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Manipulation of autophagy by bacterial pathogens impacts host 3! immunity 4! 5!

Autophagy is a highly conserved catabolic process, degrading unnecessary or damaged 32! components in the eukaryotic cell to maintain cellular homeostasis, but it is also an intrinsic 33! cellular defence mechanism to remove invading pathogens. A crosstalk between autophagy 34! and innate or adaptive immune responses has been recently reported, whereby autophagy 35! influences both, innate and adaptive immunity like the production and secretion of pro-36! inflammatory cytokines or MHC class II antigen presentation to T cells. Pathogenic bacteria 37! have evolved diverse strategies to manipulate autophagy, mechanisms and thus also impact 38! host immune responses at different levels. Here we discuss the influence of autophagy on 39! self-autonomous, innate and adaptive immunity and then focus on how bacterial mechanisms 40! that shape autophagy may impact the host immune system.

Introduction

42!

Maintaining cellular homeostasis requires a coordinated control of metabolic pathways. Thus 43! the cell needs anabolic processes to build new components, and catabolic processes to discard 44! long-lived or damaged components. Autophagy is one of these catabolic processes that leads 45! 4! autophagosomes and lysosomes (Randow et al., 2013). As the autophagy machinery removes 75! intracellular pathogens by directing them to lysosomal degradation, xenophagy has emerged 76! as an important cellular self-defense process to protect host cells against intracellular bacteria.

77!

In this case, engulfment of bacteria by autophagosomes triggers an integrated response within 78! the infected cell, leading to pathogen elimination while professional immune cells are warned 79! about the threat.

80!

As autophagy is an important cellular self-defense mechanism, bacteria evolved various 81! mechanisms to modulate autophagy such as inhibiting autophagosome formation, self-82! masking with host proteins to avoid recognition, escaping targeting to autophagosomes or 83! blocking fusion of autophagosomes with lysosomes [START_REF] Huang | Bacteria-autophagy interplay: a battle for survival[END_REF]Escoll et al., 84! 2016). As autophagy is linked to immune responses, bacteria-induced modulation of 85! autophagy impacts also innate and adaptive immune responses [START_REF] Kuballa | Autophagy and the Immune System[END_REF].

86!

Here, we will first discuss the general knowledge about autophagosome formation, 87! elongation and maturation, the crosstalk between autophagy and immunity and then focus on 88! the mechanisms used by bacterial pathogens to manipulate autophagy and how these 89! autophagy subversions by bacteria impact the host immune response. 90! Autophagosome formation, elongation and maturation is a complex process involving 91!

conserved host factors 92!

The pathway leading to autophagy includes signal induction, nucleation and elongation of the 93! phagophore to form the autophagosome, closure of the autophagosome and fusion with 94! lysosomes (Parzych and Klionsky, 2014). More than 35 Autophagy-related proteins (ATG-95! proteins) that have metazoan orthologues have been described in yeast to coordinate 96! autophagosome formation and maturation [START_REF] Ohsumi | Historical landmarks of autophagy research[END_REF] (Figure 1).

97!

Autophagy induction can be triggered by different signals ranging from nutrient limitation 98! (non-specific autophagy) to the recognition of pathogens or damaged cellular components 99! [START_REF] Deretic | Autophagy in infection, inflammation and immunity[END_REF]. Most signals for the initiation of autophagy converge through the 100! functions of the mammalian target of rapamycin complex 1 (mTORC1). Under nutrient-rich 101! conditions the mTORC1 complex phosphorylates Unc-51-like kinase 1 (ULK1) and ATG13, 102! which together with the FAK family kinase-interacting protein of 200kDa (FIP200) form the 103! ULK1 complex. When mTORC1 phosphorylates ULK1 and ATG13, the complex cannot be 104! recruited to the phagophore assembly site (PAS), thus inhibiting autophagosome formation 105! [START_REF] Ganley | The activated ULK1 complex then translocates to the PAS and 109! recruits other proteins such as beclin1 (BECN1) or Atg6 named in yeast, ATG14-like protein 110! (ATG14L) and phosphoinositide 3-kinase regulatory subunit 4 (PIK3R4 ; vacuolar protein 111! sorting associated 15 Vps15 in yeast). Initiation of phagophore nucleation also results in 112! engagement of PI3-kinase class III (PI3KC3; Vps34 in yeast), which produces PI3P at the 113! phagophore and leads to the recruitment of WD-repeat domain phosphoinositide-interacting 1 114! (WIPI1; Atg18 in yeast) and WIPI2 (Atg21 in yeast). Like a cascade, these proteins recruit 115! further downstream ATG proteins that aid phagophore assembly[END_REF]Mizushima, 2010). 106! ! 6! mediates the hemifusion of vesicles and controls the size of autophagosomes in yeast 140! (Nakatogawa et al., 2007;Xie et al., 2008). 141! Finally, a series of fusion events of autophagosomes with endosomes and lysosomes leads 142! to their maturation into degrading autolysosomes. In mammalian cells the fusion of 143! autophagosomes with lysosomes requires the small GTPase RAB7 (Ypt7 in yeast), the 144! autophagosomal SNARE protein syntaxin 17, the lysosomal SNARE protein VAMP8 145! (vesicle-associated membrane protein 8) and several lysosomal membrane proteins, such as 146! the lysosomal-associated membrane glycoprotein 2 (LAMP2). After autophagosome-147! lysosome fusion the cargo is degraded by the lysosomal hydrolases now present in the 148! autolysosome, (Eskelinen et al., 2002;Itakura et al., 2012;Jager et al., 2004;Tanaka et al., 149! 2000). 150! For selective autophagy, such as xenophagy, an additional step of cargo selection is 151! required, a process that is mediated by cargo receptors and adaptor proteins. Mammalian 152! cargo specific receptors usually contain a LC3-interacting region (LIR) motif allowing to 153! recruit LC3-containing autophagosomes to the cargo (Liu et al., 2012;Novak et al., 2009;154! Polson et al., 2014). In addition, many cargos are ubiquitinated and then they are recognized 155! by ubiquitin-binding protein adaptors that also contain LIRs. One of those proteins is p62 that, 156! among other functions, directs bacteria to autophagosomes. Together with the adaptor 157! proteins NDP52 and optineurin (OPTN), p62 is involved in S. Typhimurium recognition and 158! its direction to autophagosomes (Boyle and Randow, 2013). NDP52 and p62 also target replication rather than promoting bacterial clearance [START_REF] Escoll | Modulation of Host Autophagy during Bacterial Infection: 564! Sabotaging Host Munitions for Pathogen Nutrition[END_REF]. A. phagocytophilum 409! uses the secreted effector Ats-1 to promote autophagosome nucleation and utilization of the 410! nutrients contained in the autophagosomes (Niu et al., 2012). Similarly, it was elegantly 411!

shown by monitoring autophagy-derived radiolabeled amino acids that during F. tularensis 412! infection a transfer from host proteins to invading bacteria takes place (Steele et al., 2013).

413!

Other bacteria, such as M. tuberculosis and S. Typhimurium, inhibit autophagy initiation 414! upstream of autophagosome formation, thus evading xenophagy and pathogen degradation 415! (Shin et al., 2010;Tattoli et al., 2012). S. flexneri evades autophagy recognition by masking 416! the bacterial surface (Ogawa et al., 2005).

417!

An important observation is that some bacterial pathogens actively induce autophagy but, 418! at the same time, block autophagosome maturation and fusion with the lysosome.

419!

L. pneumophila is one of these intracellular bacterial pathogens that uses this dual strategy.

420!

After phagocytosis, the establishment of the Legionella-containing vacuole (LCV) in the 421! infected macrophage is accompanied by the acquisition of autophagy markers like LC3 at the 422! LCV, showing that the LCVs rapidly become autophagosomes (Amer and Swanson, 2005).

423!

The secreted L. pneumophila effector LegA9 was shown to promote the recognition of the 424! LCV by the autophagy machinery [START_REF] Khweek | A bacterial protein promotes the recognition of the Legionella 580! pneumophila vacuole by autophagy[END_REF]. In line with this observation, 425! inhibition of autophagy in permissive A/J mouse macrophages reduces L. pneumophila 426! survival at 2 h post-infection (Amer and Swanson, 2005;Amer et al., 2005), supporting the 427! idea that autophagy has a role in the promotion of the survival of L. pneumophila within the 428! host cell early during infection (Amer et al., 2005). Later during infection, L. pneumophila 429! inhibits autophagy by secreting the effectors LpSPL and RavZ [START_REF] Choy | The 552! Legionella effector RavZ inhibits host autophagy through irreversible Atg8 deconjugation[END_REF]Rolando et 430! al., 2016), which respectively inhibit autophagosome formation and maturation. This strategy 431! delays the maturation of the LCV-containing autophagosome into autolysosomes, thus 432! gaining precious time for multiplication of the pathogen (Amer and Swanson, 2005 

159 !

 159 Shigella flexneri and Listeria monocytogenes to autophagosomes. Whereas p62 and NDP52 160! are recruited together during S. flexneri infection, p62 and NDP52 are recruited independently 161! during L. monocytogenes infection, suggesting that Shigella and Listeria induce different 162! pathways for selective autophagy(Mostowy et al., 2011). Another example is the neighbour 163! of BRCA1 gene 1 protein (NBR1) that is known to target Francisella tularensis to autophagy 164!(Chong et al., 2014) and also participates in the targeting of S. flexneri(Mostowy et al., 2011), 165! but it is not required for targeting of S. Typhimurium to autophagy(Zheng et al., 2009). These 166! studies highlight that selective autophagy uses distinct protein adaptors to target different 167! types of bacteria. 168! Crosstalk between autophagy and the innate immune response 169! The first step of innate immune responses is the recognition of a pathogen that is mediated by 170! a variety of pattern-recognition receptors (PRRs) like Toll-like Receptors (TLRs), RIG-I-like 171! receptors (RLRs) and NOD-like receptors (NLRs) that bind pathogen-associated molecular 172! ! 7! patterns (PAMPs) such as bacterial lipopolysaccharide (LPS), peptidoglycan, lipoproteins, 173! flagellin or nucleid acids. As autophagic degradation of pathogens aids PAMP recognition by 174! PRRs, autophagy is believed to have an important role in innate immunity. Additionally, 175! binding of PAMPs to PRRs stimulates autophagy (Delgado et al., 2009). 176! Toll-like Receptors (TLRs): TLRs are membrane-bound receptors found at the surface of 177! the cell or in endosomal compartments. TLRs respond to LPS, lipotechoic acid, flagellin and 178! bacterial nucleic acids(Deretic, 2012). After binding their cognate ligand, TLRs activate 179! proinflammatory responses by triggering the production of cytokines such as tumor necrosis 180! factor-α (TNF-α), Interleukin-6 (IL-6) and IL-1β (Figure2).181!Phagocytosed and cytosolic PAMPs are sequestered by autophagosomes and are delivered 182! to the endosomally located and luminally oriented TLRs for PAMP recognition. Therefore 183! autophagy takes part in the first steps of TLR activation[START_REF] Desai | The role of autophagy in microbial infection and immunity[END_REF]. On the other side, 184! autophagy can also be induced upon TLR activation, through a MyD88/TRIF adaptor 185! dependent process and their interaction with BECN1(Shi et al., 2008). TLR-autophagy 186! crosstalk is supported by several other findings: TLR4 stimulates PI3KC3-dependent 187! formation of cytosolic LC3 aggregates, enhancing the elimination of mycobacteria from 188! macrophages (Xu et al., 2007). Downstream of TLR4 activation, the TANK binding kinase 1 189! (TBK1) also links the TLR signalling pathway and autophagy as TBK1 phosphorylates the 190! autophagic receptor OPTN, enhancing LC3 binding affinity and consequently the autophagic 191! clearance of cytosolic Salmonella enterica (Wild et al., 2011). TLR7 activation has also been 192! shown to promote autophagic degradation of Mycobacterium bovis BCG (Bacillus Calmette-193! Guerin) (Delgado et al., 2008), and TLR2 induces autophagy in an ERK-dependent 194! mechanism during Listeria monocytogenes infection (Anand et al., 2011). Altogether these 195! studies highlight that TLR activation elicits autophagy, thus activating cell-autonomous 196! immunity after PAMP detection. 197! However, autophagy may also down-regulate TLR-induced responses. Inhibition of 198! autophagy in macrophages and dendritic cells (DCs) through 3MA (3-methyladenine) or 199! through siRNA knock-down of autophagy genes, leads to an increase in cytokine release in 200! response to TLR3 or TLR4 agonists (Harris, 2011; Saitoh et al., 2008). ATG16L1-deficient 201! mice were shown to excessively activate caspase-1 in response to TLR4 stimulation by LPS, 202! which led to increased IL-1β and IL-18 production. This suggests that ATG16L1 might have 203! a regulatory function on the TLR4 signalling pathway and its depletion/malfunction may lead 204! to increased inflammation (Saitoh et al., 2008). Mature IL-1β protein can also be engulfed by 205stimulated with TLR ligands, showing another way by 206! which autophagy can downregulate the production and secretion of cytokines (Harris et al., 207! 2011) (Figure 2). Thus, autophagy influences TLR signalling and consequently impacts TLR-208! mediated cytokine production and secretion. 209! RIG-I-like receptors (RLRs): RLRs sense cytosolic dsRNA or DNA, and thus recognize 210! also nucleic acids from pathogens. PAMP recognition by RLRs as RIG-I and MDA5 triggers 211! the production of type I interferon (IFN) by infected cells, as has been shown for cells 212! infected with the intracellular pathogen Legionella pneumophila (Monroe et al., 2009). This 213! type I IFN activation pathway can be directly suppressed by several autophagy factors. For 214! example, autophagy-defective Atg5 -/-cells exhibit enhanced RLR signalling and increased 215! IFN secretion, mostly due to the accumulation of dysfunctional mitochondria and increased 216! generation of reactive oxygen species (ROS) which were largely responsible for the enhanced 217! RLR signalling in Atg5 -/-cells (Tal et al., 2009). 218! cGAMP synthase (cGAS): Bacterial or aberrant cytosolic DNA are also recognized by 219! direct binding to cGAS, a cytosolic protein that generates cyclic dinucleotides (CDNs) such as 220! cGAMP within the host cytosol (Tao et al., 2016). Host cell-generated CDNs activate the 221! downstream stimulator of interferon genes (STING), a receptor that can be also activated by 222! CDNs of intracellular bacteria (Burdette et al., 2011). STING controls the activation of above-223! mentioned TBK1, which upon nucleic acid sensing and cGAMP synthesis triggers both IFN 224! regulatory factor 3 (IRF3) phosporylation and type I IFN production. STING induced type I 225! IFN production occurs during infection by intracellular bacteria such as Mycobacterium 226! tuberculosis (Watson et al., 2015). On the other hand, the autophagy activator protein ULK1 227! phosphorylates STING, inhibiting sustained type I IFN activation in response to dsDNA 228! (Konno et al., 2013) (Figure 2). Furthermore, cGAS binding to BECN1 facilitates autophagic 229! removal of cytosolic dsDNA and reduces excessive type I IFN responses (Liang et al., 2014). 230! NOD-like receptors (NLRs): NLRs are a class of receptors initiating a quick and potent 231! inflammatory cytokine response to PAMPs. Upon sensing PAMPs, cytosolic NLR-receptors 232! form a signalling complex called the inflammasome. The inflammasome consists of several 233! oligomerized NLRs that bind Caspase-1 directly or through the adaptor protein called 234! apoptosis-associated speck-like protein (ASC), which contains a caspase recruitment domain 235! (CARD). These complexes cleave the protein precursor pro-Caspase-1 into p10 and p20 236! subunits, activating Caspase-1. Active Caspase-1 then cleaves the presynthesized pro-IL-1β 237! into the active form of the cytokine IL-1β, which is secreted (Rodgers et al., 2014). IL-1β 238Anaplasma phagocytophilum, Yersinia pseudotuberculosis, Coxiella burnetii and 402! F. tularensis are intracellular pathogens that have evolved mechanisms to hijack 403! autophagosomes during infection. These bacteria redirect the by-products of the autophagic 404! degradation of cellular components for their own nutritional use, thereby promoting their 405! replication (Steele et al., 2015). They replicate within bacterial vacuoles decorated with 406! autophagy components, such as LC3, and show defective replication in autophagy-deficient 407! cells. Consequently, treatment of host cells with autophagy activators, increases bacterial 408!
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Table 1 . Effects of autophagy on cytokine production upon bacterial infection
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