive transport and maturation of vesicles toward an autolysosomal state. Interestingly, CvpF possesses an internal motif that corresponds to a putative eukaryotic-like endocytic sorting motif that could interact with adaptor complexes (APs), similar to the vacuolar effector CvpA [10]. Indeed, mutation of a critical tyrosine residue in this motif led to the complete relocalization of CvpF to the cytosol of transfected cells. Furthermore, this tyrosine could also be part of an extended LC3-interacting region (LIR) motif (xx[WFY]xx[LIV]) [START_REF] Kalvari | iLIR: a web resource for prediction of Atg8-family interacting proteins[END_REF]. However, direct interaction of CvpF with APs and LC3B still needs to be experimentally demonstrated.

Several RAB GTPases have been shown to decorate the CCV (RAB1 [29], RAB7 [26], and RAB24 [28]), all of them being important for its biogenesis. Importantly, CvpF is the first Coxiella effector protein to interact with RAB GTPases. Specific interaction of CvpF with RAB26 recruits the small GTPase to CCVs and RAB26-depletion, or inactivation decreases LC3B recruitment at CCVs, which is accompanied by a strong reduction in CCVs size, indicating that active RAB26 and RAB26-dependent stimulation of autophagy favor the development of CCVs. Accordingly, RAB26 participates in the transport of lysosomes to perinuclear regions [37] and autophagy [18,19], as its active form is capable of interacting with ATG16L1 to stimulate LC3B lipidation.

Intracellular pathogens commonly manipulate RAB GTPases for the establishment of their replicative niche [24]. For example, Legionella pneumophila secretes at least 7 effectors targeting the RAB GTPase RAB1 for the development of its vacuole [START_REF] Goody | Modulation of small Gtpases by Legionella[END_REF][START_REF] Wang | Regulation of the small GTPase Rab1 function by a bacterial glucosyltransferase[END_REF]. CvpF preferentially interacts with the inactive form of RAB26 and stimulates its presence on endosomal vesicles, suggesting that CvpF may act either as a GDI Dissociation Factor (GDF) or Guanine Exchange Factor (GEF) for RAB26. This hypothesis remains to be experimentally validated. Interestingly, CvpF still localizes with inactive RAB26 in the perinuclear area, suggesting that the CvpF-dependent endosomal relocation does not rely on RAB26 activity.

Thus, in this study, we identified the first Coxiella effector protein capable of interacting with an autophagy-related RAB GTPase to stimulate the autophagy flux. With a repertoire of more than 130 effector proteins, Coxiella could possess additional RAB-modifying proteins that could favor its development in mammalian hosts. CvpF could open the way for the characterization of novel RABtargeting effectors.

Material and methods

Bacterial strains, cell lines, and growth conditions

Strains used in this study are listed in Supplementary Table 1. Coxiella burnetii strains were grown in ACCM-2 [47] supplemented with kanamycin (Sigma-Aldrich, K1377; 340 μg/ml) or chloramphenicol (Sigma-Aldrich, C0378; 3 μg/ml), as appropriate in a humidified atmosphere of 5% CO 2 and 2.5% O 2 at 37°C. U2OS (ATCC, HTB-96), U2OS mCherry, U2OS GFP-FYVE (kindly provided by Dr. Tassula Proikas-Cezanne, Eberhard Karls University Tübingen, Germany), U2OS Cas9, and HEK293T (ATCC, CRL-11268) cell lines were routinely maintained in DMEM with GlutaMAX (GIBCO, 61965-026) containing 10% fetal calf serum (FCS; Sigma-Aldrich, F7524) and THP-1 (ATCC, TIB-202) cells were routinely maintained in RPMI with GlutaMAX (GIBCO, 61,870-010) containing 10% FCS. All cells were grown in a humidified atmosphere of 5% CO 2 at 37°C. THP-1 cells were differentiated into macrophages by treatment with 25 ng/ml phorbol myristate acetate (PMA, Sigma-Aldrich, P8134) for 24 h. Cell growth medium was supplemented with 600 μg/ml of geneticin G418 (Gibco, 10131035), 10 μg/ml of blasticidin (InvivoGen, ant-bl-05) and/or 1 μg/ml of puromycin (Sigma-Aldrich, P8833) as appropriate.

Antibodies and reagents

Hoechst 33258 (94403), anti-mouse , and anti-rabbit (-12-348) HRP-conjugated antibodies, rabbit anti-LC3B (L8918), rabbit anti-LAMP1 (L1418), mouse anti-GAPDH (G8795), mouse anti-Flag (F1804) and bafilomycin A 1 (B1793) were purchased from Sigma-Aldrich. Rabbit monoclonal anti-GOLGA2/GM130 (ab52649) and rabbit polyclonal anti-RAB26 (ab187151) were purchased from AbCam. Mouse monoclonal anti-beta-lactamase (MA1-20370) was from ThermoFisher Scientific. Mouse anti-LC3B (ALX-803-080-C100) was from Enzo Life Sciences. Rabbit anti-HA (sc-7392) was from Santa Cruz Biotechnology, and mouse anti-HA (66006-1-lg) was from Proteintech. Rabbit polyclonal anti-SQSTM1/p62 (GTX100685) was from GeneTex. Phalloidin coupled to Alexa Fluor 647 (A22287) and LysoTracker Red (L7528) were purchased from Life technologies. Rabbit anti-GFP (PABG1-20) was from Chromotek. Rabbit anti-MTOR (2983S) was from Cell Signaling Technology. Mouse anti-Cas9 (844302) was from BioLegend. Rabbit anti-Coxiella NMII antibodies [30] were generated by Covalab. Mouse and rabbit IgG conjugated to Alexa Fluor 488 (A-11029 and A-11008), 555 (A-21147 and A-21429), or 647 (A-21239 and A-21245), as well as Prolong Gold antifade mounting reagent (P36930) were purchased from Invitrogen. Paraformaldehyde (15700) was provided by Electron Microscopy Sciences, PA.

Plasmids

Plasmids and primers used in this study are listed in Supplementary Tables 2 and3, respectively. DNA sequences were amplified by PCR using Phusion polymerase (New England Biolabs, M0530L) and gene-specific primers (Sigma-Aldrich). All site-directed mutagenesis was performed by PCR overlap extension with the mentioned primer pairs.

Complementation in C. burnetii

The operon comprising cbu0625 promoter (600 nt upstream cbu0625 start codon), cbu0625, and cbu0626/cvpF was amplified from Coxiella RSA439 NMII genomic DNA using Prom-0625-NheI-Fw and CvpF-XhoI-Rv and cloned into pUCR6K-miniTn7-Kan (kindly provided by Prof. Robert Heinzen, Rocky Mountain Laboratories, MT, USA) to generate Mini-Tn7-Kan-prom625-0625-0626. Preparation of electrocompetent Coxiella cvpF::Tn was performed as described in [33] and the bacteria were electroporated with an equimolar amount of Mini-Tn7-Kan-prom625-0625-0626 (carrying the transposon prom625-0625-0626) and pTnS2 (carrying the Tn7 transposase, kindly provided by Prof. Robert Heinzen) plasmids prior to selection and amplification in ACCM-2 containing appropriate antibiotics.

Lentivirus production and stable cell line engineering

To produce lentiviral particles, HEK293T cells were cotransfected with an HIV-1 based genome coding plasmid (pLentiCas9-Blast [Addgene, 47948], pLentiGuide-Puro [Addgene,68463], or pLVX-mCherry-C1 [Clontech, 632561]), pCMV-dR8.91 (HIV-1 GagPol, kindly provided by Dr. Antoine Gross, IRIM UMR9004 CNRS, Montpellier, France) and pMD.G (VSV-G, kindly provided by Dr. Antoine Gross, IRIM UMR9004 CNRS, Montpellier, France) at a ratio of 1:1:0.5, respectively. The medium was replaced after 6 h, and viral particles were harvested 42 h later, filtered on 0.45-μm filters (Clearline, 146561), and directly used to transduce U2OS target cells. After 4 to 6 h, the transduction medium was replaced with fresh DMEM containing 10% FCS, and the relevant antibiotics were added 48 h later to select transduced U2OS Cas9 and U2OS mCherry cells.

Reverse transcription and PCR

Coxiella strains Tn1832 (WT), Tn248, or Tn248 Comp. were grown for 7 d in 5 ml of ACCM-2 containing the appropriate antibiotics. Bacteria were centrifuged for 30 min at 21,000 × g at 4°C and total RNA was extracted using the RNA easy kit (Qiagen, 74104) or the Direct-zol RNA miniprep kit (Zymo Research, R2051), according to the manufacturer's recommendations. DNA was further removed using DNase I (New England Biolabs, M0303S). 1 μg of total RNA was used for reverse transcription using the High Capacity cDNA reverse transcription kit (Applied Biosystems,4368814) or the SuperScript VILO cDNA synthesis kit (Invitrogen, 11754-050) according to the manufacturer's recommendations. Gene-specific primers (Supplementary Table 3) were used to amplify the cDNA corresponding to ompA (cbu1260), cbu0625, and cbu0626/cvpF.

Real-time PCR

Lightcycler 480 SYBR Green I master mix (Thermo Fisher Scientific, 4887352001) was used for real-time PCR and readouts was acquired on a Lightcycler480 real-time system (Roche) according to the manufacturer's instructions. The relative levels of transcripts were calculated by the ΔΔCT threshold cycle (CT) method using dotA as the internal control. The relative levels of mRNA from the WT samples were adjusted to 1 and served as the basal control value. Each experiment was done in biological triplicate. For the calibration curve construction, aliquots of the plasmid pCR2.1::dotA (Provided by Dr. Robert Heinzen, 8 × 10 10 copies/μl) in dilutions ranging from 8 × 10 2 to 8 × 10 9 copy numbers were applied. Three replicative runs of a dotA real-time PCR for all samples were performed. For the standard curves, the threshold cycle (Cq) values were calculated using the Lightcycler480 Software (Roche).

Immunofluorescence staining

Cells were either fixed in 3% paraformaldehyde in PBS (ThermoFisher Scientific, 14190-094) at room temperature for 30 min, or in methanol/acetone (1:1) at -20°C for 5 min. Samples were rinsed in PBS and incubated in BSS (0.5% BSA (Sigma-Aldrich, A2058), 50 mM NH 4 Cl in PBS pH 7.4) or FBS (5% fetal bovine serum [Sigma-Aldrich, F7524] in PBS pH 7.4) blocking solutions. Primary and secondary antibodies were diluted in the respective blocking solutions and used for immunofluorescence staining.

Co-immunoprecipitation

U2OS cells were transfected with equimolar amounts of plasmids expressing GFP-and HA-tagged constructs. After 24 h, cells were trypsinized, washed twice in PBS and incubated in the co-IP buffer (20 mM Tris-HCl pH 7.6,200 mM NaCl,0.5 mM EDTA,I8896], Complete protease inhibitor [Roche, 11836170001]) on ice for 30 min. Following a 10-min spin at 21,000 x g at 4°C, cell lysates were incubated with magnetic GFP-trap beads (Chromotek, for 1 h at 4°C on a roller. Beads were washed thrice with co-IP buffer, and proteins were collected in Laemmli buffer.

Beta-lactamase translocation assay

For C. burnetii effector translocation assays, cells were cultured in black, clear-bottomed, 96-well plates (Greiner Bio-One, 655,090), and infected with the appropriate C. burnetii strain (MOI of 100) for 24, 48, and 72 h. C. burnetii expressing β-lactamase alone was used as a negative control; C. burnetii expressing β-Lactamasetagged CvpB was used as a positive control. Cell monolayers were loaded with the fluorescent substrate CCF4/AM (LiveBLAzer-FRET B/G loading kit; Invitrogen, K1095) in a solution containing 15 mM probenecid (Sigma-Aldrich, P36400). Cells were incubated in the dark for 1 h at room temperature and imaged using an EVOS inverted fluorescence microscope (ThermoFisher Scientific, UK). Images were acquired using a DAPI and GFP filter cubes. The image analysis software CellProfiler (Broad Institute, MA) was used to segment and identify all cells in the sample (GFP) and positive cells (DAPI) and to calculate the intensity of fluorescence in each channel. The percentage of positive cells versus the total number of cells was then calculated and used to evaluate effector translocation.

Microscopy and image analysis

Samples were imaged with a Zeiss Axio Imager Z1 epifluorescence microscope (Carl Zeiss, Germany) connected to a CoolSNAP HQ 2 CCD camera (Teledyne Photometrics, Tucson, AZ). Images were acquired with 40x oil immersion objectives and processed with Metamorph (Molecular Devices, San Jose, CA). High throughput image acquisition was performed on an epifluorescence automated microscope (Cellomics, ThermoFisher Scientific, Pittsburgh, PA) equipped with a 20X objective. Image analysis was performed using the CellProfiler 3.0 software, as previously described (Martinez et al., 2015). Briefly, Hoechst 33258 (Sigma-Aldrich, 94403) staining, cytoplasmic mCherry fluorescence produced by U2OS mCherry cells and LAMP1 labeling were used to identify nucleus, cytoplasm, and lysosomal/late endosomal compartments, respectively. The GFP signal was used to identify C. burnetii colonies, and CCVs were segmented based on the LAMP1 antibody labeling and GFP fluorescence, respectively. After sorting non-infected and infected cells, a morphometrical analysis was carried out over a population of at least 200 objects (CCVs and/or C. burnetii colonies) per condition. Confocal microscopy was performed using a TCS SP8 HyVolution microscope (Leica, Germany) connected to a DFC9000 sCMOS camera or an SP5-SMD microscope (Leica, Germany). Images were acquired with 63x oil immersion objectives and processed with LAS-AF (Leica, Germany). Fluorescence was measured using Fiji analysis software (version 2.0.0) and the Multicolor line profile plot macro (University of Leicester). LC3B and RAB26 recruitment at CCVs were scored as follow: The mean ± confidence interval (CI) Pearson's correlation coefficient between LAMP1 and the cellular marker of interest (LC3B or RAB26) was calculated using Icy analysis software from triplicate experiments representing a total of at least 80 CCVs per condition (WT, cvpF::Tn, cvpF::Tn Comp.). The mean + positive CI calculated from cells infected with the cvpF::Tn mutant was then taken as a threshold to calculate the percentage of CCVs positive for either marker.

Animal experiments SCID (C.B-17/LcrHsd-Prkdc scid ) mice were handled and infected, as previously described [34]. All animal procedures were done in compliance with Texas A&M University IACUC (AUP#2016-0370). DNA was purified from infected organs, and primers and probe for IS1111 were used to determine Genome Equivalents (GE) using TaqMan real-time PCR.

Statistical analysis

Statistical analyses of data were performed using Prism software (GraphPad, San Diego, CA). For experiments requiring statistical analysis, an adapted statistical test was performed, as described in the corresponding figure legends. . burnetii, the GFP-expressing Tn2496 mutant strain or a combination of the two for 6 days (Fig. 3F). Cells were then fixed and labelled with an anti-C. burnetii antibody to label both bacteria strains and incubated with Hoechst to visualize host cells nuclei (Fig. 3F). Automated image analysis was then used to determine the effects of CstK overexpression on the replication of wt bacteria, in trans. Co-infections resulted in a significant increase in the size of Tn2496 colonies, indicating that wt C. burnetii can partially restore the growth of the CstK-overexpressing strain (Fig. 3G). However, a significant decrease in the size of bacterial colonies labelled by the anti-C. burnetii antibodies indicated that CstK-overexpression has a detrimental effect in trans, on the development of wt bacteria (Fig. 3G). Of note, vacuoles harboring wt or mutant colonies alone were never observed in co-infection experiments. Therefore, we concluded that CstK participates in the formation of the !*%+,-.(#//%replicative vacuole, and that its expression must be finely tuned for optimal intracellular replication. Intracellular replication and persistence strategies of the Q fever pathogen

Coxiella burnetii!

Coxiella burnetii is the causative agent of human Q Fever, considered as one of the most relevant reemerging zoonosis in Europe. C. burnetii infects humans through the inhalation of contaminated aerosols, causing epidemics with serious economic and health consequences. Following internalisation, C. burnetii subverts host cell functions to inhibit the innate immune response and generate a replicative niche called CCV (Coxiella-containing vacuole) characterised by a unique protein and lipid composition. My thesis project focuses on the study of the host/pathogen interactions underlying the persistence and intracellular replication of C. burnetii.

First, the function of the effector protein NopA was discovered showing how this protein inhibits the innate immune response in infected cells. The results obtained during my PhD have shown that NopA interacts with Ran and triggers an imbalance in its nucleocytoplasmic gradient, thereby perturbing the nuclear import of eukaryotic proteins and the expression of pro-inflammatory cytokines. In parallel, the role of lipid metabolism in the establishment of the CCV was investigated. By using a wide array of lipid probes and confocal microscopy, the lipid signature of CCVs was determined and revealed that PI(4)P and LBPA are actively subverted by C. burnetii during infection. Lipid pulldown assays then led to the identification of C. burnetii candidate effector proteins interacting with host cell lipids. One of them, CBU0635, is a putative phosphoinositide phosphatase that diverts the secretory pathway to the forming Coxiellacontaining vacuole while CBU2007 manipulates lysobisphosphatidic acid metabolism to recruit the ESCRT machinery and block the biogenesis of multivesicular bodies. These results help to better understand intracellular replication and persistence strategies of C. burnetii and could allow the development of new antimicrobials and the therapeutic repurposing of C. burnetii proteins.

Keywords: host-pathogen interactions, Coxiella burnetii, innate immunity, lipid metabolism, type IV secretion system Etude de la réplication intracellulaire et de la persistance de Coxiella burnetii, agent pathogène de la fièvre Q

Coxiella burnetii est la bactérie responsable de la fièvre Q, une maladie considérée comme l'une des zoonoses réémergentes les plus préoccupantes en Europe. C. burnetii infecte les humains par inhalation d'aérosols contaminés, causant des épidémies avec de lourdes conséquences économiques et sanitaires. A la suite de l'invasion, C. burnetii détourne les fonctions de la cellule hôte pour inhiber la réponse immunitaire innée et générer une niche réplicative appelée CCV (Coxiella-containing vacuole) d'une composition protéique et lipidique unique. Mon projet de thèse se focalise sur l'étude des interactions hôte/pathogène permettant la persistance et la réplication intracellulaire de C. burnetii.

Tout d'abord, nous avons démontré comment la protéine effectrice bactérienne NopA inhibe la réponse immunitaire innée des cellules infectées. Les résultats obtenus au cours de ma thèse ont montré que NopA interagit avec Ran et déséquilibre son gradient nucléocytoplasmique, perturbant ainsi l'importation nucléaire de protéines eucaryotes et l'expression de cytokines pro-inflammatoires. En parallèle, le rôle du métabolisme des lipides dans la biogenèse de la CCV a été étudié. En utilisant un large éventail de sondes liant les lipides et de la microscopie confocale, la signature lipidique des CCVs a été mise en évidence, révélant que le PI(4)P et le LBPA sont activement recrutés à la CCV par C. burnetii au cours de l'infection. La coprécipitation des protéines de C. burnetii avec des lipides eucaryotes a ensuite conduit à l'identification de candidats effecteurs liant les lipides. Parmi ceux-ci, CBU0635 pourrait être une phosphatase des lipides qui détourne la voie sécrétoire vers la CCV tandis que CBU2007 manipule le métabolisme de l'acide lysobisphosphatidique pour recruter la machinerie ESCRT et bloquer la biogenèse des corps vésiculaires. Ces résultats permettent donc une meilleure compréhension des stratégies de réplication et de persistance de C. burnetii et pourraient à terme être utilisés dans le développement de nouveaux antimicrobiens et dans l'utilisation à des fins thérapeutiques de protéines de C. burnetii.

Mots clés: interactions hôte-pathogène, Coxiella burnetii, immunité innée, métabolisme des lipides, système de sécrétion de type IV
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Figure 1 .

 1 Figure 1.! C. burnetii biphasic morphogenesis (adapted from Omsland et al., 2009). C. burnetii enters cells in its non-replicative SCV form and resides in a membrane-bound compartment called Coxiella-containing vacuole (CCV). The transition between the nonreplicative SCV and the replicative LCV form occurs during the first 2 d.p.i. (lag phase). Exponential bacterial replication occurs over the next 4 days. At 6 d.p.i., a mixed population of LCVs and SCVs are observed in mature CCVs (stationary phase).

  As such, Phase I and Phase II LPS are morphologically indistinguishable, with the major difference lying in the sugar composition of the O-antigen. Phase I LPS contains L-virenose, dihydrohydroxystreptose and galactosamineuronyl-α-(1,6)-glucosamine, which are missing in Phase II LPS (Figure 2). Despite the lack of O-antigen in Phase II LPS, febrile responses have been observed in immunodeficient mice infected by C. burnetii Nine Mile phase II (or NMII) allowing to monitor clinical symptoms and evaluate infection (Ochoa-Repáraz et al., 2007). Also, while all C. burnetii strains require manipulation in biosafety level-3 (BSL-3)

Figure 2 .

 2 Figure 2. C. burnetii NMI and NMII LPS forms (adapted from Beare et al., 2018).

Fig. S1 .

 S1 Fig. S1. Structures of T4SSs solved to date. A) Operon arrangements of type IV secretion systems (T4SSs) structurally analyzed to date. The T4SSs from gram negative bacteria have been classified as T4ASS and T4BSS based on phylogenetic lineages. The VirB/VirD4 and R388 encoded transfer systems are representatives of 'minimized' T4 SSs. These systems are assembled from signature subunits of T4SSs, including the 11 VirB subunits and the VirD4 substrate receptor or type IV coupling protein (T4CP). Functions and locations of machine subunits in the encoded T4SS are depicted at the top. The Escherichia coli F plasmid encoded Tra system, and the Helicobacter pylori Cag T4SS are representatives of T4ASSs
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 3 Fig. S1 Hu et al
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 4 Figure 4. Type IVB secretion system of L. pneumophila (adapted from Chetrit et al., 2018; Ghosal et al., 2019). Schematic model of L. pneumophila T4BSS (left) and detailed representation of the periplasmic portion based on cryoelectron tomography (right) applicable to C. burnetii. The 3D model shows the secretion channel composed of DotG (red) surrounded by the secretion chamber consisting of DotH, DotD, DotK, and DotC (pink, green, white and cyan respectively) and wings composed of DotF (yellow).!

  Finally, a recent study also highlights the importance of the novel C. burnetii protein EirA (Essential for intracellular replication A) in Dot/Icm effector translocation. Mutation in eirA results in robust defect in C. burnetii replication, nevertheless EirA is not a T4BSS substrate and localises within the bacterial cytoplasm and inner membrane. The observation that the absence of EirA blocks Dot/Icm effector translocation suggests that EirA may functionally regulate the assembly of the T4BSS or its expression levels (Kuba et al., 2020).

Figure 5 .

 5 Figure 5. DotB-dependent conformational change activates the Dot/Icm secretion system (adapted from Park et al., 2020). Proposed model of Dot/Icm secretion system activation with the DotB-free inactive structure and the DotB-bound active structure illustrated by central sections.

Figure 6 .!

 6 Figure 6. Manipulation of host signalling pathways by C. burnetii (adapted from Moffatt et al., 2015). Following bacterial internalisation, the acidification of Coxiella-containing vesicles activates C. burnetii metabolism. This triggers the synthesis of the Dot/Icm secretion system and the secretion of effector proteins. Over 130 effectors are translocated through the Dot/Icm system into the host cytosol where they target specific eukaryotic processes leading to the remodelling of the CCV into a highly fusogenic vacuole that supports bacterial replication. It is known that the CCV fuses with clathrin-coated vesicles, autophagosomes and endolysosomal vesicles and effectors that may be involved in these processes are highlighted in purple. Furthermore, specific effectors manipulate signalling pathways by blocking the apoptotic processes at both mitochondrial and nuclear levels or the immune response by down-modulating the inflammasome signalling with IcaA (Inhibition of caspase activation A) or the NF-kB pathway with NopA. !

  Dot/Icm effectors can also be predicted based on the homology to known bacterial effectors or eukaryotic protein. Indeed, similar to other intracellular bacteria including Legionella and Chlamydia, C. burnetii encodes effector proteins containing domains or motifs that are typically found in eukaryotic proteins. These EUGENs (for EUkaryotic-like GENes) are likely acquired by horizontal gene transfer (De Felipe et al., 2005) during co-evolution of bacteria with the host cells and are probably involved in pathogenic or symbiotic interactions, by mimicking eukaryotic host cell proteins (Duron et al., 2015). Analysis of the C. burnetii genome revealed the presence of 56 potential EUGENs (Burette et al., 2020), which can be classified depending on the eukaryotic-like domain they encode. EUGENs possess domains involved in protein-protein or protein-DNA interactions such as Ankyrin repeats domains (Pan

Introduction ! 32 !!

 32 T4SS effectors may contain several of the above-mentioned features which, when combined, are strong predictors of T4SS effectors in a given bacterial genome. The bioinformatics tool S4TE (Searching Algorithm for Type-IV secretion system Effectors) has been recently developed to predict and classify putative T4BSS candidates in α-and γproteobacteria, by using a combination of 14 features. The S4TE algorithm analyses both nucleic and protein sequences by searching for promoter motifs, homologies to known T4SS effectors, eukaryotic-like features, the presence of localisation signals such as nuclear or mitochondrial localisation signals (NLS or MLS, respectively) and E-block motifs (Noroy et al., When user runs S4TE 2.0, in addition to the results page, two graphs are automa drawn. The first shows the distribution of predicted effectors according to local gene Fig 4B). The second one displays the distribution of predicted T4Es according to the content along the genome Fig 4C). S4TE-EM expert mode for accurate searching. S4TE-EM is the expert mode of S4TE-EM allows the user to modify the weights of each module and to deactivate one modules in the search Fig ). The weight of module can be changed by moving the of the cursor next to the name of each module. Weightings can be changed between t weighting available for the module and the threshold of S4TE 2.0 72). The lowest is calculated independently for each module as function of the positive predictive va corresponds to value equal to 0.5. Users can also cancel one or more modules in the by unchecking the box next to the name of the module Fig ).

Fig 5 .

 5 Fig 5. The new front page of the S4TE-EM tool. The right side provides some information about the page. The right side matches the user account. The user shows all the jobs previously ran in S4TE 2.0 and S4TE-CG This account makes it possible to search for protein with the search bar and to ask to add prove effector in the database. In the central part of the workspace, the user can select genome in the drop-down menu. In S4TE-EM the user can change the weigh disable one or more modules (on the left) shown in the S4TE diagram (on the right) and run S4TE-EM by clicking on the 'Run S4TE-EM button.https://doi.org/10.1371/journal.pcbi.1006847.g005 

Figure 7 .

 7 Figure 7. Prediction of T4SS effectors by the S4TE software (from Noroy et al., 2019). This bioinformatics tool search for T4SS effector features in a given bacterial genome in order to identify and classify the putative T4SS effectors based on their combination of effector features to provide the best candidates for further characterisation. Euk-like: Eukaryotic-like, NLS: Nuclear Localisation Signal, MLS: Mitochondrial Localisation Signal, C-ter: C-terminal. https://sate.cirad.fr.!

  . burnetii infection is frequently asymptomatic and thus difficult to detect. In pregnant animals, C. burnetii accumulates in the placenta and leads to different reproductive disorders such as abortion, stillbirths, weak offspring or infertility (Tissot-Dupont and Raoult, 2008). Pregnant females shed the SCV form of C. burnetii into the environment through birth products including placenta and birth fluids, but also in bodily secretions such as urine, faeces, vaginal mucus and milk (Rodolakis, 2009). C. burnetii can persist into the environment for prolonged periods after bacterial shedding thus contributing to pathogen dissemination (Kersh et al., 2013a). The main routes of animal infection are the airborne dispersal of contaminated particles between farms (Nusinovici et al., 2017) and the introduction of infected animals into a herd.

Figure 8 .

 8 Figure 8."Overview of C. burnetii infection (adapted from Burette and Bonazzi, 2020) C. burnetii is an obligate intracellular pathogen which infects wild and domesticated animals. Bacteria are shed in the environment with birth products and excretions, leading to the contamination of hay and dust. Symptoms occur 2-3 weeks after the inhalation of contaminated particles and the internalisation of C. burnetii by alveolar macrophages. Human Q fever remains asymptomatic in 60% of infected individuals, whereas 40% develop an acute, febrile disease, which can evolve into a chronic disease with more severe symptoms, including endocarditis.!

!

  Due to the obligate intracellular nature of C. burnetii, the diagnosis of Q fever cannot be performed using standard laboratory culture techniques. Thus, specific culture techniques employed to grow and detect the bacterium will be discussed in part 2.2.3 ("Impact of technological advances on C. burnetii research"). Consequently, indirect diagnostic tools have been implemented based on serology, detection of C. burnetii DNA, cell culture and immunohistochemistry[START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF] (Figure9). Suspected C. burnetii infection can be tested forIgG and IgM (Immunoglobulin G and M, respectively) antibodies response in the sera of patients using indirect immunofluorescence assay (IFA), which remains the most sensitive method during the early phases of infection. Complement fixation test (CFT) and Enzyme-Linked Immunosorbent Assay (ELISA) are also routinely used. In terms of serology, both acute and chronic forms of the disease induce the production of antibodies against phase I and phase II antigens. Anti-phase II antibodies predominate in acute Q fever while anti-phase I antibodies are mainly found during chronic infections. Ig antibody response begins with antiphase II IgM antibodies, followed by anti-phase II IgG antibodies, anti-phase I IgM antibodies and finally anti-phase I IgG antibodies. Phase II IgG or IgM antibodies are detectable 2-3 weeks after the onset of acute disease and for the diagnosis, IgG II titer of ≥ 1:200 and/or IgM II titer of ≥ 1:50 are considered significant. Phase II antibodies decrease within 3-6 months, whereas chronic infection is associated with an elevated phase I IgG response (IgG I titer of ≥ 1:800) (Dupuis etal., 1985;[START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF] (Figure9). Detection of C. burnetii DNA in the sera and the blood of patients by polymerase chain reaction (PCR) is also used for diagnosis. Unlike serology, it has the advantage of detecting C. burnetii within the first 2 weeks of infection. 16S-23S RNA, sequences from QpH1 or QpRS plasmids or chromosomal genes such as those coding for the outer membrane protein com1, the isocitrate-dehydrogenase icd, the superoxide dismutase sod or the IS1111 repetitive element are commonly targeted sequences for this approach, with the latter being the most sensitive by qPCR due to its multiple copies within C. burnetii genome (Klee et[START_REF] Strahle | Sendai virus defective-interfering genomes and the activation of interferon-beta[END_REF] de Bruin et al., 2011). Cell culture and in particular shellvial assay can be performed to isolate intracellular pathogens such as C. burnetii from clinical samples for diagnostic purposes. This technique is based on the inoculation of a clinical sample with monolayers of human embryonic lung (HEL) fibroblasts in shell vials. Inoculated shell vials are centrifuged to enhance attachment and internalisation of C. burnetii in the cells, and then incubated at 37°C, under 5% CO2 atmosphere for 5-7 days. Detection of C. burnetii inside the cells is then performed by Gimenez or immunofluorescence staining(Gouriet et al., 2005). Despite being less sensitive than PCR and requiring a BSL3 environment, this technique allows the detection of live bacteria. Finally, immunohistochemical analysis of tissue samples may help to detect C. burnetii in various organs; however, this approach has limited efficiency and can be only used in patients withchronic Q fever (Lepidi et al., 2009).

Figure 9 .

 9 Figure 9. Clinical aspects and diagnosis tools in Q fever infection (adapted from Van Wijk et al., 2011). Acute Q fever infections are mostly asymptomatic. Flu-like illness symptoms may occur after an incubation period of 2-3 weeks following contamination by C. burnetii. Patients with acute Q fever can develop a chronic form of the disease with more severe symptoms. Ig antibodies response begins 1-2 weeks after the onset of symptoms. Anti-phase II Ig are predominant during acute infections whereas chronic infections are associated with anti-phase I Ig. For Q fever diagnosis, C. burnetii infection can be detected by PCR, serological analysis, isolation or immunohistochemistry.
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  invade cells is essential for obligate intracellular bacteria. Bacterial adhesion and invasion of host cells are mediated by two distinct processes: the trigger and the zipper mechanisms. The trigger mechanism involves severe actin rearrangements which are induced by effector proteins translocated upon bacterial adhesion to host cells. In contrast, the zipper mechanism uses bacterial proteins to engage host surface receptors, leading to bacterial internalisation (Pizarro-Cerdá and Cossart, 2006) (Figure 10).

Figure 10 .

 10 Figure 10. Zipper and trigger mechanisms of bacterial invasion (adapted from Zheng et al., 2015). A. Zipper mechanism: bacterial invasion proteins interact with host cell membrane receptors to stimulate actin-rich membrane ruffles and then to internalise the pathogen. B. Trigger mechanism: Bacterial effector proteins secreted by the Type 3 Secretion System (T3SS) induce a dynamic actin remodelling to engulf the pathogen.

Figure 11 .

 11 Figure 11. Actin reorganisation in C. burnetii-infected monocytes (adapted from Meconi et al., 1998). Monocytes were non-infected (A) or infected with Phase I C. burnetii for 5 min (B) or 15 min (C) and examined by laser scanning confocal microscopy showing the membrane ruffling following C. burnetii infection.

Figure 12 .

 12 Figure 12. C. burnetii invasin OmpA is involved in host cell invasion (adapted from Martinez et al., 2014). Non-phagocytic epithelial cells (A431) challenged with wild-type (wt) Coxiella, the control transposon mutant Tn1832 or the OmpA mutant Tn208. 60 min after infection, cells were fixed and labelled for extracellular (blue) and total (green) bacteria. The internalisation of the OmpA mutant Tn208 was strongly reduced as compared to wt Coxiella or Tn1832.

Figure 13 .

 13 Figure 13. Intracellular cycle of C. burnetii.C. burnetii internalisation is facilitated by the interaction of the bacterial invasion OmpA with an unknown receptor. In macrophages, C. burnetii enters by phagocytosis through the interaction with αvβ3 integrins. In both cell types, early CCVs mature along the endocytic pathway by heterotypic fusion with early endosomes (EEs), late endosomes (LEs) and lysosomes (Lys) leading to the acquisition of several markers from these compartments. Acidification of the CCV activates bacterial metabolism and the translocation of bacterial effector proteins (red circles) by the Dot/Icm secretion system. This is required for homotypic fusion of multiples CCVs and the formation of a large CCV in which bacteria replicate in high numbers.$

Figure 16 .

 16 Figure 16. Chemical diversity of membrane lipids (adapted from Jacquemyn et al., 2017; Harayama and Riezman, 2018). A. The structure of glycerophospholipid (GPL) consists of two fatty acyl chains, a glycerol backbone and a headgroup. The table section indicates the different headgroup nature that defines the lipid name (same for B). B. The structure of sphingolipids is defined by a sphingoid base, a N-acyl chain and a headgroup. C. The structure of the main sterol: cholesterol with four hydrocarbon rings fused to a hydroxyl group.

Figure 17 .

 17 Figure 17. Phosphoinositide structure and metabolism in eukaryotic cells (adapted from Goud et al., 2016). Phosphoinositides (PI) are mono-or poly-phosphorylated derivatives of phosphatidylinositol phospholipid which consist of a diacylglycerol backbone linked to an inositol ring by a phosphodiester linker (B). The inositol ring can be phosphorylated in positions 3, 4 and 5, thus giving raise to seven different phosphoinositide isoforms which are metabolised by different phosphatases and kinases (A). Each PI species is accumulated in specific membrane compartments according to its role in vesicular trafficking (C).

Figure 19 .

 19 Figure 19. Manipulation of host lipid metabolism by C. burnetii. Cholesterol is a main factor in C. burnetii lifestyle in both internalisation via cholesterol-rich lipid rafts and CCV biogenesis. MVBs and lipid droplets traffic to the CCV and may serve as source of cholesterol in CCV membrane. CBU1158 and CBU1206 may act on the de novo cholesterol synthesis in the ER and an unknown C. burnetii effector targets the host gene expression to manipulate cholesterol homeostasis. PI(3)P metabolism is another host lipid metabolism hijacked by C. burnetii. CvpB binds PI(3)P at early endosomes and enriches this phospholipid at CCVs. This is required to favour the autophagy-mediated homotypic fusion between CCVs.

4 .!

 4 CvpB induces the presence of PI(3)P at CCV. U2OS mCherry-2xFYVE with Coxiella Tn1832 ), the mutant ( ), or the complemented strain ( ) for 3 d. vesicles, and LAMP1 were detected by using GFP (green), mCherry (red), and an anti-LAMP1 antibody coupled to Alexa Fluor 647 (blue), respectively. ( ) Representative images from Movie S3 illustrating surface rendering of mCherry-2xFYVE (red) surrounding Coxiella Tn1832 colonies (green). Filled arrows point at PI (3)P-positive tubules connected with the CCV. Simple arrows follow a representative fusion event between a large PI(3)P-positive vesicle and the PI(3)P-enriched CCV (Movie S3). (Scale bars: , 10 m; , 5 m.) advances on C. burnetii research In the following review article, we focus on how the major technological advances have impacted the study of host-pathogen interactions mediated by the zoonotic pathogen Coxiella burnetii. We first introduce C. burnetii infections to underline its unique intracellular adaptation. Next, we discuss how the development of an axenic culture medium in 2009 has dramatically accelerated the development and implementation of innovative tools to investigate the biogenesis of CCVs, from mutagenesis to screening approaches. ! From neglected to dissected: How technological advances are leading the way to the study of Coxiella burnetii pathogenesis Burette M and Bonazzi M. Cell Microbiol. 2020 Apr;22(4):13180..

  Together with its high infectivity, the obligate intracellular nature of C. burnetii has imposed severe constraints on the study of its pathogenesis. An important step towards the development of tools to investigate C. burnetii infection was the isolation of a Phase II variantF I G U R E 1 Overview of C. burnetii infections. C.burnetii is an obligate intracellular pathogen which infects wild and farm animals. Bacteria are shed in the environment with birth products and excretions leading to the contamination of hay and dust. Human infection occurs 2-3 weeks after the inhalation of contaminated particles, followed by the internalisation of C. burnetii by alveolar macrophages. Human Q fever remains asymptomatic in 60% of infected individuals, whereas 40% develop an acute, febrile disease, which can turn into a chronic disease with more severe symptoms including endocarditis. C. burnetii invades eukaryotic cell through phagocytosis, which is facilitated by the bacterial invasin OmpA. Early CCVs mature along the endocytic pathway by successive fusion events with early endosomes (EEs), late endosomes (LEs) and lysosomes. Acidification of the CCV activates bacterial metabolism and the translocation of bacterial effector proteins (purple circles and ovals) by the Dot/Icm secretion system. Several effector proteins are collectively beneficial for the biogenesis of the mature CCV where bacterial replication occurs. These include the Cvp family (for Coxiella vacuolar proteins) of effectors that localise at CCV membranes and manipulate host membrane trafficking pathways. CvpA interacts with the clathrin adaptor AP2 at recycling endosomes (REs), re-routing these compartments to the forming CCV. CvpB binds PI(3)P at early endosomes and enriches this phospholipid at CCVs. This is required to favour the autophagymediated homotypic fusion between CCVs. Although not a Cvp, Cig57 interacts with the clathrin adaptor FCHO2 at clathrin-coated pits and reroutes clathrin-mediated membrane traffic to the CCV (NMII) of the Nine Mile Phase I strain (NMI), presenting a single deletion of 21 genes involved in lipopolysaccharide biosynthesis and displaying loss-of-virulence phenotype in animal models[START_REF] Moos | Comparative virulence of intra-and interstrain lipopolysaccharide variants of Coxiella burnetii in the Guinea pig model[END_REF][START_REF] Hoover | Chromosomal DNA deletions explain phenotypic characteristics of two antigenic variants, phase II and RSA 514 (crazy), of the Coxiella burnetii nine mile strain[END_REF]. Thus, NMII was allowed for manipulation in biosafety level-2 (BSL-2) environments (Figure2D), as opposed to other C. burnetii strains that require manipulation in Discovery of the Q-fever pathogen -Coxiella burnetii Development of an axenic culture medium for C. burnetii First genome sequencing of C. burnetii NMI Isolation of C. burnetii Nine Mile phase II Generation of the first C. burnetii mutant using transposon mutagenesis Genome-wide siRNA screen of host factors involved in C. burnetii infection siRNA screen of RabGTPases required for T4SS functionality Visual screen of a library of C. burnetii Tn mutants Identification of the invasin OmpA Use of Galleria mellonella as an infection model for C. burnetii Role of ftsZ in bacterial cell division Identification of C. burnetii effector proteins by bioinformatics analysis Phenotypic profiling based on multiparametric high content screening Identification of C. burnetii effectors based on bioinformatics analysis & U R E 2 Milestone discoveries that have contributed to the knowledge of C. burnetii pathogenesis biosafety level-3 (BSL-3) confinement. Importantly, loss-of-virulence of NMII has no impact either on intracellular growth kinetics or development of CCVs in cultured cells, making NMII a relevant model to study host-pathogen interactions[START_REF] Howe | Coxiella burnetii phase I and II variants replicate with similar kinetics in degradative phagolysosome-like compartments of human macrophages[END_REF].

A

  comprehensive characterisation of the host cell components required for the biogenesis of CCVs was provided for the first time by a genome-wide screen using siRNA targeting eukaryotic genes in C. burnetii-infected HeLa cells (McDonough et al., 2013) (Figure 2M). Host determinants required for C. burnetii infection were identified by the analysis of the number and size of CCVs, revealing the importance of several eukaryotic pathways in critical infection events. As expected, the silencing of genes encoding pH-regulating proteins CLN3 and CLCN5, as well as components of the vacuolar ATPase resulted in a defect in the biogenesis of CCVs (McDonough et al., 2013). Besides, the depletion of the retromer cargo complex VPS26-VPS29-VPS35 leads to defective in bacterial replication, revealing a role for retrograde membrane trafficking in C. burnetii infections (McDonough et al., 2013). Interestingly, seminal work from the Colombo laboratory in the past decade demonstrated that the induction of autophagy favours the biogenesis of CCVs and that

  challenging. Probably due to the complex nature of this compartment, a large proportion of the C. burnetii effector proteins identified and characterised to date are involved in the biogenesis of the CCV; however, proteins involved in the manipulation of other signalling pathways including apoptosis and inflammation have been identified and partially characterised. With the development of advanced bioinformatics approaches such as unsupervised machine learning, hierarchical clustering and Bayesian network analysis, we can now compare microbial-targeted and host-targeted phenotypic screens, to identify sets of bacterial and eukaryotic genes predicted to be involved in the same biological process during infection.Despite the giant leaps taken since the development of axenic culture, many technical barriers still exist today. Directed mutagenesis remains challenging, limiting our studies to the mutants available in the transposon libraries hosted in the laboratories that undertook this endeavour. Nevertheless, our knowledge of this once-neglected pathogen is ever increasing. This will allow, in the near future, to address burning questions on C. burnetii pathogenesis, including a characterisation of the strategies used to evade immune recognition, cell-to-cell spread and, consequently, dissemination to distant organs (heart and liver) following infection of alveolar macrophages.

3 !!

 3 Manipulation of host cell defences ! Host cells have developed a number of strategies to counter bacterial infections. Indeed, the detection of bacterial infection triggers several responses including ER stress, inflammatory responses or autophagy, collectively leading to cell death and bacterial clearance (Ashida et al., 2011). Apoptosis is a form of programmed cell death (PCD) that allows the clearance of damaged or infected cells without inducing inflammation. It is characterised by typical morphological changes such as membrane blebbing, cell shrinkage, nuclear condensation and fragmentation into membrane-bound apoptotic bodies which are rapidly phagocytosed.

Finally

  , C. burnetii also secretes CaeA (C. burnetii anti-apoptotic effector A), a nuclear effector protein which prevents both intrinsic and extrinsic apoptosis by acting in the late steps of the apoptotic pathway (Klingenbeck et al., 2013). Indeed, CaeA does not repress the activation of caspase 9 but rather targets caspase 7 by preventing its cleavage. Interestingly, a recent study highlights the importance of the EK (glutamic acid/lysine) repetition motif for the anti-apoptotic activity of CaeA (Bisle et al., 2016) (Figure 21). Nevertheless, little is known about the anti-apoptotic activity of CaeA showing that further investigations are required to determine how CaeA prevents this process in the nucleus of infected cells.

  (Figure 21). During the infection, Akt and PKA inhibit the activity of the pro-apoptotic protein Bad (BCL2 associated agonist of cell death) via its phosphorylation, thus promoting macrophage survival (Macdonald et al., 2014) (Figure 21). Furthermore, C. burnetii also inhibits apoptosis through an autophagydependent manner by favouring the interaction between the autophagy-related protein Beclin 1 and Bcl-2 at the CCV (Vázquez and Colombo, 2010). Recently, it has been shown that C. burnetii also antagonises the ER stress-induced apoptosis by preventing the nuclear translocation of the pro-apoptotic transcriptional factor CHOP (C/EBPζ-C/EBP homologous protein) (Brann et al., 2020) (Figure

Figure 21 .

 21 Figure 21. Cell death pathways affected by C. burnetii (adapted from Cordsmeier et al., 2019). C. burnetii prevents apoptosis by regulating the activity of pro-survival host signaling proteins including Akt, Erk1/2, p38 and cAMP-dependent kinase (PKA). Furthermore, C. burnetii inhibits apoptosis by favouring the interaction between Beclin-1 and Bcl-2. Recently, it has been that C. burnetii also antagonizes the ER stress-induced apoptosis. Three C. burnetii effector proteins have been identified with an anti-apoptotic activity. AnkG prevents apoptosis by interfering with p32 activity through an unknown mechanism. CaeA inhibits the activation of Caspase-7 by preventing its cleavage. Finally, CaeB blocks apoptosis by inhibiting the mitochondrial pathway and the MOMP. Green boxes: C. burnetii effector proteins; purple boxes: eukaryotic proteins.

1 !

 1 Innate immunity in eukaryotic cells (i)! Innate immune defencesDuring the early phases of infection, pathogen activates innate immune cells such as antigen-presenting dendritic cells (DCs), phagocytic macrophages and cytotoxic natural killer (NK) cells as well as humoral factors such as the complement system(Netea et al., 2017) (Figure22). Macrophages are known to play a critical role in innate immunity through the phagocytosis of pathogens but also the stimulation of the immune response by recruiting other immune cells(Wynn et al., 2013). In response to external stimuli, macrophages rapidly respond by polarising into two types of activated macrophages, the classical M1 phenotype and the alternative M2 phenotype(Mantovani et al., 2004). M1 macrophages are characterised by the production of proinflammatory cytokines that recruits other immune cells such as lymphocytes and NK cells to coordinate an immune response for pathogen elimination, whereas M2 macrophages are associated to immunoregulatory activities(Mantovani et al., 2004). In addition to macrophages and NK cells, DCs initiate specific immune responses through antigen processing and presentation to cells of the adaptive immune response such asT and B lymphocytes (Kapsenberg, 2003).

Figure 22 .

 22 Figure 22. Main mechanisms of innate and adaptive immunity. The epithelial barrier constitutes the first line of defence against pathogens. Pathogen activates innate immune cells including macrophages, dendritic cells (DCs) and natural killer (NK) cells as well as humoral factors as complement system. Activated cells secrete cytokines that ensure the immune response. Adaptive immunity develops later and requires cross-talking events between antigen-presenting cells (DCs and macrophages) and lymphocytes, which leads to pathogen elimination.

Figure 23 .

 23 Figure 23. Major classes of pattern-recognition receptors (PRRs) and their most important ligands.

  (Figure 23). Similar mechanisms regulate the MAPK and IRF signalling pathways allowing NF-κB and AP1 to induce the production of proinflammatory cytokines including TNF-α, interleukin-6 (IL-6), IL-12 and the pro-forms of IL-1α and IL-1β while IRF3/7 is involved in the synthesis of type I interferons IFNα and IFNβ (Akira and Takeda, 2004). Through the expression of multiple crucial genes involved in the immune response, these proinflammatory signalling pathways play pivotal roles in both inflammation and innate immunity (Iwasaki and Medzhitov, 2004).

Figure 24 .

 24 Figure 24.! Nucleocytoplasmic transport of NF-κB (adapted from Clarke and Zhang, 2008). Host sensing of microbial components by TLRs triggers the NF-κB signaling pathways.The recruitment of the adaptor protein MyD88 activates the IKK complex which in turn phosphorylates IκBα allowing thus its ubiquitination for proteasomal degradation. IκBα degradation releases the p50/p65 NF-κB heterodimer, which translocates into the nucleus in a Ran-dependent manner to finally activates transcription of proinflammatory cytokines. P: phosphorylation.

  cytokines and interferon. Infection of human alveolar macrophages (hAMs) by either NMI and NMII C. burnetii stimulates TNF-α, IL-6 and IL-10 production (Graham et al., 2013) (Table7). C. burnetii also slightly increases the expression of type I IFN-regulated genes, either in human macrophages stimulated with NMI LPS or in BMDMs infected with the NMII strain(Bradley et al., 2016; Hedges et al., 2016) (Table 7). The role of type I IFN during infection remains unclear as it can either counter or promote C. burnetii replication (Hedges et al., 2016). In term of cytokine responses, NMII triggers increased cytokine production. Contrary to NMI, NMII infections induce IL-1β secretion in hAMs, increase p38α-MAPK activation and stimulate IL-12 and TNF-α production in human DCs (Shannon et al., 2005). Interestingly, infection of murine RAW264.7 macrophages by Coxiella NMII induces TNF-α, IL-6, IFN-γ and GM-CSF (Granulocyte-Macrophage Colony-Stimulating Factor) but not the production of IL-12 (Table7). Conversely, NMII-infected peritoneal murine macrophages produce TNF-α, IFN-γ, IL-12 and to a lesser extent IL-10 and GM-CSF. However, neither RAW264.7 nor peritoneal murine macrophages produce following NMII infection(Ochoa-Repáraz et al., 2007). The secretion of TNF-α, IL-6 and IL-10 is also observed in BMDMs infected with NMII and clearly depends on the TLR adapter protein MyD88(Bradley et al., 2016; Kohl et al., 2019). These results suggest that NMI and NMII trigger different but slightly overlapping cytokine responses in mouse and human macrophages. Nevertheless, few studies clearly demonstrate that C. burnetii has the ability to attenuate the innate immune responses by modulating cytokine signaling. Indeed, it has been reported that C. burnetii NMII suppresses IL8, CCL2 (Chemokine ligand 2), CXCL1 (Chemokine (C-X-C motif) ligant 1) and SPP1

.

  The same phenotype is observed in murine alveolar (MH-S) macrophages infected with the NMII strain as compared to cells infected with the T4BSS-deficient dotA mutant strain. Indeed, C. burnetii blocks the IL-17 signaling in a Dot/Icm-dependent manner by down-regulating the expression of genes encoding proinflammatory cytokines and chemokines such as IL-1α, IL-1β, TNF-α, CXCL2 and CCL5(Clemente et al., 2018). Interestingly, NMII Dot/Icm activity modulates the production of proinflammatory cytokines in murine alveolar macrophages but not in BMDMs, showing once again that C. burnetii elicits distinct immune responses according to cell types(Bradley et al., 2016).

  During my PhD, I had the opportunity to study host/pathogen interactions underlying the persistence and intracellular replication of C. burnetii. In the first part of my results, I caracterised 1$ ".:*(001! $%&'()**$ #22#60-5$ (3B-+B#4$ (3$ )(+#36(3*$ 0"#$ (3310#$ (../3#$ 5#)7-3)#, while in the second part of my results, I determined the lipid composition of CCV and$(4#30(2(#4$ 0C-$"#!$%&'()**!#22#60-5)$8X&U<Y=Z$134$X&U;<<G@$7-0#30(1++,$(3B-+B#4$(3$"#!$%&'()**["-)0$+(7

2. 5 !

 5 Ligation of DNA fragmentsDigested PCR fragments were ligated into digested plasmids using T4 DNA ligase and the supplied buffer (NEB). Ligation reactions were performed overnight at room temperature in a final volume of 20 μl. This comprised 1X ligation buffer (50 mM Tris-HCl pH7.5, 10 mM MgCl 2 , 10 mM DTT, 1 mM ATP), 40 U/μl T4 DNA ligase, and digested plasmid and insert DNA used at a typical vector:insert molar ratio of 1:3.

2. 6 !! 2 . 7 !

 627 PCR colonyPCR colony was performed in 1X GoTaq® buffer using bacterial colonies as DNA template, 1 pmol/μl of each primer, 0.25 mM of each dNTP, 1.5mM of MgCl2 and 2U/μl of GoTaq® G2 Flexi DNA polymerase (ProMega). PCR was performed in a final volume of 25 μl in 200 μl PCR tubes using the T100 thermal cycler (Bio-RAD) with the following cycle: initial denaturation for 5 min at 94°C; 35 cycles of denaturation at 94°C for 30 sec, annealing at X°C for 45 sec, elongation at 72°C for Y min; final elongation at 72°C for 10 min. X was optimised for each PCR reaction, with a value ranging from 50 to 70°C. Y was calculated according to the estimated size of the DNA fragment to amplify and the polymerisation speed of the DNA polymerase (1 min per kb on average). PCR-colony amplified was run on agarose gels and successful construct was selected for inoculating overnight liquid culture.91 Plasmid DNA purification

3. 1 !

 1 Heat shockFor preparation of chemically competent E. coli, an overnight bacterial culture was inoculated into LB medium at a dilution of 1:100 and incubated with shaking at 200 rpm at 37°C until the culture reached mid-log phase (OD 600 = 0.45-0.55). Following a 15 min incubation on ice, the bacterial culture was centrifuged at 3000 rpm at 4°C for 10 minutes. The supernatant was discarded and the bacteria were resuspended in 0.1 volumes (compared to the original culture volume) of ice-cold RF1 buffer (100 mM RbCl, 50 mM MnCl 2 , 30 mM potassium acetate, 10 mM CaCl 2 , 15% (v/v) glycerol, pH5.8). Following 10 min of incubation on ice, the bacteria were pelleted by centrifugation as described above. The supernatant was discarded and the bacterial pellet was resuspended in 0.01 volumes (compared to the original culture volume) of ice-cold RF2 buffer(10 mM MOPS, 10 mM RbCl, 75 mM CaCl2, 15% (v/v) 

!

  U2OS or THP-1 cells were infected!with the appropriate C. burnetii strain (MOI of 100) in DMEM and RPMI medium respectively, centrifuged at 400 x g for 10 min at room temperature to synchronise infection and then incubated at 37°C in a humidified atmosphere of 5% CO2.! !6.! Secretion assayFor C. burnetii effector translocation assays, U2OS cells were cultured in black, clearbottomed, 96-well plates and infected with the appropriate C. burnetii strain (MOI of 100) for6, 12, 24, 48 and 72 h. C. burnetii expressing BLAM alone or BLAM-tagged CBU0021 (CvpB) were used as negative and positive controls, respectively. Cell monolayers were loaded with the fluorescent substrate CCF4/AM (LiveBLAzer-FRET B/G loading kit; Invitrogen) in a solution containing 20 mM HEPES, 15 mM probenecid (Sigma) pH7.3, in Hank's Balanced Salt Solution (HBSS). Cells were incubated in the dark for 2 h at room temperature and imaged using an EVOS inverted fluorescence microscope. Images were acquired using DAPI and GFP filter cubes. The image analysis software CellProfiler was used to segment and count total cells and positive cells in the sample using the 520-nm and 450-nm emission channels, respectively, and to calculate the intensity of fluorescence in each channel. Following background fluorescence subtraction using negative control samples, the percentage of positive cells was then calculated and used to evaluate effector translocation. A threshold of 95 ! 20% of positive cells was applied to determine efficient translocation of bacterial effector proteins.7.! Protein-lipid overlay assay7.1! Pulldown of lipid-binding proteins C. burnetii NMII strain was grown in 1x ACCM-2 medium for 7 days and harvested at 1,000 x g for 45 min at 4°C, washed once in cold W-buffer(10 mM HEPES (pH 7.4), 150 mM NaCl) supplemented with. Bacteria were sonicated using a

  paraformaldehyde in PBS solution and processed for NF-κB immunostaining. The image analysis software CellProfiler was used to segment all nuclei using the Hoechst staining and cell contours using nuclei as seeds and p65 labeling. Cytoplasm was segmented by subtracting nuclei from cell objects. Next, mCherry signal was used to identify and isolate the subpopulation of transfected cells and single cell measurements of the ratio of the mean p65 fluorescence in the nucleus versus cytoplasm were calculated for each condition. For infection assays, CellProfiler was used to identify and isolate the population of infected cells based on the GFP fluorescence associated with the strains of C. burnetii used in this study and nuclear p65 fluorescence was specifically measured as described above in the subpopulation of infected cells. To analyse IRF-3 translocation, U2OS cells expressing FLAG-IRF-3 were were transfected as described above. At 24 h post-transfection, cells were infected with a defectiveinterfering H4 Sendai virus, used at 50 hemagglutination units (HAU)/mL to activate the IRF-3 pathway, for 18 h at 37 °C. Cells were then fixed in 4% paraformaldehyde in PBS solution and processed for FLAG immunostaining. IRF3 nuclear translocation was measured as described above for p65.

For

  intracellular human TNF-α/IFN-α4 staining, 5 × 10 4 THP-1 cells differentiated for 2 days in PMA (200 ng/mL) and seeded in 24-well plates were infected with the indicated C. burnetii strain for 72 and 96 h. Cells were then treated with 1 μg/mL of Brefeldin A (BFA, Biolegend) for the last 24 h to inhibit protein secretion. The following day, cells were fixed using 2% paraformaldehyde in PBS solution for 20 min at 4 °C. After washing with fluorescence-100 ! activated cell sorting (FACS) buffer (1% BSA in PBS solution), cells were permeabilised in FACS buffer supplemented with 0.1% saponin for 30 min at 4 °C and then stained with anti-TNF-α-PE and IFN-α-PE antibodies for 1 h at 4 °C. Infected cells were analysed based on the GFP fluorescence associated with the strains of C. burnetii used in this study. Flow cytometry analyses were performed on a BD FACSCalibur flow cytometer (BD Biosciences) using flow cytometry (CellQuest software, BD Biosciences). FlowJo software (Tree Star) was used to analyse data.

  Encodes mCherry-ML1N-PH (PI3,5P2 probe) This study pLVX-PLCδ-2xPH-mCherry Encodes PLCδ-2xPH-mCherry (PI4,5P2 probe) This study pLVX-mCherry-Gab2-PH Encodes mCherry-Gab2-PH (PI3,4,5P3 probe) This study pLVX-BTK-PH-mCherry Encodes mCherry-BTK-PH (PI3,4,5P3 probe) This study mRFP-Lactadherin-C2 Encodes RFP-Lactadherin-C2 (PS probe) Addgene Name mCh2-C1-PKCɣ-PH Encodes mCherry-PKCɣ-PH (DAG probe) CMV expression vector for N-terminal fusion of HA tag (Martinez et al. 2016) pRK5-HA-NopA CMV expression vector for N-terminal HA-tagged full length NopA (CBU1217) Julie Allombert pRK5-HA-NopANter CMV expression vector for HA-tagged NopA (CBU1217) Nterminal domain (aa1-195) Julie Allombert pRK5-HA-NopACter CMV expression vector for HA-tagged NopA (CBU1217) Cterminal domain (aa196-497) Julie Allombert pRK5-HA-NopARCC1 CMV expression vector for HA-tagged NopA (CBU1217) Cterminal domain (aa196-243) This study pRK5-HA-NopARCC1-2 CMV expression vector for HA-tagged NopA (CBU1217) Cterminal domain (aa196-310) This study pRK5-HA-NopARCC1-2-3 CMV expression vector for HA-tagged NopA (CBU1217) Cterminal domain (aa196-368) This study pRK5-HA-NopARCC4 CMV expression vector for HA-tagged NopA (CBU1217) Cterminal domain (aa429-497) This study pRK5-HA-NopARCC3-4 CMV expression vector for HA-tagged NopA (CBU1217) Cterminal domain (aa314-497) This study pRK5-HA-NopARCC2-3-4 CMV expression vector for HA-tagged NopA (CBU1217) Cterminal domain (aa251-497) This study pRK5-HA-CvpB pCMV expression vector expressing CvpB with N-terminal fusion of HA tag (Martinez et al. 2016) pRK5-HA-CvpF pCMV expression vector expressing CvpF with N-terminal fusion of HA tag (Siadous et al., 2020) pRK5-HA-CBU0635 pCMV expression vector expressing CBU0635 with N-terminal fusion of HA tag This study pRK5-HA-CBU06351-61 CMV expression vector expressing CBU06351-61 (aa1-61) with N-terminal of HA tag This study pRK5-HA-CBU0635138-313 CMV expression vector expressing CBU0635138-313 (aa138-313) with N-terminal of HA tag This study pRK5-HA-CBU0635C133A CMV expression vector expressing CBU0635C133A with Nterminal of HA tag This study pRK5-HA-CBU0635R139A CMV expression vector expressing CBU0635R139A with Nterminal of HA tag This study pRK5-HA-CBU1576 pCMV expression vector expressing CBU1576 with N-terminal fusion of HA tag This study pRK5-HA-CBU1576Nter pCMV expression vector expressing the N-terminal domain of CBU1576 (aa1-588) with N-terminal fusion of HA tag This study pRK5-HA-CBU1576Cter pCMV expression vector expressing the C-terminal domain of CBU1576 (aa589-839) with N-terminal fusion of HA tag This study pRK5-HA-CBU2007 pCMV expression vector expressing CBU2007 with N-terminal fusion of HA tag This study pRK5-HA-CBU20071-213 pCMV expression vector expressing the N-terminal domain of CBU20071-213 (aa1-213) with N-terminal fusion of HA tag This study pRK5-HA-CBU2007214-395 pCMV expression vector expressing the C-terminal domain of CBU2007214-395 (aa214-395) with N-terminal fusion of HA tag This study pRK5-HA-CBU2007214-345 pCMV expression vector expressing the C-terminal domain of CBU2007214-345 (aa214-345) with N-terminal fusion of HA tag This study pcDNA3-IRF-3-3xFLAG-SmNLuc T7 expression vector encoding IRF-3 with C-terminal fusion of 3FLAG tag Sebastien Nisole pcDNA-CHMP4B-Flag Encodes human CHMP4B with C-terminal fusion of Flag tag (Morita et al., 2007) pCMV_GFP1-9-OPT T7 expression vector encoding GFP1-9 (Cabantous et al. 2013) T7 expression vector encoding GFP10-GFP11 (Cabantous et al. 2013) pcDNA3-GFP10-zipper T7 expression vector for N-terminal fusion of GFP10 (Cabantous et al. 2013) pcDNA3-GFP10-zipper-Ran T7 expression vector expressing Ran with N-terminal fusion of GFP10 tag This study pcDNA3-zipper-GFP11 T7 expression vector for C-terminal fusion of GFP11 (Cabantous et al. 2013) pcDNA3-NopA-zipper-GFP11 T7 expression vector expressing NopA with C-terminal fusion of CMV expression vector for C-terminal fusion of GFP Eric Martinez pLVX-RanWT-GFP-N2 CMV expression vector expressing RanWT with C-terminal fusion of GFP tag This study pLVX-RanT24N-GFP-N2 CMV expression vector expressing RanT24N with C-terminal fusion of

  with N-terminal fusion of GFP tag AddgenepeGFP-RAB7Q67LEncodes human RAB7Q67L with N-terminal fusion of GFP tag AddgenepGFP-M6PREncodes human M6PR with C-terminal fusion of GFP tag(Polishchuk et al., 2006) pcDNA-GFP-TSG101Encodes human TSG101 with N-terminal fusion of GFP tag(Morita et al., 2007) peGFP-VPS4A Encodes human VPS4A with N-terminal fusion of GFP tag(Morita et al., 2007) 
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  Modulation of innate immune signalling by aCoxiella burnetii eukaryotic-like effector protein! !As illustrated above, the NF-kB pathway is inhibited by a Dot/Icm-mediated mechanism during C. burnetii infections; however, the effector protein/s involved in this process remained unknown[START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF]. By investigating C. burnetti effector proteins containing eukaryotic-like domains, my thesis work allowed to demonstrate that NopA (Nucleolar protein A) is involved in the suppression of the NF-kB pathway by disrupting nucleocytoplasmic transport in infected cells. NopA displays 4 regulation of chromatin condensation (RCC) domains, which are found in the eukaryotic Ran GEF RCC1. Similar to RCC1, NopA localises at the nucleus of infected or transfected cells, it is found in the chromatin nuclear fraction, and uses the RCC domains to interact with Ran, a GTPase involved in the nucleocytoplasmic transport. Differently from RCC1 however, NopA accumulates at nucleoli, where it sequesters Ran, thus disrupting the Ran GDP-GTP gradient required for the nucleocytoplasmic transport of proteins. This leands to a defect in the nuclear import of the NF-kB subunit p65. Accordingly, qRT-PCR and flow cytometry analysis on a panel of cytokines has shown that cells exposed to the Coxiella nopA::Tn or dotA::Tn mutant strains present a functional innate immune response, as opposed to cells exposed to wt C. burnetii or the corresponding nopA complemented strain. Thus, NopA is an important regulator of the innate immune response allowing C. burnetii to behave as a stealth pathogen. Modulation of innate immune signalling by a Coxiella burnetii eukaryotic-like effector protein Burette M*, Allombert J*, Lambou K, Maarifi G, Nisole S, Di Russo Case E, Blanchet FP, Hassen-Khodja C, Cabantous S, Samuel S, Martinez E, Bonazzi M. Proc Natl AcadSci U SA. 2020 Jun 16;117(24):13708-18.Modulation of innate immune signaling by a Coxiella burnetii eukaryotic-like effector proteinMelanie Burette a,1 , Julie Allombert a,1 , Karine Lambou a , Ghizlane Maarifi a , Sébastien Nisole a , Elizabeth Di Russo Case b , Fabien P. Blanchet a , Cedric Hassen-Khodja c , Stéphanie Cabantous d , James Samuel b , Eric Martinez a , and Matteo Bonazzi a,2  a Institut de Recherche en Infectiologie de Montpellier (IRIM) UMR 9004, CNRS, Université de Montpellier, 34293 Montpellier, France; b Department of Microbial and Molecular Pathogenesis, Texas A&M Health Science Center College of Medicine, Bryan, TX 77807-3260; c Montpellier Ressources Imagerie (MRI), BioCampus Montpellier, CNRS, INSERM, Université de Montpellier, 34293 Montpellier, France; and d Centre de Recherche en Cancérologie de Toulouse, INSERM, Université Paul Sabatier-Toulouse III, CNRS, 31037 Toulouse, France Edited by Ralph R. Isberg, Tufts University School of Medicine, Boston, MA, and approved April 21, 2020 (received for review August 27, 2019)
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 12 Fig. 1. Identification of C. burnetii EUGENs. (A) U2OS cells were challenged with C. burnetii strains expressing BLAM-tagged versions of candidate EUGENs for 6, 12, 24, 48, and 72 h. The percentage of BLAM-positive, infected cells was automatically calculated using CellProfiler over the total number of infected cells per each condition. Empty, BLAM empty vector. The Dot/Icm-dependent translocation of the effectors that were efficiently secreted was validated in the dotA::Tn mutant strain at 72 h postchallenge. (B) Representative images of positive (blue) cells treated as in A. (C) Noninfected or GFP-expressing C. burnetii-infected U2OS cells were transfected with plasmids encoding N-terminally tagged mCherry versions of the effector proteins validated in A (red). At 24 h after transfection, cells were fixed and labeled with Hoechst (blue) and an anti-LAMP1 antibody (white). White arrows point at CBU1217 subnuclear localization. (Scale bars, 10 μm.) Fig. 2. Intracellular localization of CBU1217/NopA and role in C. burnetii replication during infection. U2OS cells were challenged either with WT GFPtagged C. burnetii (white) transformed with plasmids encoding 4HA-tagged CBU1217/NopA (A and B, red) or the 4HA tag alone (C, red), or with the GFPtagged dotA::Tn mutant (D, white), transformed with plasmids encoding 4HA-tagged CBU1217/NopA, all under the control of an IPTG-inducible promoter. At 72 h postinfection, cells were fixed and labeled with Hoechst (blue) and anti-fibrillarin antibodies (green). I, IPTG-induced; NI, noninduced. Arrow points at 4HA-CBU1217/NopA localization in infected cell. U2OS cells were transfected with plasmids encoding HA-tagged versions of either fulllength (E) or the indicated deletion mutants (F and G) of HA-tagged NopA. At 24 h after transfection, cells were either fixed and labeled with Hoechst (blue), an anti-fibrillarin antibody (green) and an anti-HA antibody (red, Center), or lysed and processed for cell fractionation (Right). Cell fractions were analyzed by Western blotting using anti-fibrillarin and anti-GAPDH antibodies as nuclear and chromatin (Nu and Ch) and cytoplasmic (Cy) markers, respectively, and anti-HA antibodies to reveal NopA localization. (Scale bars, 10 μm.) (H) Genome equivalents (GEs) calculated using TaqMan real-time PCR with DNA purified from infected spleens of 5 SCID mice per group on day 14 after challenge with 1 × 10 6 GEs of the strains shown. (I) Replication index calculated as the ratio between spleen GE at the time of necropsy and the input GE of the strains listed in the figure legend. (J) Spleen weight as a percentage of total body weight at the time of necropsy on day 14 after infection with 1 × 10 6 GEs of the strains listed in the figure legend. Values are the mean of three independent infections, with error bars indicating SDs from the mean. ****P < 0.0001, ***P < 0.001, two-way ANOVA (H) and one-way ANOVA (J), Dunnett's multiple comparisons test.

Fig.

  Fig. S2G). This localization remains unchanged with the addition of the third RCC repeat (SI Appendix, Fig.S2 D and F), and it is only with the addition of the complete NopA C-ter that the protein localizes at nucleoli (Fig.2G), suggesting the presence of a nucleolar-targeting motif in the fourth RCC repeat. Unfortunately, we were unable to express detectable amounts of single RCC repeats (RCC1 and RCC4, SI Appendix, Fig.S2A).

  Fig.3. NopA interacts with the small GTPase Ran.(A) U2OS cells challenged for 24 h with either the C. burnetii nopA transposon mutant (nopA::Tn) or the corresponding complemented strain (nopA::Tn Comp.) were lysed and processed for cell fractionation. Whole cell lysates (WCLs) were probed with the indicated antibodies, as well as anti-GAPDH and anti-fibrillarin antibodies as cytoplasmic (Cy), and nuclear/chromatin (Nu/Ch) markers, respectively. Following immunoprecipitation with anti-HA-coated magnetic beads, the presence of Ran and that of fibrillarin (as a negative control) was assessed using specific antibodies (IP HA). (B) U2OS cells transfected with HA-tagged versions of either the N-terminal domain (NopA N-ter ), the C-terminal domain (NopA C-ter ) of NopA, or CvpF as negative control were lysed and processed for cell fractionation. WCLs were probed with the indicated antibodies, as well as anti-GAPDH and anti-fibrillarin antibodies as cytoplasmic (Cy), nuclear/chromatin (Nu/Ch) markers, respectively. Following immunoprecipitation with anti-HA-coated magnetic beads, the presence of candidate interacting proteins was assessed using specific antibodies (IP HA). (C) U2OS cells were transfected with plasmids encoding GFP1-9 in combination with plasmids encoding either the GFP10 and GFP11 tags alone as negative control (Top row), GFP10 and GFP11 linked by a leucine zipper motif (GFP10-zip-GFP11) as positive control (Middle row), or GFP10-Ran and GFP11-NopA (Bottom row). At 24 h after transfection, cells were fixed and labeled with Hoechst (blue) and anti-GFP antibodies (red) to reveal nuclei and the expression of GFP1-9, respectively. Protein/protein interaction was assessed following the reconstitution of GFP (Reconst. GFP, green). Arrows point at nuclei in which Ran and NopA interact.(D) The percentage of cells presenting GFP reconstitution over the total number of GFP1-9positive cells was calculated. Values are means ± SD from two independent experiments. Asterisks indicate statistically significant variations (n.s., nonsignificant, ****P < 0.0001, one-way ANOVA, Dunnett's multiple comparison test).(Scale bars, 20 μm.) 

Fig. 4 .

 4 Fig. 4. NopA increases the intracellular levels of Ran-GTP.(A) The GFP-trap assay was carried out in U2OS cells expressing HA-tagged NopA C-ter in combination with either GFP alone, GFP-Ran, GFP-Ran T24N (GDP-locked), GFP-Ran Q69L (GTP-locked), or GFP-Ran N122I (guanosine-free). WCLs (Upper) were probed with anti-GFP and anti-HA antibodies to assess the expression of the GFP-tagged proteins and HA-tagged NopA C-ter , and anti-tubulin antibodies as loading control. Protein/ protein interactions were assessed using anti-GFP and anti-HA antibodies following GFP capture (GFP-trap, Lower). (B) GTP-bound Ran was pulled down using RanBP1-coated beads from cell lysates of U2OS cells challenged for 24 h with either WT C. burnetii (WT), a nopA transposon mutant (nopA::Tn), the corresponding complemented strain (nopA::Tn Comp.), or the Dot/Icm-defective mutant (dotA::Tn). Noninfected cells (NI) were used as control. WCLs were probed with anti-C. burnetii (NMII), anti-Ran, and anti-β-tubulin antibodies. GTP-bound Ran was revealed using an anti-Ran antibody (IP RanBP1). (C) GTP-bound Ran was pulled down using RanBP1-coated beads from cell lysates of U2OS cells expressing either the HA tag alone, HA-tagged versions of either full-length (NopA FL ), the N-terminal domain (NopA N-ter ), the C-terminal domain (NopA C-ter ) of NopA, or CvpB. WCLs were probed with anti-HA antibodies to assess the expression of the HA-tagged versions of NopA and anti-Ran and anti-tubulin antibodies as loading controls. GTP-bound Ran was revealed using an anti-Ran antibody (IP RanBP1). The signal ratio of GTP-bound Ran over the total amount of Ran is indicated for experiments illustrated in B and C. Values are mean ± SD from three independent experiments. n.s., nonsignificant, ****P < 0.0001, **P < 0.007, *P < 0.02, one-way ANOVA, Dunnett's multiple comparison test.

Fig. 5 .

 5 Fig. 5. Overexpression of NopA interferes with the nuclear translocation of p65. Representative Western blot of U2OS cells expressing either the HA tag alone, HA-NopA, or HA-CvpB left untreated or incubated with 10 ng/mL TNFα for 30 min, lysed, and processed for cell fractionation. Whole cell lysates (A, WCLs) were used to assess the overall levels of p65 and IκBα and nuclear fractions (B) to monitor p65 translocation to the nucleus (nuclear fraction). The signal ratio of p65 over tubulin or fibrillarin and of IκBα over tubulin is indicated for experiments illustrated in A and B. Values are mean ± SD from three independent experiments. (C) Representative images of U2OS cells expressing mCherry-NopA or mCherry-CvpB and treated as in A. The localization of p65 was monitored using an anti-p65 antibody and Hoechst staining of nuclei. Asterisks indicate transfected cells. (D) CellProfiler was used to identify mCherry-expressing U2OS cells and to measure the median of the ratios of p65 fluorescence intensity at nuclei versus cytoplasm. Values are means ± SEM from two independent experiments where a minimum of 200 nuclei were measured per condition. Asterisks indicate statistically significant variations [n.s., nonsignificant, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.1, one-way ANOVA, Dunnett's (A and B) and Bonferroni (D) multiple comparison test]. (Scale bars, 10 μm.)

Fig. 6 .Fig. 7 .

 67 Fig. 6. NopA interferes with the nuclear translocation of p65 during C. burnetii infections. Representative Western blot of U2OS cells challenged for 72 h with GFP-tagged strains of WT C. burnetii (WT), the Dot/Icm-defective dotA transposon mutant (dotA::Tn), the nopA transposon mutant (nopA::Tn), or the corresponding complemented strain (nopA::Tn Comp.). Noninfected cells (NI) and cells treated with 10 ng/mL TNF-α (TNF-α) for 30 min were used as negative and positive controls, respectively. Cells were lysed and fractionated to isolate nuclear fractions. Whole cell lysates (A, WCLs) were used to assess the overall levels of p65 and IκBα and nuclear fractions (B) to monitor p65 translocation to the nucleus (nuclear fraction). Normalized densitometry of indicated protein ratios was calculated. Values are means ± SD from two independent experiments. (C) Representative images of U2OS cells treated as in A. The localization of p65 (red) was monitored using an anti-p65 antibody and Hoechst staining of nuclei (blue). White arrows indicate nuclei of infected cells. (D) U2OS cells were treated as in A for 24, 48, and 72 h. CellProfiler was used to identify infected and total U2OS cells and to measure the median of the ratios of p65 fluorescence intensity at nuclei versus cytoplasm. Values are means ± SEM from two independent experiments where a minimum of 400 nuclei were measured per condition. In all cases, n.s., nonsignificant, ***P < 0.0001, one-way ANOVA, Dunnett's multiple comparison test. (Scale bars, 10 μm.)

  Infected cells were analyzed based on the GFP fluorescence associated with the strains of C. burnetii. Flow cytometry analyses were performed on a BD FACSCalibur flow cytometer using flow cytometry (CellQuest software, BD Biosciences). FlowJo software (Tree Star) was used to analyze data. Data Availability. All data discussed in the paper are available to readers either in the manuscript or in SI Appendix. Polyclonal anti-C. burnetii (NMII) was produced by Covalab. Hoechst 33258, anti-mouse and anti-rabbit HRP-conjugated, monoclonal antibodies anti-HA, Ran, FLAG and β-tubulin were purchased from Sigma. Polyclonal anti-GFP was from Thermo Fisher Scientific. Polyclonal anti-Fibrillarin, RAB26, PML and monoclonal anti-DRP1 antibodies were from Abcam. Monoclonal anti-GAPDH was from Life Technologies. Polyclonal anti-HA antibody was from Proteintech. 4% paraformaldehyde in PBS solution were from Santa Cruz. Polyclonal anti-NF-κB p65 and monoclonal anti-IκBα antibodies were from Cell Signalling. Mouse and rabbit IgG conjugated to Alexa Fluor 488, 555 or 647 were purchased from Invitrogen. Human anti-TNF-α and human anti-IFN-α were from Miltenyi. Brefeldin A Solution (BFA, 420601) was purchased from BioLegend. TNF-α (300-01A) was purchased from PeproTech. Phorbol 12myristate 13-acetate (PMA, Invivogen) and leptomycin B (LMB, LC Laboratories) were kindly provided by Dr. Caroline Goujon and Dr. Marylene Mougel, respectively.
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  DNA ligase adenylation (8-324) (E-value = 9,7x10^-124) NAD-dependent DNA ligase OB fold (326-407) (E-value=8,9x10^-34) NAD-dependent DNA ligase zinc finger (413-440) (E-value = 5,6x10^-10) HHH (Helix-hairpin-helix) (516-579) (E-value = 4339) (E-value = 1,83x10^-15) adenosylmeth. methyltransf. dom. (407-504) (E-value = 2,98x10^-10)
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 22514825149 Figure 25. Subcellular distribution of lipids visualised by fluorescent lipid probes. Schematic diagram of the intracellular distribution of lipids in cellular membranes using lipidbinding probes or antibodies, illustrated by representative images of cells either transfected or labelled. (Scale bars, 10 μm.) PI(3)P, highlighted in red. PI(4)P, highlighted in green. PI(5)P, highlighted in brown. PI(3,4)P2, highlighted in light purple. PI(3,5)P2, highlighted in yellow. PI(4,5)P2, highlighted in blue. PI(3,4,5)P3, highlighted in orange. Diacylglycerol (DAG) and phosphatidic acid (PA), highlighted in gray. Lysobisphosphatidic acid (LBPA), highlighted in pink. Phosphatidylserine (PS), highlighted in dark purple. PM : plasma membrane; EE: early endosome; LE : late endosome; Lys : lysosome; Au : autophagosome; TGN : trans-golgi network; ER : endoplasmic reticulum.!
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 2626 Figure 26. Caracterisation of the lipid signature of CCVs at different stages of infection. (A-B) U2OS cells were infected with C. burnetii WT GFP (red) and transiently transfected with an mCherry/RFP-tagged catalogue of lipid-binding probes (white). The percentage of lipidpositive CCV was calculated at 2, 4 and 6 days post-infection (dpi) revealing the presence of PI(3)P, PI(4)P, PI(3,5)P2, PS and LBPA at WT CCVs. (Scale bars, 10 μm).

Figure 27 .

 27 Figure 27. PI(3)P, PI(4)P and LBPA are actively recruited on CCVs. U2OS cells were challenged for 4 days with the Dot/Icm defective dotA::Tn mutant (blue) and transfected with either mCherry-ML1N-PH, RFP-Lact-C2, 2xFYVE-mCherry, mCherry-OSBP-PH or labelled with an anti-LBPA antibody (red). Cells were fixed and stained with an anti-LAMP1 antibody (green). White arrows indicate C. burnetii colonies. (Scale bars, 10 μm).

151 ! 2 . 2 !

 15122 and LBPA enrichment of CCVs in a Dot/Icm dependent manner. U2OS cells were challenged for 4 days with the Dot/ , mCherry-OSBP-PH or labelled with an anti-LBPA antibody (red). Cells were fixed and Results ! C. burnetii re-routes the Golgi pools of PI(4)P at CCV membranes $ The unexpected enrichment of PI(4)P on CCV membranes prompted us to determine whether C. burnetii re-routes the secretory pathway to the CCV. The most abundant pools of PI(

Figure 28 .! 3 !Figure 29 .

 28329 Figure 28.! Golgi pools of PI(4)P are involved in PI(4)P incoming at CCV membranes. U2OS cells were transfected either with GFP alone (A) or GFP-Sac1-K2A (B) (blue) in combination with the PI(4)P probe mCherry-OSBP-PH (red). Cells were fixed cells 24 h posttransfection and stained with an anti-GM130 (green). (C) U2OS cells infected with C. burnetii NMII were transfected with mCherry-OSBP-PH (red) either in combination with GFP alone (C) or GFP-Sac1-K2A (D) (blue). Two days post infection, cells were fixed and labelled with an anti-LAMP1 (green). White arrows indicate CCVs. (Scale bars, 10 μm).$

  validate protein translocation in C. burnetii, X&U<Y=Z:$ X&UFZGY$ 134$ X&U;<<G$ were cloned into the pXDC61K-BlaM vector, thus generating N-terminal fusions with β-lactamase, and transformed either into GFP-tagged C. burnetii (WT) or the Dot/Icm-defective dotA::Tn mutant strain. The expression of all β-lactamase-tagged constructs was validated by Western blot using an anti β-lactamase antibody (Figure 31A). Effector translocation was then assessed at 24, 48 and 72 h post-infection by means of a β-lactamase secretion assay on U2OS cells. C. burnetii expressing β-lactamase alone or β-lactamase-tagged CvpB (Martinez

Figure 31 .Figure 32 .

 3132 Figure 31. CBU0635, CBU1576 and CBU2007 are Dot/Icm substrates of C. burnetii. (A) Lysates of C. burnetii strains transformed with pXDC61K plasmids encoding BLAM-tagged versions of the indicated genes were analysed by Western blotting using anti-BLAM and an anti-C. burnetii (NMII) antibodies. The expected size of BLAM-tagged proteins is indicated below the top blot. (B) U2OS cells were challenged with C. burnetii strains expressing BLAMtagged versions of candidate lipid-binding effectors for 24, 48, and 72 h. The percentage of BLAM-positive, infected cells was automatically calculated using CellProfiler over the total number of infected cells per each condition. The Dot/Icm-dependent translocation of the effectors that were efficiently secreted was validated in the dotA::Tn mutant strain at 24, 48 and 72 h postchallenge. (C) Representative images of positive (blue) cells treated as in B. (Scale bars, 10 μm).! !

Figure 33 .

 33 Figure 33. Absence of PI(4)P does not modify CBU0635 localisation. (A) U2OS cells were transfected with either GFP alone (top panels) or GFP-Sac1-K2A (bottom panels) (blue) in combination with the PI(4)P probe mCherry-OSBP-PH (red). We fixed cells 24 h posttransfection and stained with an anti-TGN46 (green). (B) U2OS cells were transfected with pRK5-HA in combination with either GFP alone (top panels) or GFP-Sac1-K2A (bottom panels) (blue) in combination with the PI(4)P probe mCherry-OSBP-PH (red). We fixed cells 24 h posttransfection and stained with an anti-TGN46 (green). (C) U2OS cells were transfected with pRK5-HA in combination with either GFP alone (top panels) or GFP-Sac1-K2A (bottom panels) (blue) in combination with the PI(4)P probe mCherry-OSBP-PH (red). We fixed cells 24 h posttransfection and stained with an anti-TGN46 (green). (Scale bars, 10 μm).

Figure 34 . 163 !!

 34163 Figure 34. The putative PH domain of CBU0635 is functionally important. (A) U2OS cells were transfected with plasmids encoding HA-tagged versions of either full-length (A) or the indicated deletion mutants (B-D) of HA-tagged CBU0635. We fixed cells 24 h post-transfection and labelled with Hoechst (blue) and anti-TGN46 antibody (red, right). (Scale bars, 10 μm).

Figure 36 .

 36 Figure 36. CBU0635 targets PI(3,4)P2 metabolism. U2OS cells were transfected with either HA alone (top panels) or HA-CBU0635 (bottom panels) in combination with AKT-PH-GFP. We fixed cells 24 h post-transfection and stained with Hoescht (blue). White arrows indicate PI(3,4)P2-positive vesicles. (Scale bars, 10 μm).

!

  

  )A$N30#5#)0(3*+,:$1$ significant number of PI(3,4)P2-positive vesicles 5#.1(3#4$ B()(?+#$ (3$ 0"#$ 6,0-7+1).$ -2$ 6#++)$ expressing Results ! 165 ! either the C133A or the R139A mutant (Figure

Figure 37 .

 37 Figure 37. CBU0635 is a putative PI phosphatase. (A) Schematic representation of CBU0635 domain comprising amino acids 130 to 320. Putative PH lipid-binding domain and catalytic residue CX5R are in bold and mutated residues are underlined. U2OS cells were transfected with the PI(3,4)P2 probe AKT-PH-GFP in combination either HA alone, HA-CBU0635, HA-CBU0635 C133A or HA-CBU0635 R139A (red). Cells were fixed 24 h posttransfection and stained with Hoechst (blue). Inset shows the presence or not of PI(3,4)P2positive vesicles. (Scale bars, 10 μm).

Results ! 166 !

 166 the presence of a single transposon insertion in the genome of the mutant strain (Figure38A).Cells were challenged either with GFP-tagged C. burnetii (WT) or the CBU0635 mutantTn1898 (hereafter referred to as cbu0635::Tn) for 6 days, fixed and labelled with an anti-LAMP1 antibody to visualise CCVs. Cells infected with WT C. burnetii displayed a large and unique LAMP1-positive vacuole (Figure38Band C, top panels), whereas cells infected with the cbu0635::Tn mutant strain formed smaller CCVs in both cell types (Figure38B and C, bottom panels), suggesting a potential role of CBU0635 in CCV biogenesis. Complementation of the cbu0635::Tn strain is in progress either by expressing cbu0635 alone or the full cbu0634-cbu0635-cbu0636 operon under the control of the endogenous promoter.

Figure 38 . 167 !

 38167 Figure 38. CBU0635 is a Dot/Icm T4BSS effector protein required for CCV biogenesis. (A) cbu0635::Tn mutant Tn1898 genomic DNA was digested with the restriction enzyme BamHI (Tn1898 BamHI), prior to migration on agarose gel and Southern blot analysis using a fluorescent GFP probe. The unique band observed confirms the unique insertion of the transposon in cbu0635. U2OS (B) or PMA-treated THP-1 (C) cells were infected with either C. burnetii WT GFP (top panels) or cbu0635::Tn (bottom panels) strains. Six days post-infection, cells were fixed and stained with anti-LAMP1 (red) and phalloidin (blue). (Scale bars, 10 μm).

Figure 39 .

 39 Figure 39. CBU0635 does not participate in the recruitment of PI(3)P, PI(4)P or PI(3,4)P2 to CCVs. U2OS cells were infected with either C. burnetii WT GFP (top panels) or cbu0635::Tn (bottom panels) and transfected with either mCherry-2xFYVE (A), mCherry-OSBP-PH (B) or AKT-PH-mCherry (C) for 3 d. We fixed cells 24 h post-transfection and labelled with an anti-LAMP1 (pseudo-colored gray). (Scale bars, 10 μm).

Figure 40 .

 40 Figure 40. Genomic context of cbu2007 and Southern blot analysis of cbu2007::Tn mutant strain. (A) Schematic representation of the CBU2007 sequence and the associated genomic context. The red bar represents the site of transposon insertion of an independently isolated mutant (Tn1577). The predicted PmrA sequence is indicated in green. CBU2007 contains a putative F-BAR lipid-binding domain (pink) and a putative E-block motif (blue). (B) cbu2007::Tn mutant Tn1577 genomic DNA was digested with the restriction enzyme BamHI (Tn1577 BamHI) prior to migration on agarose gel and Southern blot analysis using a fluorescent GFP probe. The unique band observed confirms the unique insertion of the transposon in cbu2007.

Figure 41 .

 41 Figure 41. CBU2007 participates in LBPA recruitment to CCVs. (A-C) Representative 2D (top panels) and 3D (bottom panels) image reconstruction of confocal sections illustrating surface rendering of LAMP1 (red) and LBPA (blue) surrounding C. burnetii WT GFP (A), cbu2007::Tn (B) or dotA::Tn (C) colonies (green) in U2OS cells infected for 6 days. (Scale bars, 10 μm).

Figure 42 .

 42 Figure 42. CBU2007 mainly interacts with PS. Representative protein/lipid overlay assays performed by incubating His-CBU2007 with PIP Strips spotted with 100 pmol lipid/spot.

Figure 43 . 173 !

 43173 Figure 43. CBU2007 alters PI(3)P-and LBPA-positive vesicles size and clustering. U2OS cells (A-E) were transfected either with HA alone (left panels) or HA-CBU2007 (right panels) in combination with either GFP-2xFYVE (A), GFP-OSBP-PH (B), GFP-PHD2x (C) GFP-Lact-C2 (D) or labelled with an anti-LBPA antibody (E). We fixed cells 24 h post-transfection and labelled with an anti-HA (red). (Scale bars, 10 μm).

Figure 44 .Figure 45 .

 4445 Figure 44. CBU2007214-395 is sufficient to trigger PI(3)P-and LBPA-positive vesicles clustering. U2OS cells were transfected with plasmids encoding HA-tagged versions of the indicated deletion mutants (A and B) of HA-tagged CBU2007 (red) in combination with either GFP-2xFYVE or GFP-Lact-C2 or labelled with an anti-LBPA antibody (green). (Scale bars, ! 10 μm). ! ! 2.3.2.3! CBU2007 recruits the ESCRT machinery to the CCV $

Figure 46 .

 46 Figure 46. CBU2007 inhibits VPS4A membrane binding. U2OS cells were transiently transfected with either HA alone (left panels) or HA-CBU2007 (right panels) (red) in combination with GFP-VPS4A K178Q or GFP-VPS4A E225Q . We fixed cells 24 h post-transfection and labelled with anti-HA (red). (Scale bars, 10 μm).

Figure 47 .

 47 Figure 47. CBU2007 triggers LEs/MVBs enlargement. U2OS cells (A-E) were transfected either with HA alone (left panels) or HA-CBU2007 (right panels) in combination with either GFP-RAB5 (B) or GFP-RAB7 (C) or labelled with either anti-LC3B (A), anti-CD63 (D) or anti-LAMP1 (E) antibodies (green). We fixed cells 24 h post-transfection and labelled with an anti-HA (red). (F) U2OS cells were transfected with either HA alone (top panels) or HA-CBU2007 (bottom panels). We labelled cells with LysoTracker dye (green) 24 h post-transfection prior to fixation and staining with an anti-LAMP1 (red). (Scale bars, 10 μm).

Figure 48 .Figure 49 .

 4849 Figure 48. RAB7 is involved in the formation of CBU2007-induced vacuoles. U2OS cells were transiently transfected with either HA alone or HA-CBU2007 (red) in combination with GFP-RAB7 Q67L or GFP-RAB7 T22N . We fixed cells 24 h post-transfection and labelled with an anti-HA (red). (Scale bars, 10 μm).

181 !Figure 50 .

 18150 Figure 50. Schematic representation of the role of NopA upon C. burnetii infections.NopA localises at nucleoli of infected cells. By interacting with Ran, NopA triggers an imbalance in its nucleocytoplasmic gradient through the accumulation of GTP-bound Ran, thereby perturbing the nuclear import of eukaryotic proteins and the expression of proinflammatory cytokines.

Figure 51 .

 51 Figure 51. Bacterial proteins target the NF-κB pathway (adapted from Asrat et al., 2015). The NF-κB signaling pathway can be modulated at several levels to stimulate (dotted arrows) or inhibit (dotted -|) host innate immunes responses. Bacterial proteins (oranges boxes: species (top) and bacterial protein (bottom)) are involved in phosphorylation (P), ubiquitination (Ub) and proteasomal degradation of components of the NF-κB complex, whereas other modulate the NF-κB-mediated transcription. Some of them are able to interfere in the nuclear import of the NF-κB subunit p65 as the S. typhimurium effector SpvD (Rolhion et al., 2016), the two O. tsutsugamushi proteins Ank1 and Ank6 (Evans et al., 2018), the B. pertussis effector BopN (Nagamatsu et al., 2009) and the recently identified C. burnetii effector NopA (Burette et al., 2020).

Discussion ! 183 !

 183 tightly modulate the nuclear translocation of p65 by allowing moderate NF-κB activation, thus reducing cytokines production and allowing the activity of anti-apoptotic pathways.

  P2-positive vesicles in CBU0635-expressing cells. More importantly, mutation of either the cysteine or the arginine residue in the putative motif restores the presence of PI(3,4)P2-positive vesicles, which is indeed indicative of a PI phosphatase activity of CBU0635. This raises the possibility that CBU0635 may have dual functions during C. burnetii infection by manipulating lipid metabolism and by promoting membrane supply for CCV development. On the one hand, CBU0635 may localise to the TGN to re-route secretory vesicles to the forming CCV, correlating with the defective vacuole biogenesis phenotype observed with the cbu0635::Tn transposon mutant (Figure 52).

Figure 52 .!

 52 Figure 52. Hypothetical model of the role of CBU0635 and CBU2007 in the manipulation of lipid metabolism in the context of C. burnetii infections. CCVs membranes are enriched in PI(3)P and cholesterol. The newly characterisation of the lipid composition also highlighted the presence of PI(3,5)P2, PS and interestingly, PI(4)P and LBPA at CCVs and these last two are actively recruited by C. burnetii. Screening of candidate lipid-binding effectors (LIEs) led to the identification of CBU0635, a putative PI(4)P interactor, and CBU2007, a putative LBPA interactor. CBU0635 localises to and condenses the TGN and may act as a PI phosphatase targeting PI(3,4)P2 to enrich cells in either PI(3)P or PI(4)P. By affecting the Golgi shape and function, CBU0635 may re-route secretory vesicles to promote membrane supply to the forming CCV. CBU2007 contributes to CCV biogenesis probably by promoting the fusion of late endosomes while inhibiting fission events involved in the biogenesis of MVBs. CBU2007 mediates LBPA enrichment at CCVs and recruits the ESCRT machinery to the CCV and may be involved in membrane repair.To conclude, this work has revealed new important strategies for C. burnetii to persist and replicate in host cells. On one hand, the function of the newly identified C. burnetii effector NopA was characterised showing how this protein modulates the innate immune signaling in infected cells. On the other hand, the role of lipid metabolism in the establishment of the CCV was investigated leading to the identification of two lipid-binding candidates among C. burnetii effector proteins. CBU0635 is a putative PI phosphatase that diverts the secretory pathway to the forming CCV while CBU2007 manipulates LBPA metabolism to recruit the ESCRT machinery and block the biogenesis of MVBs.Interestingly, there is increasing evidence for an interplay between the immune response and vesicular trafficking. Recent evidence suggests that both lipid metabolism and the membrane-remodeling ESCRT-III machinery directly influence the activation of the

  NopA during C. burnetii infections suggest that the effector protein could be used as a new tool to perturb nuclear import and potentially regulate a vast number of host cell signaling pathways in health and disease. Indeed, multiple Gram-negative bacteria representing major public health issues including enteroinvasive E. coli (EIEC), Shigella spp, Pseudomonas aeruginosa cause infections characterised by a hyperinflammation(Schroeder and Hilbi, 2008; Wine et al., 2010; Ciszek-Lenda et al., 2019). With the emergence of multiresistant bacterial strains, it becomes urgent to develop alternative approaches to fight infectious diseases. In this context, NopA could be used as a modulating agent of hyperinflammatory responses induced by bacterial infections. The effect of NopA may be investigated in in vivo models to evaluate their susceptibility to EIEC, Shigella spp or P. aeruginosa infections. Moreover, hyperinflammatory responses are also observed in cancers and autoimmune diseases suggesting the use of NopA outside the context of infectious diseases. Indeed, it has been shown that inhibiting the activity of the NF-κB signaling pathway in tumor cells stop their proliferation and make them more sensitive to anti-tumoral molecules(Escárcega et al., 2007). Likewise, it has been reported that certain autoimmune diseases including Crohn's disease or rheumatoid arthritis induce an overproduction of pro-inflammatory cytokines through the deregulation of the NF-κB signaling pathway(Liu et al., 2017; Han et al., 2017; Xia et al., 2018). In this context, NopA could thus be tested as a new immunomodulatory agent by manipulating the nuclear import of NF-κB or other transcription factors whose aberrant activity cause various diseases in humans (Bushweller, 2019).Finally, NopA could be also tested for its capacity to interfere with the nuclear import of viral genomes and accessory proteins to counter viral infections. Indeed, infections by DNA viruses and some RNA viruses rely on nuclear import to replicate inside infected cells(Fay and Panté, 2015). I thus propose to study the effect of NopA on the translocation of viral DNA during infection by viruses.

  to investigate a possible role of CBU2007 in the remodeling of PS-containing membranes. Appearance of dynamic lipid tubules emanating from flat sheets would be indicative of a membrane remodeling activity of the bacterial effector protein. To characterise this activity, CBU2007N-ter and C-ter could be also purified to further investigate the functionality of the putative F-BAR domain. We have shown that CBU2007 recruits the ESCRT machinery to the CCV and may inhibit fission events involved in MVB biogenesis. Beyond MVB biogenesis, the ESCRT machinery has important function in eukaryotic cell abscission and viral budding. The ESCRT machinery is typically hijacked by enveloped viruses, including HIV-1, to promote the release of viral particles from the host cell membrane by exocytosis (Votteler and Sundquist, 2013). To explore a potential inhibition of the ESCRT fission machinery by CBU2007, it could be interesting to see whether CBU2007 modulates HIV-1 viral particles release. Depending on the outcome of the experiment, CBU2007 could be used outside of the context of C. burnetii infections, as a new tool to inhibit the release of virus-like particles. Finally, the recruitment of the ESCRT machinery by CBU2007 suggest that the effector may be involved in repairing damaged lysosomes. A recent publication reported that galectin-3 (Gal-3) coordinates the lysosomal repair with the ESCRT component ALIX upon endomembrane damages (Jia et al., 2020). To evaluate the role of CBU2007 in ESCRT-dependent membrane repair, membrane damage Future directions ! 196 ! could be artificially induced by means of LLOMe (L-leucyl-L-leucine methyl ester) and Gal-3 recruitment could be monitored to assess membrane damage. It could be then interesting to observe whether the LLOMe treatment affects the formation of CBU2007-induced vacuoles as well as the localisation of membrane repair markers as ESCRT machinery components and Galectin-3.

Figure 1 .

 1 Figure 1. CvpF is a Dot/Icm T4BSS vacuolar effector protein important for Coxiella intracellular growth, CCV biogenesis, and virulence. (A) U2OS cells were infected with Coxiella WT GFP (gray) and transfected with pLVX-mCherry-CBU0626/CvpF (red) 4 d post-infection. We fixed cells 12 h post-transfection and labeled with an anti-LAMP1 antibody (green). White arrows indicate discrete regions of the Coxiella vacuole where CvpF and LAMP1 colocalize. (B) U2OS cells were challenged for 6 d either with Coxiella WT GFP (WT), cvpF::Tn mutant, or the complemented cvpF::Tn strain (cvpF::Tn Comp.). CCV area for each strain was determined using the Cell Profiler software. (C) U2OS cells were challenged as in B, and Genome Equivalents (GE) were determined by quantitative PCR (D) PMA-treated THP1 cells were challenged for 6 d either with Coxiella WT GFP (WT), cvpF::Tn mutant, or the complemented cvpF::Tn strain (cvpF::Tn Comp.) The colony area for each strain was determined using the Cell Profiler software. (E) THP1 cells were challenged as in D and Genome Equivalents (GE) were determined by quantitative PCR.(F) Coxiella WT GFP (WT), dotA::Tn mutant, cvpF::Tn mutant and the complemented cvpF::Tn strain (cvpF::Tn Comp.) were grown for 8 d in ACCM-2 and Genome Equivalents (GE)/ml were determined by Pico Green assay. (G) Genome Equivalents (GE) calculated using TaqMan real-time PCR with DNA purified from infected spleens of 5 SCID mice per group on day 14 after challenge with 1 × 10 6 GE equivalents of the strains shown.(H) Splenomegaly calculated as spleen weight as a percentage of total body weight at the time of necropsy on day 14 after infection with 1 × 10 6 GE equivalents of the strains listed in the figure legend. Values are mean ± SD from 3 independent experiments (n.s. = non-significant, **** = P < 0.0001, ** = P < 0.0021, * = P < 0.033, one-way ANOVA, Sidak's multiple comparison test). Scale bars: 10 μm.

Figure 2 .

 2 Figure 2. CvpF participates in LC3B recruitment to CCVs but not in their acidification. (A) U2OS cells were infected with either Coxiella WT GFP (top panels), cvpF::Tn (middle panels) or the complemented cvpF::Tn strain (cvpF::Tn Comp., bottom panels) (green) for 6 d, fixed and stained with anti-LAMP1 (pseudo-colored gray) and LysoTracker (red). (B) U2OS cells were infected as in A, and the presence of the LysoTracker probe in CCVs was scored for at least 80 cells. (C) U2OS cells were infected with either Coxiella WT GFP (top panels), cvpF::Tn (middle panels), or the complemented cvpF::Tn strain (cvpF::Tn Comp., bottom panels) for 6 d, fixed and stained with anti-LAMP1 (pseudo-colored cyan) and anti-LC3B (red). The white line in the merged image indicates the position of the profile line used for the analysis of intensity distribution. Fluorescence intensity plotting of GFP (green), LC3B (red), and LAMP1 (blue) signals are shown on the right for each strain. (D) U2OS cells were infected as in C and the presence of LC3B on CCVs was scored for at least 80 cells. Values are mean ± SD from 3 independent experiments (n.s. = non-significant, **** = P < 0.0001, one-way ANOVA, Dunnett's multiple comparison test). Scale bars: 10 μm. (E) Pearson's correlation coefficient between LC3B and LAMP1 signals in images acquired in C (**** = P < 0.0001, one-way ANOVA, Sidak's multiple comparison test).

Figure 3 .

 3 Figure 3. Ectopically expressed CvpF localizes to vesicles with autolysosomal features. (A) U2OS or U2OS GFP-FYVE cells were transfected with pLVX-mCherry-CvpF or pRK5-HA-CvpF (red). Cells were fixed and labeled either with anti-LC3B, or anti-LAMP1 antibodies (green). HA-CvpF was labeled with an anti-HA antibody (red). (B) U2OS or U2OS GFP-FYVE cells were transiently transfected with plasmids pLVX-mCherry or pRK5-HA fused to CvpF 1-500 , CvpF 1-370 , CvpF 200-695 , CvpF 370-695 , CvpF 500-695 , or CvpF 370-500 (red). Cells were fixed and labeled either with anti-LC3B or anti-LAMP1 antibodies (green). HA-tagged constructs were labeled with anti-HA antibody (red). (C) Schematic representation of CvpF fragments used in A and B. MBD: membrane-binding domain, ED: effector domain. Scale bars: 10 μm.

Figure 4 .

 4 Figure 4. CvpF stimulates the formation of LC3B-II. (A) Immunoblot of lysates from U2OS cells left uninfected (N.I.) or infected with Coxiella WT GFP (WT), cvpF::Tn, 10 times cvpF::Tn (cvpF::Tn x10) or the complemented cvpF::Tn strain (cvpF::Tn Comp.) for 72 h in complete media. Bafilomycin A 1 (25 nM) was added to the media 3 h before lysis. Immunoblots were probed with antibodies against LC3B and GAPDH. The signal ratio of LC3B-II versus GAPDH is indicated for samples treated with bafilomycin A 1 . (B) Immunoblot of lysates from U2OS cells left uninfected (N.I.) or infected with Coxiella WT GFP (WT), cvpF::Tn, or the complemented cvpF::Tn strain (cvpF::Tn Comp.) for 72 h in complete media. Starvation was triggered by incubation of cells in HBSS for 3 h before lysis. Immunoblots were probed with antibodies against SQSTM1 and GAPDH. (C) Immunoblot of lysates from U2OS cells transfected with pRK5-HA, pRK5-HA-CvpF or pRK5-HA-CvpF Y425A mock-treated or treated with 25 nM bafilomycin A 1 for 1 h. The signal ratio of LC3B-II versus GAPDH is indicated for samples treated with bafilomycin A 1 . Values are mean ± SD from 3 independent experiments (n.s. = non-significant, ** = P < 0.0021, * = P < 0.0033, one-way ANOVA, Dunnett's multiple comparison test).

Figure 5 .

 5 Figure5. CvpF interacts specifically with RAB26. (A) A co-immunoprecipitation assay using U2OS cells co-transfected with pRK5-HA-CvpF and pLVX-GFP, pLVX-GFP-RAB5, peGFP-RAB7, peGFP-RAB9, pLVX-GFP-RAB11, pLVX-GFP-RAB26, pLVX-GFP-RAB37. RAB GTPases and CvpF were detected using anti-GFP and anti-HA antibodies, respectively. (B) U2OS cells were transfected with pLVX-mCherry or pLVX-mCherry-CvpF (red) and pLVX-GFP, pLVX-GFP-RAB26 or pLVX-GFP-RAB37 (green). (C) A coimmunoprecipitation assay using U2OS cells co-transfected with pRK5-HA-CvpF and pLVX-GFP, pLVX-GFP-RAB26, pLVX-GFP-RAB26 T77N , pLVX-GFP-RAB26 Q123L , pLVX-GFP-RAB26N177I . The RAB GTPases and CvpF were detected using anti-GFP and anti-HA antibodies, respectively. (D) U2OS cells were transiently transfected with pLVX-mCherry-CvpF (red) and pLVX-GFP-RAB26 T77N , pLVX-GFP-RAB26 Q123L or pLVX-GFP-RAB26 N177I (green). Scale bars: 10 μm.

Figure 6 .

 6 Figure 6. CvpF stimulates the recruitment of RAB26 to CCVs. (A) U2OS cells were infected with either Coxiella WT GFP (WT, top panels), cvpF::Tn (middle panels), or the complemented cvpF::Tn strain (cvpF::Tn Comp., bottom panels) and transfected with pLVX-GFP-RAB26 (green) 4 d post-infection. We fixed cells 12 h posttransfection and stained with anti-LAMP1 (red) and anti-Coxiella (blue) antibodies. (B) U2OS cells were infected, as in A, and the presence of RAB26 on CCVs was scored for at least 80 cells per condition. Values are mean ± SD from 3 independent experiments (n.s. = non-significant, **** = P < 0.0001, one-way ANOVA, Bonferroni's multiple comparison test). Scale bars: 10 μm. (C) Pearson's correlation coefficient between RAB26 and LAMP1 signals in images acquired in A (**** = P < 0.0001, one-way ANOVA, Sidak's multiple comparison test).

Figure 7 .

 7 Figure 7. RAB26 activity is essential for CCV biogenesis. (A) U2OS cells infected with Coxiella NMII were transfected with pLVX-GFP, pLVX-GFP-RAB26, pLVX-GFP-RAB26 T77N , pLVX-GFP-RAB26 Q123L or pLVX-GFP-RAB26 N177I (green) 2 d post-infection. We fixed cells 24 h post-transfection and stained with anti-LC3B (red) and stained DNA using Hoechst 33,258 (blue). White arrows indicate Coxiella colonies. (B) Cells were treated as in A, and the CCV area was measured for at least 100 cells per condition. Values are mean ± SD from 3 independent experiments (n.s. = non-significant, **** = P < 0.0001, one-way ANOVA, Dunnett's multiple comparison test). (C) Immunoblot of lysates from U2OS Cas9 cells expressing non-targeting guides (Guide CTRL1 and guide CTRL2) or RAB26-targeting guides (RAB26 Guide 3, 5 and 7). Immunoblots were probed with antibodies against RAB26, GAPDH and Cas9. (D) U2OS Cas9 cells expressing the non-targeting guide CTRL2 or the RAB26targeting guide 5 were challenged for 6 d with Coxiella WT GFP (WT). The normalized CCV area for each condition was determined using the Cell Profiler software. (E) U2OS cells were challenged as in D and Genome Equivalents (GE) were determined by quantitative PCR. Values are mean ± SD from 3 independent experiments (n. s. = non-significant, **** = P < 0.0001, ** = P < 0.001, unpaired t test). Scale bars: 10 μm.

Figure 8 .

 8 Figure 8. Co-expression of CvpF and RAB26 stimulates the formation of LC3B-positive endosomes. U2OS cells were transfected with pLVX-GFP, pLVX-GFP-RAB26, pLVX-GFP-RAB26 T77N , pLVX-GFP-RAB26 Q123L , or pLVX-GFP-RAB26 N177I (green) and pRK5-HA or pRK5-HA-CvpF. Cells were fixed and stained with anti-LC3B (red) and anti-HA (blue). Scale bars: 10 μm.
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Table 1 . List of sequenced C. burnetii strains genomes (adapted from Kuley et al., 2017)
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	Introduction !

Table 2 . Summary of available animal models for

 2 

C. burnetii infections (adapted from Kohl et al., 2019; Metters et al., 2019).

. The Figure 15. Subversion of secretory and retrograde pathways by C. burnetii. C. burnetii recruits the small GTPase RAB1b to CCV membranes to intercept ER-to-Golgi vesicle trafficking by an unknown Dot/Icm-dependent mechanism. ElpA and CBU0635 localise to the ER and the Golgi apparatus, respectively, and modulate the secretory pathway. Additionally

  

	classified in three main classes according to their chemical structures: glycerophospholipids,
	sphingolipids and sterols (Harayama and Riezman, 2018). Glycerophospholipids are the main
	constituents of membranes and consist of a glycerol backbone attached to two fatty acids and
	a modified phosphate head group. Depending on the headgroup nature, nine different
	glycerophospholipids can be found in eukaryotic membranes: phosphatidic acid (PA),
	phosphatidylcholine (PtdCho), phosphatidylethanolamine (PtdEtn), phosphatidylserine
	(PtdSer), phosphatidylinositol (PtdIns), phosphatidylglycerol (PtdGro), cardiolipin,
	lysobisphosphatidic acid (LBPA) also called bis(monoacylglycerol)phosphate (BMP) and
	phosphatidylglucoside (PtdGlc) (Harayama and Riezman, 2018) (Figure 16). Sphingolipids
	are the second most abundant lipids in membranes and contain a sphingoid base linked to a
	hydrophobic acyl chain as well as a phosphate head group. Similarly to glycerophospholipids,
	the headgroup type defines the sphingolipid name allowing to distinguish simple sphingolipids
	such as ceramides, from complex glycosphingolipids that includes sphingomyelins, the main
	component of myelin sheath in nerve cells (Hannun and Obeid, 2018) (Figure 16). Finally,
	sterols are structurally different from glycerophospholipids and sphingolipids as they possess
	four fused hydrocarbon rings linked to a hydroxyl group. In mammalian cells, the major sterol
	is cholesterol, an important lipid component that plays an essential role in membrane structure
	and function (Van Meer et al., 2008) (Figure
		,
	CvpC, CBU1825, CBUA0019 also disrupt the secretion of host proteins by an unknown
	mechanism.!	
	2.2.2!	Manipulation of lipid metabolism
		2.2.2.1! Lipids in eukaryotic cells
		(i)! Lipid diversity and synthesis
	!	
	!	
	In eukaryotic cells, lipids play many key roles in cells such as energy sources,
	that protects the cell and the organelles from the extracellular environment. Cellular lipids are

membrane structural components, platforms for protein recruitment and signalling molecules

(Van Meer et al., 2008)

. Cellular membranes consist of lipids and proteins forming a barrier

  A. The structure of glycerophospholipid (GPL) consists of two fatty acyl chains, a glycerol backbone and a headgroup. The table section indicates the different headgroup nature that defines the lipid name (same for B). B. The structure of sphingolipids is defined by a sphingoid base, a N-acyl chain and a headgroup. C. The structure of the main sterol: cholesterol with four hydrocarbon rings fused to a hydroxyl group.

	A lysosomes (Somerharju, 1979; Kobayashi et al., 1998) cardiolipin in mitochondria (Gaspard
	Glycero-phospholipids (GPLs) and McMaster, 2015) and sphingolipids in the Golgi apparatus (Van Meer et al., 2008). The Headgroup nature
	Phosphatidic acid ER is the major regulator of lipid levels within cells as it ensures the distribution of newly PA -
	Phosphatidylcholine synthesised lipids to other organelles and to the plasma membrane (PM) via the secretory PtdCho Choline
	Phosphatidylethanolamine pathway and/or ER contact sites (Jain and Holthuis, 2017; Funato et al., 2020). Indeed, lipid PtdEtn Ethanolamine
	Phosphatidylserine Phosphatidylinositol distribution occurs through a mechanism of vesicle budding and fusion as well as a non-PtdSer Serine PtdIns Inositol
	Phosphatidylglycerol vesicular lipid export through ER contact sites that probably involves lipid transfer proteins PtdGro Glycerol
	(Funato et al., 2020).	Cardiolipin		Phosphatidylglycerol
	$	Lysobisphosphatidic acid	LBPA	Lysophosphatidic acid
		Phosphatidylglucoside	PtdGlc Glucose
	B	(ii)! Lipid composition of cellular membranes
	!			
	Sphingolipid The lipid composition of cellular membranes varies between organelles (Casares et al., Headgroup nature
	Ceramide 2019), membrane leaflets (Ingólfsson et al., 2014) and membrane subdomains (Ikonen, 2008). Cer Hydroxyl
	Sphingomyelin Lipid composition is important not only for the biophysical properties of membranes, such as Phosphocholine
	Phosphatidylethanolamine curvature and bending stiffness but also for the regulation of membrane trafficking (Haucke CerPE Phosphoethanolamine
	Phosphatidylserine and Di Paolo, 2007; Harayama and Riezman, 2018). In eukaryotic cells, the lipid composition GlcCer Glucose
	Phosphatidylinositol of membranes is highly regulated, as observed in the endocytic pathway (Haucke and Di GalCer Galactose
	Complex glycosphigolipids Paolo, 2007). Indeed, the plasma membrane and early endosomes are enriched in GSLs Oligosaccharides
	Ceramide-1-phosphate sphingolipids and sterols, with concentration decreasing with the maturation to late C1P Phosphate
	C endosomes. Conversely, the concentration of LBPA increases from early to late endosomes
	to promote sphingolipid hydrolysis, fusion processes, lysosome stabilisation and MVB
	generation (Kobayashi			
	The biosynthesis of lipids mainly occurs in the endoplasmic reticulum ER which
	contains the enzymes that produce the majority of lipids (Jacquemyn et al., 2017). However,
	some lipids can be synthesized in other organelles, such as LBPA in late endosomes and
				51
	!			

Tableau 1 Phosphoinositides (PI) Total lipid content (%) Main localization Other localization Function PI

  

		80!%	ER		Phosphorylated PI precursor
	PI(3)P	0,5 -1,5% Endosomes, MVBs,	Golgi apparatus,	Endosomal trafficking, autophagy, cytokinesis, exocytosis
			autophagosomes	ER	and cell signaling
	PI(4)P	10!%	Golgi apparatus	Plasma membrane,	Vesicular trafficking, lipid metabolism, mitochondrial fission
				endosomes,	
				autophagosomes,	
				lysosomes, ER	
	PI(5)P	0,1 -0,5%	Plasma membrane,	Endosomes,	Actin rearrangements, vesicular trafficking, autophagy, gene
			Golgi apparatus,	autophagosomes	expression
			ER, nucleus		
	PI(3,4)P2	0,1 -1%	Plasme membrane,	Lysosomes, MVBs	Endocytosis, cytoskeleton rearrangements
			endosomes, ER		
	PI(3,5)P2	0,1 -1%	Endosomes,	MVBs	Endosomal fission and fusion, retrograde transport
			lysosomes		
	PI(4,5)P2	10!%	Plasma membrane	Golgi apparatus,	Endocytosis, exocytosis, endosomal trafficking,
				endosomes, ER,	phagocytosis, actin cytoskeleton assembly, polarization,
				nucleus	adhesion, cell migration, PIP3 precursor

PI(3,4,5)P3

  

	0,1 -1%	Plasma membrane	Nucleus	Cell survival, cell proliferation, actin cytoskeleton
				rearrangements, gene expression

Table 3 . Phosphoinositides localisation and function (adapted from Viaud and Payrastre, 2015).

 3 

Table 4 .! Summary of eukaryotic and prokaryotic phospholipid-binding domains (adapted from Lemmon, 2008; Pemberton and Balla, 2019). n/a : not applicable Figure 18. Schematic representation of the different types of lipid biosensors (from Maekawa and Fairn, 2014). (
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A-D) Schematics of the four different types of commonly used lipid biosensors : A. fluorophore-labeled lipids, B. antibodies, C. toxin domains and D. genetically encoded protein domains. !

Table 5 . Commonly used lipid biosensors (adapted from Maekawa and Fairn, 2014; Wills et al., 2018). in the

 5 cell. They are easily delivered to cells by pre-loading m onto carrier molecules, such as bovine serum albumin (BSA), be added to the growth medium. In general, the beled phosphatidylethanolamine) or to one of the acyl chains or hydrophobic components (i.e. BODIPY-cholesterol) (Axelrod etal., 1976; Li et al., 2006). One concern is that once the

GFP-PLC -PH [PtdIns(4,5) A B C D Cytosol Medium or lumen PM Medium cis-Golgi PtdSer LBPA PtdSer PA

  

	Fluorophore-labeled lipids	Antibody for lipids	Domain of toxins	Domain of genetically encoded protein
		Fluorophore-labeled	Fluorophore	Fluorophore
		second antibody		
	. 1. Subcellular distribution of lipids visualized by four types of lipid probes.		

  On the other hand, the alteration of cholesterol homoeostasis by increasing cholesterol levels affects CCV size and bacterial growth by further acidifying CCVs, thus indicating that Given the role of ORP1L in cholesterol dynamics, it has been suggested that C. burnetii may control cholesterol trafficking at CCVs by targeting ORP1L in order to maintain cholesterol homeostasis. This depends on the activity of the T4BSS, however, to date, the identification and the role of C. burnetii effectors manipulating host cholesterol metabolism remain elusive.

	Introduction !
	C. burnetii requires a well-controlled cholesterol homeostasis (Mulye et al., 2017). To this aim,
	C. burnetii probably manipulates host mechanisms to control local concentrations of
	cholesterol. A recent study has investigated the role of oxysterol-binding protein (OSBP)-
	related protein 1, long (ORP1L) in CCV biogenesis, as this eukaryotic lipid-binding protein is
	involved in cholesterol-dependent endocytic trafficking as well as interactions between
	endosomes and the ER. ORP1L is indeed recruited to CCVs in a Dot/Icm-dependent manner,
	where it controls CCV membrane dynamics as well as CCV-ER interactions (Justis et al., 2017)
	(Figure 19).
	58
	!

Figure 20. C. burnetii effector CvpB triggers the recruitment of PI(3)P at CCV membrane (from Martinez et al., 2016). U2OS
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	clustered aroun endosomes by interacting with PI(3)P and PS, and perturbs the recruitment of the PI 5-kinase microscopy to i PIKfyve thus preventing the phosphorylation of PI(3)P to PI(3,5)P2. Thus, CvpB plays a dual positive vesicle
	role during C. burnetii infection. First, CvpB promotes homotypic fusion of CCVs by recruiting Live imaging
	and stabilising the autophagosomal machinery at CCVs via PI(3)P-binding. Second, CvpB vesicles cluster
	transposon mu triggers enlargement and clustering of early endosomes, leading to the formation of large g. 4 and M PI(3)P-positive compartments which fuse with CCVs for vacuole expansion (Figure 20). clearly defined
	Mutation in cvpB leads to a multivacuolar phenotype, rescuable by gene complementation, Surface render
	thus showing the central role of CvpB in CCV homotypic fusion (Figure 20). The in vivo relevance of this process has been highlighted in the insect model Galleria mellonella (Martinez et al., 2016) and SCID mice (van Schaik et al., 2017). In both infection models, cells stably expressing the PI(3)P probe mCherry-2xFYVE ence of PI(3)P (red) were infected with WT C. burnetii (Tn1832; A), the cvpB::Tn mutant (B) or the covered the sur complemented strain (C) for 3 days. PI(3)P co-localises with LAMP1 (blue) at CCVs number of PI(3 surrounding C. burnetii colonies (green) in a CvpB-dependent manner. (Scale bars: 10µm). interacted with
	cvpB::Tn mutant displayed decreased colonisation and prolonged host survival, showing the ! ! captured and m
	Cells infected importance of PI metabolism manipulation for CCV biogenesis and virulence. To date, only PI(3)P-positive one C. burnetii T4BSS effector has been identified as manipulating PI metabolism. However, S5). Important
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Table 7 . Differences in cytokine production in response to

 7 

C. burnetii phase I and phase II. n/a : not applicable

  Coxiella burnetii, the agent of Q fever, subverts host cell functions to modulate innate immune response and generate a replicative niche called CCV, characterised by a unique protein and lipid composition. Key to C. burnetii successful infection is the Dot/Icm-dependent secretion of bacterial effector proteins; however, for years, the obligate intracellular nature of C. burnetii imposed significant experimental obstacles to the study of its pathogenic features. With the development of an axenic culture medium in 2009, C. burnetii became genetically tractable, thus allowing to investigate its complex interaction with host cells. Technological advances strongly contribute to the highlighting of C. burnetii virulence determinants involved in the manipulation of membrane trafficking pathways or other signalling pathways including apoptosis and inflammation. The activity of the C. burnetii Dot/Icm secretion system is

$ $

  wavelengths (excitation ~480 nm, emission ~520 nm) was assessed in parallel, to plot a standard curve and determine the concentration of unknown samples. All measurements were performed in duplicate. To obtain bacterial concentration, DNA concentration is divided by the mass of C. burnetii genome and express in genome equivalent

	(GE)/ml.
	1.3! Cell lines
	Human bone osteosarcoma epithelial U2OS and human monocytic leukaemia THP-1
	cell lines were routinely maintained according to standard protocols. All media and
	supplements were obtained from Gibco-BRL and Sigma. U2OS cells were cultured in high
	glucose (4.5 g/l) Dulbecco's Modified Eagle Medium (DMEM) while THP-1 cells were cultured
	cooled for 20 min, refrigerated at 4°C for 30 min to aid agarose solidification and then placed
	to air dry in a microbial safety cabinet for 20 min. Plates were incubated for 7 days in a
	humidified atmosphere of 5% CO2 and 2.5% O2 at 37°C.
	To quantify bacterial suspension, 50μl of bacterial suspension was added to 5μl 10%
	Triton-X100 in a black, clear-bottomed, 96-well plates and incubated for 10 min at room
	temperature on a plate shaker. The dsDNA quantitation reagent was diluted at 1:200 in 1x

mM citric acid,

16

.1 mM sodium citrate,

3.

67 mM potassium phosphate, 1 mM magnesium chloride, 0.02 mM calcium chloride, 0.01 mM iron sulfate, 125.4 mM sodium chloride, 1.5 mM L-cysteine, 0.1 g/L Bacto Neopeptone, 2.5 g/L casamino acids, 1 g/L methyl beta cyclodextrin, 125 ml/L RPMI, pH

4.75) 

or on 2x ACCM-2 plates supplemented with chloramphenicol (3 μg/ml) and/or kanamycin (375 μg/ml) as required. Bacterial liquid cultures were inoculated into 1x ACCM-2 medium and incubated for 7 days in a humidified atmosphere of 5% CO2 and 2.5% O2 at 37°C. Solid ACCM-2 plates were composed of two layers created in petri dishes by mixing 10ml of pre-warmed 2x ACCM-2 with 10ml of 0.5% of melted Ultra-pure Agarose (Invitrogen). The bacterial inoculum was added to the top agarose solution poured on top of the solidified bottom agarose. Plates were Tris-EDTA (TE) buffer and added to the bacterial samples at a ratio of 1:1 and incubated 2 to 5 min at room temperature, in the dark. An Infinite 200 pro microplate reader (TECAN) was used to measure fluorescence. Flurorescence of dsDNA standard samples (2 μg/ml to 2 ng/ml) at standard fluorescein in Roswell Park Memorial Institute (RPMI) medium. Culture media were supplemented with 10% heat inactivated foetal calf serum (FCS). FCS was heat inactivated for 30 min at 56°C prior to use, aliquoted and stored at -20°C. Cells were cultured statically at 37°C in a humidified atmosphere of 5% CO2.

  NEB), 5 μl of restriction buffer (selected according to the enzyme(s) used, NEB). Digested DNA products were run on agarose gels and purified using a NucleoSpin Gel and PCR clean-up gel extraction kit (Macherey Nagel).

	Material and Methods !
	restriction enzyme (
	with 6X loading
	buffer (2.5% Ficoll®-400, 10 mM EDTA, 3.3 mM Tris-HCl, 0.08% SDS, 0.02% pink/red dye 1,
	0.001% blue dye 2). Gels were run in 1x TAE buffer (40 mM Tris-acetate, 1 mM EDTA) using
	a constant voltage of 130 V. DNA bands were visualised using a Safe Imager blue light
	transilluminator (Invitrogen). DNA fragment size was estimated using a GeneRuler 1 kb Plus
	DNA ladder (Thermo Fisher Scientific).
	2.3! Restriction endonuclease digestion
	90
	!

Gels

were cast using 1% to 2% agarose gels, and a 1:10000 dilution of SYBR Safe DNA gel stain (Invitrogen) to aid visualisation. Prior to gel loading, DNA samples were mixed DNA restriction digest was performed overnight at 37°C (according to the optimal temperature for enzymatic activity) in a final volume of 50 μl with DNA template, 5 U of each

  and were incubated at room temperature for 10 min. The transfection mix was then added to the cells and the plates were gently swirled and incubated at 37°C in a humidified atmosphere of 5% CO 2 for 12 to 24 h. GFP10 and GFP11 fusions were diluted with 2 μl of Lipofectamine 2000 in 100 μl of DMEM without FCS and were incubated at room temperature for 20 min. The transfection mix was then added to the cells and the plates were gently swirled and incubated at 37°C in a humidified atmosphere of 5% CO 2 for 24 h.Tris, pH7.65, 60 mM NaCl, 15 mM KCl, 0.34 M sucrose, 0.5 mM spermine, and 0.15 mM spermidine, protease inhibitors (Complete, Roche)). High-salt buffer (20 mM Tris, pH 7.65, 0.2 mM EDTA, 25% glycerol, 900 mM NaCl, 1.5 mM MgCl2, 0.5 mM spermine and 0.15 mM spermidine, supplemented with protease inhibitor) was added drop by drop while vortexing, to reach a final concentration of 300 nM. Nuclei were incubated on ice for 30 min and homogenised every 5 min. Following the incubation, 1/3 volumes of sucrose buffer was added, and nuclear extract cell lysates were centrifuged for 10 min at 10,000 × g to collect soluble nuclear fractions. Pellets were then resuspended in 2 volumes of sucrose buffer followed by the addition of 0.0025 U/μl micrococcal nuclease and 1 mM CaCl2 prior to incubation for 15 min at 37°C to digest DNA. 4 mM EDTA was added to stop DNA digestion and samples were sonicated using a Bioruptor Pico (Diagenode) for 30 s every minute for 10 min. Samples were finally centrifuged at 13,000 g to collect chromatin fractions.

	8.2! Tripartite split-GFP assay
	For the interaction assay, U2OS cells were grown to 90% confluence on glass cover
	slips in 24-well plates (Falcon) and transfected with Lipofectamine 2000 (Invitrogen) according
	to the manufacturer's indications. For 1 well in a 24-well plate, 1 μg of plasmids encoding for
	GFP1-9, vortexing for 20 s at 4°C. Lysates were mixed with 8/9 volumes of buffer SR (50 mM HEPES,
	pH 7, 0.25 mM EDTA, 10 mM KCl, 70% [wt/vol] sucrose, 0.5 mM spermine and 0.15 mM
	8.1! Cell transfection spermidine, protease inhibitors (Complete, Roche)). Cell lysates were centrifuged at 2,000 g
	for 5 min at 4°C to recover the nuclear fraction. Supernatants were centrifuged at 20,000 g for
	U2OS cells were grown to 70% confluence on glass cover slips in 24-well plates 20 min at 4°C to collect the cytoplasmic fraction. Nuclei were washed in 3 volumes of buffer B

(Falcon) and transfected with Polyethylenimine (PEI, tebu-bio) according to the manufacturer's indications. Briefly, U2OS cells were incubated in 500 μl of fresh DMEM + 10% FCS. For 1 well in a 24-well plate, 1μg of plasmid DNA and 2 μl of PEI were diluted in 100 μl of sterile 96 ! 150mM NaCl At 24 h post-transfection, cells were fixed in 4% paraformaldehyde in PBS solution and processed for immunofluorescence. Protein/protein interactions were scored by calculating the percentage of GFP-positive cells over the total number of cells positive for the anti-GFP antibody.

8.3! Cell fractionation U2OS cells were grown in 100-mm Petri dishes before being infected with C. burnetii strains used in this study or transfected as described above with 10 μg of plasmid DNA and 20 μl of PEI in 500 μl of sterile 150 mM NaCl. Transfected or infected cells were washed 2 times with DPBS and centrifuged at 1500 rpm at 4°C for 10 minutes. Cell pellets were then subjected to cell fractionation to isolate cytoplasmic, nuclear, and chromatin fractions. As described in Prokop et al., 2017, cells were resuspended in 3 volumes of buffer A (20 mM HEPES, pH 7, 0.15 mM EDTA, 0.15 mM EGTA, 10 mM KCl, 0.5 mM spermine and 0.15 mM spermidine protease inhibitors (Complete, Roche)) at 4°C. Cells were lysed in 1% NP-40 by (10 mM HEPES, pH 7, 0.1 mM EDTA, 100 mM NaCl, 25% [wt/vol] glycerol, 0.5 mM spermine and 0.15 mM spermidine, protease inhibitors (Complete, Roche)) and then centrifuged at 2,000 × g for 5 min at 4°C. Pellets were resuspended in 2 volumes of sucrose buffer (20 mM 97 !

  For Ran-GTP immunoprecipitation, 40 μL of RanBP1 (Ran-specific binding protein 1) beads (Cell Biolabs, Inc.) were incubated with cell lysates for 1 h at 4 °C on a spinning wheel, and then washed three times with lysis buffer. The beads were resuspended in 4x Laemmli buffer and then analysed by Western blot as described in section 4.4. GTP-bound Ran levels were determined by calculating the signal ratio of GTP-bound Ran over the total amount of

	Ran.
	8.6! NF-κB / IRF-3 translocation assay
	To analyse NF-κB nuclear translocation, U2OS cells were grown to 60% confluence
	before being transfected as previously described. At 24 h post-transfection, cells were
	incubated with media containing 10 ng/mL TNF-α (Peprotech) to activate the NF-κB pathway,
	(Chromotek) and incubated on a spinning wheel for 2 h at 4°C. The beads were washed 3
	times with wash buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5mM EDTA, protease
	inhibitors (Complete, Roche)) and then resuspended in 4x Laemmli buffer. Analysis of the
	samples was performed by Western blot as described in section 4.4
	8.5! Ran activation assay

! Co-immunoprecipitation U2OS cells were grown to 60% confluence in 100-mm Petri dishes before being transfected as described above with 10 μg of plasmid DNA and 20 μl of PEI in 500 μl of sterile 150 mM NaCl. 24h post-transfection, cells were washed 2 times with DPBS and lysed in 500 μl of lysis buffer

 pH 7.5, 150 mM NaCl, 0.

5mM EDTA, 1% NP40, protease inhibitors (Complete, Roche)). The lysate was transferred to a pre-chilled eppendorf tube and centrifuged at 14,000 rpm for 10 minutes at 4°C. The cleared lysate was transferred to a fresh pre-chilled eppendorf tube containing 25 μl of pre-equilibrated GFP-Trap magnetic beads U2OS cells were either infected or transfected and lysed with lysis buffer (25 mM HEPES, pH

7.5

, 150 mM NaCl, 1% NP-40, 10 mM MgCl 2 , 1 mM EDTA, 2% glycerol, protease inhibitors (Complete, Roche)). Cell lysates were then centrifuged for 10 min at 14,000 × g at 4 98 ! °C.

for 30 min at 37 °C. Alternatively, cells were preincubated with media containing 5 nM leptomycin B (LMB, LC laboratories) to block nuclear export, for 4 h at 37 °C, followed by a TNF-α treatment as indicated above where needed. For C. burnetii infection assays, cells were infected with C. burnetii and incubated at 37 °C for 1 to 3 days. Cells were then fixed in 4%

  antibodies diluted in blocking solution for 1 h at room temperature, rinsed five times in PBS solution and further incubated for 1 h with the secondary antibodies diluted in the blocking solution. Where appropriate, phalloidin coupled to Alexa Fluor 647 (Life technologies)

	8.7! Immunofluorescence staining

U2OS cells were fixed in 4% (wt/vol) paraformaldehyde in PBS solution at room temperature for 20 min. Samples were then rinsed in PBS solution and incubated in blocking solution (0.5% BSA, 50 mM NH 4 Cl in PBS solution, pH

7.4

). Cells were then incubated with the primary

Table 8 . List of pathogen strains used in this study
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		Appendix 1	
	Strain	Description	Origin
	WT C. burnetii	C. burnetii RSA 439 Nine Mile II	Robert Heinzen
	GFP-tagged WT C. burnetii C. burnetii RSA 439 Nine Mile II carrying a transposon insertion between cbu1847b and cbu1849	(Martinez et al., 2014)
	C. burnetii Tn227	C. burnetii RSA 439 Nine Mile II carrying a transposon insertion GFP-CAT in cbu1217 (nopA)	(Martinez et al., 2014)
	C. burnetii Tn1898	C. burnetii RSA 439 Nine Mile II carrying a transposon insertion GFP-CAT in cbu0635	(Martinez et al., 2014)
	C. burnetii Tn1577	C. burnetii RSA 439 Nine Mile II carrying a transposon insertion GFP-CAT in cbu2007	Unpublished data
	C. burnetii Tn292	C. burnetii RSA 439 Nine Mile II carrying a transposon GFP-CAT in cbu1648 (dotA)	(Martinez et al., 2014)
	nopA::Tn Comp.	C. burnetii RSA 439 Nine Mile II Tn227 transformed with a pUC18R6K-miniTn7T-Kan-	This study
		promNopA-4HA-NopA plasmid encoding 4HA-nopA under the control of the endogenous	
		promoter	
	SeV-DI-H4	Replication-defective Sendaï Virus	D. Garcin
	!		

. For experiments requiring statistical analysis, an adapted statistical test was performed. 101 !

Table 10 . List of primers used in this study
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	Material and Methods !

Table 11 . List of antibodies used in this study
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	Antibody		Dilution	Source
		Western blot	Immunofluorescence	Flow cytometry
	R α-NMII	1/5000e	1/500e	Covalab
	R α-HA	1/2000e	1/200e	Proteintech
	M α-HA	1/2000e	1/200e	Proteintech
	M α-Ran	1/4000e		Sigma

!

$

  https:/doi.org/10.1128/IAI.00682-08. 2. E. J. van Schaik, E. D. Case, E. Martinez, M. Bonazzi, J. E. Samuel, The SCID mouse model for identifying virulence determinants in Coxiella burnetii. Front. Cell. Infect.
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			NI		wt	dotA::Tn nopA::Tn	Comp.		NI		wt	dotA::Tn nopA::Tn	Comp.		NI		wt	dotA::Tn nopA::Tn	Comp.		NI		wt	dotA::Tn nopA::Tn	Comp.
		NI	-		n.s.	0.0073	0.0163	n.s.	NI	-		0.0042	0	1E-04	0.0042	NI	-		n.s	n.s	n.s	n.s	NI	-		0.0026	0	0	0.002
				wt	-	0.0163	0.0368	n.s.			wt	-	1E-04	3E-04	n.s.			wt	-	n.s	n.s	n.s			wt	-	1E-04	0	n.s.
					dotA::Tn	-	n.s.	0.0162				dotA::Tn	-	0.0042	1E-04				dotA::Tn	-	n.s	n.s				dotA::Tn	-	0.0104	1E-04
						nopA::Tn	-	0.0368					nopA::Tn	-	3E-04					nopA::Tn	-	n.s					nopA::Tn	-	0
							nopA::Tn Comp.	-						nopA::Tn Comp.	-						nopA::Tn Comp.	-						nopA::Tn Comp.	-
						IFN-λ1						IFN-L2-3							IFN-α4							IFN-β			IFN-γ
		NI	NI Microbiol. 7, 1-10 (2017). wt dotA::Tn nopA::Tn nopA::Tn Comp. NI wt dotA::Tn nopA::Tn -0.0066 0 2E-04 0.0066 NI -n.s. 0.0103 0.0103	nopA::Tn Comp. n.s.	NI	NI -		wt 0.049	dotA::Tn nopA::Tn 5E-04 8E-04	nopA::Tn Comp. n.s.	NI	NI -		wt n.s.	dotA::Tn nopA::Tn 0.0033 0.0043	nopA::Tn Comp. n.s.	NI	NI -	wt n.s.	dotA::Tn nopA::Tn 0.0013 0.0012	nopA::Tn Comp. n.s.
				wt	-	2E-04	0.001	n.s.			wt	-	0.019	0.019	n.s.			wt	-	0.002	0.0032	n.s.			wt	-	0.017	0.0243	n.s.	wt	-	0.0039	0.0039	n.s.
					dotA::Tn	-	0.0066	2E-04				dotA::Tn	-	n.s.	0.019				dotA::Tn	-	n.s.	0.0019				dotA::Tn	-	n.s.	0.0108	dotA::Tn	-	n.s.	0.0039
						nopA::Tn	-	0.001					nopA::Tn	-	0.019					nopA::Tn	-	0.003					nopA::Tn	-	0.0152	nopA::Tn	-	0.0038
							nopA::Tn Comp.	-						nopA::Tn Comp.	-						nopA::Tn Comp.	-						nopA::Tn Comp.	-	nopA::Tn Comp.	-
	*												*																	*
	*																												
	*												*																
																														*
																														* * * * *
	* *												* *																
	* * *												* * *																
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					(E-value = 9,7x10^-14)			STKc (Ser/Thr Kinase) (25-175) (E-value = 2,26x10^-13)		Pkinase (26-176)		Yes (Chen et al. 2010)	Yes
	CBU_1379a										Tn100; Tn472; Tn555	No (Chen et al. 2010)	N/A
	CBU_0505				Acetyltransferase (19-157) (E-value = 8,7x10^-28)			Acetyltransferase (80-156) (E-value = 7,29x10^-11)			Tn625	N/A	No
	CBU_0801	rimI	Acetyltransferase	Lipid modification	Acetyltransferase (44-119) (E-value = 1,7x10^-18)			Acetyltransferase (42-102) (E-value = 4,3x10^-13)				Yes (Chen et al. 2010)	No
	CBU_1799				Acétyltransférase (2-80) (E-value = 4.0x10^-13)			NAT-SF (53-110) (E-value = 2.1x10^-9)				N/A	No
	CBU_0096	cls	Cardiolipin synthetase	Membrane stability	PLDc domain (32-193) (E-value = 4,3x10^-16) (231-358) (E-value = 1,9x10^-19)	PLDc domain	PLDc domain (133-160) (E-value =1,21x10^-4) PLDc domain (304-330) (E-value = 5,88x10^-3)	PLDc domain(217-385) (E-value =2,5x10^-71) PLDc domain (23-194) (E-value =3,36x10^-56)		PLDc domain (133-160) PLDc domain (304-330)	Tn1825	N/A	N/A
									Transmembrane			
	CBU_0519	dedA	SNARE-associated Golgi protein	Vescicular fusion	SNARE associated domain (34-160) (E-value = 2,3x10^-19)	Transmembrane Fragments (12-34) (54-76) (139-161) (171-193)	SNARE associated domain (1-164) (E-value = 3,19x10^-37)	Fragments (12-34) (54-76)	Transmembrane Fragments (12-34) (54-76) (139-161) (171-193)		N/A	No
									(139-161) (171-193)			
	CBU_0542	ligA			NAD-dependent DNA ligase adenylation (8-324) (E-value = 9,7x10^-124) NAD-dependent DNA ligase OB fold (326-407) (E-value=8,9x10^-34) NAD-dependent DNA ligase zinc finger (413-440) (E-value = 5,6x10^-10) BRCT (598-671) (E-value = 2,2x10^-15) HHH (Helix-hairpin-helix) (516-579) (E-value = 4,2x10^-24)	LiGANc (9-454) (E-value = 3,26x10^-260) HhH1 (452-471) (E-value = 136) BRCT (597-673) (E-value = 1,94x10^-11) HhH (550-569) (E-value = 1,76) HhH (486-505) (E-value = 5,71) HhH (518-537) (E-value = 114)	LIGANc (12-323) (E-value = 3,75x10^-164) DNA ligase OB fold (326-406) (E-value = 2,21x10^-38) BRCT (602-672) (E-value = 3,07x10^-14) HHH2 (516-579) (E-value = 5,16x10^-25) DNA ligase Zinc Binding domain (413-440) (E-value = 9,17x10^-8) HHH5 (448-508) (E-value = 7,37x10^-4)				N/A	No
									Transmembrane			
	CBU_1206		Sterol reductase	Cholesterol metabolism	ERG4-ERG24 (23-459) (E-value = 2,5x10^-129)		Transmembrane Fragments (29-51) (55-77) (90-112) (132-154) (396-418) (161-183) (221-243) (283-305) (315-332)	PEMT domain (28-420) (E-value = 4,07x10^-132)	Fragments (29-51) (55-77) (283-305) (315-332) (161-183) (221-243) (90-112) (132-154)	Transmembrane Fragments (29-51) (55-77) (90-112) (132-154) (161-183) (E-value = 9,772x10^-6) LIG-OCRL-FandH (369-381) (221-243) (283-305) (315-332) (396-418)	Tn1234	N/A	N/A
									(396-418)			
	CBU_1217		F-box + RCC	Ubiquitin-related process Nuclear GTPase activity	RCC1 (255-310) (E-value 1,5.10^-10) RCC1 (314-368) (E-value = 2,4.10^-6) RCC1 (429-469) (E-value = 3,7.10^-6)		F-box (E-value non significative)	RCC1 (196-241) (E-value = 3,4x10^-4) RCC1 (430-457) (E-value = 6,93x10^-6) RCC1 (256-310) (E-value = 3,10x10^-8) RCC1 (314-368) (E-value = 1,36x10^-5)			Tn227; Tn2438	Yes (Chen et al. 2010)	Yes
	CBU_1366		Coiled-coil	Protein-protein interactions	FlxA domain (17-107) (E-value =6,6x10^-6)		coiled-coil (61-110)				Tn1232	No (Chen et al. 2010)	No
	CBU_1724		F-box	Ubiquitin-related process				Ankyrine domaine (168-265) (E-value = 4,24x10^-4)			Tn587	N/A	Yes

* Supplementary

Table 14 . Selected C. burnetii candidate lipid-binding effectors (LIEs)
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 13 

	CDS	Molecular weight (kDa)	S4TE Score	Predicted lipid-binding	Tn mutants in library	Localisation	S4TE motif/ domain	Bioinformatic screen
								C2 domain (12-38)
	CBU_0635	55.167	22	PI(4)P	Tn1898	Golgi / Vesicles E-block	PH domain (258 -268)
								6 transmembrane domains
	CBU_1576	93.24	149	PI / PS		ER	PmrA ; E-block PH domain (589 -621)
	CBU_1639	44.289	168	LBPA / Sphingosine	Tn1226	Cytoplasmic	PmrA ; E-block Lipid binding protein
	CBU_1686	85.914	173	PI / PS		N/A	E-block	Lipid binding protein
	CBU_2007	43.956	233	LBPA / Sphingosine	Tn1577	Cytoplasmic	PmrA ; E-block	F-BAR domain (218-341) PI 3-phosphatase

Results ! 157 ! Figure 30. Intracellular localisation of selected C. burnetii candidate lipid-binding effectors.

  To test this, inhibitors of targeted lipid metabolism could be used in non-infected and C. burnetii-infected cells to investigate the localisation and dynamics of lipids of interest upon treatment. If results are relevant, the effects of the selected inhibitors of lipid metabolism on C. burnetii virulence could be evaluated in vivo using the SCID mouse model. Mice will be challenged with the WT C. burnetii to assess two traits relevant to virulence as the ability to replicate within the spleen by calculating bacterial genome equivalents and the ability to cause splenomegaly.

	Similar to other intracellular pathogens, C. burnetii uses effectors to manipulate lipid
	metabolism during infection. In addition to CvpB (Martinez et al., 2016), lipid pull-down assay
	revealed that other C. burnetii proteins may interact with lipids including PI, PI(4)P, PS, LBPA,
	cholesterol and sphingosine. In addition to the effector proteins CBU0635 and CBU2007
	described here, this work paves the way for further analysis of C. burnetii lipid-binding
	candidates thus contributing to a better understanding of CCV biogenesis and C. burnetii
	intracellular replication.

  by quantifying the amount of released phosphates. Purified CBU0635 will also allow to validate lipid interaction by incubating the recombinant protein with PIP Strips.Purified recombinant CBU2007 was used in a PIP Strip assay showing that CBU2007 preferentially binds PS, however, LBPA-binding could not be assessed. To test this, I propose to perform protein/lipid overlay by spotting LBPA at decreasing concentrations on a PVDF membrane. Similar to what has been done for the characterisation of CvpB

	Future directions !
	195
	!

  To conclude, this work provides new insights on C. burnetii pathogenesis by investigating mechanisms adopted to evade the innate immunity and to manipulate lipid metabolism. If additional questions remain open, this work paves the way for the development of new antimicrobials targeting lipid metabolism and for the use of bacterial effector proteins outside of the context of C. burnetii infections.Au cours de l'évolution, les bactéries pathogènes ont développé une grande variété de stratégies pour survivre et se développer aux dépens de leur hôte. Les pathogènes bactériens intracellulaires se sont adaptés pour pouvoir constituer leur niche réplicative en détournant les mécanismes de l'hôte et en évitant les mécanismes de défense qui pourraient entraver la colonisation de leur hôte. Avec l'augmentation de la résistance aux antibiotiques, il est essentiel de mieux connaître les interactions hôte/pathogène qui permettent la biogenèse de leurs compartiments réplicatifs pour mieux comprendre les processus d'infection et concevoir de nouvelles molécules antimicrobiennes qui cibleraient spécifiquement les facteurs de l'hôte ou de la bactérie pour lutter efficacement contre les infections. Coxiella burnetii est l'agent causal de la coxiellose animale et de la fièvre Q humaine, considérée comme l'une des zoonoses réémergentes les plus préoccupantes en Europe[START_REF] Quaglio | Emerging and re-emerging infectious diseases: a continuous challenge for Europe[END_REF]. Les principaux réservoirs de C. burnetii sont des animaux domestiques et d'élevage, chez lesquels les infections sont souvent asymptomatiques, donc difficiles à détecter. C. burnetii s'accumule principalement dans le placenta des animaux infectés et les bactéries sont dispersées dans active le système bactérien de sécrétion de type 4B Dot / Icm (T4SS) nécessaire pour transloquer les protéines effectrices dans le cytoplasme de la cellule hôte. Ce principal facteur de virulence permet à C. burnetii d'acquérir du matériel de la cellule hôte par fusion hétérotypique d'endosomes, d'autophagosomes et de lysosomes avec la CCV jusqu'à occuper la majeure partie du cytoplasme des cellules hôtes (Burette and Bonazzi, 2020). Une analyse bioinformatique combinée à des tests de sécrétion chez C. burnetii ou son modèle de substitution Legionella pneumophila ont permis d'identifier plus de 143 protéines effectrices potentielles chez C. burnetii(Larson et al., 2016). Parmi ces effecteurs candidats, il a été démontré qu'un groupe de protéines inhibe l'apoptose et l'inflammation au cours de l'infection par C. burnetii, permettant ainsi la survie des cellules au cours de son long cycle infectieux, tandis qu'un autre groupe détourne le trafic des membranes intracellulaires et servent à générer une vacuole parasitophore hautement fusogènique, dans laquelle la bactérie se réplique en très grand nombre. Toutefois, très peu de partenaires cellulaires ont été identifiés pour ces effecteurs et leur rôle précis dans la réplication intracellulaire et la persistance de la bactérie reste très peu caractérisé. Pendant des années, la nature intracellulaire obligatoire[START_REF] Mahapatra | Coxiella burnetii employs the dot/Icm type IV secretion system to modulate host NF-κB/RelA activation[END_REF]. Cependant, la protéine effectrice bactérienne impliquée dans ce mécanisme restait inconnue à ce jour.L'analyse bioinformatique du génome et du protéome de Coxiella a conduit à l'identification de potentielles protéines effectrices bactériennes contenant des domaines de type eucaryote, reflétant l'intime interaction qui existe entre cette bactérie et ses hôtes. Ces domaines sont pour la plupart impliqués dans des interactions protéine/protéine ou sont responsables de modifications post-traductionnelles, permettant ainsi de mimer ou déstabiliser des fonctions cellulaires essentielles au développement de la bactérie. En étudiant les protéines effectrices de C. burnetii contenant des domaines de type eucaryote, nous avons ici identifié NopA (pour protéine nucléolaire A), qui possède 4 répétitions RCC (régulateur de condensation chromosomique), homologues à celles retrouvées dans la protéine nucléaire eucaryote Ran Guanosine Exchange Factor (GEF) RCC1. Au cours de l'infection, NopA est retrouvé associé à la fraction nucléaire chromatinique des cellules et utilise son domaine de type RCC pour interagir avec Ran. De plus, NopA stimule l'accumulation de Ran-GTP au lipides apparait comme un mécanisme essentiel pour la biogenèse de la CCV et la réplication intracellulaire de C. burnetii. En effet, le métabolisme du phosphatidylinositol 3-phosphate (PI(3)P), un lipide particulièrement enrichi aux endosomes précoces et aux vésicules autophagiques, est manipulé par la protéine effectrice CvpB (pour protéine vacuolaire de Coxiella B) pour un développement optimal de la CCV, avec des conséquences importantes dans la virulence(Martinez et al., 2016).Cette découverte nous a incité à réaliser une analyse globale des interactions entre les protéines effectrices de C. burnetii et les lipides de l'hôte afin de comprendre le rôle des lipides dans la survie et la réplication intracellulaire de C. burnetii. En utilisant un panel de sondes fluorescentes couplés à des domaines de liaison aux lipides, nous avons tout d'abord déterminé la composition lipidique des CCVs au cours de l'infection, par microscopie confocale. Comme attendu pour un compartiment de type autolysosomal, la membrane de la CCV est enrichie en PI(3,5)P2 et en phosphatidylsérine (PS), deux marqueurs typiques des endosomes tardifs et des lysosomes(Yeung et al., 2009). L'analyse a également confirmé que des courbures à la membrane. Au cours de l'infection, CBU2007 est impliqué dans le recrutement du LBPA et de la machinerie ESCRT à la CCV. L'importance de la manipulation du métabolisme du LBPA est mise en évidence par des mutations dans cbu2007 résultant en un phénotype de CCV à la membrane déformée, indiquant un défaut dans la biogenèse des Fernande Ayenoue Siadous a , Franck Cantet a , Erin Van Schaik b , Mélanie Burette a , Julie Allombert a , Anissa Lakhani a , Boris Bonaventure a , Caroline Goujon a , James Samuel b , Matteo Bonazzi a , and Eric Martinez a Université de Montpellier, Montpellier, France; b Department of Microbial and Molecular Pathogenesis, Texas A&M Health Science Center College of Medicine, Bryan, TX, USA ABSTRACT Coxiella burnetii, the etiological agent of the zoonosis Q fever, replicates inside host cells within a large vacuole displaying autolysosomal characteristics. The development of this compartment is mediated by bacterial effectors, which interfere with a number of host membrane trafficking pathways. By screening a Coxiella transposon mutant library, we observed that transposon insertions in cbu0626 led to intracellular replication and vacuole biogenesis defects. Here, we demonstrate that CBU0626 is a novel member of the Coxiella vacuolar protein (Cvp) family of effector proteins, which is translocated by the Dot/Icm secretion system and localizes to vesicles with autolysosomal features as well as Coxiellacontaining vacuoles (CCVs). We thus renamed this effector CvpF for Coxiella vacuolar protein F. CvpF specifically interacts with the host small GTPase RAB26, leading to the recruitment of the autophagosomal marker MAP1LC3B/LC3B (microtubule associated protein 1 light chain 3 beta) to CCVs. Importantly, cvpF::Tn mutants were highly attenuated compared to wild-type bacteria in the SCID mouse model of infection, highlighting the importance of CvpF for Coxiella virulence. These results suggest that CvpF manipulates endosomal trafficking and macroautophagy/autophagy induction for optimal C. burnetii vacuole biogenesis.

	Thesis summary in french ! Thesis summary in french ! Thesis summary in french ! Thesis summary in french !
	! pouvant être employés à des fins bioterroristes. Il est important de noter qu'aucun vaccin Coxiella burnetii a un long cycle infectieux et peut persister dans les cellules pendant signalisation du facteur de transcription nucléaire kappa B (NF-κB), qui est le principal PI(4)P. CBU0635 possède deux potentiels domaines de liaison aux lipides, dont un domaine PH (pour domaine homologue de la pleckstrine) important pour sa localisation. Exprimée de médiateur de l'inflammation (Une étape fondamentale pour la survie et la réplication des agents pathogènes d'induire CCVs. L'expression ectopique de CBU2007 provoque l'élargissement et l'agrégation des vésicules positives au PI(3)P et au LBPA autour d'un large compartiment induit par CBU2007 et ayant tous les marqueurs des endosomes multivésiculaires. CBU2007 empêche le recrutement de l'ATPase VPS4A à ce compartiment, pourtant indispensable à la formation de vésicules intraluminales dans les endosomes multivésiculaires, suggérant que CBU2007 inhibe les évènements de fission à l'origine des endosomes multivésiculaires. En conclusion, la seconde partie de mon travail de thèse a montré que CBU0635 et CBU2007 sont des protéines effectrices bactériennes manipulant le métabolisme du PI(3,4)P2 et du LBPA pour la manipulation des nous avons identifié la protéine effectrice CBU0635 comme un potentiel candidat liant le favoriser la biogenèse de la CCV et donc la réplication intracellulaire de C. burnetii.
	contre la fièvre Q n'est actuellement commercialisé et que le traitement antibiotique complexe de longues périodes. La bactérie a développé des stratégies spécifiques pour atténuer la bactériens intravacuolaires est l'établissement d'une niche réplicative à l'intérieur des cellules manière ectopique, CBU0635 localise à des compartiments enrichis en PI(4)P et au réseau
	nécessite plusieurs mois de traitement, avec des cas de résistance / rechute observés réponse inflammatoire des cellules hôtes et les protéger du stress induit par son invasion et hôtes. Ces compartiments dérivés des membranes de l'hôte ont une composition unique en trans-golgien. CBU0635 provoque également une compaction de l'appareil de Golgi et
	(Morguet et al., 2007). sa réplication. Outre la sécrétion d'effecteurs bactériens de type 4 essentiels à la biogenèse protéines et en lipides. Pour cela, les protéines effectrices bactériennes interagissent avec les interfère dans la voie sécrétoire, suggérant que la protéine pourrait détourner les vésicules
	Après inhalation, C. burnetii peut être internalisée par des cellules phagocytaires et de la CCV (Voth and Heinzen, 2007; Newton et al., 2014), la bactérie sécrète des effecteurs protéines et les lipides eucaryotes pour manipuler le trafic vésiculaire de l'hôte, permettant sécrétoires vers la CCV afin d'en favoriser la biogenèse. CBU0635 possède également un
	non phagocytaires, ce qui est facilité par l'invasine bactérienne OmpA (Martinez et al., 2014). qui inhibent l'apoptose et l'inflammation des cellules infectées (Van Schaik et al., 2013; ainsi aux bactéries d'échapper à la voie de dégradation de l'hôte et de faire converger les potentiel site catalytique CX5R, homologue à ceux présents dans les phosphatases de lipides
	Les bactéries se retrouvent alors dans des vacuoles contenant Coxiella (ou CCV), qui suivent Mahapatra et al., 2016). À ce jour, il a été démontré que trois protéines effectrices de Coxiella nutriments nécessaires à la réplication intracellulaire des bactéries (Martinez et al., 2018). En (Norris et al., 1998). CBU0635 pourrait ainsi être la première phosphatase de lipide de
	201 202 203 204
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l'environnement lors d'avortements ou de mises-bas précoces. Les humains sont des hôtes accidentels et sont infectés par inhalation d'aérosols contaminés

(Maurin and Raoult, 1999)

.

La fièvre Q se manifeste sous une forme aiguë ou chronique. La fièvre Q aiguë entraîne une pneumonie et une fièvre élevée avec un taux de mortalité de 2%, tandis que la fièvre Q chronique peut avoir des complications fatales comme l'endocardite et l'hépatite avec un taux de mortalité atteignant 65%

[START_REF] Madariaga | Q fever: A biological weapon in your backyard[END_REF]

. La récente épidémie de fièvre Q aux Pays-Bas, avec 4000 cas de fièvre Q humaine, démontre la sévère virulence de ce pathogène

(Roest et al., 2011)

. En effet, avec une dose infectieuse minimale de 1 bactérie, C. burnetii est l'organisme le plus infectieux connu à ce jour. Sa haute résistance au stress environnementaux et sa propagation aérienne ont contribué à classer C. burnetii parmi les agents infectieux la voie endocytaire, acquérant progressivement des marqueurs typiques des endosomes précoces (tels que EEA1), des endosomes tardifs et des lysosomes (tels que LAMP1). La baisse du pH vacuolaire et l'environnement dégradatif qui accompagne la maturation des CCV de C. burnetii a cependant imposé des contraintes expérimentales importantes pour l'étude de sa pathogenèse. Avec le développement d'un milieu de culture axénique en 2009, C. burnetii est devenu génétiquement manipulable, ce qui a permis d'identifier des facteurs de virulence essentiels dans la manipulation du trafic vésiculaire, de l'apoptose

[START_REF] Lührmann | Inhibition of pathogen-induced apoptosis by a Coxiella burnetii type IV effector protein[END_REF] Klingenbeck et al., 2013) 

ou de l'inflammation

[START_REF] Cunha | Inhibition of inflammasome activation by Coxiella burnetii type IV secretion system effector IcaA[END_REF] 

au cours de l'infection. Pour poursuivre la compréhension des mécanismes favorisant la virulence de C. burnetii, mes travaux de thèse se sont focalisés sur les interactions hôte/pathogène notamment impliquées dans deux aspects du cycle infectieux de la bactérie, à savoir la réplication intracellulaire et la persistance dans les cellules hôtes infectées.

(CaeA, CaeB et AnkG) inhibent l'apoptose intrinsèque et extrinsèque

(Cordsmeier et al., 2019)

, tandis que l'effecteur IcaA inhibe l'activation de la voie inflammatoire non canonique

[START_REF] Cunha | Inhibition of inflammasome activation by Coxiella burnetii type IV secretion system effector IcaA[END_REF]

. C. burnetii est également capable d'inhiber l'activation de la voie de niveau des nucléoles des cellules transfectées ou infectées, perturbant ainsi l'import nucléaire des facteurs de transcription des voies de signalisation de l'immunité innée tels que NF-κB ou IRF3 (pour facteur régulateur de l'interféron 3). Ainsi, l'analyse par qRT-PCR d'un panel de cytokines a montré que les cellules infectées par les mutants nopA::Tn ou dotA::Tn (la souche déficiente pour la sécrétion d'effecteurs) présentent une réponse immunitaire innée fonctionnelle, contrairement aux cellules infectées par C. burnetii sauvage ou la souche nopA::Tn complémentée avec nopA. En conclusion, la première partie de mon travail de thèse a montré que l'effecteur NopA est un régulateur important de la réponse immunitaire innée permettant à Coxiella de se comporter comme un pathogène furtif (Burette et al., 2020). plus de leur rôle structurale dans les membranes, les lipides sont des acteurs clés de la signalisation cellulaire en contrôlant directement ou indirectement de multiples fonctions telles que le trafic vésiculaire ou les réarrangements du cytosquelette (Goud et al., 2016). De ce fait, C. burnetii recrute activement du PI(3)P et de manière intéressante, du LBPA et du PI(4)P à la CCV, deux lipides typiques des endosomes multivésiculaires et de la voie sécrétoire respectivement. Nous avons ensuite cherché à identifier et caractériser de potentiels candidats effecteurs liant les lipides au cours de l'infection. A l'aide d'un panel de billes d'agarose recouvertes de lipides spécifiques, nous avons validé l'existence d'autres interactions entre les lipides eucaryotes et des protéines de C. burnetii, par co-précipitation. Combinée à une analyse bioinformatique, cette étude a conduit à l'identification de 5 protéines effectrices bactériennes potentielles contenant de possibles domaines de liaison aux lipides. Parmi elles, C. burnetii, qui déphosphorylerait le PI(3,4)P2 pour enrichir les cellules en PI(3)P ou en PI(4)P. Pour finir, nous avons identifié CBU2007 comme un potentiel candidat liant le LBPA. CBU2007 possède un potentiel domaine F-BAR pouvant permettre la liaison aux lipides mais aussi Pour conclure sur les stratégies de réplication intracellulaire et de persistance de C. burnetii, ce travail de thèse a permis de mieux comprendre deux étapes cruciales du cycle infectieux de la bactérie. En effet, nous avons acquis de nouvelles connaissances sur la pathogenèse de C. burnetii en étudiant les mécanismes adoptés pour échapper à l'immunité innée et pour manipuler le métabolisme des lipides. Des questions supplémentaires subsistent, mais ce travail ouvre la voie au développement de nouveaux antimicrobiens et à l'utilisation de protéines effectrices bactériennes en dehors du contexte des infections à C. burnetii. ! RESEARCH PAPER Coxiella effector protein CvpF subverts RAB26-dependent autophagy to promote vacuole biogenesis and virulence a Institut de Recherche en Infectiologie de Montpellier (IRIM) UMR 9004 CNRS,

Abbreviations: ACCM: acidified citrate cystein medium; AP: adaptor related protein complex; CCV: Coxiella-containing vacuole; Cvp: Coxiella vacuolar protein; GDI: guanosine nucleotide dissociation inhibitor; GDF: GDI dissociation factor; GEF: guanine exchange factor; LAMP1: lysosomal associated membrane protein 1; MAP1LC3B/LC3B: microtubule associated protein 1 light chain 3 beta; MTORC1: mechanistic target of rapamycin kinase MTOR complex 1; PBS: phosphate-buffered saline; PMA: phorbol myristate acetate; SQSTM1/p62: sequestosome 1; WT: wild-type.
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