Claude Universite 
  
Bernard -Lyon 
  
M Frédéric Fleury 
  
M Hamda 
  
Ben Hadid 
  
M Didier 
  
Yasmina Filali-Mouncef 
  
Catherine Hunter 
  
Federica Roccio 
  
Stavroula Zagkou 
  
Nicolas Dupont 
email: nicolas.dupont@inserm.fr
  
Charlotte Primard 
email: charlotte.primard@adjuvatis.com
  
Tassula Proikas- Cezanne 
email: tassula.proikas-cezanne@uni-tuebingen.de
  
Fulvio Reggiori 
email: f.m.reggiori@umcg.nl
  
  
  
  
  
The ménage à trois of autophagy, lipid droplets and liver diseases
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Boosting autophagy induction of tat-beclin by vectorization with safe-by-design i-Particles.

Charlotte, thank you for guiding me these three years. Your expertise in formulation was fundamental for the success of this project. I am grateful for your help with mice experiments, I could never have done this without you. Thank you for putting me back on track when I was a bit disoriented in my research project and for your help in co-managing our interns. You have been a great model for me, and living proof that one can be a mother, supervisor and director of a start-up company (although it is not easy)! Also thank you for supporting me in managing to rent my apartment, which was, surprisingly, one of the greatest challenges I had to face coming to Lyon.

Bernard, thank you for accepting me in the Nanovectors team in LBTI. It has been great to be part of your research group and I appreciate your efforts to create collaborative opportunities for me. Although I was not directly supervised by you, I appreciate your input throughout these years and particularly in the final year of my PhD. Your ability to be director of LBTI, supervisor of numerous PhD students and implicated in various projects, from topics ranging from vaccine to autophagy, is truly amazing. Many thanks to Bernard Mandrand for his useful comments during Adjuvatis meetings and for our nice chats.

A big thanks to our DRIVE collaborators. It has been an honor to be part of this autophagy family with world-known researchers. Fulvio, thank you for coordinating this consortium and for all your efforts; I cannot imagine the amount of heart and work you have put on this project. Many thanks also for your advice on experiments and for your patience with me.

Eeva-Liisa, thank you for accepting me in your lab for two weeks and for introducing me to the magic word of electron microscopy! Nicola and Etienne, thank you for accepting me for a secondment in Paris, I learned a lot from you both. Vladimir, our discussions have been very fruitful and although we did not manage to collaborate, I appreciate your contribution to my PhD. Tassula, thank you for our collaboration during the writing of our review. (beclin 1). BECN1 est une protéine impliquée dans l'autophagie en tant que composant du complexe 1 de la phosphatidylinositol 3-kinase de classe III. La cible moléculaire du peptide T-B est GAPR-1/GLIPR2 (Golgi-associated plant pathogenesis-related protein 1). Il est proposé que le peptide Tat-Beclin favorise la libération de BECN1 du Golgi, où elle inactive l'autophagie, vers des compartiments subcellulaires non golgiens, ce qui entraîne une formation précoce accrue d'autophagosomes. C'est un des meilleurs agents inducteurs de l'autophagie disponible, notamment parce qu'il est très spécifique de cette voie d'activation, ce qui limite ses potentiels effets secondaires.

La modulation de l'autophagie est évaluée comme stratégie thérapeutique dans le cancer, pour traiter les maladies neurodégénératives, prolonger la durée de vie, ou dans des conditions métaboliques altérés de façon chronique. La maladie du foie gras non-alcoolique (NAFL en anglais) qui peut évoluer en stéatohépatite non-alcoolique (NASH) est la cause majeure de maladie chronique du foie dans le monde. Elle se caractérise par l'accumulation de graisses dans le foie à cause d'une hyperglycémie chronique, principalement à cause d'un diabète mal contrôlé, d'une obésité et de la sédentarité. La NASH (qui concerne 10 à 30% des personnes atteintes de NAFL) peut évoluer vers une fibrose puis une cirrhose (10 à 15% des personnes atteintes de NASH) et cancer hépatiques. NAFL est en pleine expansion à cause de l'augmentation du nombre de personnes atteintes d'obésité et de diabète, avec une prévalence moyenne estimée à 24% de la population, soit 12% en Afrique et jusqu'à 30% en Amérique du Sud et Moyen-Orient (chiffres 2018). D'un point de vue clinique, ce spectre de la NAFLD (non-alcoholic fatty liver diseases) se caractérise par une accumulation de graisse dans le foie, avec ou sans présence de nécro-inflammation. Aux stades avancés de la maladie, une greffe peut s'avérer nécessaire, et il n'y a à l'heure actuelle, aucun traitement médicamenteux. Un régime alimentaire plus équilibré et la reprise d'une activité physique permettent une stabilisation aux stades précoces de la maladie.

L'activation de l'autophagie dans le foie est une piste thérapeutique, notamment via la lipophagie ciblant les lipides accumulés dans les hépatocytes. Cependant, l'autophagie peut avoir des rôles opposés selon les cellules visées. Par exemple, l'induction de l'autophagie dans les hépatocytes (lipophagie permettant de réduire la lipotoxicité) ou les macrophages (permettant de limiter la sécrétion de cytokines pro-inflammatoires) peut être bénéfique, mais l'activation de l'autophagie dans les cellules stellaires peut être délétère et favoriser la survenue de fibrose. Par conséquence, l'induction ciblée de l'autophagie dans des cellules spécifiques est nécessaire.

Les administrations ciblées de principes actifs dans des organes ou cellules spécifiques sont aujourd'hui envisageables grâce à la nanomédecine. Les nanoparticules sont en effet des vecteurs permettant d'améliorer des traitements thérapeutiques, tout en réduisant leur toxicité.

Ces particules sont très variables et personnalisables en terme :

de composition : lipidique, polymérique ou inorganique ;

de structure : liposomale, en micelle, sphérique, en capsule ;

de taille : micrométrique ou nanométrique ;

de charge de surface : neutre, cationique ou anionique ;

de rugosité : surface lisse, rugueuse, chevelue ;

Pour un usage biomédical, des particules biodégradables seront préférées. Pour cela, il est possible de recourir à des structures lipidiques telles que les liposomes, mais qui ont l'inconvénient de ne pas être très stables d'un point de vue colloïdal. Les particules polymériques à base de polymère aliphatique polyester poly(acide lactique), PLA ou de poly(acide lactique-co-glycolique), PLGA combinent de nombreux avantages. En effet, ces polymères sont biodégradables in situ par hydrolyse des liaisons ester. Il est possible de produire des particules aux propriétés physico-chimiques modulables à façon, permettant de s'adapter au principe actif vectorisé et à l'application thérapeutique. Enfin, les méthodes de production sont bien maitrisées, permettant un développement clinique et industriel.

Adjuvatis, société de biotechnologie lyonnaise issue du CNRS, a développé un système de délivrance de principe actif, des particules de PLA de 200 nm de diamètre environ, capables 

Etude de biodistribution in vivo chez les souris SKH1 (saine) et ob/ob (obèses).

Des particules contenant un fluorochrome proche infra-rouge encapsulé, formulées ou non avec le peptide Tat-Beclin, ont été utilisées pour suivre leur biodistribution après injection intra veineuse dans deux modèles de souris : des souris SKH1, saines et immunocompétentes mais dépourvues de poils, ce qui Lors de ce travail de thèse, nous avons développé un système biodégradable de délivrance du peptide Tat-Beclin L11, et démontré leur capacité à activer l'autophagie dans deux modèles cellulaires, avec des concentrations de peptide dix fois plus faibles que lorsqu'il est utilisé sous forme libre. Dans un modèle in vitro de NAFL, les formulations peptidiques ont permis de réduire de façon significative le nombre de gouttelettes lipidiques intracellulaires. Enfin, des études cinétiques de biodistribution conduites in vivo en corps entier par tomographie de fluorescence ont mis en évidence la capacité des particules formulées ou non à cibler le foie, chez des souris saines ou obèses. Ainsi, ces particules induisant l'autophagie pourraient être un candidat intéressant étudié plus avant comme stratégie thérapeutique pour la NAFL et nécessitera des études fonctionnelles supplémentaires.

Mots-clés: autophagie; particules de PLA; NAFL; NAFLD; steatose;

Summary

Autophagy is a fundamental house-cleaning process, which is widely conserved among all cells and across all species. Dysregulation of autophagy has been associated with various human diseases, most notably aging, neurodegeneration, cancer and metabolic diseases. Nonalcoholic fatty liver diseases (NAFLD) comprise a spectrum of liver diseases which are characterized by steatosis (fat accumulation in the liver) with or without inflammation.

NAFLDs are the most common metabolic liver disease worldwide. In recent years, many FDA-approved medicines which induce autophagy have shown to be beneficial in NAFLD mouse models. Nevertheless, direct evidence linking the autophagy-modulatory properties of these agents to the observed therapeutic effects is lacking. Furthermore, targeted autophagy modulation in the liver, while sparing other tissues, is a formidable challenge. Here, we wish to investigate the therapeutic potential of specific and targeted autophagy in the liver in the context of NAFLDs. In Chapter 1 of the Introduction we unravel the complex relationship between autophagy, the selective degradation of lipid (lipophagy) and fatty liver disease. We propose that targeted autophagy/lipophagy induction in the liver together with interventions targeting early biosynthetic pathways of lipids, could be beneficial in the context of nonalcoholic fatty liver (NAFL) and the more advanced disease stage, non-alcoholic steatohepatitis (NASH). In Chapter 1 of Results, we describe the development and characterisation of autophagy inducing particles. We prove the superiority of this system to induce autophagy in vitro, compared to the non-formulated autophagy inducer. We also show that autophagy-inducing particles can induce lipid droplet degradation in an in vitro model of NAFL. Finally, to prove the translational potential of using such system in vivo, we evaluate the biodistribution of these particles in healthy and obese mice. We confirm liver targeting and accumulation of autophagy-inducing particles in the liver of both models. In Chapter 2 of Results, we describe preliminary experiments of a proof of concept study in obese mice while in Chapter 3, we present early, side-project experiments of a screening of immunomodulatory molecules for their effect on autophagy. Overall, the data presented in this thesis clearly demonstrate the potential of autophagy inducing particles for the treatment of NAFL. Further studies will examine whether autophagy inducing particles can improve the metabolic profile and the fatty liver phenotype in animal models of NAFLDs.

Keywords: autophagy, PLA particles, therapeutics, drug delivery, non-alcoholic fatty liver disease

Thesis context

Autophagy research has gained increased attention since 2016, when the Nobel prize for Physiology and Medicine was awarded to Yoshinori Ohsumi for his lifelong work on the regulation of autophagy in yeast 1 . As one of the two degradation system in the cell, autophagy is important for homeostasis via the elimination of diverse cargo, for example misfolded proteins, damaged mitochondria, excess lipid and intracellular pathogens. Importantly, defects in autophagy are increasingly associated with diseases such as cancer, neurodegeneration and metabolic disease.

The molecular and cellular machinery of autophagy has been thoroughly described but translation of these fundamental findings to the public has lagged behind. Translation of autophagy research to medicines that can save lives is difficult because the field is still at its infancy. There are many challenges that hamper the translation of autophagy research; the main ones being the lack of specific autophagy modulators, the context-dependent role of autophagy and the lack of tools to modulate autophagy in specific organs and tissues. 

1.1.Macroautophagy.

Macroautophagy is a highly conserved lysosomal degradation mechanism [1]. Unlike microautophagy or CMA, macroautophagy requires the formation of double-membrane vesicles called autophagosomes, which sequester intracellular components such as proteins, macromolecular complexes and organelles, but also invading pathogens [2]. Macroautophagy takes place in almost all eukaryotic cells at basal levels. However, it is most often a response to cellular stress induced by a wide variety of physiological stimuli, including nutritional deficiencies, growth factor withdrawal, oxidative and mechanical stress, as well as pathophysiological situations, including drug treatment and radiation therapy.

Macroautophagy begins with the formation of a precursor structure called the phagophore [3], which then elongates and closes to generate an autophagosome. The latter then matures and finally fuses with lysosomes to expose the engulfed cytosolic material to acidic lysosomal hydrolases for degradation. To different extents, various cellular organelles, including the endoplasmic reticulum (ER), Golgi complex, mitochondria, recycling endosomes, but also the plasma membrane, have been shown to supply the lipids required for the assembly of autophagosomes [4], a process executed by the autophagy related (ATG)

proteins [5]. ATG genes were first discovered and characterized by Yoshinori Ohsumi, Daniel Klionsky and Michael Thumm [5][6][7]. During the process of autophagy, induction of autophagosome formation requires the activation of the ULK1/Atg1 (unc-51like autophagy activating kinase 1) kinase complex [8], which integrates upstream molecular signals principally via two key kinases, the MTOR (mechanistic target of rapamycin kinase) complex 1 (MTORC1) and the PRKA/AMPK (protein kinase AMP-activated catalytic subunit) [9][10][11].

The ULK1 kinase complex activation is essential to initiate the de novo formation of the phagophore, which takes place in specialized subdomains of the ER called omegasomes [12].

The latter are considered as the "cradle" for the forming nascent autophagosome [13].

Specifically, the ULK1 complex phosphorylates and activates the class III phosphatidylinositol 3-kinase (PtdIns3K) complex, composed of BECN1 (Beclin 1), PIK3R4/VPS15 (phosphoinositide-3-kinase regulatory subunit 4), ATG14, PIK3C3/VPS34 (phosphatidylinositol 3-kinase catalytic subunit type 3), AMBRA1 (autophagy and beclin 1 regulator 1) and NRBF2 (nuclear receptor binding factor 2) [14], which generates phosphatidylinositol-3-phosphate (PtdIns3P). In turn, the generation of PtdIns3P mediates the association of specific PtdIns3P-binding proteins, such as ZFYVE1/DFCP1 (zinc finger FYVE-type containing 1) [12] and WIPI (WD repeat domain, phosphoinositide interacting)

proteins [15]. The four WIPI proteins, WIPI1, WIPI2, WDR45B/WIPI3 (WD repeat domain 45B) and WDR45/WIPI4 (WD repeat domain 45) are the mammalian members of the βpropellers that bind PROPPIN (β-propellers that bind polyphosphoinositides) and function as conserved PtdIns3P effectors at the nascent autophagosome [16,17].Thereby, WIPI2, assisted by WIPI1 [16], recruits ATG16L1 [18], which assemble with the ATG12-ATG5 conjugate into a multimeric complex [18] and initiate phagophore formation. In contrast, both WDR45B/WIPI3 and WDR45/WIPI4 control phagophore elongation, whereby WDR45 specifically associates with ATG2 proteins [16,19]. The ATG12-ATG5-ATG16L1 complex acts as an E3-like ligase for the conjugation of the members of the MAP1LC3/LC3

(microtubule associated protein 1 light chain 3) protein family to phosphatidylethanolamine [5]. The LC3 protein family comprises seven members, LC3A, LC3B, LC3B2 and LC3C, which are part of the MAP1LC3 subgroup, and GABARAP (GABA type A receptorassociated protein), GABARAPL1 (GABA type A receptor associated protein like 1) and GABARAPL2/GATE-16 (GABA type A receptor associated protein like 2), which belong to the GABARAP subgroup. LC3 proteins are important for autophagic cargo selection, phagophore elongation and closure. Complete autophagosomes are finally contacting lysosomes and fuse with them to form autolysosomes [20].

Macroautophagy can be either selective or non-selective. Non-selective macroautophagy involves random sequestration of cytoplasmic material by autophagosomes, whereas selective macroautophagy leads to the lysosomal degradation of specific cargoes and such pathways are named according to the type of cargo that is targeted, including aggregated proteins (aggrephagy), mitochondria (mitophagy), peroxisomes (pexophagy) and LDs (lipophagy) [21,22]. Selective types of macroautophagy rely on the so-called autophagy receptors that physically link the cargo to the phagophore [21,22] by Ub (ubiquitin)-dependent or Ub-independent cargo recognition [22]. The vast majority of macroautophagy receptors physically interact with the phagophore by selective binding to LC3 proteins present on the inner membrane of the phagophore. Thereby, short linear peptide sequences known as LC3-interacting regions (LIRs) in mammalian cells or Atg8-interacting motifs in yeast, mediate the effective tethering of the cargo to the forming vesicle, guaranteeing selective sequestration [21,22]. Ub-dependent macroautophagy receptors like SQSTM1/p62 (sequestosome1), possess a Ub-binding domain that allows them to recognize and be recruited onto ubiquitinylated cargoes [21,22]. Ub-independent macroautophagy receptors, in contrast, are often membrane-associated and therefore present in the cargo that potentially can be targeted by selective autophagy [21,22]. While engagement of the Ub-dependent macroautophagy receptors is dictated by the ubiquitination of the cargo destined to degradation, those that are Ub-independent require additional regulation, which is often achieved through their phosphorylation [21][22][23].

1.2.Microautophagy.

Microautophagy is a conserved process in which cytosolic components are directly engulfed and degraded by the vacuole in yeast or by endo-lysosomal compartments in mammals.

Microautophagy cargoes include proteins and organelles, such as peroxisomes, mitochondria and portions of nucleus [24][25][26]. In mammalian cells two different mechanisms of lysosomal cargo sequestration have been reported, one involving protrusions of the lysosome limiting membrane and the other involving lysosomal invagination. However, given the fact that technical monitoring of microautophagy still presents a challenge, current investigations on microautophagy remain a difficult task [27]. Nevertheless, selective microautophagy-like uptake of protein cargo into late endosomes, referred to as endosomal microautophagy, has been described in mammalian cells [28,29], whereby cytosolic protein cargo becomes invaginated by late endosomes [27]. Such proteins harbor a KFERQ-like motif, which is recognized by the HSPA8/HSC70 [heat shock protein family A (Hsp70) member 8], to promote the translocation of the captured proteins into the lumen of a late endosome, or multivesicular body, in an endosomal sorting complex required for transport (ESCRT) IIIdependent manner [30]. Subsequent fusion of the late endosomes/multivesicular body then delivers the translocated protein cargo into a lysosome for turnover [27].

1.3.Chaperone-mediated autophagy.

CMA is a selective type of autophagy principally dedicated to the lysosomal degradations of cytosolic proteins [31]. The targeted proteins possess a KFERQ motif in their aminoacidic sequence [32], but unlike in endosomal microautophagy, are directly captured by lysosomes [27].The KFERQ motif is recognized by the cytosolic chaperone HSPA8 and its cochaperones, including STUB1/CHIP (STIP1 homology and U-box containing protein 1), DNAJB1/HSP40 [DnaJ heat shock protein family (Hsp40) member B1] and STIP1/HOP (stress induced phosphoprotein 1) [31], leading to the assembly of a cargo-chaperone complex [33] (Fig. 2C). This complex then binds the cytosolic tail of the LAMP2 (lysosomal associated membrane protein 2), a protein only expressed in mammals [34], which mediates the unfolding and translocation of the targeted substrate through the lysosomal membrane [33] (Fig. 2C). During this transport, substrates are translocated one-by-one into the lysosomal lumen [35], via a process involving the multimerization of LAMP2 into a translocationcompetent complex and the lysosomal resident pool of HSPA8 [36]. The substrates are then rapidly degraded by lysosomal proteases and LAMP2 disassembles to be available for a new cycle of substrate binding and translocation [35] (Fig. 2C).

Lipid droplets

LDs are conserved cellular organelles (Fig. 1) that store neutral lipids [37] and fulfill critical functions in lipid and energy homeostasis [38]. In recent years, it has become apparent that LDs have a complex functional connection with autophagy [39], and that cellular energy levels can be elevated by employing free fatty acids (FFAs) gained from the selective breakdown of LDs through macroautophagy, referred to as macrolipophagy (Fig. 2) [40].

Macrolipophagy is a relatively new area in the field of autophagy, and will certainly provide us with exciting new information about its mechanism and regulation, but also its physiological relevance in the next few years. In fact, research on macrolipophagy has already begun to expand our understanding of the physiological relevance of autophagy.

Macrolipophagy plays an important role in regulating lipid metabolism, and as part of lipolysis programs, can provide energy and the building blocks for membrane biosynthesis and lipid anabolism. In this latter context, macrolipophagy has an important role in the biosynthesis of the cholesterol-based lipidic hormone testosterone [41]. More recently, macrolipophagy-derived FFAs have been shown to undergo extracellular efflux via lysosomal exocytosis through a mechanism involving MCOLN1 (mucolipin TRP cation channel 1), a lysosomal Ca 2+ channel that regulates lysosome-plasma membrane fusion [42].

These secreted lipids have been suggested to be important for cell-to-cell lipid exchange and signaling, but further studies are needed to better understand the significance of FFAs efflux in tissue homeostasis and disease development [42]. Additionally, macrolipophagy is important for cell differentiation. For example, macrolipophagy-mediated lipolysis and subsequent generation of FFAs enables the shift from glycolysis to FFAs β-oxidation, which generates the energy needed for neutrophil differentiation [43]. Finally, a study in the worm Caenorhabditis elegans showed that lipid signaling molecules, derived from lysosomal lipid hydrolysis, may modulate gene expression to extend lifespan [44].

In the following, we discuss the current knowledge about the structure, biogenesis, function and catabolism of LDs, before extending to macrolipophagy and other autophagic pathways used to degrade LDs or LDs-associated proteins.

2.1.The structure of lipid droplets.

LDs are spherical organelles with a hydrophobic core composed by neutral lipids such as triacylglycerols (TAGs), diacylglycerols (DAGs) and sterol esters (SE). This core is coated with a monolayer of phospholipids, free cholesterol and lysophospholipids, into which specific proteins are inserted (Fig. 1). The limiting membrane of LDs has the major role in maintaining the morphology and stability of LDs and also facilitates the interactions with other organelles [45]. Multiple proteins constantly interact with the surface of LDs, including members of the PLIN (perilipin) protein family, which are among the best characterized LDsassociated proteins [46]. This protein family has five members: PLIN1 to PLIN5 [46]. While PLIN1 and PLIN4 are mainly expressed in white adipose tissue, PLIN2/adipophilin, and PLIN3/TIP47, are ubiquitously expressed. The major expression tissues of PLIN5, in contrast, are the cardiac and skeletal muscles, the brown adipose tissue and the liver [46][47][48]. PLIN proteins have an important role in regulating LDs structure, function and catabolism through lipolysis and CMA [49]. In addition to the PLIN protein family, other proteins such as lipases are associated to the LDs [45]. Among these, there is the PNPLA2/ATGL (patatin like phospholipase domain containing 2), the LIPE/HSL (lipase E, hormone sensitive type and the MGLL/MGL (monoacylglycerol lipase), which together mediate lipolysis (see below).

PNPLA2 is expressed in all tissues, with highest levels in adipose tissues. LIPE expression has also been found to be higher in adipose tissues, while MGLL is ubiquitously expressed [50]. Other lipases, including PNPLA3/adiponutrin (patatin like phospholipase domain containing 3) or PNPLA5, which share significant sequence identity with PNPLA2, are also present on LDs and catalyze the hydrolysis of TAGs into DAGs [51]. ATG proteins have been found on the LDs surface as well. In particular, ATG2A, ATG14L and lipidated LC3 decorate LDs and are involved in the regulation of LDs volume and/or distribution [START_REF] He | Effects of particle size and surface charge on cellular uptake and biodistribution of polymeric nanoparticles[END_REF][START_REF] El-Mezayen | Oral vitamin-A-coupled valsartan nanomedicine: High hepatic stellate cell receptors accessibility and prolonged enterohepatic residence[END_REF][START_REF] Matsumura | A New Concept for Macromolecular Therapeutics in Cancer Chemotherapy: Mechanism of Tumoritropic Accumulation of Proteins and the Antitumor Agent Smancs[END_REF].

Interestingly, mutations in several LDs-associated proteins that lead to a defect in expression and/or enzymatic activity, have been associated with human diseases [38].

2.2.The biogenesis of lipid droplets.

LDs arise from the ER, where several neutral lipid biosynthetic enzymes are localized.

Among these enzymes, there are the GPAT (glycerol-3-phosphate acyltransferase) enzymes, which catalyze the first step of the glycerol-3-phosphatepathway, the main cellular process that leads to the synthesis of TAGs in most cell types [START_REF] Begines | Polymeric nanoparticles for drug delivery: Recent developments and future prospects[END_REF]. GPATs acylate glycerol-3phosphate and acyl-coenzyme A (CoA) to generate lysophosphatidic acids, which are converted into phosphatidic acids by the 1-acyl glycerol-3-phosphate acyltransferase.

Subsequently, LPIN/phosphatidate phosphatase LPIN (lipin) enzymes dephosphorylate the phosphatidic acids to generate DAGs, which are finally transformed into TAGs by diacylglycerolacyltransferases (DGATs) [START_REF] Zielinska | Polymeric Nanoparticles:Production, Characetrizatin, Toxicology and Ecotoxicology[END_REF]. In the small intestine, liver and adipose tissue, TAGs can also be synthesized through the monoacylglycerol (MAG) pathway [START_REF] Walkey | Nanoparticle size and surface chemistry determine serum protein adsorption and macrophage uptake[END_REF]. This pathway produces DAGs MAGs and shares the final step with the glycerol-3phosphatepathway. Other ER resident enzymes such as ACAT1 (acetyl-CoA acetyl transferase 1) and ACAT2, produce the SE from sterols [38]. The process of de novo LDs biosynthesis is divided in three major steps: (i) nucleation, (ii) growth and (iii) budding (Fig. 1) [START_REF] Danhier | To exploit the tumor microenvironment: Passive and active tumor targeting of nanocarriers for anti-cancer drug delivery[END_REF]. Although the exact molecular mechanism of those different steps is still not yet fully understood, recent research has shed light on this important cellular process, and a consensus for the biogenesis of LDs is emerging. The nucleation step begins with the formation of an oil lens structure between the two leaflets of the ER membrane, which originates from the accumulation of the newly synthesized TAGs and SE [START_REF] Chi | Recent advances of nanomedicines for liver cancer therapy[END_REF][START_REF] Conde | Revisiting 30 years of biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine[END_REF]. The oil lens formation appears to be a lipid driven process, which does not rely on specific proteins as previously suggested [START_REF] Heath | Antibody targeting of liposomes: Cell specificity obtained by conjugation of F(ab′)2 to vesicle surface[END_REF]. It has been shown that the presence of non-bilayer lipids, such as phosphatidic acids and DAGs, in the ER bilayer increases the bilayer tension impeding LDs formation [START_REF] Heath | Antibody targeting of liposomes: Cell specificity obtained by conjugation of F(ab′)2 to vesicle surface[END_REF]. As a result, transformation of these lipids into TAGs has the opposite effect, i.e., inducing LDs biogenesis. Nevertheless, two ER-resident protein families, the FITM/FIT (fat storageinducing transmembrane protein) and the BSCL2/seipin (BSCL2 lipid droplet biogenesis associated, seipin) protein family, play an indirect role in the emergence of oil lens [START_REF] Leserman | Targeting to cells of fluorescent liposomes covalently coupled with monoclonal antibody or protein A[END_REF]. On the one hand, FITM proteins, in particular FITM2, are thought to be acyl-coenzyme A diphosphatases [START_REF] Anselmo | Nanoparticles in the clinic: An update[END_REF]. Their activity could promote the decrease of DAG level in the proximity of LDs' budding site, at the cytosolic leaflet of the ER membrane, to help the unidirectional LD emergence [START_REF] Hoff | Phase I Study of PSMA-Targeted Docetaxel Containing Nanoparticle BIND-014 in Patients with Advanced Solic Tumors[END_REF]. On the other hand, BSCL2/seipins may regulate the local synthesis and distribution of phospholipids, such as phosphatidic acid, in the ER, and they interact and negatively control GPAT activity [START_REF] Cullis | Lipid Nanoparticle Systems for Enabling Gene Therapies[END_REF][START_REF] Buschmann | Nanomaterial delivery systems for mrna vaccines[END_REF][START_REF] Mcbain | Magnetic nanoparticles for gene and drug delivery[END_REF][68]. Normal levels and distribution of phosphatidic acid in the ER allow LDs to form and grow properly. Additional proteins that can modulate membrane rearrangements, including the ER membrane shaping proteins such as RTN (reticulon) and ATL (atlastin) proteins or LD coat proteins such as PLIN3, play a role in biogenesis of LDs [38]. However, the exact mechanism by which those proteins promote the formation of LDs remains to be determined. The growth step is characterized by the phenomenon of ripening, a slow process that is promoted by the diffusion of molecules from the volume of smaller LDs towards larger LDs, and fusion [START_REF] Danhier | To exploit the tumor microenvironment: Passive and active tumor targeting of nanocarriers for anti-cancer drug delivery[END_REF]. This event is followed by the budding step, which is usually completed in mammalian cells while in yeast, LDs remain associated with the ER (Fig. 1) [START_REF] Chi | Recent advances of nanomedicines for liver cancer therapy[END_REF]69]. After budding, LDs can still expand, either through LD-LD fusion, a process known as coalescence, transfer of TAGs from the ER to LDs via membrane contact sites, or local TAGs synthesis at the LD surface [70,71].

2.3.The functions of lipid droplets.

An important function of LDs is to store non-esterified FFAs as inert TAGs, since an excess of FFAs in the cytoplasm would trigger the formation of harmful bioactive lipids, causing lipotoxicity [72]. Other main functions of LDs are to provide building blocks for the biosynthesis of cellular membranes and other lipid species, as well as for metabolic energy through FFAs β-oxidation when nutrients are scarce [73]. LDs also play roles in the assembly of viruses such as hepatitis C virus, protein sequestration, and membrane trafficking and signaling [74].

One of the most interesting research areas on LDs is the characterization of membrane contact sites of LDs with other organelles, which are important for the fine-tuning of the regulation of LDs functions. In addition to have membrane contact sites with ER, LDs physically communicate with peroxisomes to facilitate the transfer and the β-oxidation of very long chains and branched FFAs [75,76]. In addition, LDs often interact with mitochondria in a PLIN5-dependent manner, in response to nutrient deficiencies in cultured cells, and to exercise in the skeletal muscles of animals [77,78]. These LD-mitochondria contact sites might help the transfer of FFAs for the β-oxidation [73], although direct evidence for this event is lacking. Finally, LDs have also been functionally linked to macroautophagy. In this context, it has been shown that neutral lipid stores are mobilized from LDs to support the formation of the autophagosomes in both yeast and mammalian cells [51,79,80]. In summary, all these findings support our view on LDs, which are now considered to be highly dynamic organelles rather than inert fat bodies.

Catabolism of lipid droplets: neutral and acid lipolysis

The term lipolysis refers to the hydrolysis of the ester bonds of TAGs, to generate FFAs and glycerol. Cells are unable to uptake exogenous TAGs as they can only assimilate FFAs. Thus, lipolysis is essential to process dietary TAGs and lipoprotein-associated TAGs for the subsequent cellular uptake of FFAs from blood and intestine. In addition, lipolysis is required for the metabolism of TAGs endocytosed in association with lipoproteins from the blood, known as intracellular lipolysis. Intracellular lipolysis is also critical to catabolize TAGs stored in LDs in both adipose and non-adipose tissues. In contrast to adipose tissues, which secrete lipolysis products into the bloodstream, non-adipose tissues mobilize lipolysis products when cells require FFAs and glycerol to either generate energy or build new macromolecules [72,81]. Intracellular lipolysis can be divided into neutral and acid lipolysis, depending on the pH value and subcellular location where this process takes place. Neutral lipolysis occurs in the cytoplasm, at neutral pH, and it is mediated by a series of cytosolic lipases that directly act on the TAGs and cholesteryl esters stored in LDs. Neutral lipolysis of TAGs requires the consecutive action of the three neutral lipases (i) PNPLA2, which preferentially catalyzes the hydrolysis of TAGs into DAGs, (ii) LIPE, which mainly mediates the processing of DAGs into MAGs, as well as the hydrolysis of the ester bonds of other lipids such as cholesteryl esters, and (iii) MGLL, which catalyzes the hydrolysis of MAGs into glycerol [72]. In contrast, acid lipolysis takes place at acidic pH inside lysosomes, and is mediated by lipases such as the LIPA/LAL (lipase A, lysosomal acid), which are believed to hydrolyze TAGs and cholesteryl esters, while acid phospholipases and proteases break down LDs-associated phospholipids and proteins, respectively. Acid lipolysis hydrolyzes lipids delivered into lysosomes by both receptor-mediated endocytosis of lipoproteins and lipophagy [72,82]. In this context, the finding that LDs could be delivered into lysosomes for turnover by macrolipophagy in 2009, was a ground-breaking finding in the field of both lipolysis and autophagy research [83], and added a new level of complexity to our view on the regulation of LD catabolism. In extension, the direct engulfment of LDs by endosomes or lysosomes/vacuoles, known as microlipophagy [84], as well as the degradation of LDsassociated proteins by CMA, have been reported more recently [49].

Macrolipophagy.

Similar to bulk non-selective autophagy, lipophagy can occur via both macro (Fig. 2A) and microautophagic mechanisms (Fig. 2B) depending on how LDs are transported into lysosomes/vacuoles [83,84]. Macrolipophagy involves the autophagosome-mediated sequestration of LDs and their subsequent delivery to lysosomes/vacuole for turnover [83],

which were originally reported to occur in mouse hepatocytes that have been supplemented

with oleate and then subjected to nutrient starvation [83]. Inhibition or loss of autophagy caused an increase in TAGs and LDs levels in vitro and in vivo, a decrease in TAGs breakdown and a colocalization between ATG components and TAGs or LDs proteins [83].

Macrolipophagy has subsequently been described in many other mammalian cell types [41,[85][86][87][START_REF] Cairo | Thermogenic activation represses autophagy in brown adipose tissue[END_REF][START_REF] Martinez-Lopez | Autophagy in the CNS and periphery coordinate lipophagy and lipolysis in the brown adipose tissue and liver[END_REF][START_REF] Lam | Reversal of intramyocellular lipid accumulation by lipophagy and a p62-mediated pathway[END_REF][START_REF] Minami | Lipophagy maintains energy homeostasis in the kidney proximal tubule during prolonged starvation[END_REF][START_REF] Miceli | The primary cilium and lipophagy translate mechanical forces to direct metabolic adaptation of kidney epithelial cells[END_REF][START_REF] Kaini | Autophagy regulates lipolysis and cell survival through lipid droplet degradation in androgen-sensitive prostate cancer cells[END_REF] and it therefore appears that this process contributes ubiquitously to the mobilization of lipids stored in LDs in higher eukaryotes [81].

As macroautophagy, macrolipophagy requires ATG proteins, in particular those composing the highly conserved core machinery [83]. In mammals, sequestration of LDs appears to be through a piecemeal process, where phagophores sequester only a portion of the LDs [83]. Why phagophores may not engulf entire LDs is unclear, but it has been suggested that it is due to their enormous size [83]. In this context, it has been proposed that neutral lipolysis targets large LDs to (i) decrease their volume as well as to (ii) create small nascent LDs, generated by re-esterification of FFAs, which are then accessible for macrolipophagic sequestration [START_REF] Schott | Lipid droplet size directs lipolysis and lipophagy catabolism in hepatocytes[END_REF]. Indeed, predominantly small LDs are targeted by the macrolipophagic machinery since lysosomal inhibition has been shown to lead to the accumulation of small LDs within autophagosomes [START_REF] Schott | Lipid droplet size directs lipolysis and lipophagy catabolism in hepatocytes[END_REF]. Although the exact mechanism that allows lipophagic autophagosomes to preferentially sequester smaller LDs remains has yet to be deciphered, current evidence suggests that LDs could be selectively recognized in both an Ub-dependent and -independent manner.

Ub-dependent macrolipophagy.

AUP1 (AUP1 lipid droplet regulating VLDL assembly factor)is a highly conserved and broadly expressed LD surface protein that is able to interact and thus recruit the UBE2G2/UBC7 (ubiquitin conjugating enzyme E2 G2) [START_REF] Spandl | Ancient ubiquitous protein 1 (AUP1) localizes to lipid droplets and binds the E2 ubiquitin conjugase G2 (Ube2g2) via its G2 binding region[END_REF]. This could provide a possible molecular connection between LDs and ubiquitination as a putative lipophagy promoting signal, although a link with the subsequent Ub-dependent autophagic degradation of LDs remains uncertain (Fig. 2A). Interestingly, Dengue virus induces deubiquitination of AUP1

and UBE2G2 [START_REF] Zhang | Flaviviruses exploit the lipid droplet protein AUP1 to trigger lipophagy and drive virus production[END_REF], which is necessary to induce macrolipophagy and subsequent β-oxidation of the resulting FFAs to generate energy necessary for Dengue virus replication and virus production [START_REF] Zhang | Flaviviruses exploit the lipid droplet protein AUP1 to trigger lipophagy and drive virus production[END_REF].

Another study has shown that the localization of the adaptor protein SPART/SPG20

(spartin) on LDs is stimulated in several cell lines fed with oleic acid, and that this association with LDs occurs through the binding of SPART C-terminal region with PLIN3 [START_REF] Eastman | A role for ubiquitin ligases and Spartin/SPG20 in lipid droplet turnover[END_REF] (Fig. 2A).

Importantly, depletion of SPART causes an increase in both number and size of LDs in HEK 293T cells fed with oleic acid [START_REF] Eastman | A role for ubiquitin ligases and Spartin/SPG20 in lipid droplet turnover[END_REF]. SPART recruits homologous to E6-AP C terminus (HECT) Ub ligases though an interaction between its PPxY motif and the WW domain in the HECT ligases [START_REF] Eastman | A role for ubiquitin ligases and Spartin/SPG20 in lipid droplet turnover[END_REF]. One of those ligases is WWP1 (WW domain containing E3 ubiquitin protein ligase 1), which interacts and monoubiquitinates SPART, triggering its degradation and preventing its accumulation in LDs [START_REF] Eastman | A role for ubiquitin ligases and Spartin/SPG20 in lipid droplet turnover[END_REF]. The role of WWP1 in LD turnover has not been

clearly defined yet, but it may be that by controlling SPART levels via ubiquitination, it permits to regulate macrolipophagy. Another HECT E3 Ub ligase is ITCH/AIP4 (itchy E3 ubiquitin protein ligase), which is also recruited and activated onto LDs by SPART (Fig. 2A).

In this case, however, ITCH does not modify SPART but rather polyubiquitinates PLIN2 (Fig. 2A), and potentially other LDs-associated proteins [START_REF] Hooper | Spartin activates atrophin-1-interacting protein 4 (AIP4) E3 ubiquitin ligase and promotes ubiquitination of adipophilin on lipid droplets[END_REF]. PLIN2 negatively affects the turnover of the LDs pool of TAGs [START_REF] Tsai | The constitutive lipid droplet protein PLIN2 regulates autophagy in liver[END_REF]. Although these observations indicate that SPARTand ITCH-mediated ubiquitination of PLIN2 could initiate Ub-dependent macrolipophagy, more direct evidence supporting this notion need to be collected [START_REF] Eastman | A role for ubiquitin ligases and Spartin/SPG20 in lipid droplet turnover[END_REF][START_REF] Hooper | Spartin activates atrophin-1-interacting protein 4 (AIP4) E3 ubiquitin ligase and promotes ubiquitination of adipophilin on lipid droplets[END_REF].

Immunofluorescence and co-immunoprecipitation experiments performed in a separate study revealed that rapamycin-induced autophagy in myocytes cultured in the presence of an equimolar mixture of oleate and palmitate, triggers the binding of SQSTM1 to PLIN2 on the surface of LDs [START_REF] Lam | Reversal of intramyocellular lipid accumulation by lipophagy and a p62-mediated pathway[END_REF] (Fig. 2A). Under these conditions, an enhancement of the macroautophagic flux and a concomitant decrease in lipid content was observed, suggesting that SQSTM1 may direct LDs sequestration into autophagosomes [START_REF] Lam | Reversal of intramyocellular lipid accumulation by lipophagy and a p62-mediated pathway[END_REF]. LDs can be selectively recognized in both an Ub-dependent and -independent manner. On the one hand, during Ub-dependent macrolipophagy, the LDs surface protein AUP1 binds and recruits the Ubligase UBE2G2, which could represent the functional link to the subsequent Ub-dependent macroautophagic degradation of LDs. On the other hand, SPART binds the LDs-anchored protein PLIN3 and promotes the recruitment of the Ub ligase ITCH/AIP4.

ITCH polyubiquitinates PLIN2 (and potentially other LDs-associated proteins), leading to the association of the macroautophagy cargo receptor SQSTM1/p62, which triggers macrolipophagy. During Ub-independent microlipophagy, both PNPLA2/ATGL and LIPE/HSL, which are distributed on the phospholipid monolayer limiting LDs, interact with MAP1LC3A/LC3 via their LIR motifs, inducing the local, in situ, formation of a phagophore.

It remains unknown whether the Ub-dependent and -independent macrolipophagy are mutually exclusive or act concomitantly/sequentially. RAB10, RAB7, EHBP1and EHD2 have also been implicated in macrolipophagy. However, it is unclear whether they are playing a role in the Ub-dependent, the Ub-independent or both processes of macrolipophagy. The formation of these vacuolar microdomains also involve core ATG proteins such as Atg7, Atg8, Atg6 and Atg14. Additionally, an ATG machinery-independent microlipophagy has been described and requires ESCRT components such as Vps24 and Vps27 (C) During CMA of LDs-anchored proteins, the cytosolic chaperone HSPA8/HSC70, together with its cochaperones, recognizes proteins possessing a KFERQ motif, including PLIN2, PLIN3 and PLIN5. This cargo-chaperone complex then binds LAMP2 present of the surface of lysosomes, which mediates the unfolding and translocation into the lumen of this organelle of the targeted cargo to be degraded. CMA-mediated degradation of PLIN proteins promotes the recruitment of PNPLA2/ATGL and ATG machinery components onto LDs, making CMA an upstream regulator of both neutral lipolysis and macrolipophagy.

Ub-independent macrolipophagy.

Evidence suggests that LDs could be selectively targeted to macrolipophagy in a Ubindependent manner. Both PNPLA2 and LIPE, which are distributed on the phospholipid monolayer limiting LDs, contain several putative LIR motifs. Co-immunoprecipitation experiments have revealed that these proteins interact with LC3, and therefore could dock LDs onto the cytoplasmic surface of autophagosomes [START_REF] Martinez-Lopez | Autophagy in the CNS and periphery coordinate lipophagy and lipolysis in the brown adipose tissue and liver[END_REF] (Fig. 2A). Mutation of the LIR motif at amino acid positions 147-150 dissociates PNPLA2 from LDs and disrupts PNPLA2mediated lipolysis [START_REF] Martinez-Lopez | Autophagy in the CNS and periphery coordinate lipophagy and lipolysis in the brown adipose tissue and liver[END_REF], suggesting that the interaction with LC3 may be important for neutral lipolysis, but not necessarily showing that PNPLA2 mediates macrolipophagy [START_REF] Martinez-Lopez | Autophagy in the CNS and periphery coordinate lipophagy and lipolysis in the brown adipose tissue and liver[END_REF]. Another possible scenario could be that autophagosomes recruit cytosolic lipases like PNPLA2 in a LIR motif-dependent manner, to consume large LDs until their size allows to be engulfed by an autophagosome. This assumption is supported by the recent study, which indicates that PNPLA2 targets large size LDs upstream of macrolipophagy [START_REF] Schott | Lipid droplet size directs lipolysis and lipophagy catabolism in hepatocytes[END_REF], and it has been shown that Altogether, these data suggest that PNPLA2 could be an Ub-independent macroautophagy receptor that targets LDs to degradation and there could also be a mechanism of Ub-independent macrolipophagy.

Small RAB GTPases in macrolipophagy induction.

Another group of proteins that have also been linked to macrolipophagy are members of the RAB protein family. RAB proteins are small GTPases that act as switches and in their GTPbound form, recruit effector molecules for the regulation of intracellular vesicle trafficking 

Macrolipophagy regulation.

The observation that both macroautophagy and lipolysis are regulated hormonally by insulin and glucagon, and that they are enhanced during starvation, led to the idea that macroautophagy may contribute to LDs breakdown and to the first report on macrolipophagy [83]. Ever since, the regulation of macrolipophagy induction has been shown to be a complex cellular and physiological response triggered by starvation and FFAs loading [83], as well as 

hormones

Microlipophagy.

A series of recent studies revealed that turnover of LDs can also be mediated by macrolipophagy (Fig. 2B). In yeast, lipophagy appears to actually not involve a macroautophagic process, at least in the tested conditions, but rather proceed through the direct engulfment of LDs by vacuoles [84,132,133]. The molecular requirements for yeast microlipophagy, however, are contradictory.

There are studies reporting that microlipophagy induced by nitrogen starvation, gradual glucose depletion or acute glucose deprivation, requires the core ATG machinery, even though this process presents microautophagic morphological features and proceeds in the absence of autophagosomes [24,84,133,134]. These works, however, obtained contrasting results regarding the implication of specific Atg proteins known to be exclusively involved in selective types of autophagy [84,133] 2B). This finding could imply an indirect involvement of macroautophagy in microlipophagy, as delivery of organelles and thus lipids by autophagosomes will supply the amounts of sterols necessary for the formation of the raft-like vacuolar microdomains. Intriguingly, the core ATG machinery component Atg14, translocates from ER exit sites onto sterol enriched raft-like vacuolar microdomains in response to acute glucose starvation that leads PRKA activation, and there, together with Atg6, facilitates microlipophagy initiation, including vacuole docking and internalization of LDs [24] (Fig. 2B). Cells that cannot activate PRKA or lack either Atg14 or Atg6, do not deliver LDs into the vacuole and fail to thrive under acute glucose starvation [24].

Interestingly, atg14Δ and atg6Δ knockout strains form little or no raft-like vacuolar domains, suggesting that these two proteins and possibly the PtdIns3K complex that are part of, play a key role in the remodeling of the vacuolar membrane under nutrient deprivation conditions

[138] (Fig. 2B). Ypt7, the yeast ortholog of RAB7, also associates with LDs and a recent study has revealed its involvement in the regulation of LDs dynamics and membrane trafficking between the vacuole and LDs According to the current evidence, different conditions lead to the induction of microlipophagy in yeast, and it appears that among few mechanisms of microlipophagy, some Atg machinery-dependent, exist. This is in line with the current view that there are at least three types of microautophagy, two taking place at the vacuoles/lysosomes and one at the endosomes [28]. Future studies are needed to unveil the precise mechanisms underlying microlipophagy and their regulation.

Chaperone-mediated autophagy and the degradation of lipid droplet surface proteins.

Although CMA targets only proteins and not organelles such as LDs, several findings support a role for CMA in the catabolism of LDs by selectively breaking down proteins present on their surface [49,143]. In particular, PLIN2 and PLIN3, are the earliest LDs-anchored proteins reported to be CMA substrates [49] (Fig. 2C). Expression of CMA-resistant PLIN proteins, or CMA inhibition, e.g., in mouse liver, reduces the association of the neutral lipase PNPLA2

and core ATG proteins with LDs, which in turn causes an accumulation of LDs and a decrease in lipid β-oxidation [49].Therefore, it is believed that CMA-mediated degradation of PLIN2 and PLIN3 stimulates macrolipophagy by promoting the recruitment of PNPLA2 and macrolipophagy machinery components on LDs. A follow-up study showed that PRKA phosphorylates PLIN2, an event that is required for CMA-mediated degradation of this protein [143]. More recently, it has been shown that PLIN5 is also a CMA substrate (Fig. 2C) and that LD break down is impaired when CMA-mediated PLIN5 degradation is inhibited by LAMP2 depletion in mouse livers and HepG2 cells [144]. Overall, these studies present CMA-mediated degradation of PLIN proteins as an upstream regulatory event that is critical for both neutral lipolysis and induction of macrolipophagy, highlighting the important role of selective autophagy in the control of LD catabolism and the crosstalk between neutral lipolysis and lipophagy.

Dysregulation of autophagy and lipid droplet function in non-alcoholic steatohepatitis

The regulation of lipid metabolism by autophagy is critical for cellular and organismal homeostasis. Defects in autophagy and lipid metabolism are associated with a diverse set of human metabolic diseases, including liver diseases. In liver, the process of autophagy has been studied since the 1960's and a large body of evidence identified hepatic macroautophagy as an important intrinsic mechanism relevant to human liver diseases [145,146], such as HCC and non-alcoholic fatty liver disease (NAFLD). In this context, impaired lipophagy has been discussed as a risk factor for NASH, a type of FLD considered an increasing threat to human health worldwide [147,148]. Impaired lipophagy has also been found to be associated with disease progression in NAFLD patients [149]. Hence,lipophagy regulators such as FGF21 and the members of the FOXO and TFEB protein families (see section 3.1.4) are considered as possible targets for future rational therapies that may combat NASH through the modulation of macroautophagy [150-154]. In the following, we discuss insights into the functional relationship between autophagy, macrolipophagy and NASH.

Non-alcoholic steatohepatitis.

NASH is a metabolic disease of the liver characterized by hepatic lipid accumulation 

NASH mouse models.

Several mouse models of NASH have been developed and they can be categorized into diet-, genetic-and chemically-induced models ( 

Lipid metabolism in NASH.

The liver is a major site of lipid esterification and mitochondrial ß-oxidation [170]. FFAs from adipose tissue, diet and de novo lipogenesis are stored within LDs in hepatocytes. Dysregulated de novo lipogenesis (DNL), neutral lipolysis and macrolipophagy play a role in the development of NASH. 1). This study implicated a role of ACAC not only in hepatocyte TAGs accumulation, but also in the activation of HSCs.

De novolipogenesis in NASH.

Lipolysis in NASH.

Normally, circulating insulin prevents neutral lipolysis and promotes lipogenesis in adipose Mice lacking PNPLA2 have increased levels of TAGs in both adipose and non-adipose tissues [190]. In particular, the pnpla2 -/-mice showed a 2.3-fold increase in hepatic TAGs accumulation [190]. Elevated hepatic steatosis in pnpla2 -/-mice with a 3-fold increase; the most severe steatosis in mice on a HFD [191]. Furthermore, adenoviral-mediated knockdown of hepatic PNPLA2in mice led to steatosis regardless of whether the animals were fed with a HFD or standard chow [192]. Conversely, PNPLA2 overexpression in primary hepatocytes prevents lipid accumulation and augments TAGs turnover [192].

Altogether, even if dysregulated neutral lipolysis appears to play a role in the development of NASH, data obtained from pnpla2 -/-cells or mice should be interpreted with caution knowing that PNPLA2 could act as a macrolipophagy receptor.

Lipophagy in NASH.

HEPATOCYTE MACROLIPOPHAGY IN NASH.

ATG proteins have been found to be dysregulated in the livers of NASH mouse models. In genetic and dietary-induced NASH models, macroautophagy was found to be downregulated in the liver, particularly by Atg7 expression downregulation. Conversely, Atg7 overexpression in lep -/-mice (Table 1) prevented accumulation of lipids in hepatocytes through the stimulation of macrolipophagy [193]. In a HFD NASH mouse model, Atg5, Atg12 and Atg16L1 mRNA expression was found reduced [194]. Inhibition of autophagy by Atg5 knockdown or 3-methyladenine in cultured rat hepatocytes, in combination with either FFAs supplementation or MCD medium, increased LDs accumulation [83]. Altogether, these studies suggest that ATG proteins can be downregulated in NASH and that induction of macrolipophagy in hepatocytes through ATG overexpression can reduce lipid accumulation.

In contrast, other studies have challenged this notion and implicate autophagy deficiency to be protective against HFD-induced obesity and insulin resistance. For example, hepatocyte-specific Atg7 deficiency attenuated steatosis in mice on a HFD [195].

Furthermore, hepatocyte-specific RB1CC1/FIP200 (RB1 inducible coiled-coil 1) deficiency resulted in a decrease in liver TAGs and a decrease in LDs in fasted condition compared to hepatocyte autophagy efficient mice. However, Sirius Red staining and mRNA expression levels showed increased fibrosis and inflammation [196]. Additional studies also show autophagy deficiency through hepatocyte-specific Atg7 or Atg5 deletion to reduce hepatic LD accumulation and protect against steatosis, but in the context of starvation rather than models of NASH [START_REF] El-Mezayen | Oral vitamin-A-coupled valsartan nanomedicine: High hepatic stellate cell receptors accessibility and prolonged enterohepatic residence[END_REF][197][198][199]]. To date, many studies have shown autophagy deficiency to contribute to hepatic steatosis and induction of macrolipophagy in hepatocytes to be beneficial in overcoming lipid accumulation. Intriguingly, few studies show autophagy deficiency to protect against HFD-induced steatosis. The discrepancies in these studies may be due to the different knockouts of Atg genes used. Further studies on how Atg genes participate in lipid Glutathione and N-acetyl-cysteine impaired autophagosome formation and macroautophagic flux, as well as binding between PtdIns3K complex and RAB25. Thus, the augmentation of ROS levels during HSCs activation contribute to LDs disappearance through increased PtdIns3K-RAB25 interaction and enhanced macrolipophagy, the effects of which can be avoided by ROS scavengers [224]. These studies implicate both ROS and LPS in the activation of HSCs through macrolipophagy.

All this compelling evidence shows that macrolipophagy leads to the activation of HSCs and subsequent fibrosis, rather than playing a protective role against NASH.

HEPATIC MACROPHAGE MACROLIPOPHAGY IN NASH.

Macroautophagy has a role in macrophage polarization towards their anti-inflammatory M2 type [225]. In mice fed with a HFD for 12 weeks, macroautophagic flux was decreased in peritoneal and bone-marrow derived macrophages (BMDMs) [225]. Mouse bone-marrow derived macrophagess, but also Atg5-deficient KCs showed polarization anomalies with an increase in the pro-inflammatory M1 and a decrease in the anti-inflammatory M2 population 

LIVER SINUSOIDAL ENDOTHELIAL CELL MACROLIPOPHAGY IN NASH.

Although much less studied compared to the other major liver cells types, liver sinusoidal endothelial cells (LSECs) appear to play a role in NASH pathogenesis. Changes in LSECs have been observed in the HFD and choline-deficient mouse models, where KCs and HSCs 

Macrolipophagy in non-liver tissues over the course of NASH.

Transition from simple steatosis to NASH can be triggered by intrahepatic and extrahepatic events (Fig. 3). Extrahepatic events include adipose tissue dysfunction, intestinal dysbiosis 

Outlook

LDs are dynamic cellular organelles that consist of a neutral lipid core which is surrounded by a phospholipid monolayer and LD-associated proteins, particularly of the PLIN protein family. LDs serve as platforms for energy storage and have multiple functions in lipid and energy homeostasis, membrane and hormone biosynthesis, cell signaling and differentiation.

LDs are implicated in various metabolic diseases, such as obesity, atherosclerosis and FLD [245].The latter is the world's most common liver disease, characterized by an excessive fat in the liver and either related to alcohol consumption or not. In this context, NASH is a subtype of FLD, which is also defined by the accumulation of liver fat and characterized by liver inflammation.

Intracellularly, fat is stored in LDs and there is a complex relationship between LDs and autophagy (Fig. 1), as i) the autophagic machinery appears to be necessary for the formation of LDs, ii) LDs support the formation of autophagosomes, and especially iii) the autophagic machinery selectively breaks down LDs through (macro)lipophagy processes (Fig. 2). In the context of FLD, an enhancement of lipophagic activity in the liver, possibly combined with drugs that act on the lipid biosynthetic pathways, could be viewed as a possible future therapeutic strategy to reduce the symptoms of FLD and stop its progression to NASH (Fig. 3). However, as discussed in this review, autophagy modulation should be liver Even though the use of compounds that improve NASH by induction of autophagy is an extremely attractive hypothesis, it needs further investigation as potential therapeutic benefits could actually be traced back to modulation of additional pathways since none of these strategies act solely on autophagy [256]. In addition, the targeted modulation of autophagy in certain cells or tissues is a formidable challenge, as our molecular understanding of how autophagy is differentially affected in certain cell types of an organ, such as the liver, is limited. For this understanding, the elucidation of the molecular players that discriminate between autophagy and closely related mechanisms such as LC3-associated endocytosis or LC3-associated phagocytosis, is essential for the discovery of autophagy-selective therapeutic windows [257]. The development of small molecules that specifically modulate selective forms of autophagy, such as lipophagy in the liver, will be essential to understand the molecular mechanisms of lipophagy and pave the way for effective therapies for NASH and other human liver diseases. 

Nanomaterials

According to the European Recommendation 2011/696/EU, a nanomaterial is a natural, incidental or manufactured material containing particles (in the unbound state or as aggregate/agglomerate) and in which, for more than half of the particles, according to the number size distribution, one or more external dimensions is in the nanoscale size range (1-100 nm). The small size confers to the nanomaterial new and specific physicochemical properties such as new optical properties or conductivity 1 . Especially, the huge surface area to volume ratio of nanomaterials compared to larger material and the quantum confinement effect, account for the properties of nanometerials and their enhanced interaction with their environment. Nanomedicine is the science of using nanotechnology for the development of new medicines and is recognized by the EU as a Key Enabling Technology, with a large potential in addressing unmet clinical needs 2 . Their applications cover the whole field or medicine: diagnostic, therapeutic and regenerative medicine, while theranostics are nanomedicines comprising both a diagnostic and a therapeutic moiety in the same system 3 .

Nanomedicines for drug delivery

One of the major application of nanomedicines is drug delivery since it offers a versatile means of delivering small molecular-weight drugs, as well as macromolecules, such as genes, proteins, or peptides by either passive or active targeting to the tissue of interest.

Nanoparticles (NPs) can be used as drug delivery systems (DDS), which are used to carry therapeutic agents in vivo as a way to increase efficacy and safety. This is achieved by a)

improving the pharmacokinetic properties of drugs with a narrow therapeutic index b) enhancing intracellular delivery of active agents which diminishes the need for a higher dose to achieve equal therapeutic effects and c) passive or active targeting of the tissues/organs/cells that are in most need while sparing other tissues and d) target site accumulation of therapeutic agents. Different types of drug delivery systems exist, the most commonly used are liposomes, lipid particles, micelles, polymeric particles and dendrimers. 

Liposomes

The earliest and most thoroughly described DDS is liposomes, which were first described by Bangham and Horne in 1965 5 . Yet, the potential of liposomes as a drug delivery system was firstly introduced in 1972 by Gregoriadis and Ryman who used liposomes to transfer enzymes into liver cells of rats following an intravenous injection 6 . According to the FDA, a liposome is defined as an artificial vesicle consisting of a curved lipid bilayer (uni-lamellar liposome)

or concentric series of multiple bilayers (multi-lamellar liposome) separated by aqueous compartments 7 . The main structural components of liposomes are phospholipids, sphingolipids and cholesterol. Drugs can be incorporated in their lipid compartment, in the aqueous core, or in both. The first liposomal drug product, liposomal doxorubicin (Doxil ® ), was approved for ovarian cancer and AIDS' related Kaposi's sarcoma by the FDA in 1995 9 . To date, many more marketed liposomal products exist for various indications such as cancer, infectious diseases, analgesics, photodynamic therapy and for vaccination purposes 9 . Liposomes can be prepared by various methods such as the thin film hydration method, the ethanol injection method, the detergent removal and the reverse phase evaporation method 10 . With these methods, extrusion of the liposome suspension or sonication to achieve particles of homogenous size and often removal of the outside buffer is required, making the synthesis quite long. Recent advances in microfluidics have greatly simplified the process 11 . The main advantage of using liposomes as DDS is the versatility of the system (ability to encapsulate hydrophilic or hydrophobic drugs or both), the biocompatibility and suitability for industrial scale production. Some of the disadvantages are the need of highly pure lipids for their preparation, the difficulty in achieving high drug loading rates, stability issues and long-term storage.

Lipid nanoparticles

Lipid nanoparticles are relatively newer DDS compared to liposomes. They are to date, one of the most popular non-viral gene delivery system. They are comprised of a solid lipid core made of ionizable lipids, which are positively charged at low pH (enabling nucleic acid complexation) and neutral at physiological pH (reducing potential toxic effects) 12 . In 2018, FDA approved the first LNP marketed product (Onpattro ® ), which is a lipid nanoparticle (LNP)-based formulation of small-interfering RNA (siRNA) for the treatment of hereditary transthyretin (TTR) amyloidosis 13 . The LNP platform gained renewed interest during the ongoing COVID pandemic, with two mRNA LNP vaccines of Modena and Pfizer/Biontech having been granted Emergency Use Authorization and currently being administered to millions of people worldwide 14 .

Polymeric particles

Polymeric particles comprise another popular drug delivery system. They are made of natural polymers such as chitosan, alginate, gelatin or synthetic polymers, such as poly(D,L-lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(lactic-co-glycolic acid) (PLGA). PLA, PGA and PLGA were first used in the 60's for tissue repair and as surgical implants. Their advantage over natural polymers is that they can be synthetized in a controlled manner, with reproducible properties at a low cost and lack of immunogenicity 15 . Pioneer work of Robert Langer on the development of polymeric implants for controlled release of macromolecules 16 and synthesis of biodegradable, long-circulating polymeric nanospheres made of PLGA, polycaprolactone (PCL), and their copolymers 17 , paved the way to the commercialization of polymeric drug delivery systems. The first FDA approved PLGA-based drug delivery system was the Lupron ® Depot made of leuprolide acetate in a PLGA microparticle formulation for treatment of advanced prostate cancer 4 . PLGA and PLA have been widely used since then owing to their biodegradable, biocompatible properties, mechanical properties and ease of processing 18 . It is worth noting that PLA has lower water uptake properties and slower degradation compared to PLGA, which may result in a slower drug release for PLA particles compared to PLGA (although drug diffusion in the polymer matrix also influences release) 19 .

One advantage of PLA particles compared to PLGA ones is the increased stability in solution.

PLGA NPs most commonly have to undergo freeze-drying to ensure long term stability. In this study, we are focused on particles made of PLA. 

Polylactic acid (PLA)

Lactic acid (lactide) is a chiral polyesterand exists in two distinct optically active forms Llactic acid and D-lactic acid 20 . PLA polymer has first been reported to be synthetized by polycondensation of lactic acid in 1845 15 . Today, synthesis of PLA polymer can be performed either by direct polycondensation of lactic acid or by ring-opening polymerization of lactide (cyclic dimer of lactic acid); industrial production of PLA mostly depends on the latter route 15 . Metal catalysts are used in this process, which must be either safe and FDA approved or removed from the final product 21 .

i. Biodegradability

In vivo, PLA polymers undergo hydrolysis of their ester linkage to produce water soluble lactic acid monomers which dissociate to lactate and a proton (H + ). Lactate is further oxidized by the Lactate Dehydrogenase (LDH) to form pyruvate, which can enter the oxidative pathway to supply ATP via the Krebs cycle or to the gluconeogenesis pathway to generate endogenous glucose 22 . The degradation kinetic of PLA has been explored in different in vivo studies, mostly using PLA implants for tissue regeneration purposes. The degradation kinetic depends on many factors such as porosity of the material, dimensions of the PLA implant, the glass transition temperature, the molecular weight, morphology (amorphous, crystalline), the mechanism of hydrolysis, presence of additives and the site of implantation 23 . In one study, small blocks and rods of PLA of different molecular weight were implanted into the dorsal muscle of rats 24 . The PLA of 120 kDa was totally degraded after 2 years, while the PLA of 200 kDa was nearly totally degraded 24 . In another study, PLA microcapsules with a MW of 38,900 Da and a diameter of 30 μm were injected intramuscularly in the hind leg of rats 25 .

Light microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) observations revealed that one year after injection, the core of the microcapsules was eroded, with cell infiltrates present in the microcapsule interior and by day 420 post-injection, the microcapsules were totally degraded 25 . The in vivo degradation of PLA nanoparticles has not been thoroughly investigated. In one in vitro study employing TEM, PLA particles of a mean size of 120 nm could still be observed inside endosomes in mesenchymal stem cells 14 days after cell treatment 26 .

ii. Biocompatibility and interaction with the tissue microenvironment A biocompatible compound is inert within a living tissue or system by not being toxic and not causing injury and immunological rejection. Biocompatible material should also be able to degrade to harmless products that are fully eliminated by the body 27 . PLA has very good biocompatibility properties. Biocompatibility of PLA polymer is dependent on the intrinsic properties of the polymer or polymeric particles and on the interaction between the polymer and its biological environment 28 . One concern of using PLA polymer is the possible toxicity due to accumulation of acidic degradation products, such as lactic acid. Nevertheless, PLA degrades quite slowly in vivo, so accumulation of acid that cannot be readily neutralized by body fluids is rather unlikely 29 . Another great concern is the inflammatory reaction to PLA.

Implantation of PLA material leads to initiation of inflammatory reaction which aims to isolate and eliminate the foreign material and start the repair process. This phenomenon is known as the foreign-body reaction (FBR) and is characterized by an acute and a chronic phase response 30 . The acute reaction involves the formation of a protein film around the polymer material which signals the production of pro-inflammatory cytokines from local immune cells, histamine release from mast cells, recruitment of other immune cells in the site and secretion of angiogenic factors 29 . Neutrophils and lymphocytes are the main players of the acute phase, while monocytes and macrophages prevail in the chronic phase 29 . Activated macrophages can secrete reactive oxygen species, proteolytic enzymes and free radicals to degrade the biomaterial and/or try to phagocytose it 31 . During the chronic phase, macrophages that are unable to phagocytose the biomaterial may differentiate and fuse with each other to form foreign body giant cells (FBGC) with high extracellular material degradation capacity, high levels of lysosomes and respiratory enzyme activities 31 . In the case of PLA microspheres, FBGC will degrade the biomaterial until the spheres decrease in size and are able to be phagocytosed and further degraded 23 . Ultimately, biodegradable biomaterial will be completely degraded and the foreign body response will be resolved 31 . It is worth noting that these events are mostly associated with the implantation of polymeric device or microspheres larger than 10 μm 23 and not with IV administration of PLA nano-and micro-particulate systems. Much less is known regarding the degradation of PLA NPs following an intravenous injection. In one study, intravenous administration of 40-100 μm 5:25 poly(DL-lactic-coglycolic acid) into the portal vein of rats resulted in liver accumulation. Presence of FBGC was apparent only 4 weeks after injection and microspheres were totally degraded at 8 and 12

weeks (for microspheres of MW 72 kDa and 100 kDa, respectively) following injection 32 .

Induction of inflammation may be correlated with NP uptake, and are both particle size and shape-dependent 33 . These two physical parameters determine the effective surface area of the NP exposed and its interaction with the environment, which direct cellular uptake and inflammation 33 . Evaluation of the inflammatory response to nanomaterial is an important concept in drug development. One way to evaluate the acute inflammatory response to NP in vivo is by measuring the recruitment of immune cells (neutrophils and monocytes/macrophages) at the site of injection/accumulation and the levels of proinflammatory cytokines 33 . For long term studies, the accumulation of biomaterial degradation products and thickness of fibrous capsule formation around the nanomaterial are examined 33 . An interesting approach is the use of precision-cut liver tissue as an ex vivo model to monitor expression of fibrosis markers such as heat shock protein 47 and procollagen 1 after exposure to NPs 34 .

Polymeric particles are spontaneously formed due to interfacial, flow and diffusion phenomena. NP: nanoparticle; PLA: polylactic acid.

The molecule to be encapsulated is in the polymer-acetone phase and upon contact with the aqueous phase, particles will form instantaneously due to solubility and interface phenomena, first explained by the Marangoni effect 37 . Yet, the more modern explanation for this particle formation involves the Ouzo effect 38 . This model takes into account the polar character of the solute and the solvents. During nanoprecipitation, local supersaturation of the hydrophobic solute (PLA) leads to spontaneous nucleation in the form of small particles which will further grow due to Ostwald ripening (nucleation and growth processes) 38 .

. Polymeric particles result from the spontaneous nucleation of polymer and growth processes by diffusion or aggregation 39 .

The resulting NP suspension undergoes solvent evaporation under reduced pressure to get rid of the organic solvent. Nanoprecipitation typically results in particles with average sizes 150-300 nm, homogenous particle size distribution and a high encapsulation efficiency. The advantages of this synthesis method are: i) the very fast, one-step, straightforward synthesis method, for example 2-3 h are required for synthesis of up to 1100 mg or 2800 mg of PLA particles ii) the absence of surfactant in this synthesis process (although addition of surfactant can enhance colloidal stability) and iii) the ability to encapsulate relatively easily hydrophobic drugs. The disadvantage is that the success of preparing nanoparticles of appropriate size, high encapsulation efficiency with the absence of aggregates is restricted to a narrow region of the polymer-organic solvent-water composition map, the so called Ouzo region 40 . Another limitation is that encapsulation of water soluble drugs is far less commonly reported with this method. Yet, in the last decades, encapsulation of the slightly water-soluble drug rivastigmine (logP 2.3 according to DrugBank) in Eudragit 41 particles and a modified nanoprecipitation method intended for entrapment in PLA and PLGA particles 42 have been reported, suggesting that nanoprecipitation is a more flexible synthesis method than initially thought.

From passive to active targeting and stimuli-activated nanoparticles

Lipid and polymeric NPs can be specifically designed to circulate longer in the bloodstream, to passively or actively target cancer cells, escape lysosomal degradation or release their cargo when an external stimulus is applied. The most common strategies for NP functionalized are briefly outlined below.

Passive targeting and the RES

Early drug delivery systems such as liposomes and polymeric particles incorporating a therapeutic agent were first used for local delivery of therapeutic agents or due to their passive targeting capabilities. The therapeutic drug could be either encapsulated in the nanoparticle during the synthesis process, incorporated at a later step, adsorbed on or chemically linked to its surface. Intravenously administered nanoparticles are rapidly taken up by cells and organs of the Reticuloendothelial system (RES), also called Mononuclear Phagocyte system (MPS) 43 . This is a global system of macrophages in the liver, spleen, and bone marrow, with nanoparticle clearance mostly occurring in the liver and spleen 43 , while NPs with a hydrodynamic diameter smaller than 5.5 nm are excreted by the renal (kidney) system 44 .The large capacity of the liver to sequester nanoparticles is explained by the large size of the liver compared to spleen and the fact that the liver (Fig. 6) contains approximately 80-90% of all macrophages of the body 45 .

Figure 6. The liver is the major organ of the reticuloendothelial system (RES) that entraps the vast majority of the intravenously administered nanoparticles. Image taken from 44 Upon intravenous administration, opsonins present in the blood serum readily bind the surface of conventional nanoparticles which facilitates their recognition by the macrophages of the RES 46 . Opsonins are any blood serum protein that contributes in the process of phagocytic recognition of NPs. For PLA NPs, complement proteins such as C3, C4, and C5 and immunoglobulins have been described as main opsonins 47 . Following opsonization, the macrophage attaches to the NP via surface bound opsonins, with subsequent activation of the complement or induction of phagocytosis 46 . Depending on the size and biodegradability, NPs that cannot be completely cleared in the bloodstream by macrophages, will accumulate and be stored in RES organs, most commonly the liver and spleen. Opsonization itself is rarely sufficient for a total clearance of NPs from the bloodstream. Rapid clearance from the circulation has been reported for particles larger than 500 nm in diameter, due to opsonization and complement activation 48 .

The set of proteins that bind to the NP surface is referred to as the protein corona 49 . It is now known that cell internalization and biodistribution of nanoparticle is extremely affected by the protein corona, which depends on nanoparticle properties such as surface charge, size, hydrophobicity, presence of ligands and morphology as well as medium composition in the in vivo microenvironment 50 . Positively charged poly(e-caprolactone) polymeric particles smaller than 250 nm in diameter, were found to bind human serum albumin more compared to negatively charged particles in an in vitro protein adsorption assay 51 . He et al. compared the uptake and biodistribution of negatively charged rhodamine-labeled carboxymethyl chitosan grafted NPs (up to -40 mV) and positively charged chitosan hydrochloride grafted NPs (up to + 35 mV), which had a size of 150 nm 52 . They found that macrophage uptake increased with the surface charge increasing (either positive or negative) and they observed a higher uptake of cationic particles compared to the anionic ones 52 . They also found no significant difference of biodistribution in the liver or spleen of tumor bearing mice among NPs with different surface charge 52 .

The route of administration and the in vivo microenvironment might also influence nanoparticle uptake and biodistribution. For example, Nile-Red liposomes accumulated mostly in the intestine after oral administration in healthy rats and in the intestine and liver of rats with a fibrotic liver (Fig. 7) 53 . This could be due an enhanced uptake of NPs by the fibrotic liver or due to a disrupted gut-liver axis in fibrotic rats. in the intestine of non-fibrotic rats, while they accumulate in intestine and liver of fibrotic rats. Image taken from 53 .

Passive targeting and the EPR effect

The enhanced permeability and retention (EPR) effect, first described in 1986, is a feature of solid tumors which allows macromolecules or nanoparticles (cutoff size of >400 nm) to preferentially accumulate and diffuse in tumor tissues 54 . Tumors are characterized by an abundant, but aberrant vasculature, which supplies the tumor with oxygen and nutrients, and poor lymphatic drainage due to dysfunctional lymphatic angiogenesis 55 . Furthermore, the endothelial junctions of tumor blood vessels are larger than normal, which allows macromolecules larger than 40 kDa and nanoparticles to percolate through these enlarged junctions and accumulate in the interstitial fluid and tumor environment 55 . Recent evidence however, challenges the simplistic EPR model by providing evidence of an intact tumor vasculature without large endothelial junctions 56 . NP accumulation in the tumor site is a result of an active vesicle-mediated transport process called transcytosis, rather than nanoparticle leakage through endothelial junctions 56 . Nevertheless, it is not known whether this phenomenon is universal to all solid tumors and for different types of NPs. Even by exploiting the EPR effect, the NP-drug accumulation in the tumor is quite low. A review of 232 articles from 2006-2016 revealed that only a median of 0.7% of the administered dose of nanoparticles reaches solid tumors and that the median delivery efficiency has not improved during the studied decade 44 .

PEG-ylation

As discussed before, adsorption of serum or plasma proteins (opsonins) on the nanoparticle surface enables NP phagocytosis by the RES. Addition of a polyethylene glycol (PEG)

coating renders nanoparticles ''stealth'', meaning that they are not readily taken up by cells of the RES and they circulate longer in the vascular compartment 17 . PEG chains may be covalently grafted to, entrapped in or adsorbed on NP surface or in the case of polymeric particles, PEG chains can be incorporatedas copolymers throughout the particle 47 . Peppas and colleagues have proposed a mechanism by which PEG exerts its stealth function: when free in solution, PEG chains have an extended conformation due to their hydrophilic and flexible nature. Opsonins and other proteins are attracted to NP surface by van der Waals and other forces, where they encounter the extended PEG chains and begin to compress them. This forces the PEG chains into a condensed and higher energy conformation resulting in an opposing repulsive force which may completely neutralize and/or over-power the attractive force between the opsonin and the particle surface 46 . Apart from PEGylation, other factors affecting opsonization and nanoparticle-RES interaction include size, composition, zeta potential and NP shape 43 . Pegylated NPs were originally designed for tumor applications, to enhance NP circulation time and enable drug delivery in tumor tissues.

Active targeting

Active-targeting NPs have been developed in order to improve drug delivery to the desired tissue or cell. Active targeting NPs can be prepared by conjugation or integration or adsorption of a ligand to the surface of a nanocarrier with the aim of promoting its interaction with a specific receptor that is expressed on the target cells while minimizing interaction with healthy cells 58 . Targeting ligands may be monoclonal antibodies (mAbs) and antibody fragments or non-antibody ligands (peptides or other) 58 (Fig. 8). The most common ligands used in liver cancer therapy include small molecular ligands such as galactose and folate, small peptides, macromolecular ligands such as transferrin, antibodies and aptamers 59 . or aptamers can be adsorbed or conjugated to the nanocarrier to enable active targeting. PEG chains render the nanocarrier ''stealth'', able to evade the macrophages of the reticuloendothelial system and circulate longer in the bloodstream. Other molecules that can be tethered to the nanocarrier surface are used as the main therapeutic agent or the tracking agents. Image taken from 60 . PEG: polyethylene glycol; siRNA: small inhibitory ribonucleic acid; ssDNA: single-stranded deoxyribonucleic acid.

Several antibody therapies have been approved for cancer, for example trastuzumab (anti-ERBB2, Herceptin ® ), bevacizumab (anti-VEGF, Avastin ® ) or etaracizumab, a humanized anti-αvβ3 antibody (Abegrin ® ) 58 . First reports of liposomes conjugated with antibody fragment 61 or liposomes covalently coupled to a monoclonal antibody or protein 62 appeared in the '80s. Yet, no active targeting nanoparticle product has been approved to date, although several are currently undergoing clinical trials and many more preclinical testing 63 . A clinical trial of a pegylated, HER2-targeted liposomal doxorubicin formulation (MM-302) has been halted 63 . SGT-53 is a cationic liposomal with anti-transferrin receptor antibody, encapsulating wildtype p53 sequence, currently undergoing a Phase II study in patients with recurrent glioblastoma 63 . CAA-01 was the first siRNA NP drug to be tested in the clinic. It consists of cyclodextrin-based polymer nanoparticles containing small interfering RNA targeted to ribonucleoside reductase M2 (RRM2) and harboring transferrin on its surface 64 . The program was not pursued for a clinical phase 2 due to cytokine release in patients. BIND-014 is an active targeting NP consisting of a PLA core with docetaxel and a hydrophilic PEG corona decorated with a small-molecule ligand targeting prostate-specific membrane antigen (PSMA), which is expressed on prostate cancer cell and cancer neovasculature 64 . BIND-014 has completed successfully a phase 2 clinical trial 64 . The translation of these active targeting NP strategies to the clinic is quite slow. This could be due to the modest delivery efficiency; a median of 0.9 % of the injected, active targeting NPs has been proposed to reach the tumor site compared to an 0.6 % for passive targeted NPs 44 .

Stimuli-responsive NPs

The next generation of NPs consist of stimuli-activated NPs. Stimuli can be internal or external. An example of internal stimuli is the acidic environment of an endosome or a tumor.

pH sensitive NPs are neutral in physiological pH but become protonated and destabilized in the acidic environment of the endosomes (~pH 6), thereby escaping lysosomal degradation and reaching the cytoplasm 65 . The mRNA LNP technology relies on ionizable lipids to ensure mRNA delivery in the cytoplasm 66 . Lyso-thermosensitive liposomal doxorubicin is being tested in many clinical trials for different types of solid tumors, where hyperthermia is applied externally to induce drug release at the tumor site 63 . Similarly, magnetic nanoparticles can be guided to the desired site with the aid of an externally applied magnetic field 67 .

Applications of nanomedicines for liver disease

Most nanomedicines are approved for cancer indications. This is explained considering the following: i) nanomedicines are thought to accumulate in the tumor sites due to the EPR effect of tumors ii) anticancer drugs are highly toxic and thus greatly benefit from incorporation in a drug delivery system, which enhances safety by reducing the administered dose and increasing the circulation time iii) there is and has always been an urgent need to develop anticancer therapies, which means that clinical developments of anticancer nanomedicines may have been advanced faster compared to nanomedicines for non-cancer indications. Nevertheless, actual delivery efficiency of intravenously administered NPs to tumor sites is below 1% 44 , which might explain the fact that not so many marketed nanomedicines exist despite extensive studies since the '60s. The liver and spleen are the major organs which sequester intravenously administered NPs, rendering the latter an attractive tool to treat liver diseases. Many ongoing clinical trials exploit nanoparticle technology to combat hepatocellular carcinoma (Table 1). 

Nanoparticles for the treatment of NAFLD and NASH

Non-alcoholic fatty liver diseases (NAFLDs) comprise a spectrum of liver diseases characterized by hepatic fat accumulation (steatosis). Non-alcoholic steatohepatitis (NASH) is the more advanced stage of the disease, characterized by steatosis, inflammation, cell death and fibrosis. NASH may further develop to cirrhosis and hepatocellular carcinoma (HCC), which has a poor prognosis 70 . NAFLDs are characterized by an increased synthesis of lipids (de novo lipogenesis) and a dysregulated lipid catabolism. Different hypotheses have been proposed to explain the progression from simple steatosis to NASH: the two hit hypothesis proposes that lipid accumulation in hepatocytes (the first hit) sensitizes the liver to a second hit, characterized by mitochondrial dysfunction, oxidative stress and release of inflammatory cytokines 71 . The multiple-hit hypothesis considers multiple parallel hits such as hepatic fat accumulation, insulin resistance, mitochondrial dysfunction, ER stress, gut microbiota, genetic and epigenetic factors as well as an altered metabolic crosstalk between different organs to have a role in NASH etiology 72 .

NAFLD and NASH have only been recently described to affect millions of people. One in four people worldwide suffers from NAFLD, and in the United States of America NAFLD and NASH affect the 30% and 5% of the population, respectively 73 . As a result, only in the last years, there have been studies employing NPs for the treatment of NAFLD and NASH (Table 2). An optimal treatment for fatty liver should help limit steatosis and prevent inflammation in the liver while a reduction of inflammation and fibrosis would be a suitable strategy for treating the most advanced disease stage, NASH. As these conditions are often accompanied by insulin sensitivity and obesity, ideally the treatment would also need to improve whole body metabolic parameters. Most nanomedicines are administered parenterally and accumulate in the liver, which is highly desired in the context of NAFLDs.

Nanomedicines offer multiple advantages such as the possibility to target specific cells of the liver, protect the drug from being metabolized, facilitate a delivery of poorly soluble drugs, enable a prolonged drug release, and alter the pharmacological features of the drug 74 . The benefits of using nanomedicines for the treatment of NAFLD and NASH have been shown in many studies (Table 2). For example, encapsulation of the poorly soluble curcumin in PLGA nanoparticles increased the bioavailability of this anti-oxidant by a factor of 40-fold compared to curcumin powder in rats and by 27-fold in humans 75 . Zhao et al. showed that PEG-PLGA nanoparticles with rapamycin (NP RAPA), a specific inhibitor of mTOR, ameliorated steatosis and liver injury more efficiently than the soluble rapamycin in mice fed with a high fatdiet (HFD), by liver histology (paraffin sections and Oil-Red stained cryosections) 76 . The authors showed that the improved performance of NP RAPA compared to free RAPA, was partially owing to a more pronounced down-regulation of SREBP-1c-mediated de novo lipogenesis and an upregulation of PPARa-mediated fatty acid oxidation gene expression in the liver 76 . Hinds and colleagues treated HFD-fed mice with pegylated bilirubin nanoparticles for 4 weeks. They found that treatment reduced hepatic steatosis and improved hepatic function (decreased alanine and aspartate transaminases (ALAT, ASAT) in serum and hepatic mRNA Tnfa levels) and decreased ApoB100 very low density lipoprotein (VLDL). These effects are thought to be due to activation of PPARα, which increases transcription of genes for β-oxidation of fatty acids (ACOX1acyl-Coenzyme A oxidase 1), resulting in elevated production of ketone bodies. Bilirubin NPs also inhibit de novo lipogenesis via inhibition of stearoyl-Coenzyme A desaturase 1 (SCD1) and fatty acid synthase (FAS) 77 . In another study, researchers synthesized hepatic targeted oxidized starch-lysozyme (OSL) nanocarriers with the nutraceutical resveratrol and treated HFD-fed mice for 6 weeks. The treatment resulted in decrease of steatosis in HFD-fed mice via an enhanced modulation of hepatic lipid signaling pathways by the OSL-resveratrol compared to the soluble resveratrol 78 . An interesting therapeutic approach includes the oral administration of redox nanoparticles which disintegrate in the stomach with the redox polymer being delivered to the liver, where it exerts its anti-fibrotic and anti-inflammatory effects in a NASH mouse model 79 . 

NP system

Limitations of using NPs for treatment of NAFLD and NASH

One limitation in using nanomedicines for treating NAFLD and NASH is patient compliance associated with parenteral administration of the nanomedicine. This route of administration could be feasible for the most at-risk patients, especially those with diabetes, who are often being often followed up in the hospital. However, in the context of NAFLD, which is a chronic disease, an orally administered drug would be preferred to a parenteral one. Oral administration of NPs is challenging because the NP has to withstand the acidic and proteolytic environment of the gastrointestinal tract, needs to cross the mucus barrier and the intestinal enterocyte lining before reaching the bloodstream 83 . An interesting approach is the use of lipid polymer hybrid nanoparticles containing chitosan (CS-LPNs) for oral delivery of silymarin for treating NAFLD 82 . Chitosan itself has various biological effects, such as immunoregulatory, antioxidant, lipid-lowering and mucoadhesive action 82 . Another interesting approach is by Eguchi and colleagues who used redox polymeric micelles RNP that disintegrate into individual polymers in the acidic environment of the stomach and are subsequently absorbed into the bloodstream 79 . The authors demonstrated that the polymer reached the liver after oral administration, where it decreased fibrosis and inflammation partially via suppressing oxygen species 79 . PLGA nanoparticles with curcumin were administered orally twice per day over the course of 3 months in obese patients with NAFLD.

The treatment resulted in decreased fatty liver degree, liver transaminases, inflammation markers and serum triglycerides 84 . In a study by El-Mezayenet al., oral administration of vitamin A-coupled valsartan liposomes resulted in enhanced liver accumulation of rats with a fibrotic liver, while same liposomes stayed mostly in the intestine of non-fibrotic rats 53 . The treatment resulted in reduced fibrosis and a near normalization of liver function 53 . The authors postulated that the observed effects were due to liposome uptake by hepatic stellate cells (major fibrinogenic hepatic cells) of the liver but a disrupted gut-liver axis 85 might have also contributed to the liposomes accumulating in the liver and not only in the intestine. These studies clearly demonstrate that oral administration of nanoparticles for the treatment of NAFLD is possible.

Another factor to consider is the biocompatibility and inert nature of the delivery system, as any treatment provoking inflammation in the liver, would aggravate NAFLD and NASH.

More specifically, nanoparticle-induced macrophage activation might contribute to the release of cytokines and activation of hepatic stellate cells, the fibrinogenic cells of the liver. Indeed, Bartneck and colleagues discovered that even low doses of gold nanorods conjugated with the peptide RGD or GLF polarized macrophages to M1 (pro-inflammatory) or M2 (antiinflammatory) in vivo and significantly exacerbated liver damage and disease in experimental immune-mediated hepatitis 86 . In this context, biodegradability, biocompatibility, degradation kinetics in vivo, dosing regimens and effect of NP on macrophage polarization and stellate cell activation should be carefully considered in preclinical studies.

A general limiting factor in the translation of nanomedicines to the clinic concerns Chemistry

Manufacturing and Control (CMC) and regulatory issues as well as development costs.

Formulation complexity and the extra care needed in successful nanomedicine upscaling are limiting factors in their commercialization 87 . All of the abovementioned points should be carefully considered early on in order to ease the transition of nanomedicines from conceptualization to preclinical and clinical studies.

PROJECT & OBJECTIVES

As discussed in Chapter 1, defects in autophagy are associated with metabolic diseases of the liver such as non-alcoholic fatty liver diseases (NAFLDs), including fatty liver disease and steatohepatitis (NASH). Modulation of autophagy for the treatment of NAFLDs has great therapeutic potential, but is hampered by i) the lack of agents that act selectively on the autophagic machinery and ii) the lack of tools to modulate autophagy in target cells or tissues in vivo. Nanocarriers can target specific organs such as the liver, thereby enhancing safety and efficacy of the delivered therapeutic agents, and are thus attractive candidates for the treatment of NAFLDs (Chapter 2).

The present thesis is performed within Adjuvatis, a biotechnology company specialized in the production and characterization of polymeric particles for drug delivery applications and the Verrier group in LBTI, a research group specialized in the evaluation of therapeutic formulations for viral infections, antibiotic therapy and for vaccine development purposes.

Previous work in the Verrier group showed that particles formulated with an immunomodulator could induce autophagy in a vaccine development context. Additionally, preliminary experiments showed that immunomodulatory particles can target the liver and constitute a promising strategy for treating hepatitis B infection.

Adjuvatis, as a beneficiary in a European Training Network (DRIVE) whose goal is to advance translational autophagy research, aims to evaluate the potential of its drug delivery system, to modulate autophagy for therapeutic purposes in the context of fatty liver diseases.

Therefore, the objectives of this project were:

-The first objective was to develop and characterize autophagy inducing particles, using an autophagy inducer. Different formulations were prepared and characterized for their size, charge and stability.

-The next objective was to evaluate the effect of this formulation on autophagy in vitro and compare it with the soluble molecule.

-The third objective was to evaluate the therapeutic potential of autophagy inducing particles in an in vitro model of steatosis.

-the fourth objective was to evaluate the ability of autophagy inducing particles to target the liver of healthy mice and mice with fatty liver disease. The efficacy of the formulation in mice with fatty liver disease was finally evaluated through a preliminary experiment.

Work was also carried out in parallel to pursue the one initiated in the Verrier group, and to screen immunomodulators (NOD2 agonists) for their ability to modulate autophagy.

Introduction

Autophagy is a fundamental catabolic, house-cleaning process, conserved in all cells and across all eukaryotic species, by which cells degrade their cytoplasmic cargo to maintain homeostasis 1 . Mammalian macroautophagy (autophagy) starts by the formation of cup-shaped structures called phagophores which elongate and engulf portions of the cytoplasm.

Phagophores will eventually become double-membraned autophagosomes which fuse with lysosomes, resulting in cargo degradation by hydrolases in the autolysosomes 2 . The degradation products, including amino acids, lipids, carbohydrates and nucleic acids, will be recycled back to the cytoplasm where they will serve as energy sources or as substrates for biosynthetic pathways 2 . Autophagy-related (ATG) proteins regulate the key steps in autophagosome formation, including initiation, nucleation, elongation and lysosome fusion.

The major components of the autophagic machinery are: the ULK1⁄2 complex, the class 3 phosphatidylinositol 3-kinase complexes, the ATG9 trafficking system and the ubiquitin-like conjugation systems, ATG12-ATG5 and ATG8 proteins, including MAP1LC3/LC3

(microtubule associated protein 1 light chain 3 beta). LC3 proteins are conjugated to the lipid phosphatidyl enhanol amine, yeilding LC3-II, which can be separated from the unlipidated LC3-I in SDS-PAGE gels. LC3-II is the only protein marker that is reliably associated with completed autophagosomes 3 . Macroautophagy can be either non-selective or selective; the former involves random sequestration of cytoplasmic material by autophagosomes, for example under nutrient starvation conditions 4 . In contrast, selective autophagy occurs under nutrient rich conditions. Depending on the cargo to be degraded and the molecular machinery involved, different types of selective autophagy have been identified, for example xenophagy (selective degradation of intracellular pathogens) 5 , mitophagy (removal of damaged mitochondria) 6 and lipophagy (degradation of lipid droplets) 7 .

Dysregulation of autophagy has been associated with various human diseases, most notably neurodegeneration 8 , cancer 9 and metabolic diseases 10 . Among the latter, non-alcoholic fatty liver disease has gained epidemic proportions and its progression to steatohepatitis (NASH) is a major health problem 11 . Approximately one in four people suffer from NAFLD worldwide and in the United States of America NAFLD and NASH are affecting the 30% and 5% of the population, respectively 12 . NAFLD and NASH are characterized by hyperlipidemia, inflammation, balloning and apoptotic hepatocellular injury, and often accompanied by insulin resistance and obesity, which collectively comprise the metabolic syndrome.

Furthermore, NAFLD and NASH may gradually progress to cirrhosis and hepatocellular carcinoma, with patients requiring a liver transplant later in life 13 . In the absence of clinically approved pharmacological treatment, the first line of treatment for NAFLD includes lifestyle modification consisting of weight loss and exercise 14 , yet patient compliance is low with these approaches. Recently, a novel role of autophagy in degrading lipid droplets (lipophagy) 7 has been identified, which led to the hypothesis that autophagy induction can be beneficial in the context of NAFDL and NASH. In recent studies, substances that modulate autophagy, including rapamycin, a novel TFEB inducer, herbal medicines and FDA-approved drugs such as metformin, ezetimibe, irbesartan, pioglitazone and exenatide, have shown to ameliorate NAFLD or NASH in different animal models 15 . Yet in most of these cases, the observed therapeutic effects cannot be exclusively attributed to autophagy. Importantly, the contextdependent role of autophagy hampers the translation of autophagy inducing therapeutics for NAFLD. For example, in the context of NAFLD and obesity in humans, autophagy is activated in the white adipose tissue 16 , but decreased in the liver 17 . Elucidating how tissue specific autophagy contributes to disease, together with the development of tools to modulate autophagy in specific organs or tissues, are urgently needed.

One of the most promising autophagy inducers currently used preclinically is the Tat-Beclin peptide, discovered in the Beth Levine laboratory. Tat-Beclin (T-B) is a 24-amino acid peptide comprised of a Tat cell penetrating sequence and a sequence derived from BECN1

(beclin 1). BECN1 is a protein involved in autophagy as a component of the class III phosphatidylinositol 3-kinase complex 1 18 . The molecular target of the T-B peptide is GAPR-1/GLIPR2 (Golgi-associated plant pathogenesis-related protein 1). Tat-Beclin peptide is proposed to promote the release of BECN1 from the Golgi, where it is inactive in autophagy, to non Golgi subcellular compartments, resulting in enhanced early autophagosome formation 19 . This peptide has been shown to induce autophagy both in vitro and in vivo 19 and its therapeutic potential has been proved in various models of disease, such as viral infections 19,20 , neuro-aging 21 , sepsis 22 and cardiac hypertrophy 23 to name few examples. Yet, in most of these studies, the peptide must be injected daily to achieve therapeutic effects.

Furthermore, overinduction of autophagy by the T-B has been linked to an Na + /K + -ATPase dependent cell death, termed autosis 24 .

In this study, we hypothesized that combining the peptide with polymeric particles used as a biodegradable drug delivery system would boost its autophagy enhancing action, at a lower dose and facilitate drug targeting in vivo. In addition, we examined the therapeutic potential of this system in an in vitro model of NAFLD, as well its biodistribution in healthy and obese mice. Collectively, this study paves the way to the development of novel tools to modulate autophagy in specific organs in vivo, which will ultimately contribute to the translation of autophagy modulating therapeutics from the bench to the bedsite.

Materials and methods

Preparation of Tat-Beclin polymeric particles

Poly(D,L-lactic acid) (MW = 45-80 kDa, Merck, Switzerland) particles (NPs) were synthetized by a surfactant-free nanoprecipitation method adapted from Fessi et al. 25 . Briefly, the polymer was dissolved at 2% (w/v) in acetone (Carlo Erba, France). For preparation of near infra-red fluorescent NPs, XenoLight DiR (Perkin Elmer, USA, 125964) was added in the organic phase. The organic phase was then poured drop-by-drop into an aqueous phase composed of water and ethanol (Carlo Erba, France) under light stirring. Both organic solvents were then evaporated under low pressure in a rotary evaporator (Rotavapor R210, Buchi, France) at 30°C. Final NP suspension was diluted, if needed, with water, to a final concentration of 3% w/v and stored at 4°C. One hundred and fifty microliters of the NP suspension were weighted in triplicates and dried overnight at 55°C, to determine the proportion of PLA polymer into the suspension (w/v) (solid content) as an indirect measure of the yield of synthesis.

For adsorption of the Tat-Beclin L11 (T-B) (Novus Biologicals, USA, NBP2-49886) or the Tat-scrambled L11s (T-S) (Novus Biologicals, USA, NBP2-49887) on NPs, an equal volume of peptide solution was mixed with a suspension of NPs of 0,5% (w/v). The suspensions were mixed for 2 hours at room temperature under 360° rotation. To reach serum osmolality for intravenous injections in mice, mannitol was added in the NP suspension.

Physicochemical characterization of Tat-Beclin NPs

For colloidal characterization of NPs, 15 microliters were dissolved in a 0. (μm^2): 0.2 to infinity and circularity 0.2-1]. In ICY, Scale 2 and sensitivity 20 were selected as the best settings in the Spot detection tool.

Preparation of cells samples for conventional electron microscopy

HeLA cells were seeded in 12-well plates and cultured overnight. The next day cell medium was renewed and cells treated with NP or NP T-B for a total of 43 h, with/without bafilomycin A (Baf A) 50 nM added at the final 2-3 h of co-incubation. At the end of all incubation periods, culture medium was removed and cells were fixed with 2% glutaraldehyde in 0.2 M Hepes pH 7.4 for 20 min at RT. The cells were then scraped gently and transferred to eppendorf tubes and pelleted at 16,000 x g for 5-10 min at 4°C. Cell pellets were left in fixative for a total of 2 h at 4°C. Subsequently, fixative was removed and tubes filled immediately with 0.2 M Hepes buffer, pH 7.4 and stored at 4°C until further processing.

Pellets underwent post-fixed in OsO 4 before subsequent dehydration in increasing concentration of ethanol and finally in acetone. Pellets were then embedded in epon. Sections were cut with a diamond knife on an ultramicrotome at 70 nm thickness and sections were picked up on the EM grids and stained with uranyl acetate and lead citrate. Grids were imaged in a JEM-1400 Plus Transmission Electron Microscope (Jeol, Tokya, Japan).

Animal Studies

Animal groups and handling

The experimental procedures and protocols of this study were approved by the local animal ethics evaluation committee (CECCAPP_CLB_2019_25), in accordance with the European guidelines for the use of laboratory animals for scientific purposes. Five-week old Crl:SKH1-Hrhr (SKH1) and B6.Cg-Lep ob /J (ob/ob) male mice were bought from Charles Rivers (L'Arbresle, France) and housed at the pathogen-free animal facility AniCan of the Centre Leon Berard (Lyon, France). Mice were housed under SPF conditions (12-h light/12-h dark cycle at 22 ± 2 °C and 60 ± 5% relative humidity) and had ad libitum access to standard chow and water.

In vivo and ex vivo imaging by tomography

After a habituation period of 2 weeks, mice were split in groups and anaesthetized one by one For the organ biodistribution studies, SKH1 or ob/ob mice were injected with free fluorophore, fluo-NPs or fluo T-B NPs and sacrificed after 24 h and major organs (liver, spleen, pancreas, kidneys) were collected and imaged in the FMT4000.

Results

Design and characterization of autophagy-inducing particles

Considering the context and tissue-dependent role of autophagy in health and disease, targeted autophagy induction in specific organs or tissues, while sparing others could be beneficial.

We thus decided to formulate the Tat-Beclin peptide in biodegradable particles made of polylactic acid, an FDA approved polymer, for targeted induction of autophagy in vivo.

Polymeric particles were prepared by nanoprecipitation without the use of surfactants and the Tat-Beclin or Tat-scrambled control peptide were subsequently adsorbed on NPs. Adsorption of the Tat-Beclin and the Tat-scrambled peptide resulted in an increase in size of particles (from 178 ± 8.0 nm for NPs to 202 ± 4.0 and 195 ± 3.7 nm, respectively) (Fig. 1). NP, NP T-B and NP T-S had homogeneous size as confirmed by SEM observations (Fig. 1). In addition, the particles became positively charged with the addition of Tat-Beclin (+32.9 ± 3. formulation, on the contrary, there was a p62 increase. p62 increases have been reported as a result of an enhanced autophagic activity. This could be due to a transcriptional upregulation resulting from enhanced autophagy or by activation of other cellular pathways 3 . Of note, p62 participates in proteasomal degradation, and its level may also increase when the proteasome is inhibited 3 . It is also worth noting that no toxicity was associated with the incubation of cells with particle-based formulations and the peptide for the studied treatment durations. Yet, we did not attempt to incubate cells with 20 μM T-B for more than 6 hours, because prolonged incubation of the cells with a high conentration of the peptide can induce a type of autophagic cell death, termed autosis 24 .

Overall, we showedthat 1) the Tat-Beclin particles modulate autophagy at a sustained, but delayed mannerup to 48 h, while the effect of the soluble peptide runs up to 4 h and 2) the effect of NP T-B on autophagy is stronger compared to the free peptide and at a ten times lower concentration.

Evaluation of autophagic flux in HeLA and HepG2 cells

An increased accumulation of LC3-II may be interpreted as either an increased formation of autophagosomes or a decreased degradation of autophagosomes. To evaluate whether NP T-B are inducing autophagy rather than blocking autophagosome degradation, we performed autophagic flux experiments, using bafilomycin A 1 (Baf A). Baf A is a specific inhibitor of the vacuolar type H + -ATPase (V-ATPase) and inhibits the acidification of organelles containing this enzyme, such as lysosomes and endosomes, and thus indirectly prevents autophagosome clearance 28 . Therefore, Baf A treated cells should accumulate more LC3-II compared to untreated cells. If a treatment is inducing autophagy, then: a) it should increase LC3-II accumulation and b) the increase should be even greater when bafilomycin is used concomittanly 27 .

Apart from its effect on autophagy, bafilomycin may interfere with the transport of endocytosed material to late endosomes 29 . Therefore, to avoid Baf A interfering with the intracellular trafficking of NPs, it was used only at the last 2 h of co-incubation of cells with NPs. Treatment with Baf A increased the conversion of LC3 compared to untreated HeLa, proving sufficient block of autophagic flux (Fig. 3a). NP T-B treatment increased the ratio LC3-II/ACTB and this effect was further enhanced with simultaneous treatment with bafilomycin, (Fig. 3a). NPs and NP T-S did not induce autophagy. Similar results were obtained when choroquine, which blocks autophagosome-lysosome fusion 30 , was used to block the autophagosome degradation (data not shown). 

Intracellular fate of autophagy inducing particles

Transmission electron microscopy(TEM) can provide information on the uptake mechanisms and intracellular fate of nanoparticles 31 . For TEM imaging, HeLA cells were treated with NP or NP T-B for 43 h, at the same concentrations as in immunoblot experiments. To identify the type of organelles that enclosed NPs, early and late autophagic structures, endosomes, lysosomes and other vesicles were defined following these guidelines 32-35 :

-Autophagosomes have a diameter between 500 nm and 1.5 mm, have a double limiting membrane and enclose cytoplasmic cargo (for example glycogen, ribosomes, endoplasmatic reticulum, or mitochondria). The double membrane however, may not always be visible in EM sections.

-Late autophagic structures, for example autolysosomes, have a single limiting membrane but still contain cytoplasmic cargo.Their cargo appears darker than in autophagosomes, and has partially disintegrated morphology.

-Lysosomes have median diameters of 500-800 nm, often have a characteristic fingerprint or onion-like internal membrane structures, are filled with tiny granular matrix, and appear dark in TEM images.

-Endosomes have a single limiting membrane and contain endocytosed material (for example nanoparticles), varying numbers of 50-100 nm internal vesicles, but not cytoplasmic cargo.

-Amphisomes (endosomes fused with autophagosomes) have a single limiting membrane and enclose both endocytosed material, 50-100 nm internal vesicles, and cytoplasmic cargo.

NPs were found inside vesicles, typically 1-5 NPs profiles in each, while for NP T-B there were typically 1-10 NP T-B profiles in each (Suppl. Fig. 3). Given the lack of cargo other than NPs inside these vesicles, they can be characterized as putative endosomes. For NP T-B, bigger endosomes were observed compared to NP-treated cells, enclosing more particles, either as distinct particles or in advanced stage of degradation, with no distinct limiting membrane between adjacent particles (Suppl. Fig. 3b). There were more endosomes with particles in NP T-B treated cells compared to NP treated cells (Suppl. Fig. 3), probably due to the cationic charge of NP T-B which favors cellular uptake 36 . NP T-B were mostly found inside endosomes, endolysosomes and autolysosomes but not early autophagosomes (Fig. 5b and 5c). In control conditions, autophagic vacuoles were scarce (Fig. 5a). In cells treated with NPs, autophagic vacuoles were also scarce, but increased with co-treatment with bafilomycin.

In NP T-B treated samples (Fig. 5b), we could find more autophagosomes compared to control conditions, while in NP T-B co-treated with bafilomycin (Fig. 5c), the frequency of late autophagic structures, was increased. 

Discussion

Induction of autophagy has gained increased attention as a therapeutic strategy for different diseases, including non-alcoholic fatty liver disease. Evidence suggests that autophagy is downregulated in fatty liver 17 and that overnutrition interferes with autophagic and lipophagic functions 7 . In NAFLD patients, the number of autophagosomes and lipid-laden lysosomes (lipolysosomes) in liver increased with higher NAFLD activity score (NAS) and in liver sections of mice fed a high fat diet, there was a significant decrease in LD-containing macroautophagic intermediates, suggesting an impairment in lipophagy 15 . The liver can sequester systemically administered nanoparticles, rendering the latter an attractive tool to deliver therapeutic molecules in the context of liver pathologies. In this study, we aimed to develop and characterize autophagy inducing particles for a targeted hepatic induction of autophagy. We also evaluated their therapeutic potential in an in vitro NAFLD model and at a ten times lower dose. The Tat peptide is thought to enter cells via endocytosis and membrane translocation mechanisms 39 , yet when associated with nanoparticles, the endocytic uptake is the driving factor for entry 40 . Previously, same PLA particles but formulated with a cell penetrating peptide and mRNA (PLA-NP/LAH4-L1/mRNA ) were shown to be internalized via clathrin-mediated endocytosis and phagocytosis mechanisms, in a mouse dendritic cell line (DC2.4) 41 . These particles had a size of 220 nm and charge of 37 mV, quite similar to the properties of Tat-beclin particles 41 . Although the internalization mechanism of NPs may vary accross different cell lines, we suspect similar entry mechanisms for HeLA and HepG2 cells. Furthermore, a rapid dissociation of a p24 fluorescent protein from the surface of fluorescent PLA particles has been observed by immunofluorescence in vitro, quickly after particle internalization (C. Primard, unpublished data). We therefore propose that NPs behave as a proper drug delivery system for T-B: at first internalization of particles occurs within the few hours of incubation, then desorption of the peptide from the NP surface may occur inside the endosomes. Endosomal escape has been implied for the Tat peptide, although the molecular mechanism is not entirely clear 39 . The peptide is therefore probably able to escape the endosome, becoming freely available in the cytoplasm, where it can act on inducing autophagy.

Nanomedicine has attracted increased attention since the '60s, yet not so much is known on how nanoparticles interact with the autophagic machinery. Recently, interference with the autophagic and lysosomal pathways has been linked to nanomaterial toxicity 42 . Induction of autophagy by nanoparticles may be a protective mechanism by which cells tend to degrade what is foreign and abberant 42 . For example, exposure to silver nanoparticles resulted in activation of autophagy, but the subsequent autophagosome-lysosome fusion was defective 43 .

The authors proposed the interference of silver NPs with ubiquitination to have a role in defective autophagy and the resulting cytotoxicity 43 . In another study, non-biodegradable, polymeric particles (with a hydrodynamic diameter of 54 nm and a charge of 41 mV) made of the FDA-approved Eudragit, induced autophagy in a rat macrophage cell line. The particles also reached mitochondria and changed their morphology. The authors proposed the evaluation of cytotoxic effects in term of autophagy to be investigated for every type of carrier to be used for drug delivery 44 . The autophagic effects of NPs are dependent on their physicochemical properties (size, charge, dispersity), their concentration and are also cell-type dependent 45 . In the present study, at the concentrations tested, in two cell lines (HeLa and Compared to plain particles, more NP T-B were observed inside cells, which is expected due to the cationic charge of these particles, which interacts strongly with the negatively charged cell membrane 36 . As expected, autophagosomes were observed in the NP T-B treated samples, and co-treatment with bafilomycin further increased the presence of autophagic vacuoles.

The therapeutic potential of the autophagy inducing particles was subsequently investigated in a NAFLD model: HeLa cells supplemented with fatty acids to induce lipid droplet formation, as done by Lim et al. 46 . The Tat-Beclin and Tat-Beclin particles decreased the number of lipid droplets in this model, suggesting that autophagy induction is a potent strategy to reduce intracellular lipid. Importantly, NP T-B decreased LDs at a ten times lower dose compared to the soluble peptide. The ability of T-B to induce LD breakdown has been described only once before in the literature 47 , yet the effect of T-B may depend on the cell line and the lipid substrate used to mimic steatosis. Specifically, the Tat-Beclin peptide induced LD breakdown in RAW cells pulsed with acetylated low-density lipoprotein but not oleic acid as the lipid substrate 47 . In fact, the Tat-Beclin peptide surprisingly increased LD biogenesis when the lipid substrate was OA 47 , underlying the complex relationship between autophagy induction, LD biogenesis and LD breakdown. Further experiments are needed to confirm whether the LD breakdown observed in our study is actually lipophagy. A limitation in this study was the use of HeLa cells as a model of NAFLD. We have repeated experiments using hepatoblastoma HepG2 cells, a cell line routinely used as a model for steatosis. However, in our hands this cell line was not well suitable for imaging experiments, as cells tended to form clusters. LDs were scarce in the middle of these cell clusters, while more abundant in the bordering cells. HeLa cells on the contrary formed a thin monolayer and when induced with fatty acids, few, well-defined droplets were formed which is ideal for imaging and LD quantification.

Induction of autophagy in the liver is desired in the context of NAFLD and NASH, to reduce intracellular lipid in hepatocytes 7 and to reduce inflammation in macrophages 48 In this chapter preliminary experiments of a pilot efficacy study are described. Nine-weeks old ob/ob male mice were treated twice per week with particles, autophagy-inducing particles or buffer, three to four mice per group. At the end of the treatment period, blood and liver tissues were collected. Spleen and adipose tissues were also collected but not analyzed. The primary outcome was to determine whether the treatment has resulted in a decrease in steatosis, as determined by Oil-Red staining of neutral lipids in liver tissue. A secondary objective was to evaluate whether the metabolic profile (glycaemia, serum lipids) was improved with the treatment. The third objective was to determine whether there was any sign of toxicity due the repeating treatments, as determined by monitoring the animal welfare, body weight and liver function (transaminase analysis).

Materials and Methods

The experimental procedures and protocols of this study were approved by the local animal ethics evaluation committee (CECCAPP_CLB_2019_25), in accordance with the European guidelines for the use of laboratory animals for scientific purposes. Five-week old SKH1 and ob/ob male mice were bought from Charles Rivers (L'Arbresle, France) and housed at the pathogen-free animal facility AniCan of the Centre Leon Berard (Lyon, France). Mice were housed under SPF conditions (12-h light/12-h dark cycle at 22 ± 2 °C and 60 ± 5% relative humidity) and had ad libitum access to standard chow and water.

Combined biodistribution and efficacy study in ob/ob mice

After a habituation period of 2 weeks, mice were split in groups of three to four 

Blood sampling and biochemistry

For blood glucose measurement, a few drops of blood were sampled from the submandibular vein and placed in a glucose measurement strip in an Accucheck apparatus (Roche, Switzerland). For sampling before sacrifice, mice were anaesthetized with ketamine/xylazine and blood was sampled from the retroorbital vein. Blood was mixed and left to rest for 25 min, before centrifugation. Then the supernatants were transferred in a cold container to Hopital Lyon Sud and were subjected to analysis of transaminases, lipids and glucose.

Tissue collection and handling

After sacrifice, liver was weighted and liver biopsies were collected: i) in OCT filled cry moulds that were snap frozen in dry ice, ii) in 4% PFA solution iii) in vials that were snap frozen in liquid nitrogen. Spleen biopsies were collected in OCT cry moulds. Epididymal and perirenal adipose tissue was collected and fixed in 4% PFA.

Preparation of liver cryosections

To compare which methods results in better tissue integrity, we prepared frozen liver samples with and without fixation. For unfixed liver, biopsies were collected directly after sacrifice in OCT cry moulds that were frozen in dry ice. Frozen liver was cut in a microtome set at -20°C and at a thickness of 8-10 μm. For preparation of fixed tissue, a part of liver was placed in a big volume of fixative (4% PFA) for 2 days and the fixative was renewed at least once. Fixed liver biopsy was divided in two parts: half was destined for paraffin inclusion while the rest was destined for cryoprotection and preparation of cryosections. For cryoprotection, samples were incubated in 15% and subsequently 30% sucrose solution. Then the samples were dried and placed in OCT media in cryomolds that were flash-frozen in liquid nitrogen. Fixed OCT samples were then cut in the microtome set at -20°C and at a thickness of 8-10 μm. The samples to be embedded in paraffin underwent dehydration in ethanol and were further processed by Primatiss (Lyon).

Oil-Red staining of liver cryosections

Slides with cryosections underwent two washings, 5 min each, with PBS and then briefly washed with distilled water. The slides were then washed 5 min with 60% isopropanol. In the meantime, Oil Red O (MAK194, Sigma Aldrich, France) working solution was prepared by adding 3 parts of stock solution to 2 parts of distilled water. The solution was mixed well and left undisturbed for 10 min before filtering through a Whatman No.1 filter paper. Slides were stained for 10 min with this working solution and then washed with distilled water. Slides were subsequently stained with hematoxylin for 7 min and then with an eosin (in water) solution for another 5 min and were further washed. Slides were mounted with a few drops of water on a coverslip and imaged in a Nikon Inverse microscope (Primatiss, Lyon) with a 20x objective.

Quantification of Oil-Red stained area in liver sections

Two different quantification methods were compared. given. The option Train Simulator was selected and the Result was obtained. A multiple colored image was produced, in which the size was restored to the initial one. The image was converted to 8-bit and an appropriate threshold was selected to limit signal to lipid droplets only. The same threshold was applied in all analyzed images in order to have a robust analysis. In the Set Measurement tab, the Limit to Threshold was selected and the Measure was selected and the % Area was reported.

Results

Clinical parameters

Body weight was monitored throughout the treatment period and glycaemia for the whole treatment duration except from week 1. Glycaemia values of 2, 3, and 4 weeks were measured in living animals drawing blood from the submandicular vein. Glycaemia of week 5 was measured in blood samples from anaesthetized animals prior to sacrifice. No significant differences were found when the results analyzed with a One-way Anova and a Tukey's multiple comparison test. 

Liver steatosis

Steatosis was first evaluated with Oil-red staining of neutral lipids in non-fixed cryosections.

Non-fixed tissue was not well-preserved, there were large holes throughout the samples (Fig. 4). For this reason, the staining was repeated in fixed cryosections, in which tissue was better preserved (Fig. 5). Quantification of the Oil-Red positive area (%) in 5 images per liver lobe in one mouse per group, revealed that NP T-B significantly reduced lipid in the liver (Fig. 6). Macroscopically, the liver of NP and NP T-B mice was similar to control mouse liver at the time of sacrifice. Oil red staining was evaluated in fixed and non-fixed liver cryosections, with the fixed liver being better preserved and suitable for further lipid quantification. Oil-Red staining of fixed liver cryosections from 3 mice per group revealed that NP T-B significantly reduced hepatic lipid. Nevertheless, these results have to be confirmed with an additional assay other than microscopy, for example triglyceride quantification of frozen liver tissue.

Perspectives

A limitation in this preliminary study was the small number of animals. A higher number of animals would be necessary to distinguish subtle differences between the different treatment groups and to increase power in the analysis. However, the high cost of genetically obese mice (180 euros per mouse) is prohibiting. A different approach would be to use high-fat diet fed mice, but the disadvantage is that mice should be fed for 2-3 months with high fat chow prior to the start of the treatment 1 , rendering these experiments quite long and expensive. An interesting and quick approach is the use of a fasting-induced NAFLD in mice. Indeed, food deprivation for 24 h in mice results in a marked increase in hepatic lipid accumulation 2 . NP T-B could be given prior to or after the induction of fasting-induced steatosis. However, in this setting, the results would probably be difficult to interpret as fasting also induces Respecting the principles of the 3Rs, novel imaging techniques could be used to monitor steatosis in living animals rather than sacrificing animals at different timepoints. Computed tomography, ultrasound and MRI have been reported to monitor steatosis in patients 5,6 , while MRI and micro-CT approaches have been reported in mice 7 .

In this preliminary experiment, we did not see a strong beneficial effect of NP T-B in ob/ob mice. A higher dose of NP T-B or a more intense dosing regimen in future studies would likely reveal whether NP T-B is a promising therapeutic strategy for fatty liver disease.

Introduction NOD2 receptor signaling

The immune system is able to respond rapidly to microbial infections thanks to patternrecognition receptors (PPRs) that recognize pathogen associated molecular patterns (mitogen-activated protein kinase 1), leading to production of pro-inflammatory cytokines 7 .

Emerging roles of NOD2 in disease

In recent years, NOD2 biology and signaling have attracted attention, due to their role in health and disease. The NOD2 receptor recognizes bacterial pathogens and unexpectedly, it has been implicated in Crohn's disease (CD), an autoimmune inflammatory bowel disorder which is characterized by an abnormal mucosal immune response against intestinal microbiota 8 . Polymorphisms in the ligand-binding domain of the receptor are associated with CD. Genome-wide association studies have revealed genetic association between CD susceptibility and variants in genes involved in autophagy, such as ATG16L1 (autophagyrelated 16-like 1) and IRGM (Immune-Related GTPase M) 9 . Environmental factors also have a role in the complex CD etiology 8 . Recent evidence suggests a role of NOD2 in hepatic cancerogenesis, via a mechanism of a disrupted gut-liver axis. In a study by Gurses and colleagues, NOD2 deficient mice were treated with a carcinogen to induce HCC and fed with a HFD. NOD2 deficient mice became more obese and developed more tumors compared to similarly treated wildtype, suggesting a role for NOD2 in obesity-dependent hepatic tumorigenesis 10 . In another study, NOD2 deficient mice were more prone to hepatocarcinogenesis in a chemical induced mouse model of HCC. Transfection of mouse xenograft tumors with a NOD2 plasmid inhibited tumor growth in vivo. NOD2 expression was completely lost or significantly downregulated in clinical HCC tissues, and loss of NOD2 expression significantly correlated with advanced disease stages 11 . The tumor suppressor action of NOD2 was shown to be mediated through the activation of AMP-activated protein kinase (AMPK) 11 . However, opposite results were obtained in another study, where NOD2 was found to be upregulated and activated in HCC samples from Asian patients, and high NOD2 expression correlated with poor prognosis in HCC 12 . Hepatic NOD2-deficiency suppressed DEN/CCl4-induced hepatocarcinogenesis, attenuating the inflammatory response and DNA damage in vivo. Injection of the NOD2 agonist MDP in the DEN/CCl 4 model increased the tumor incidence, burden and size in wild-type but not in the mice with the hepatic NOD2-deficiency, suggesting that MDP promotes tumorigenesis in a NOD2dependent manner 12 . The mechanism by which NOD2 promoted carcinogenesis may be via a disrupted gut-liver axis. Gut-derived microbiota contain pathogen-associated molecular patterns (PAMPs) that may circulate into the liver and, consequently, be recognized by hepatic PPRs such as NOD2 12 . The discrepancies between the aforementioned studies may be

The potential of NOD2 modulation has also been explored in non-cancer contexts; MDP lowered adipose inflammation and reduced glucose intolerance in obese mice and mifamurtide was found to be a potent insulin sensitizer in obese mice 20 . Yet it has also been shown that injection of purified peptidoglycan, which activates only NOD2, for 4 weeks significantly increased hepatic levels of triglyceride, inflammation and fibrosis in mice fed normal chow, via the NOD2-NFκB-PPARγ axis 21 .To sum up, the example of MEPACT in clinical practice shows that a NOD2 ligand can be beneficial in osteosarcoma patients yet preclinical data also suggest that NOD2 inhibitors can enhance the antitumor effects of chemotherapy. The fact that no other treatment is available for osteosarcoma and that a small benefit may outweigh any risks associated with MEPACT, justifies the use of this NOD2 ligand in the clinic. However, given the context-dependent role of NOD2 activation in metabolic disease, targeting of this pathway for non-cancer indications may be more challenging.

NOD2 ligands as vaccine adjuvants

Apart from cancer immunotherapy, NOD2 ligands have been studies as vaccine adjuvants. As

shown by our research group, encapsulation of NOD2 ligands into PLA NPs formulated with a model antigen (p24), increased the antibody responses up to 100 times compared to the free ligand and to alum-p24 and PLA-p24 alone, after a subcutaneous injection in mice 22 . NOD2 formulations also highly enhanced p24-specific systemic and mucosal immune responses in mice after mucosal and parenteral administration 23 . Yet the NOD2 ligand (CL365) used in the studies by Pavot is no longer commercially available and too expensive to synthesize.

Mifamurtide was evaluated in combination with HA antigen, inducing a protective immune response in mice against challenge with homologous influenza A or B viruses 24 . Mifamurtide formulated onto particles significantly boosted the immune response and reduced the dose of antigen required to generate a protective immune response by a factor of 100 24 . Chimeric ligands targeting NOD2 in addition to other PPRs such as TLR7 25 or RIG-1 26 have been evaluated as adjuvants in the context of an HIV or BCG vaccine, respectively.

NOD2 ligands and autophagy

With regard to NOD signaling and autophagy, it has been shown that NOD1 and NOD2 receptors interact with ATG16L1 to facilitate autophagosome recruitment at the bacterial entry site, in a process independent of RIP2 and NF-kB 27 . Others have shown that the NOD2 ligand, MDP, induces autophagy in monocyte-derived DCs 5 . Induction of autophagy induced by MDP requires RIPK-2 (receptor-interacting serine-threonine kinase-2), autophagy genes (ATG5, ATG7 and ATG16L1) but not NALP3 5 . Our group has recently showed that, in a vaccine development context, PLA particles containing an encapsulated NOD2 ligand (CL365) were able to induce LC3B puncta formation in dendritic cells 23 . Yet in this study, the increased amount of LC3 dots could be due to either an induction of autophagosome formation or a blockage in their degradation. Furthermore, apart from MDP tested in monocyte derived DCs, it is not known whether NOD2 ligands other than MDP can induce autophagy.

Relevance of autophagy for vaccine adjuvants

Antigen presentation is an important aspect of adaptive immunity. Processed antigenic peptides are loaded in Major Histocompatibility class (MHC) molecules and presented by professional antigen presenting cells (APCs) such as dendritic cells (DCs) to T-cells for T-cell priming and activation. Intracellular antigens are processed for presentation on MHC I and extracellular antigens for presentation on MHC II molecules 28 .

Autophagy has been implicated as an important player in processing and presentation of endocytosed antigens. NOD2 autophagy induction by MDP influences NOD2-mediated MHC increase vaccine efficacy. Yet other NOD2 ligands have not been proven to induce autophagy.

Therefore, goal of this study was to characterize several NOD2 ligands for their effect on autophagy. As a second goal, the most potent and suitable ligand would be formulated in PLA particles for further experiments. The ultimate goal would be to compare the adjuvant effect of soluble and particulate NOD2ligand in vitro and in vivo.

Materials and Methods

NOD2 ligands

All ligands used in this study were from Invivogen (France), except mifamurtide which was produced by Novartis and distributed by Sigma-Aldrich, and which is no longer available today. 

Ligand

Evaluation of autophagy by microscopy

RAW GFP-LC3-RFP were used to evaluate whether ligands induce autophagic puncta formation. In these cells, the murine LC3B (microtubule-associated protein 1 light chain 3 beta) is fused to two fluorescent reporter proteins: RFP (acid-stable) and GFP (acid-sensitive).

Autophagosomes are GFP and RFP positive (orange puncta), while autolysosomes are RFP positive (red puncta), due to degradation of GFP in the acidic environment of the lysosome.

These cells can be used to monitor autophagic flux, the delivery of autophagosomes to lysosomes. RAW GFP-LC3-RFP were treated with ligands (0.1-10 μg/ml) or autophagy inducers Torin (0.1-10 μM), Tat-beclin (5-20 μM), with or without chloroquine for a total of 6 h.

Results

Determining the potency of NOD2 ligands with a HEK NOD2 activation assay

In the beginning of this project, we hypothesized that a correlation might exist between NOD2

receptor activation and the effect on autophagy. A reporter cell line was used to assess the potency of the different NOD2 ligands. Data represent triplicates of one experiment. Mifamurtide, a weak NOD2 ligand, is in a separate graph to highlight that higher concentrations were used compared to the other NOD2 ligands.

L-18 MDP was the most potent ligand, while mifamurtide, the least potent. MDP and MBT had similar potency. We thus selected L-18 MDP as the most potent NOD2 ligand, which is also suitable for encapsulation in PLA particles. Yet, as NOD2 activation does not necessarily mean enhanced autophagy, we proceeded with autophagy experiments.

Evaluation of autophagy in DC 2.4

DC were treated with NOD2 ligands at concentrations of 1 or 10 μg/ml for 5 h, with or without co-treatment with chloroquine to block the flux (Fig. 3). DC 2.4 cells were treated had a small effect on LC3B lipidation, but this effect was only evident when chloroquine was co-administered to block the autophagosome degradation. The positive control for autophagy Torin, failed to induce autophagy at the timepoint tested.

Since the ligands did not seem to modulate autophagy at 5 h, a longer incubation time was studied. Treatment of DC with ligands at a concentration of 10 μg/ml for 13 h, revealed that MBT was the only ligand with a strong effect on LC3B lipidation (Fig. 4). Similarly to the results of 5 h incubation, the Tat-beclin peptide induced autophagy. 

Characterization of mifamurtide PLA particles

Nanoprecipitation resulted in stable particles with a high yield of synthesis (89%). PLA particles encapsulating mifamurtide had a mean size of 230 nm and a surface charge of -50.6

mV. Mifamurtide loading was indirectly calculated to be 1.2 % w/w (g of mifamurtide per g of PLA), due to a lack of more precise quantification method for this molecule.

Comparison of a free and NP-encapsulated ligand with regard to autophagy modulation

Encapsulation of a NOD2 ligand in PLA NPs could enhance their effect via the enhanced cytosolic delivery and protection of the molecule in the cell culture medium. We thus compared the effect of soluble and encapsulated mifamurtide in autophagy, by evaluating LC3B conversion and p62 levels in DC 2.4 treated for 8 h. Chloroquine was added at the last 4 h of incubation to block autophagosome degradation, but without interfering with NP uptake by cells. more compared to the free ligand, as observed in autophagic flux experiments using chloroquine (CQ). NP Mifa alone did not seem however to strongly modulate autophagy, when used alone, although a small increase compared to the free ligand alone was observed.

As can be seen in the blot, chloroquine (CQ) treatment resulted in a LC3B-II band of slightly enhanced density compared to control, proving efficient blockage of autophagosome degradation. In all treatments, co-addition of CQ increased the LC3B-II band density compared to treatment alone. The density of the LC3B-II was higher for NP Mifa + CQ compared to Mifa alone and CQ alone, suggesting that NP Mifa is inducing autophagy in a more pronounced manner compared to the free ligand. Yet NP Mifa alone did not seem to modulate autophagy more compared to the free ligand in WB, although a small increase could be seen when the densities were quantified.

Evaluation of autophagy in RAW 264.7

Since the effect of ligands in DC 2.4 were not so strong, we performed experiments in a RAW macrophage cell line. Also in this cell line, the ligands did not have a strong effect on autophagy, when cells were treated for 6 or 24 h (Fig. 6). We thus repeated the 6 h experiment in RAW with co-treatment with chloroquine to make autophagosome accumulation more pronounced. Chloroquine treatment indeed enhanced LC3B lipidation (Fig. 7). The greatest effect on LC3B lipidation was by Torin and chloroquine co-treament, proving that Torin is a good positive control for autophagy induction in RAW cells. Considering the NOD2 ligands, MDP, MBT and Mifa (cotreated with chloquine) seem to increase LC3B lipidation compared to chloroquine alone, yet when LC3B-II was normalized to LC3B-I and actin, all ligands seem to induce autophagy but the effect was stronger for L18 and Mifamurtide. Similar results were observed when ligands were used at 10 μg/ml, but the effects were more modest compared with when the ligands were used at 1 μg/ml, but since the samples were in different blots, it is not so feasible to compare. To recapitulate all results from the different screens: 

Screen

Conclusion

The prototype NOD2 ligand muramyl-dipeptide (MDP) is the only ligand that has been described to induce autophagy in the literature 5 . NOD2 ligands are promising molecules as vaccine adjuvants, and autophagy induction by NOD2 ligands has been linked to an enhanced antigen presentation and vaccine efficacy 31 . Therefeore, in this project we set out to evaluate different NOD2 ligands for their effect on autophagy, with the ultimate aim to develop NOD2 PLA particles and further evaluate this system for immunotherapies.

Autophagy is a complex process to follow in vitro, as autophagosomes are rapidly degraded.

Kinetic experiments using various concentrations of the investigated molecule are needed, and co-treament with an agent that blocks autophagosome degradation, such as chloroquine are necessary to prove autophagy induction. Yet, addition of these agents may interfere with signalling pathways, further complicating the results. Autophagy is also very cell-type dependent, so ideally results need to be confirmed in at least two cell lines.

We started with evaluating the potency of different ligands (in terms of Nf-kB activation due to NOD2 activation) in a HEK reporter assay. In this assay, L18-MDP, a more lipophilic version of MDP, was the most potent ligand, and mifamurtide, the least. We then set out to Additionally, autophagy can be quite different across different cell types and cell lines.

We then set out to evaluate whether the modest autophagy inducing effects of a NOD2 ligand could be enhanced by encapsulation in PLA particles. For this reason, mifamurtide loaded particles were prepared, with a size of 230 nm, a surface charge -50.6 mV and a drug loading of 1.2 % w/w (g of mifamurtide per g of PLA). DC2.4 were treated for a total of 8 h with chloroquine added at the last 4 h of incubation. Soluble mifamurtide, empty particles and mifamurtide particles did not modulate LC3B lipidation. Mifamurtide particles cotreated with chloroquine had a strongest effect on LC3B lipidation compared to chloroquine alone, suggesting that they are inducing autophagy. Also, LC3B lipidation was more enhanced with mifamurtide particles cotreated with chloroquine compared to mifamurtide cotreated with chloroquine, suggesting enhanced effect on autophagy owing to encapsulation in particles.

We then set out to test the ligands in a different cell line, RAW264.7 murine macrophages.

These cells have been succefully used to screen different Toll-like receptor (TLR) ligands for their effect on autophagy 35 . Similarly to our results in DC 2.4, NOD2 ligands used alone failed to induce autophagy when used for 6 or 24 h in RAW cells. Yet, when chloroquine was co-administered, all four ligands induced autophagy, with mifamurtide and L18-MDP

showing the most pronounced effect. Wishing to reproduce these results in a RAW GFP-LC3-RFP cell line, we treated cells with different concentrations of ligands up to 6 h, with or without chloroquine. In these cells, Mifamurtide and MBT were the ligands that induced enhanced puncta formation. Although the differences in the autophagy-modulating effects of the ligands are cleary cell-type (DC 2.4 and RAW cells) and assay-dependent (WB, microscopy), murabutide and mifartude were the NOD2 ligands that were positive hits in at least two assays.

immunofluorescence of LC3B and p62 in GFP-LC3 cells. Although we have indeed developed a protocol for immunofluorescence of autophagosomes and quantification, the numerous samples we had to screen, the limited availability of the confocal microscope, the long quantification analysis process were all limiting factors in pursuing this road.

Nevertheless, future experiments should focus on confirming our WB results with quantification of autophagosomes and autolysosomes in reporter cells such as GFP-LC3-RFP 14 .

A limitation in our WB autophagy experiments is the use of the LC3-II marker as a readout for autophagy. It is possible that the accumulation of LC3-II that is observed is due to the presence of putative endosomes (or phagosomes) enclosing NPs, rather than newly formed autophagosomes. If this would be the case however we would expect to see the same trend with Tat-Scrambled control particles, however that was not the case. It is true however that Quantifying mRNA expression of p62 would also reveal whether autophagy induction by NP T-B results in transcriptional upregulation of p62 13 .

TEM is the only method that reveals the morphology of autophagic structures at high resolution 13 and is often used as a complementary method to western blot and/or immunofluorescence to evaluate autophagy. However, organelle identification and quantification in TEM images can be quite complex and time-consuming, often requiring the input of an expert. With the help of our collaborator and expert in EM and autophagy, Prof. challenged with oleic and palmitic acid. Unfortunately, we could not validate our model in HepG2 as treatment with OA and PA did not increase the LD number. We thus continued to experiment with the HepG2 steatosis model and found out that treatment with OA-BSA 21,22 resulted in an increased LD number. Indeed, bovine serum albumin (BSA) acts as a vehicle for oleic acid, enhancing intracellular delivery and resulting in a very pronounced steatosis.

However, quantification of distinct LDs in this steatosis model was challenging because 1) cells tended to form clusters and LDs were scarce in the middle of these cell clusters, while more abundant in the bordering cells, creating large variability in quantification 2) lipid droplets were huge and often fused together, so quantifiying distinct LDs was not always possible. HeLa cells on the contrary formed a nice thin monolayer and when induced with fatty acids, few, well defined droplets were formed which is ideal for imaging and LD quantification (Fig. 3). Due to a lack of time and the challenges in quantification, we did not The final objective of the study was to evaluate the biodistribution of NP T-B in relevant animal models. Targeted autophagy induction in the liver is desired in the context of NAFLD, as inducing autophagy in hepatocytes may limit steatosis and inducing autophagy in Kupffer cells has anti-inflammatory action 23 . Intravenously administered NPs are most commonly sequestered by the reticuloendothelial system (RES) which is comprised of monocytes and macrophages of the liver, spleen, lymph nodes and bone marrow 24 . The liver acts as a biological filtration system that sequesters 30-99% of administered nanoparticles 25 .

Biodistribution of NPs is governed by the physicochemical properties of the particles (size, charge, adsorbed protein on their surface), the protein corona and the microenvironment in vivo (healthy or fatty liver, inflammation etc). Of note, NP biodistribution in a relevant disease model is often overlooked during preclinical studies. We thus evaluated whether NP T-B can target the liver of healthy and obese mice. We confirmed that NP T-B target the liver in both models. NP T-B accumulated in liver but also spleen, while for NP, spleen accumulation was weaker. The enhanced spleen accumulation of NP T-B could be due to the bigger size of NP T-B compared to NP. Small liposomes (100-200 nm) tend to be selectively internalized by Marginal Zone (MZ) macrophages in the spleen, while particles larger than 200 nm, are incapable of crossing the endothelial slit of splenic sinuses, can be filtered off and retained in the red pulp where they are internalized by macrophages and slowly destroyed 26 .

Cationic charge of NP T-B might also play a role in the enhanced spleen accumulation compared to the negative charged NP, yet we could not find sufficient proof in the literature.

Neutral and slightly negatively charged nanoparticles have longer circulation lifetimes and less accumulation in the RES organs, while positively charged particles are more prone to sequestration by macrophages in the liver and spleen 26 . Others have shown that neutral and zwitterionic nanoparticles demonstrated longer circulation time after IV administration, whereas negatively and positively charged nanoparticles possessed relatively short halflives 27 .

The results of a preliminary efficacy study have been presented in Chapter 2 of the Results section. There, we showed that twice a week injections (of NP and NP T-B) for a total of 5 weeks were well tolerated by genetically obese mice. No significant differences were

Conclusion

Defects in autophagy have been associated with various human diseases, for example neurodegeneration, cancer and metabolic disease. Autophagy induction has been proposed as a promising strategy to enhance lifespan and healthspan in model organisms and humans.

Nevertheless, pharmacological induction of autophagy is still challenging. This is because of a lack of specific inducers and due to the Jeckyl and Hyde role of autophagy in disease.

Targeted induction of autophagy in specific organs or tissues in vivo will not only help in the elucidation of how tissue or organ specific autophagy contributes to treatment of disease, but will also lead the way to the development of targeted autophagy therapeutics. Nanomedicine can enhance safety and efficacy of autophagy therapeutics by facilitating drug delivery to desired organs and tissues. In this study, we wished to explore the potential of using biodegradable polymeric particles made of polylactic acid for targeted autophagy induction.

We started by screening different immunomodulatory NOD2 ligands for their effect on autophagy. We showed the certain ligands induced autophagy and that encapsulation of the NOD2 ligand mifamurtide in PLA particles (NP mifa) enhanced the autophagy-modulating effect of mifamurtide. Nevertheless, in our hands, the ligands alone or NP mifa were not potent autophagy inducers. We then decided to design autophagy inducing particles with a potent and selective autophagy inducer, the Tat-Beclin peptide. We designed a stable and Induction of autophagy is a promising strategy for treating non-alcoholic fatty liver disease
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  de transporter des molécules spécifiquement dans le foie, lorsqu'elles sont injectées par voie intra-veineuse. Les cellules de Kupffer et des hépatocytes sont responsables de cette capture de particules. Ce système est donc idéal pour le traitement des maladies chroniques du foie, notamment la NAFLD/NASH. Ce projet de thèse financé par Les Actions Marie Sklodowska-Curie (A.M.S.C.) -Horizon 2020, dans le cadre d'un réseau européen de formation sur la recherche appliquée en autophagie (DRIVE, No 765912) a été réalisé au sein de la société Adjuvatis et du Laboratoire de Biologie Tissulaire et d'Ingénierie thérapeutique (LBTI), tous deux à Lyon. L'objectif de ce projet consiste à moduler l'autophagie de façon ciblée dans le foie, comme stratégie thérapeutique pour la NAFL. Nous avons ainsi émis l'hypothèse que la combinaison du peptide Tat-Beclin L11, inducteur spécifique de l'autophagie, avec des particules polymériques utilisées comme système d'administration de médicaments biodégradables renforcerait son action d'amélioration de l'autophagie, à une dose plus faible, et faciliterait le ciblage des médicaments in vivo. Pour cela, nous avons tout d'abord développé et caractérisé des formulations du peptide Tat-Beclin L11 avec les particules développées par Adjuvatis, par adsorption de ce peptide cationique à leur surface chargée négativement. Des formulations ont également été développées avec le peptide contrôle Tat-Beclin L11s (scrambled). Ces formulations ont ensuite été évaluées in vitro pour leur capacité à induire l'autophagie dans plusieurs types cellulaires, notamment par western blot et microscopie électronique à transmission. En outre, nous avons examiné le potentiel thérapeutique de ce système dans un modèle in vitro de NAFL, qui a été développé et caractérisé dans deux types cellulaires. Les formulations préalablement développées ont été évaluées pour leur capacité à réduire la stéatose en suivant le nombre et la taille des gouttelettes lipidiques intracellulaires par microscopie de fluorescence. Enfin, la biodistribution de ces formulations, et leur capacité de ciblage du foie et de rétention dans cet organe ont été évaluées in vivo chez des souris saines et obèses, en utilisant des particules marquées avec un fluorochrome proche infra-rouge, et la tomographie de fluorescence.Conception et caractérisation de particules induisant l'autophagie.Les particules de poly(acide lactique) produites sans tensio actif ni stabilisant ont été utilisées comme vecteur biodégradable du peptide Tat-Beclin L11, adsorbé à leur surface. Les particules ainsi produites ont un diamètre d'environ 200 nm, et une bonne homogénéité en taille, caractérisé par une valeur d'indice de polydispersité faible, tel que mesuré par diffusion dynamique de la lumière (DLS). Les observations en microscopie électronique à balayage confirment ces mesures, et ne mettent pas en évidence de grande différence avec les particules non-formulées. En revanche, les mesures de potentiel Zeta marquent une différence entre les particules « nues » et anioniques, et les particules avec le peptide en surface, qui sont alors chargées positivement. Évaluation de la modulation de l'autophagie et du flux autophagique in vitro dans les cellules HeLA et HepG2. Evaluation in vitro d'efficacité thérapeutique. Les formulations (NP T-B) ont été évaluées in vitro pour leur capacité à moduler l'autophagie, par diverses méthodes telles que l'analyse en western blot des marqueurs LC3-II et p62 en fonction du temps, en comparaison avec le peptide non formulé, et des formulations avec le peptide non-fonctionnel. Dans les cellules HeLa, les NP T-B ont modulé l'autophagie de manière accrue et soutenue et à une dose plus faible que le peptide soluble Tat-Beclin. Des expériences de flux autophagique dans deux lignées cellulaires ont confirmé que NP T-B induit l'autophagie. Les cellule HeLa traitées avec les NP T-B et observées par microscopie électronique à transmission a révélé que les NP T-B s'accumulent dans les compartiments endosomaux et autolysosomaux. Enfin, dans un modèle in vitro de NAFL, les NP T-B ont réduit le nombre de gouttelettes lipidiques à une dose plus faible que la T-B.

  permet d'optimiser les observations par tomographie de fluorescence et le suivi cinétique quantificatif de la fluorescence, des souris mutées ob/ob [B6.Cg-Lepob/J (ob/ob)], qui n'expriment plus la leptine et se nourrissent donc excessivement. C'est un modèle de souris obèse reconnu pour l'étude des maladies du foie gras. Le ciblage hépatique de la NP T-B a été observé chez des souris saines SKH1 et obèses (ob/ob). Une rétention des particules dans cet organe a pu être observé pendant au moins 7 jours dans les souris saines, suggérant une libération soutenue du fluorochrome encapsulé, tandis que le signal fluorescent correspondant au fluorophore injecté sous forme soluble avait disparu moins de 48h après son administration. Pour des raisons expérimentales, la fluorescence n'a pas été mesurée plus de trois jours chez les souris obèses, mais un profil similaire de biodistribution et de rétention a été observé. Ces résultats démontrent la pertinence de ce modèle de particules pour une délivrance ciblée d'actifs dans le foie.

  Drug delivery with particulate carriers has a large potential for targeted delivery of therapeutic agents in the desired cells or tissues. Adjuvatis is a start-up biotechnology company founded in 2013 by Dr. Bernard Verrier (director of research in LBTI -UMR CNRS 5305) and directed by Dr. Charlotte Primard as CEO. Adjuvatis is specialized in the i-Particles technology. i-Particles are submicron particles made of polylactic acid, an FDA approved polymer, widely used due to its biodegradable and biocompatible properties. Hydrophobic, small molecules can be encapsulated in their polymeric core and proteins or peptides can be adsorbed on their surface. Different agents have been encapsulated in i-Particles so far, for example immunomodulators, fluorophores and antibiotics, while model antigens such as gag p24 from HIV have been adsorbed on their surface. Depending on their properties and the route of administration, these particles can target different organs in vivo. They have thus been explored in different disease contexts (for example bacterial or viral infections) or for vaccination purposes. Recent data from the Verrier group suggest that immunomodulatory particles target the liver and could be a promising strategy for treating hepatitis B infection, which opens the way to the exploitation of such system for other liver diseases.In a vaccine concept, i-Particles were formulated with an immunomodulator (NOD2 ligand) and a model antigen on their surface. NOD2 particles were previously shown by a former PhD student of the Verrier group to induce autophagy in dendritic cells 2 . These results were presented during one of the TRANSAUTOPHAGY3 annual meeting, attracting attention of autophagy experts. Adjuvatis finally became beneficiary in a European Training Network (DRIVE 4 ), which has as a focus to train early stage researchers (ESR) in translational autophagy research. DRIVE brings together well known autophagy experts as well as researchers new to autophagy, while fostering cooperation between academia and industry.
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 1121 Figure 1. DRIVE partners and their institutions or companies, and their distribution around Europe 4 .
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 1 Figure 1. The biogenesis of LDs. The process of de novo LD biogenesis can be divided in

Figure 2 .

 2 Figure 2. Autophagic processes of LDs. (A) Macrolipophagy involves the sequestration of

  (B) Microlipophagy has been better characterized in yeast S. cerevisiae. It involves the direct engulfment of LDs by vacuoles. Microlipophagy relies on liquid ordered and sterol enriched vacuolar microdomain formation. The sterol-transporting proteins Ncr1 and Npc2 are essential for the formation of these vacuolar microdomains and subsequent LD engulfment.

PNPLA2is necessary and sufficient

  for both autophagy and lipophagy induction in hepatocytes, thereby enabling control of hepatic LDs catabolism and FFAs β-oxidation [107]. In fact, while pharmacological inhibition and genetic knockdown of PNPLA2 reduces Atg genes expression, macroautophagic flux and lipophagy in hepatocytes, overexpressing PNPLA2 has the opposite effect and leads to an increase in TAGs turnover [107]. This latter is mediated by an autophagy program because it is inhibited pharmacologically and genetically with chloroquine and ATG5 knockdown, respectively [107]. On the same line, blocking lysosomal lipid hydrolysis using the LIPA inhibitor LAListat, prevents TAGs turnover and reduction in LDs content caused by PNPLA2 overexpression. Interestingly, ablation of the SIRT1 (sirtuin 1) deacetylase, a well-established activator of autophagy through its deacetylation and activation of key ATG proteins [108], abrogated the increase in expression of Atg genes, macroautophagic flux, lipophagy and TAGs turnover upon PNPLA2 overexpression in primary hepatocytes, suggesting that SIRT1 is required for PNPLA2mediated macrolipophagy [107]. However, the mechanism by which PNPLA2 regulates SIRT1 is still under investigation [107].

[

  109]. RAB7 plays a fundamental role in the control of late endocytic membrane trafficking[110] and autophagosomal maturation events[111,112] and, moreover, decorates the surface of LDs and regulates macrolipophagy in mammalian cells[113,114]. The recruitment of RAB7 to both LDs and autophagosomal membranes is enhanced by the stimulation of lipolysis mediated by β-adrenergic receptor activation, while the depletion or inactivation of RAB7 under the same conditions inhibits macrolipophagy[114]. Similarly, it was found that RAB7 is essential for macrolipophagy in hepatocytes exposed to nutrient deficiency, since the knockdown of RAB7 or the overexpression of a dominant-negative RAB7 mutant leads to an accumulation of LDs[113]. Therefore, macrolipophagyis likely to require RAB7 under several conditions. In this context, it has recently been shown that RAB10 localizes to LDs and autophagosomal membranes in a RAB7-dependent manner under starvation conditions[115], and similar to RAB7, depletion of RAB10 result in LDs accumulation in starved hepatocytes[115]. Furthermore, it was found that RAB10 is necessary for the recruitment of the complex formed by EHBP1/NACSIN (EH domain binding protein 1) and EHD2/PAST2 (EH domain containing 2) on LDs in order to initiate macrolipophagy. Thereby, EHBP1 serves as an adaptor protein for EHD2, a membrane-deforming dynamin-like ATPase, which has been suggested to promote the extension of the autophagosome membrane around the LDs for engulfment[115].

  such as thyroidine[116], adrenaline[114] and FGF21 (fibroblast growth factor 21)[117]. FGF21 is secreted by the liver and induces macrolipophagy in an autocrine/paracrine-dependent manner in hepatocytes[117,118]. Interestingly, exposure to cold induces autophagy in proopiomelanocortin neurons of the hypothalamus, which in turn activate macrolipophagy in the brown adipose tissue and liver through the sympathetic network[START_REF] Martinez-Lopez | Autophagy in the CNS and periphery coordinate lipophagy and lipolysis in the brown adipose tissue and liver[END_REF].The major cellular energy sensing pathways modulating autophagy, including the classic stress and nutrient-responsive pathways such us those downstream of MTORC1 and PRKA, are also orchestrating macrolipophagy. MTORC1 inhibition drives macrolipophagy reducing lipid accumulation in an autophagy-dependent manner in vivo[START_REF] Martinez-Lopez | Autophagy in the CNS and periphery coordinate lipophagy and lipolysis in the brown adipose tissue and liver[END_REF], while PRKA can activate autophagy/macrolipophagy through various mechanisms, including stimulation of ULK1 [119], inhibition of MTORC1 [120] and activation of SIRT1 [121]. Macrolipophagy is also under major transcriptional control. The most notable transcription factors are the members of the microphthalmia family of basic helix-loop-helixleucine-zipper transcription factors family of transcription factors, which includes TFEB (transcription factor EB) and TFE3 (transcription factor binding to IGHM enhancer 3). Both TFEB and TFE3 are master regulators of lysosomal function and macroautophagy [122,123], but are also crucial in lipid catabolism. TFEB directly upregulates the expression level of PPARGC1A/PGC1α (PPARGcoactivator 1 alpha), a central player in lipid metabolism during liver starvation responses. PPARGC1A, but also TFEB, regulate lipid metabolism in the liver through the downstream nuclear receptor PPARA (peroxisome proliferator activated receptor,alpha) [124]. The effect of TFEB on lipid metabolism requires macrolipophagy since TFEB overexpression in mice fed with a high-fat diet (HFD) and in which autophagy is specifically suppressed in the liver by Atg7 deletion, does not rescue the observed increase in liver lipid content whereas it does in the wild type mice [124]. In contrast, TFE3 alleviates FFAs' exposure-mediated hepatocellular steatosis through macrolipophagy and PPARGC1Amediated FFAs β-oxidation, since inhibiting these pathways using small interfering RNAagainst Atg5 and PPARGC1A, respectively, dramatically reduces TFE3-mediated alleviation of hepatocellular steatosis [125]. Another transcription factor family involved in macrolipophagy regulation is the FOXO (forkhead box O) family. FOXO1 modulates lipid metabolism not only by inducing expression of PNPLA2 in adipocytes [126], but also by upregulating LIPAand inducing macrolipophagy upon nutrient depletion [127]. In addition, simultaneous depletion of FOX1, FOX3 and FOX4 in the liver leads to steatosis and elevated levels of TAGs in mice [128], a phenotype that can be reversed upon overexpression of Atg14 [129]. Finally, CREB1/CREB (cAMP responsive element binding protein 1) has been shown to also promote macrolipophagy upon nutrient deprival, while fed-state sensing NR1H4/FXR (nuclear receptor subfamily 1 group H member 4) inhibits this response [130]. Mechanistically, CREB1 upregulates key Atg genes, including Atg7, ULK1 and TFEB, by recruiting the coactivator CRTC2/TORC2 (CREB regulated transcription coactivator 2). In presence of nutrients, NR1H4 trans-repressed these genes by disrupting the functional CREB1-CRTC2 complex [130]. A separate study showed that PPARA and NR1H4 compete for the same DNA binding sites in the ATG gene promoters, with opposite transcriptional outputs and starvation-induced PPARA activation suppresses NR1H4-mediated inhibition of macrolipophagy [131]. Taken together, these studies suggest that transcription factors and coactivators induced by fasting, such as TFEB, TFE3, PPARA, PPARGC1A, FOXO1, FOXO3, FOXO4 and CREB, promote macrolipophagy, whereas nutrient-induced transcription factors like NR1H4, suppress macrolipophagy.

  . There have also been studies reporting that microlipophagy does not require core Atg proteins[132,135]. In particular, Atg7-independent microlipophagy triggered by acute lipid imbalance resulting from phosphatidylcholine biosynthesis defects and ER stress, involves Atg39, a reticulophagy receptor[136], and Vps24 (vacuolar protein sorting 24), an ESCRT component [132] (Fig.2B). The existence of a core ATG protein-independent and ESCRT-dependent microlipophagy was independently confirmed in a study showing that in the absence of another ESCRT component Vps27, microlipophagy is compromised during gradual nutrient depletion [135] (Fig.2B).Yeast microlipophagy also relies on local changes in the vacuolar membrane. Gradual nutrient depletion-induced microlipophagy was first shown to be mediated by liquidordered raft-like sterol-enriched vacuolar microdomains, whose formation and integrity are critical for LDs translocation into the vacuole [133]. Subsequently, it was revealed that the yeast NPC (NPC intracellular cholesterol transporter) protein orthologs, Ncr1 and Npc2, are essential for both the formation of these raft-like vacuolar microdomains and LDs engulfment by vacuoles through microlipophagy, during both gradual nutrient depletion and nitrogen starvation [134] (Fig. 2B). Mammalian NPC proteins, NPC1 and NPC2, bind the cholesterol derived from endocytosed lipoproteins and they transport this lipid from the lumen to the limiting membrane of lysosomes [137]. Thus, it is likely that NPC proteins promote microlipophagy by increasing the sterol in the limiting membrane of the vacuole [134]. The formation of these raft-like vacuolar microdomains upon nitrogen starvation depends on at least two core Atg components, Atg7 and Atg8 [134] (Fig.

  [139]. In the absence of Ypt7, the FFAs content and the number of LDs drastically increase when cells are deprived of nutrients[139]. It is well known that in the absence of Ypt7, fusion processes with the vacuole are impaired [140,141], including the one involving the autophagosomes[142]. Thus, LD accumulation could be the consequence of an impairment of the vacuolar functions. However, it has also been observed by electron microscopy that the LD morphology is significantly altered and the fusion between LDs appears blocked, revealing a key role for Ypt7 in LDs dynamics as well[139].

(

  steatosis) and inflammation[155]. NASH is a more progressive and severe stage of NAFLD and is often accompanied by fibrosis (Fig.3) [155]. NASH is associated with obesity, insulin resistance, hyperlipidemia and the metabolic syndrome [156] and a diagnosis of NASH is indicative for the need of a liver transplant later in life, due to the likelihood of liver failure or HCC development [157]. In general, steatosis is a major human health concern with approximately 25% of the world population suffering from NAFLD, and in the United States of America NAFLD and NASH affecting the 30% and 5% of the population, respectively [158]. The pathophysiology of NASH is complex and involves genetic, lifestyle and environmental factors [157]. The progression from NAFLD to NASH (Fig. 3), and potentially liver failure or HCC [159], is non-linear, partially reversible, and may progress slowly or quickly over several decades [160] or it may not progress at all [156]. Accumulation of LDs within hepatocytes occurs as a result of a dysregulated lipid metabolism, which is closely associated with a metabolic syndrome whose features include obesity, insulin resistance, dyslipidemia and hypertension [156]. Histological features of NASH include steatosis, hepatocyte ballooning, lobular inflammation and sometimes fibrosis [157]. Two hypotheses have been made to explain the pathogenesis of NASH. The two-hit hypothesis considers lipid accumulation in hepatocytes to be regarded as the first hit, which precedes and sensitizes the liver to a second hit, characterized by mitochondrial dysfunction, oxidative stress, and release of inflammatory cytokines and adipokines [161]. The less simplistic multiple-hit hypothesis contemplates multiple parallel hits leading to NAFLD and NASH. Hepatic fat accumulation, insulin resistance, mitochondrial dysfunction, ER stress, gut microbiota, endotoxins, genetic and epigenetic factors as well as an altered metabolic crosstalk between different organs are taken into account [162].

Figure 3 .

 3 Figure 3. Dysregulated lipid metabolism plays a role in the development of NASH. Altered

  De novo lipogenesis contributes to only 5% of lipids in healthy individuals compared with 26% in NASH [171]. FFAs derived from DNL are either stored within LDs as TAGs or secreted from the liver as very-low density lipoprotein (VLDL). Various studies in both mice and humans have demonstrated that increased hepatic DNL is associated with NAFLD, even when fasting [171,172]. DNL is regulated by two transcription factors: SREBF1/SREBP1c (sterol regulatory element binding transcription factor 1) and MLXIPL/ChREBP (MLX interacting protein like). These two transcription factors are activated by insulin and carbohydrates, respectively [173], leading to the expression of genes involved in FFAs and TAGs synthesis. Evidence indicates that altered expression of SREBF1 or MLXIPL contributes to NAFLD through increased DNL [174]. For example, a two-fold increase in SREBF1 expression has been found in NAFLD patient livers [172,175], while expression decreased with advanced NASH [176]. Expression of the lipogenic enzymes ACAC/ACC (acetyl-CoA carboxylase)1 and FASN/FAS (fatty acid synthase), which are regulated by SREBF1, were also enhanced in NAFLD patients [172]. Severe NASH, i.e., fibrosis at stage 3-4, also termed burnt-out NASH, is associated with the loss of hepatic steatosis as well as other histological features of NASH [177]. Fat accumulation and SREBF1expression have been negatively correlated with NASH progression and fibrosis stage [176], while the expression of DNL-associated genes regulated by SREBF1 such as FASN, ACAC1, ACAC2, DGAT1 and DGAT2 was reduced. The pathophysiological implications of SREBF1 reduction and reduced hepatic fat accumulation in severe NASH are currently unknown. Furthermore, MLXIPL deficiency reduces DNL by decreasing the levels of key lipogenic enzymes, which results in a 65% reduction of the hepatic FFAs biosynthetic rates [178]. Mice subjected to a high fructose diet were protected from hepatic steatosis when lacking MLXIPL, though they were more susceptible to liver damage due to increased cholesterol synthesis [179]. Conversely, MLXIPL overexpression in HFD fed mice caused increased DNL and hepatic TAGs accumulation, while also displaying normal insulin levels and insulin signaling [180]. In liver biopsies from NASH patients, high MLXIPL expression correlated with steatosis and low MLXIPL expression with severe insulin resistance [180]. Altogether, these studies demonstrate that the expression of the lipogenic transcription factors SREBF1 and MLXIPL, which regulate DNL, is altered in NAFLD patients, but it is also stage dependent. ACACs are regulated by SREBF1 and are the rate limiting-step in DNL [181]. Multiple studies have shown that ACAC inhibition reduces hepatic steatosis [159,182,183] and ACAC inhibitors are being investigated as a possible treatment for NASH [181]. Interestingly, ACAC inhibition reduced TGFB1/TGF (transforming growth factor beta 1)stimulated hepatic stellate cells (HSC) activation and reduced fibrosis in a HFD diethylnitrosamine (DEN)-induced model, in rat choline-deficient diet and murine lep -/-NASH models [184] (Table

  tissues after feeding [185]. Under starvation conditions, in contrast, catecholamine signaling promotes neutral lipolysis and FFAs are released for their redistribution to other organs to meet energy demands [185]. As NASH is often accompanied by insulin resistance, which in turn increases neutral lipolysis in adipose tissues [186]. FFAs released in excess are transported to the liver, where they contribute to lipid accumulation, leading to NAFLD [186]. Neutral lipolysis also occurs in hepatocytes. As mentioned, PNPLA2 is involved in the first step of neutral lipolysis, hence hydrolyzing TAGs into DAGs, and is highly expressed in adipose tissues and liver. A common single-nucleotide polymorphism in the PNPLA3 gene, a paralog of PNPLA2, increases the risk of developing NASH by three fold [187]. This isoleucine to methionine substitution at amino acid position 148 leads to a more pronounced sequestration of ABHD5/CGI-58 (abhydrolase domain containing 5) by PNPLA3, the shared co-factor of PNPLA2 and PNPLA3 [188], leading to a reduction of hepatic neutral lipolysis and an accumulation of fat in hepatocytes [189]. Studies in murine pnpla2 -/-models support the notion of an association between reduced hepatic neutral lipolysis and hepatic steatosis.

  metabolism might shed more light in the role of hepatocyte autophagy in the context of NAFLD/NASH. A recent study highlighted the association of impaired autophagy with advanced disease in NAFLD patients. The number of autophagosomes and lipid-laden lysosomes (lipolysosomes) in liver increased with higher NAFLD activity score (NAS), while SQSTM1 correlated with NAS and fibrosis stage, indicating autophagy blockage [149]. Accumulation of SQSTM1 aggregates in hepatocytes of NAFLD patients has been confirmed in another study, where it also correlated with the number of autophagic vesicles, NAS and fibrosis [200]. The mechanism by which excess lipid accumulation may interfere with autophagy functions has been investigated in mouse studies. Electron microscopy examination of liver sections from mice on a HFD revealed a significant decrease in LDs-containing macroautophagic intermediates, suggesting an impairment in lipophagy. Immunoblot analysis of isolated LDs showed that the association of LC3-II with LDs in HFD-mice was more prominent in the fed rather than the fasted state [201]. This apparent macrolipophagy defect caused by an excess of lipids may be due to the altered lipid composition of autophagosomes and/or lysosomes, which in turn affects their fusion [202]. This scenario indicates a harmful cycle between lipid accumulation and impaired autophagy. The defects in autophagy caused by an excess nutrient supply may be an indirect result of altered kinase pathways, acting upstream of autophagy. For example, western dietinduced NAFLD in mice increased the expression of the mixed lineage kinase domain-like pseudokinase, a mediator of necroptotic cell death, and resulted in liver injury and inflammatory responses through inhibition of autophagy. Another kinase, the MAP3K5/ASK1 (mitogen-activated protein kinase kinase kinase 5) is an upstream regulator of the MAPK8/JNK (mitogen-activated protein kinase 8) and MAPK14/p38 (mitogen-activated protein kinase 8) MAPK signaling cascades [203] and it was discovered that in human livers MAP3K5 expression negatively correlates with hepatic lipid accumulation and NASH scores, and positively correlates with ATG5, ATG7 and ATG12 levels, suggesting a macroautophagy-linked protective role of hepatic MAP3K5 against NASH and fibrosis onset [204]. However, other studies have implicated MAP3K5 in NASH development, whereby MAP3K5 is overactive in NAFLD, leading to inflammation and fibrosis through increased MAPK8 and MAPK14MAPK signaling [205]. Furthermore, MAP3K5 inhibition reduces hepatic lipid accumulation, inflammation and fibrosis, supporting a negative role of MAP3K5 in NASH [206,207]. Although MAP3K5 is implicated in NASH, it remains unclear whether it has a negative or positive effect on NASH progression. 4.3.3.2 HEPATIC STELLATE CELL MACROLIPOPHAGY IN NASH. HSCs are the major player in hepatic fibrosis [208,209]. In their quiescent state, HSCs are a major store of vitamin A, which is stored within their LDs [210]. Upon liver injury and in response to hepatocyte-and Kupffer cells (KCs)-derived cytokines and chemokines or other stimuli [209], HSCs undergo a transition to become myofibroblast-like [211]. Once activated, vitamin A stores are depleted through macrolipophagy [212]. Importantly, activated HSCs contribute to NASH progression though the deposition of type I and III collagen; leading to the formation of fibrotic tissues [210]. Evidence suggests a role for autophagy in the activation of quiescent HSCs in NASH. Increased macroautophagic flux has been demonstrated in activated HSCs, through the observation of increased LC3-II and decreased SQSTM1 protein levels [212,213]. Pharmacological inhibition of macroautophagy with chloroquine or 3-methyladenine, as well as small interfering RNA-mediated Atg5 or Atg7 knockdown, reduced the mRNA expression of fibrosis-associated genes in murine HSCs [213]. Moreover, mice with autophagy-deficient HSCs displayed attenuated liver fibrosis, as shown by a reduction of -smooth muscle actin expression. The ß-oxidation of FFAs produced by macrolipophagy is required for HSC activation [213] as exogenous oleic acid allows macroautophagy-deficient HSCs to become activated, reacquiring the fibrotic phenotype [213]. Additional studies have shown that HSC activation is either increased or decreased through the induction or inhibition of macrolipophagy, respectively [214-218]. Recent studies unraveled a role of lipopolysaccharide (LPS)-associated activation of HSCs via macrolipophagy. Systemic LPS level is elevated in human NAFLD because of the disrupted gut barrier and is one of the factors that contributes to NASH progression through toll-like receptor 4-mediated activation of KCs and HSCs [219,220]. LPS was found to induce macrolipophagy in the murine LX-2 HSC cell line, while pharmacological inhibition of autophagy or Atg5 silencing reduced LDs decrease upon LPS-treatment [221]. Reactive oxygen species (ROS) levels are elevated in NASH patients [222], and have previously been linked to macroautophagy induction in response to chemotherapy [223]. ROS content of HSCs increased over a 7-day period and was abrogated upon treatment with the ROS scavengers glutathione and N-acetyl-cysteine.

[

  226]. While HFD and LPS were not sufficient to cause inflammation in wild type mice, the specific ablation of macroautophagy in macrophages promoted a pro-inflammatory macrophage phenotype in the liver of animals without altering macrophage number and steatosis[226]. Myeloid cell-specific atg5 -/-deficient mice that were subjected to repeated injections of carbon tetrachloride (CCl 4 ) to induce liver injury, had increased hepatic levels of IL1A/IL1-α (interleukin 1 alpha)and IL1B/IL1-β (interleukin 1 beta), enhanced infiltration of leucocytes in the liver and hepatocyte apoptosis, as well as exacerbation of liver fibrosis [227]. This result highlights the protective, anti-inflammatory role of macrophage basal autophagy in liver injury and fibrosis [227]. In NAFLD, KCs acquire a pro-inflammatory phenotype following their activation by danger/damage-associated molecular patterns (DAMPs) and other factors released by increased hepatic fat burden. Alternatively, KCs may become activated due to excess lipid accumulation and defective lipid processing [228]. In biopsies from NASH, but not NAFLD patients, hepatic macrophages form crown-like aggregates around LDs derived from dead hepatocytes, and these structures are similar to those found in adipose tissue in obese patients [229]. In an animal model of early NASH induced by a HFD for 16 weeks, KCs had a distinct phenotype, characterized by an accumulation of LDs, a dysregulation of lipid metabolism at the gene level [230] and an increase of cholesterol, ceramides and DAGs [230]. Importantly, enhanced lipid accumulation in KCs from HFD animals was accompanied by a proinflammatory phenotype, as they secreted more IFNA1/IFN-α (interferon alpha 1), TNF/TNFα (tumor necrosis factor), IL10/CSIF (interleukin 10), CCL2/MCP1 (C-C motif chemokine ligand 2), and CCL5/RANTES (C-C motif chemokine ligand 5). Inhibition of lipogenesis in these KCs by 5-tetradecyloxy-2-furoic acid could reverse this pro-inflammatory phenotype. Taken together, accumulation of LDs in KCs influences their polarization towards a proinflammatory phenotype, which is a key event in the transition from NAFLD to NASH and fibrosis. Nevertheless, evidence suggests that fat-laden M1 macrophages may aid in the resolution of inflammation in advanced NASH, by expression of anti-inflammatory mediators such as ANNEXIN A1 [231]. Nonetheless, the relevance of using the M1/M2 macrophage classification is debatable; since M1 and M2 macrophages may represent the same subset of plastic macrophages during the course of disease, making it difficult to draw firm conclusions [232]. Thus, more studies are needed to elucidate the exact role of lipid dysregulation in the function of different hepatic macrophage subsets in the context of NASH assisting with the resolution of acute inflammation and the initiation of tissue healing through the stimulation of phagocytosis of apoptotic bodies [231]. Notably, apart from KCs being the main drivers of inflammation in NASH, they may also directly drive steatosis development, as KC depletion in rats has been shown to prevent HFD induced steatosis [233]. In further support of this notion, in a HFD NAFLD model, LPS or FFA-driven activation of KCs mediated steatosis formation in hepatocytes via tumor necrosis factor signaling [234].

  were activated, leading to a progression from simple steatosis to early NASH [235]. A recent study showed that macroautophagy is altered in LSECs from NASH patients [236]. In particular, the number of autophagosomes in LSECs from NASH patient liver biopsies was half of that in the samples from patients with no liver abnormalities or simple steatosis [236]. Primary LSECs specifically lacking Atg5 isolated from animals on a HFD, had major changes in inflammatory pathways at the gene expression level and a modest upregulation of angiogenic pathways [236]. The same animals exhibited increased fibrosis, mainly in the perisinusoidal area, higher markers of liver injury and liver inflammation, accompanied by an infiltration of inflammatory cells [236]. This data indicates that LSEC macroautophagy has a protective role in the context of NAFLD and NASH. In another study, LSECs from rats with CCl 4 -induced fibrosis displayed an augmented macroautophagic flux, which did not increase further in a more advanced fibrosis stage (6 weeks of CCl 4 administration) [237]. This observation suggests a role of LSECs macroautophagy during early phases of liver injury [237]. Mildly fibrotic mice (1 week of CCl 4 injections) with an LSECs-specific deletion of Atg7 exhibited endothelial dysfunction and an aggravation of fibrosis due to activation of HSCs [237]. Overall, LSEC macroautophagy appears to elicit a protective effect in the context of NASH and liver injury, yet no studies have explored the role of LSECs macrolipophagy in this context.

  and insulin resistance [155]. A recent study has highlighted the link between adipose tissue dysfunction and NASH pathogenesis [238]. Mice were subjected to a modified HFD and developed NAFLD or NASH of different severities, based on liver histology, alanine aminotransferase serum levels and hepatic TAGs levels [238]. Gene expression profiling in liver by microarrays showed that among the mice who had the most severe histological features resembling NASH, there was a significant enhanced expression in genes involved in lipid metabolism, inflammation and fibrosis [238]. Additionally, these animals exhibited both high weight gain and high LEP/OB (leptin) levels in the serum, and showed severe adipose tissue dysfunction and remodeling [238]. Adipose tissue dysfunction may thus promote progression of hepatic steatosis to NASH. Studies using adipose tissue from obese and nonobese patients showed that obesity is probably associated with an activation of autophagic flux in the visceral adipose tissue [239,240]. Direct evidence linking adipose tissue dysfunction, impaired lipid metabolism and NASH is missing, yet autophagy has a major role in adipocyte maturation via macrolipophagy and lipolysis-dependent mechanisms [241]. Increased lipolysis of the peripheral fat stored in adipose tissues reaches the liver as non-esterified FFAs, enhancing lipogenesis, reducing -oxidation and downregulating the export of fat in the form of VLDL, thereby contributing to steatosis [242]. Increased plasma FFAs levels results in an increase of intramyocellular lipids, which in turn leads to an impairment of insulin signaling that causes insulin resistance in the skeletal muscles of healthy subjects [243]. The size but not the number of individual subsarcolemmal LDs in human skeletal muscle fibers is associated with insulin resistance [244], but a direct association between LDs in skeletal muscle in the context of NASH is missing.

  cell type-specific, since enhancement of autophagic activity may prove beneficial in hepatocytes, KCs and endothelial cells, while in HSCs it can lead to fibrosis [246]. In recent studies, strategies to increase autophagy, including exercise and dietary interventions [118,247,248], as well as the use of substances that modulate autophagy, including rapamycin [249], a novel TFEB inducer [154], herbal medicines [206,250] and marketed, FDA-approved drugs such as metformin [251], ezetimibe [151], irbesartan [252], pioglitazone [253] and exenatide [254], have shown that they counteract NASH in different animal models. Hence, stimulation of autophagy consistently resulted in improvements in NASH, demonstrated by decreased hepatic steatosis, inflammation, and fibrosis [118,151, 154,206,247-254]. In this context, a new compound called MSL is of particular interest as it stimulates autophagy while acting on the TFEB pathway, and enhances the autophagic flux and the breakdown of LDs in the liver of lep -/-mice as well as HFD-fed mice [255].
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 1 Figure 1. Major classes of nanoparticles (NPs): polymeric, inorganic and lipid-based. Each NP class has several subclasses. Adapted from 4 .
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 2 Figure 2. Schematic of a liposome. A. uni-lamellar liposomes of different sizes. Inset shows
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 5 Figure 5. Particles formation by solvent displacement or nanoprecipitation method.
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 7 Figure 7. Enhanced accumulation of vitamin A-coupled, Nile-Red liposomes in the liver of
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 8 Figure 8. Influence of particles' surface PEG grafted densities (A) on serum protein adsorption at their surface (B) and their subsequent uptake by macrophages (C) 57 . An increase
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 9 Figure 9. Schematic representation of a multi-functionalized nanocarrier. Peptides, antibodies

  22 μm-filtered 1mM NaCl solution. The NP hydrodynamic diameter (Z-average) and size distribution defined by the polydispersity index (PDI) were evaluated by dynamic light scattering (DLS) using a Zetasizer Nano ZS Plus (Malvern Panalytical, UK). Zeta potential was calculated by measuring the NP electrophoretic mobility using the same apparatus Zetasizer Nano ZS.To determine the amount of non-adsorbed T-B or T-S, 130 microliters of NP suspension were centrifuged for 10 minutes at 5,000 x g to pellet the NPs. The supernatant was collected and centrifuged for another 5 minutes at 16,000 x g to pellet any remaining particles. The supernatant was transferred in a 96-well plates in duplicates. Amount of the non-adsorbed peptide was determined using the Pierce Coomassie Plus (Bradford) Protein Assay reagent (Thermo Fisher Scientific, France, 1856209), using BSA or T-B for the calibration curve. The adsorption efficiency and loading rate of peptide on NPs were calculated according to the formulas: Morphological characterization of NPs was performed with a scanning electron microscopy (SEM). Briefly, a drop of NPs was diluted in water to a final concentration of 0.05% (w/v) solid content. The suspension was applied on glass coverslips and stuck on metal stubs, before air drying under reduced pressure. The dried samples were then sputtered by 10 nm of copper with a metallizer (BAL-TEC MED020, Leica Microsystems, France) before SEM observations (MERLIN VP Compact, Zeiss, CTμ, Centre Technologique des Microstructures, Lyon 1, France) with an acceleration voltage of 10 kV.

  with isoflurane. Mice were immediately injected in the retro-orbital vein with 120 μL of either free fluorophore (Xenolight DiR-Fluorescent Dye, Perkin Elmer, UK, 125964), fluorescent nanoparticles (fluo-NPs, Near Infra-Red Fluorescent i-Particles ® , Adjuvatis, France) or fluorescent Tat-Beclin nanoparticles (fluo T-B NPs) of 0.25% solid content. Whole body fluorescence was recorded immediately after injection and at 2 or 3 h, 24 h, 48 h, 72 h and 7 days after injection using the FMT4000 fluorescence tomography imaging system (Perkin Elmer, USA) and while mice were kept under anesthesia. The tomographer had been calibrated with a known concentration of fluorescent NP, allowing a direct quantification of fluorophore in the scans.

  7 mV) or Tat-scrambled peptide (+19.8 ± 3.4 mV). Adsorption efficiency was 81.2 ± 3.2 % for the NP T-B and less optimal for the NP T-S (36.1 ± 5.4%), while loading rate (mg peptide/g polymer) was 49 ± 2.0 % and 22 ± 4.8 %, respectively. With further optimization of this NP T-S formulation, a higher loading rate could be achieved but the amount of unadsorbed T-S also increased (data not shown). We therefore decided to keep this less optimal NP T-S formulation considering that: a) Tat-scrambled should not have an effect on autophagy and b) NP T-S are a useful control, as they are adequately positevely charged. The difference in the adsorption efficiency of T-B and T-S on particles may be due to a preferred interaction of T-S molecules with each other rather than with the NP surface. For in vivo experiments, fluorescent DiR particles were prepared and the T-B was subsequently adsorbed on their surface. Encapsulation of the fluorophore resulted in an increase in the size of particles (219 ± 17.1 nm), which was further increased by the adsorption of T-B, resulting in particles with a mean size of 231 ± 19.7 nm. Surface charge and adsorption efficiency of NP DiR T-B were similar to NP T-B. Overall, we succesfully developed and characterized reproducible Tat-Beclin and Tatscrambled based formulations. No change in size, PDI and zeta potential was observed when the formulations were stored at 4°C for up to 3 days (data not shown). For unmodified particles, stability was almost one year (data not shown). For subsequent experiments, the formulations were freshly prepared or prepared one day in advance before used in vitro or in vivo.

Fig. 1

 1 Fig. 1 Development and characterization of autophagy inducing particles (NP T-B) and control particles. a The Tat-Beclin peptide or Tat-scrambled control peptide was adsorbed on biodegradable particles (NP), made of poly-L-lactic acid. b Hydrodynamic diameter (Dh) (Z-average), polydispersity index (PDI), zeta potential, adsorption efficiency, drug loading and DiR encapsulation efficiency of the prepared formulations. Values are means ± SD of three measurements pooled from at least three independent experiments. SEM micrographs of plain particles (NP) (c), Tat-Beclin particles (NP T-B) (d) and Tat-scrambled peptide control particles (NP T-S) (e). Scale bar: 1 μm.

Fig. 2

 2 Fig. 2 Particles formulated with the Tat-Beclin peptide modulate autophagy in a sustained and delayed manner, and at a ten times lower concentration compared to the soluble peptide in HeLa cells. a Autophagy modulation by the soluble Tat-Beclin peptide in HeLA cells over 6 h. HeLA cells were treated with 20 μM of soluble peptide for the respected time points before cell lysis, protein extraction and western blot analysis. b Autophagy modulation by the functionalized particles (NP T-B or NP T-S) or plain particles (NP) at 24, 48 and 72 h post-treatment. c Autophagy modulation by the soluble T-B or NP T-B at their peak of autophagic activity (4 h for the soluble peptide and 24 or 48 h for the NP T-B) and quantification of autophagy modulation (LC3B-II/ACTB ratio). All blots are representative of at least three independent experiments.

Fig. 3

 3 Fig. 3 NP T-B induce autophagy in HeLa and HepG2 cells. a HeLA cells were treated with particles for 24 h and bafilomycin A was added at the last 2 h of incubation. The LC3B-II/ACTB ratio was quantified. An increase in LC3B-II/ACTB in presence of NP T-B and Baf A compared to Baf A treatment alone, denotes that NP T-B are original autophagy inducers. b HepG2 cells were treated with particles for 24 h and Baf A was added at the last 2 h of incubation and the LC3B-II/ACTB ratio was quantified. An increase in LC3B-II/ACTB in presence of NP T-B and Baf A compared to Baf A treatment alone, denotes that NP T-B are original autophagy inducers.

Fig. 4

 4 Fig. 4 NP T-B, NP T-S, NP and T-B or T-S (used at equal concentrations as in formulations), did not negatively impact viability in HeLA (a) and HepG2 cells (b), evaluated by a Presto assay.

Fig. 5

 5 Fig. 5 Accumulation of NP T-B and autophagic compartments. Representative TEM images of HeLa cells. At basal conditions (a), autophagic vacuoles were scarce but a few lysosomes (L) were present. Autophagosomes (AP) with a double membrane containing cytoplasmic cargo were observed in NP T-B treated cells (b, c), consistent with autophagy induced by NP T-B. Co-treatment with bafilomycin (c) resulted in a greater accumulation of autophagic compartments in NP T-B treated samples. NPs (denoted with red asterisks) were observed in endosomal (E), endolysosomal (EL) and autolysosomal (AL) compartments (b, c). AL: autolysosome. E: endosome. EL: endolysosome. L: lysosome. M: mitochondrion. Scale bar: 1μm

Fig. 6

 6 Fig. 6 Treatment with T-B and NP T-B induce lipid droplet breakdown in a steatosis (NAFLD) model of HeLA, analyzed by confocal microscopy. Supplementation of HeLA with fatty acids increases LD formation (Bodipy dots), as quantified with ICY software (LD number per cells). Overnight treatment

Fig. 7

 7 Fig. 7 Organ biodistribution of fluorescent NPs 24 h after a single intravenous (IV) injection in SKH1 (a,b) and ob/ob mice (c,d). Ex vivo DiR fluorescence imaging on main organs (liver, spleen, pancreas and kidneys) (a, c) and quantitative image analysis of DiR fluorescence signals (b, d). NPs and NP T-B accumulate mostly in the liver and spleen. NP T-B target spleen more than NP. n=3-4 mice per group.

Fig. 8 a

 8 Fig. 8 a In vivo DiR fluorescence imaging of SKH1 mice following a single IV injection of autophagy inducing fluorescent particles (NP DiR T-B) and plain fluorescent particles (NP DiR) which accumulate in the liver over the course of seven days. b Quantification of whole body fluorescence up to 7 days post a single IV injection. n=3-4 mice per group.

Fig. 9

 9 Fig.9 In vivo DiR fluorescence imaging of genetically obese ob/ob mice following a single IV injection of autophagy inducing fluorescent particles (NP DiR T-B) and plain fluorescent particles (NP DiR) which accumulate in the liver over the course of 72 h. b Quantification of whole body fluorescence up to 72 h post a single IV injection. n=3-4 mice per group.

  their biodistribution in healthy and obese mice. To begin with, we succesfully adsorbed the autophagy inducing Tat-Beclin peptide onto biodegradable PLA particles. NP T-B are cationic, with a size slightly above 200 nm and a homogeneous size distribution and the formulation is reproducible. Our western blot experiments in HeLa cells, using LC3 conversion as a readout for autophagy, revealed enhanced and sustained autophagy modulation (starting from 6 h up to 48 h) by NP T-B compared to the T-B peptide (up to 4 h),

  HepG2), LC3 accumulation was observed with the NP T-B but neither with the formulated Tat-scrambled peptide (NP T-S) nor plain particles (NP). We therefore conclude that the observed effect is due to the T-B which is adsorbed on particles and not because of some other property of the particles (size, charge or the presence of the Tat moiety). There results pinpoint that at least at the conditions tested, the effects observed are specific for NP T-B. Since T-S either in soluble or NP form did not induce autophagy, subsequent experiments were performed with NP T-B and unmodified NPs as control. To elucidate the intracellular fate of NP T-B, we performed TEM. NP T-B were observed inside endosomal, endolysosomal and autolysosomal structures but not autophagosomes. NP T-B were in various stages of degradation and often clustered together inside these structures.

  . The liver of obese mice is distinctly different from the liver of healthy mice, which might influence nanoparticle biodistribution. A recent study highlighted that about 80% of genetically obese ob/ob fed with standard chow diet have steatosis and mild necroinfamation (presence of few lobular aggregates of inflammatory cells with or without apoptotic bodies) in the liver, but usually no fibrosis49 . We thus set out to evaluate whether NP T-B can target the liver of normal and obese mice, following a single intravenous injection. While NP accumulated mainly in the liver 24 h after IV injection, NP T-B accumulated mainly in the liver and spleen, in both models. The difference in the biodistribution is most likely due to the difference in surface charge of NP and NP T-B. When following NP T-B biodistribution over time, particle-associated fluorescence was observed in the liver three days after a single IV injection, in both normal and obese mice. In normal mice, no fluorescence was observed seven days following injection. The sustained accumulation of NP T-B in the liver is important for achieving therapeutic effects with a few doses, which is highly desired in a clinical setting. In the liver, autophagy induction has been shown to be beneficial for hepatocytes, Kupffer macrophages and liver sinusoidal endothelial cells (LSECs), while in stellate cells, it is believed to be fibrinogenic50 . Given the low population of stellate cells in the liver51 , induction of autophagy in the whole liver is most likely beneficial. Finally, given the proven liver targeting of NP T-B in obese mice in this study, the ability of NP T-B to reduce lipid in the liver of obese mice requires further investigation.

Chapter 2 :

 2 A preliminary evaluation of efficacy of autophagy inducing particles in obese miceIn the previous chapter we have described the design of autophagy inducing Tat-Beclin particles (NP T-B). We showed that NP T-B can strongly induce autophagy in a sustained manner in vitro and that they could decrease the number of lipid droplets in a steatosis model.NP T-B can reside in the liver for several days following an intravenous injection in normaland genetically obese mice. Based on these results, we set out to investigate whether NP T-B can reduce lipid accumulation (steatosis) in the liver of genetically obese mice.

  animals and anaesthetized one by one with isoflurane. Mice were immediately injected in the retro-orbital vein with 120 μL of either free fluorophore, fluorescent nanoparticles (fluo-NPs) or fluorescent tat-beclin nanoparticles (fluo T-B NPs) of 0.25% solid content. Whole body fluorescence was recorded immediately after injection and at 2 or 3 h, 24 h, 48 h and 72 h after injection using the FMT4000 fluorescence tomography imaging system (Perkin Elmer, USA) and while mice were kept under anesthesia. Mice were reinjected three days after the first injection and then twice per week with non-fluorescent NP or NP T-B or buffer for an additional of 4 weeks. The last injection was done with fluorescent NP or NP T-B or soluble fluorophore, in order to analyze organ biodistribution.

Figure 1 .

 1 Figure 1. Study design combining biodistribution and small pilot efficacy study using the

a)

  Colour deconvolution method: The original .tiff images were opened in ImageJ. In the Image tab, Colour deconvolution was selected. Mason's trichrome and others were compared in order to select the best setting for the identification of Oil-Red-O stained droplets. The Azon Mellory was selected and the blue channel was found to better correspond to Oil-red stained LDs. Then an automated Default threshold was selected for all images. In the Analyze tab, in the Set Measurement, the Integrated area density and Limit to Threshold were selected.Finally, in the Analyze tab, the Measure tab was selected and the % Area was reported.b) Trainable Weka Segmentation method:The original .tiff images were opened in ImageJ and the size (width) was reduced from 1280 to 854 to facilitate a faster analysis. The trainable Weka Segmentation plugin was used and at least 8 examples of lipid droplets were given (of various intensities). Examples of background and tissue background and nuclei were also

Figure 2 .Figure 3 .

 23 Figure 2. Clinical parameters of ob/ob mice treated with NP or NP T-B over a period of 5

Figure 4 .Figure 5 .

 45 Figure 4. Oil Red staining of lipid droplets and hematoxylin staining in non-fixed, liver tissue cryosection. Note that the tissue is not well preserved, resulting in large holes in the specimens, in particular for the sample on the right.

Figure 6 .Conclusion

 6 Figure 6. Treatment with NP T-B reduced intrahepatic lipid, as measured by quantification of the Oil-red area in liver cryosections using ImageJ and the Trainable Weka Segmentation method. * p ≤ 0.005 with one-way Anova and Dunnett's multiple comparisons test (compared to NAFL). Quantification of Oil Red area (%) with ImageJ was done in at least 5 images from the same liver lobe of three mice per group.

  autophagy. It would be difficult to discriminate between autophagy induced by fasting and autophagy induction by the NP T-B. A positive control of lipid-lowering drug should be used in any future experiments, for example ezetimibe or the investigational autophagy enhancer MSL3,4 and the tat-beclin peptide. Still, daily injections of the T-B peptide might be necessary due to rapid peptide degradation in vivo, rendering this experiment quite expensive.

(PAMPs) 1 .

 1 Among the different PPRs, Nod-like receptors (NLRs) constitute a large subfamily of innate immune sensors. Structurally, NLR proteins contain several highly-conserved domains. Their common feature is a centrally located, conservative nucleotide-binding oligomerization domain (NBD), responsible for oligomerization of the receptor, the Cterminal domain and the N-terminal effector domain. The NLR receptor family consists of 23 members, which are divided into five subfamilies, mainly due to the type of the N-terminal effector domain 2 . Among the different NLR subfamilies, NOD1 and NOD2 are the most described ones. NOD1 receptor was described as an NF-kB activator at the end of the XX century3 and NOD2 receptors was recognized as a universal bacterial sensor few years later, in 20034 . NOD2/NOD-like receptor C2 (nucleotide binding oligomerization domain containing 2) receptors are able to recognize a specific motif of bacterial peptidoglycan, called muramyldipeptide (MDP)4 . In humans, NOD2 receptors can be found in the cytoplasm of intestinal epithelial cells or Paneth cells and monocyte-derived cells of the immune system5 . Activation of NOD2 by MDP mediates activation of NRIP2/RIP2 (nuclear receptor interacting protein 2), leading to ubiquitination of NEMO/IKKγ and subsequently activation of NFKB1/NF-κB (nuclear factor kappa B subunit 1) and the production of proinflammatory cytokines. RIP2 also mediates the recruitment of MAP3K7/TAK1 (mitogen-activated protein kinase kinase kinase 7), which leads to activation of MAPKs and the IKK complex6 .

Figure 1 .

 1 Figure 1. Complex signaling pathway initiated by NOD2 (nucleotide binding oligomerization

Figure 2 .

 2 Figure 2. Evaluation of NF-kB activation by NOD2 ligands in HEK NOD2 reporter cells.

Figure 3 .

 3 Figure 3. Incubation of DC 2.4 for 5 h with NOD2 ligands or autophagy inducers (Torin and

Figure 4 .

 4 Figure 4. DC 2.4 were treated for 13 h with NOD2 ligands (10 μg/ml) or Tat-Beclin (T-B)

Figure 5 .

 5 Figure 5. Mifamurtide encapsulated in PLA particles (NP Mifa) induces autophagy in DC 2.4

Figure 6 .

 6 Figure 6. Treatment of RAW with NOD2 ligands (1 or 10 μg/ml) for 6 or 24 h do not

Figure 7 .Figure 8 .

 78 Figure 7. RAW cells were treated with NOD2 ligands at 1 or 10 μg/ml and co-treated with

2 h 5 .

 25 evaluate modulation of autophagy by the different NOD2 ligands in a mouse dendrtitic cell line (DC 2.4) by monitoring LC3B lipidation. When cells were treated for 5 h, the soluble NOD2 ligands failed to modulate autophagy, but when combined with chloroquine to block autophagosome degradation, the Tat-Beclin peptide (positive control for autophagy) and the NOD2 ligand L18-MDP (1 μg/ml) had an effect on LC3B lipidation compared to chloroquine alone, suggesting that it induces autophagy. When cells were treated with NOD2 ligands alone for 13 h, only the Tat-Beclin peptide and MBT seemed to modulate autophagy. The surprising result in our study was that the ligands alone (and especially MDP) did not have a strong effect on autophagy in DC 2.4. Cooney has used MDP for 8 h in monocyte-derived DCs (moDCs), which led to autophagy induction similar to starvation media treatment for Autophagy induction was confirmed with LC3B lipidation by WB (with or without a molecule that inhibits autophagosome degradation), staining of endogenous LC3B and in GFP-LC3 transfected moDCs. In our hands MDP did not induce autophagy in DC 2.4. moDCs are monocyte derived dendritic cells from humans, while DC 2.4 is an immortalized murine dendritic cell line, routinely used in our lab. Yet, the expression of NOD2 on moDCs and DC 2.4 might be very different, which would explain the difference in our results.

  NP T-S were less positively charged and had less peptide adsorbed on them compared to NP T-B. It would be interesting to correlate NP T-B and NP T-S uptake with effect on LC3-II accumulation. Furthermore, the use of KO cell lines for proteins indispensable for LC3associated phagocytosis (LAP) 15 or LC3-associated endocytosis (LANDO) but not for autophagy, would help further define whether the NP T-B are authentic autophagy inducers.

  Eeva-Liisa Eskelinen from University of Turku, we took approximatelly 100 images of cells In this HeLa steatosis model, we could prove that treatment with T-B and NP T-B induced lipid droplet breakdown and that NP T-B degraded LDs at a 10 times lower dose compared to T-B. We would still need to perform additional experiments to prove that the LD degradation is lipophagy, for example by co-localization studies of LDs with LC3-II 18 . Preliminary lipophagy experiments have already been performed in our DRIVE collaborators (Morel-Dupont lab), yet further optimization is needed. A limitation in our LD degradation experiment was the use of HeLa cells as a steatosis model. In the majority of studies, HepG2 is the cell line of choice for inducing a steatosis model, although the lipid stimulus varies. For example, Zhao et al., used HepG2 cells challenged with 0.4 mM OA for 24 h to induce steatosis while Kim et al. challenged HepG2 cells with palmitate and oleate, in a 1:2 ratio. After we had successfully proven that NP T-B induce autophagy also in HepG2 cells, we tried to repeat the steatosis experiment in HepG2 cells

  pursue with analysis of LD degradation by NP T-B in the HepG2 steatosis model induced by OA-BSA. An interesting tool to evaluate LD degradation would be the use of a high-content image acquisition system coupled with a software for automated identification and quantification of LDs22 .

Figure 3 .

 3 Figure 3. Development of an in vitro model of steatosis in HeLa and HepG2 cells.

  reproducible formulation of Tat-Beclin particles (NP T-B) and showed that the formulation modulated autophagy in an enhanced and sustained manner and at a lower dose compared to the soluble peptide in vitro. Autophagic flux experiments in two cell lines revealed that NP T-B but not unmodified or peptide control particles, induced autophagy. Ultrastructural studies revealed that NP T-B accumulated in endolysosomal and autolysosomal compartments.

  

  

  

  

  

  

  

  

  

  

  

An overview of general autophagic mechanisms

  Table which was not included in the Review.The term macroautophagy/autophagy, which is derived from the Greek words αυτος ('auto') and φαγειν ('phagein'),meaningself-eating,includes a number of lysosomal degradative and recycling pathways that control both quality and quantity of proteins, lipids and organelles in eukaryotic cells. Upon starvation, autophagic pathways are triggered to compensate for the lack of nutrients and to balance energy deficiencies. In addition, numerous other types of cellular stress can induce autophagic pathways, including the accumulation of cytotoxic

	diethylnitrosamine; DGAT: diacylglycerol O-acyltransferase; DNL: de novo lipogenesis; phospholipase domain containing 2; PNPLA3/adiponutrin: patatin like phospholipase domain
	EHBP1/NACSIN (EH domain binding protein 1); EHD2/PAST2: EH domain containing 2; containing 3; PPAR: peroxisome proliferator activated receptor; PPARA/PPARα: peroxisome
	CoA: coenzyme A; CCL/chemokines: chemokine ligands; CCl 4: carbon tetrachloride ; ER: proliferator activated receptor alpha; PPARD/PPAR : peroxisome proliferator activated
	endoplasmic reticulum; ESCRT: endosomal sorting complexes required for transport; FA: receptor delta; PPARG/PPARγ: peroxisome proliferator activated receptor gamma;
	fatty acid; FFAs: free fatty acids; FFC: high saturated fats, fructose and cholesterol; FGF21: PPARGC1A/PGC1α: PPARG coactivator 1 alpha; PRKAA/AMPK: protein kinase AMP-
	fibroblast growth factor 21; FITM/FIT: fat storage inducing transmembrane protein; FLD: activated catalytic subunit; PtdIns3K: class III phosphatidylinositol 3-kinase; PtdIns3P:
	fatty liver diseases; FOXO: forkhead box O; GABARAP: GABA type A receptor-associated phosphatidylinositol-3-phosphate; PTEN: phosphatase and tensin homolog; ROS: reactive
	protein; GPAT: glycerol-3-phosphate acyltransferase; HCC: hepatocellular carcinoma; oxygen species; SE: sterol esters; SIRT1: sirtuin 1; SPART/SPG20: spartin; SQSTM1/p62:
	sequestosome 1; SREBF1/SREBP1c: sterol regulatory element binding transcription factor 1;

HDAC6: histone deacetylase 6; HECT: homologous to E6-AP C-terminus; HFCD: high fat, choline deficient; HFD: high-fat diet; HSCs: hepatic stellate cells; HSPA8/HSC70: heat shock protein family A (Hsp70) member 8; ITCH/AIP4: itchy E3 ubiquitin protein ligase; KCs: Kupffer cells; LAMP2: lysosomal associated membrane protein 2A; LDs: lipid droplets; LDL: low density lipoprotein; LEP/OB: leptin; LEPR/OBR: leptin receptor; LIPA/LAL: lipase A, lysosomal acid type; LIPE/HSL: lipase E, hormone sensitive type; LIR: LC3interacting region; LPS: lipopolysaccharide; LSECs: liver sinusoidal endothelial cells; MAGs: monoacylglycerols; MAPK: mitogen-activated protein kinase; MAP3K5/ASK1: mitogenactivated protein kinase kinase kinase 5; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MCD: methionine-choline deficient; MGLL/MGL: monoglyceride lipase; MLXIPL/ChREBP: MLX interacting protein like; MTORC1: mechanistic target of rapamycin kinase complex 1 ; NAFLD: non-alcoholic fatty liver disease; NAS: NAFLD activity score; NASH: non-alcoholic steatohepatitis; NPC: NPC intracellular cholesterol transporter; NR1H3/LXRα: nuclear receptor subfamily 1 group H member 3; NR1H4/FXR: nuclear receptor subfamily 1 group H member 4; PDGF: platelet derived growth factor; PIK3C3/VPS34: phosphatidylinositol 3-kinase catalytic subunit type 3; PLIN: perilipin; PNPLA: patatin like phospholipase domain containing; PNPLA2/ATGL: patatin like TAGs: triacylglycerols; TFE3: transcription factor binding to IGHM enhancer 3; TFEB: transcription factor EB; TGFB1/TGF : transforming growth factor beta 1; Ub: ubiquitin; UBE2G2/UBC7: ubiquitin conjugating enzyme E2 G2; ULK1/Atg1: unc-51like autophagy activating kinase 1; USF1: upstream transcription factor 1; VLDL: very-low density lipoprotein; VPS: vacuolar protein sorting; WIPI: WD repeat domain, phosphoinositide interacting; WDR: WD repeat domain Keywords chaperone-mediated autophagy; fibrosis; hepatocellular carcinoma; macroautophagy, macrolipophagy; microautophagy; microlipophagy; NAFLD; NASH; non-alcoholic fatty liver disease; non-alcoholic steatohepatitis 1.

protein aggregates that are selectively degraded through autophagy. Likewise, cellular organelles, including LDs, can be degraded in lysosomes through autophagic processes to generate metabolites. Autophagy is therefore important in maintaining cellular homeostasis in both cells and tissues and plays a crucial role during development, adaptation to stress, and immune and metabolic responses. The three different autophagic pathways macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) are discussed in the following subchapters.

Table 1

 1 Genetic NAFLD and NASH mouse models are often used in combination with one of the abovementioned diets, as genetic models alone only result in the development of NAFLD, not NASH [166]. Chemical mouse models, in contrast, are more frequently used to study more severe NASH, fibrosis, cirrhosis and HCC. Mouse models are commonly utilized in the screening of potential NASH therapeutics. Autophagy and lipophagy have been investigated in some of these mouse models, and results suggest that they play important roles in the development and progression of NAFLD and NASH [167-169].The studies conducted so far mainly show a block in the

); each presenting its own advantages and disadvantages

[163]

. At present, there is no ideal mouse model to study the complexity of NASH observed in patients [163], as each currently available mouse model present differences in regard to histology, altered molecular pathways and genetics

[164]

. Often, the mouse model is chosen depending on the disease stage and disease aspect that will be experimentally addressed.

Dietary mouse models partially mimic human diets that lead to the development of NAFLD, and animals are typically subject to a methionine-choline deficient (MCD) diet, a choline-deficient, a high-fat or a fructose diet (Table

1

). Mice subjected to these diets display similarities to the histological and pathologic features of human NAFLD and NASH to different degrees

[165]

. macroautophagic flux in NASH triggered in mice through diet, genetics or chemicals

[167- 169]

. Evidence indicates that non-selective macroautophagy, macrolipophagy and CMA are critically involved in the development of both NAFLD and NASH

[49]

.

Table 1 .

 1 Mouse models of NASH

	Model	Mechanism	Pathophysiological	Suitability for	Autophagy/lipophagy assessments
			characteristics	NASH modelling	
	Diet-induced models			
	HFD	High fat intake	Obesity	• Severity of NASH	• Increased expression of Becn1,
		(60% fat)	Insulin resistance	less significant than	Pik3c3/Vps34, Atg12 and Atg4b mRNA
		leading to	Hyperinsulinemia	the MCD animals,	was observed in 5 weeks HFD mice,
		hepatic steatosis	Hyperlipidemia Hepatic steatosis Lobular inflammation No hepatocyte ballooning Mild fibrosis	even after 28 weeks. • Only mild fibrosis • More suited for modelling NAFLD rather than NASH	while expression was significantly reduced in 10 weeks HFD animals. Decreased BECN1 and increased SQSTM1 levels indicated reduced autophagy in 10 weeks HFD mice. A transcription factor involved in lipid metabolism, USF1, suppressed autophagy via Atg downregulation [167].
					• NR1H3/LXR , a regulator of DNL,
					was found to be overexpressed in HFD
					mouse livers while autophagy was
					suppressed through microRNA-mediated
					Atg4b and Rab8b expression silencing.
					Thenr1h3 -/-knockout mice on HFD
					showed increased autophagic flux and
					decreased hepatic lipid accumulation,
					revealing a possible role of NR1H3 in
					autophagy inhibition [258].
	MCD	High sucrose	No obesity (weight	• Time efficient	• Reduced ATG levels in murine liver
		(40%), high	loss rather than gain)	(fibrosis seen within	tissues after 8 weeks MCD [168].
		fat (10%) and	No insulin	five weeks)	• CXCR3 was significantly

  39. Ward C, Martinez-Lopez N, Otten EG, et al. Autophagy, lipophagy and lysosomal lipid storage disorders. Biochim Biophys Acta. 2016;1861:269-84. 40. Weidberg H, Shvets E, Elazar Z. Lipophagy: selective catabolism designed for lipids. Dev Cell. 2009;16:628-30. 41. Ma Y, Zhou Y, Zhu YC, et al. Lipophagy contributes to testosterone biosynthesis in male rat Leydig cells. Endocrinology. 2018;159:1119-1129. 42. Cui W, Sathyanarayan A, Lopresti M, et al. Lipophagy-derived fatty acids undergo extracellular efflux via lysosomal exocytosis. Autophagy. 2020;19:1-16. 43. Riffelmacher T, Clarke A, Richter FC, et al. Autophagy-dependent generation of free fatty acids is critical for normal neutrophil differentiation. Immunity. 2017;47:466-480 e5. 44. Folick A, Oakley HD, Yu Y, et al. Aging. lysosomal signaling molecules regulate longevity in Caenorhabditis elegans. Science. 2015;347:83-6. 45. Natarajan SK, Rasineni K, Ganesan M, et al. Structure, Function and metabolism of hepatic and adipose tissue lipid droplets: implications in alcoholic liver disease. Curr Mol Pharmacol. 2017;10:237-248. 46. Itabe H, Yamaguchi T, Nimura S, et al. Perilipins: a diversity of intracellular lipid droplet proteins. Lipids Health Dis. 2017;16:83.

NAFLD/NASH Intervention NAFLD/NASH model Effect on hepatic autophagy Effect on liver Ref.

  LAMP2: lysosomal associated membrane protein 2A; LD: lipid droplet; lep -/-: mice with a mutation in the Lep (leptin) gene, also known as ob/ob mice; lepr -/-: mice with a mutation in the Lepr (leptin receptor) gene, also known as db/db mice; LIPA/LAL: lipase A, lysosomal

		Lifestyle		
	Caloric restriction	lpr -/-	Quantitatively enhanced autophagy (LC3, p62 expression)	Decreased steatosis and inflammation	
	HFD-fed mice effect on autophagy was shown. ATG: autophagy related; BECN1: Beclin 1; HFD: high-fat Steatosis -not evaluated, Enhanced autophagy (LC3, p62, ATG5, ATG7, p-mTOR, p-AMPK expression), enhancement of Beclin1 and Lamp2 mRNA expression reduced miR-33 mRNA expression, reduced SREBP1c mRNA and protein expression Sucrose-enriched choline-deficient diet-fed mice No significant change in hepatic autophagy (LC3 and p62expression), enhanced mRNA expression of Map1lc3b Decreased steatosis, decreased size of LDs diet; acid; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MCD:	
	methionine/choline deficient diet; mTOR: mechanistic target of rapamycin; NAS: NAFLD	
	Quantitatively enhanced autophagy activity score; PPARG/PPARγ: peroxisome proliferator activated receptor gamma;	
	Exercise	HFD-fed mice	(LC3, p62expression),enhanced	Decreased steatosis	
	cathepsin D activity PRKAA/AMPK: protein kinase AMP-activated catalytic subunit; SQSTM1/p62:	
	Decreased steatosis, sequestosome 1; SREBF1/SREBP1c: sterol regulatory element binding transcription factor 1;	
		Choline deficientHFD-fed mice	Quantitatively enhanced autophagy (LC3, ATG5,mTOR expression)	fibrosis, ballooning and TNF-α expression, decreased NAS score, decreased	
				adenoma formation	
		Western diet-fed mice	Quantitatively enhanced autophagy (LC3, p62, BNIP3 expression)	Lower but not significant histology score	
			Enhanced autophagy (LC3 expression		
		HFD-fed mice	and number of autophagic and	Decreased steatosis	
	Caffeine		lipophagic vacuoles by EM)		
		HFD-fed mice	Quantitatively enhanced autophagy (ATG7 and ATG5 expression)	Decreased steatosis	
		Classic small-molecule autophagy modulators		
			Hepatic autophagy not evaluated but		
		HFD-fed mice	spermidine quantitatively enhanced autophagy in colon (Lc3b, Atg4d, Atg16l2 mRNA and LC3, BECLIN1	Decreased steatosis and inflammation	
			protein expression)		
	Spermidine	CCl 4 -induced liver fibrosis	expression) Quantitatively enhanced autophagy (LC3 expression but no change in p62	Decreased fibrosis	10
		CCl 4 -induced liver fibrosis	Quantitatively enhanced autophagy (LC3 expression)	Decreased fibrosis	11
		MCD-fed mice	Quantitatively enhanced autophagy (LC3 and p62 expression). No expression significant change in p62 mRNA	fibrosis Decreased steatosis, inflammation and	12
	Chloroquine	MCD-fed mice	Inhibited autophagy (LC3 and p62 expression). No significant change in	Increased steatosis, inflammation and	12
			p62 mRNA expression	fibrosis	
				Decreased	
	Chloroquine (pre-treatment)	CCl 4 -induced liver fibrosis	Inhibited autophagy (LC3 and Beclin 1 expression)	inflammation and attenuated acute liver	
				injury	

TFEB: transcription factor EB; TNF/TNF-α: tumor necrosis factor; ULK1/Atg1: unc-51 like autophagy activating kinase 1.

Table 2 .

 2 Preclinical studies with various nanoparticles for the treatment of NAFLD or NASH.

	ASAT: aspartate transaminase; ACOX: acyl-CoA oxidase 1; FAS: fatty acid synthase; HFD:
	high fat diet; NP: nanoparticle;STK11/LKB1: serine/threonine kinase 11; PPARA/PPARα:

* Therapeutic effects are defined as a decrease in intracellular lipid in vitro and/or a decrease in liver lipids (by Oil Red O and/or triglyceride quantification). ALAT: alanine transaminase; peroxisome proliferator activated receptor alpha; PRKAA/AMPK: protein kinase AMPactivated catalytic subunit; PPARGC1A/PGC1α: PPARG coactivator 1 alpha; ROS: reactive oxygen species; SIRT1: sirtuin 1;SREBF1/SREBP1c: sterol regulatory element binding transcription factor 1; TG: triglyceride.

Table 1 .

 1 The different NOD2 ligands screened in this project.

		Target	Autophagy induction	Possible to formulate in PLA particles ?	Status
	Mifamurtide	NOD2	unknown	yes	Approved for osteosarcoma (EMA)
	MDP	NOD2	yes	no	Preclinical development
	L18-MDP	NOD2	unknown	possibly	Preclinical development
	MBT	NOD2	unknown	no	Preclinical development

Preparation and characterization of mifamurtide PLA particles

  to a final concentration of 3% w/v and stored at 4°C. One hundred and fifty microliters of the NP suspension were weighted in triplicates and dried overnight at 55°C, to determine the proportion of PLA polymer into the suspension (w/v) (solid content ) as an indirect measure of the yield of synthesis and of mifamurtide loading. Zetasizer Nano ZS Plus (Malvern Panalytical, UK). Zeta potential was calculated by measuring the NP electrophoretic mobility using the same apparatus Zetasizer Nano ZS. Due to lack of a method to quantify mifamurtide, mifamurtide loading was calculated based on the amount of mifamurtide initially added and the yield of synthesis.

	incubated in desired primary antibody overnight at 4°C. Primary antibodies that were used
	were anti LC3B (L7543, Sigma Aldrich, France), anti-ACTB/actin (A2066, Sigma Aldrich,
	France) and anti-SQSTM1/p62 (ab56416, Abcam, UK). Membranes were then washed with
	PBS-Tween 20 (0.1%) before incubating with peroxidase-conjugated secondary antibodies
	For colloidal characterization of NPs, 15 microliters were dissolved in a 0.22 μm-filtered (115-035-062 and 211-035-109, Jackson Immuno Research, UK) for 1 h at room temperature.
	1mM NaCl solution. The NP hydrodynamic diameter (Z-average) and size distribution Blots were revealed with Western ECL substrate (Biorad, USA, 1705060). All band
	defined by the polydispersity index (PDI) were evaluated by dynamic light scattering (DLS) intensities were quantified using ImageJ 1.46r (NIH, USA) and the ratio of LC3B-II/ACTB
	using a Cell culture was calculated for each band.
	RAW 264.7 mouse macrophages and DC 2.4 mouse dendritic cells were acquired from
	Cellulonet (Lyon, France). DC 2.4 were grown in RPMI (DMEM Gibco, Fisher Scientific,
	France) and RAW in DMEM (DMEM Gibco, Fisher Scientific, France), both supplemented
	with 10% fetal bovine serum (FBS Gibco, Fischer Scientific, France), without antibiotics in a
	humidified atmosphere of 95% air/5% CO2 at 37•C. RAW difluo-mLC3 (Invivogen, France)
	Poly(D,L-lactic acid) (MW = 45-80 kDa, Merck, Switzerland) particles (NPs) were were cultured in the same conditions as RAW 264.7 but with addition of the selection
	synthetized by a surfactant-free nanoprecipitation method adapted from Fessi etal. Briefly, the antibiotic Zeocin (100 μg/ml) to maintain expression of the transgene. HEK-Blue
	polymer was dissolved at 2% (w/v) in acetone (Carlo Erba, France) and 0.003 g of mNOD2cells (Invivogen, France) were cultured in DMEM in the presence of Blasticidin and
	mifamurtide (in DMSO solvent) was added. The organic phase was then poured drop-by-Zeocin. Antibiotic pressure with Blasticidin is required to maintain the plasmid coding for the
	drop into an aqueous phase composed of water and ethanol (Carlo Erba, France) under light mouse NOD2 gene, Zeocin is required to maintain the plasmid coding for secreted embryonic
	alkaline phosphatase (SEAP).

stirring. Both organic solvents were then evaporated under low pressure in a rotary evaporator (Rotavapor R210, Buchi, France) at 30°C. Final NP suspension was diluted, if needed, with water,

Ligands with an effect on autophagy

  

	DC 2.4 (5h)	None
	DC 2.4 + CQ (5 h)	L18-MDP
	DC 2.4 (13 h)	MBT
	RAW (6 h and 24 h)	None
	RAW + CQ (6 h)	All (1 μg/ml) but more pronounced effects
		by MDP and Mifa
	RAW GFP-LC3 (6 h)	MBT, Mifa

Table 3 .

 3 A summary of the assays and hits of autophagy for each in this study. Mifamurtide and MBT had an effect in more assays compared to L18-MDP and MDP.
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Not evaluated but therapeutic effects were attenuated by partial inhibition of ULK1
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Chapter 2: Nanomedicine and its application in treatment of liver disease

In this chapter, the major classes of nanomedicines are discussed focusing on lipid and polymeric nanoparticles. Special emphasis is given on polylactic acid (PLA) and preparation of PLA particles by nanoprecipitation, as PLA polymeric particles is the delivery system of choice in the present thesis. Passive and active targeting as well as stimuli-activated strategies for enhanced NP efficacy and safety are introduced. Liver is the major organ that sequesters intravenously administered NPs and therefore an attractive target for NP-based therapies.

Several NP systems undergo clinical testing for liver diseases, most commonly hepatocellular carcinoma, which is characterized by a poor prognosis. Non-alcoholic fatty liver diseases (NAFLDs) and steatohepatitis (NASH) are affecting millions of people worldwide and constitute major risk factors for developing HCC. Several preclinical studies using NPs for the treatment of NAFLD or NASH are discussed. In the end of the chapter, advantages and limitations of using NP-based therapies for treatment of NAFLD and NASH are discussed.

Nanoprecipitation method for the preparation ofPLA NPs

In this project the polymer that was used for synthesis of PLA particles was the Merck EXPANSORB DL 100-5A (MW=45-80 kDa). The advantage of using this commercial polymer is the limited variability between different batches, the thorough quality control and the ability to order GMP-grade PLA material, suitable for use in a clinical trial. Different synthesis methods of PLA particles exist, most notably the emulsion method, the nanoprecipitation, the salting out and the spray drying technique 35 . The host laboratory is specialized in the synthesis of PLA particles made with an adapted nanoprecipitation method 36 . The PLA polymer is dissolved in a partially water miscible, polar solvent such as acetone and is subsequently poured drop-by-drop in an aqueous phase consisting of water and ethanol, under moderate stirring. 1705060). All band intensities were quantified using ImageJ 1.46r (NIH, USA) and the ratio of LC3B-II to actin was calculated as a readout for autophagy.

Cell viability evaluation

For cell viability experiments using the Presto assay, HeLA and HepG2 cells were seeded in a 

Induction of steatosis in cells and quantification of lipid droplets

HeLa or HepG2 cells were seeded at 15,000-20,000 cells/well on chambered slides (Ibidi, Germany, 81201).To establish the in vitro cell model of steatosis, cells were incubated with a combination of oleic (Sigma Aldrich, France, O1008) and palmitic acid (Sigma Aldrich, SQSTM1/p62 is a protein that serves as a link between LC3 and ubiquitinated substrates. p62 and p62-bound polyubiquitinated proteins become incorporated into the completed autophagosome and are degraded in autolysosomes, thus serving as a marker of autophagic degradation 3 . Therefore the conversion of LC3-I to its autophagosome-associated form LC3-II and the degradation of p62, both normalized to a housekeeping protein such as ACTB (actin) can be assessed as means of monitoring autophagy 26 . For example the quantification of LC3II/ACTB and p62/ACTB can be used to monitor autophagy 27 .

To verify that the Tat-Beclin peptide is inducing autophagy, we followed the manufacturer's Apart from a small increase in LC3-II at 1 hour post treatment, Tat-scrambledpeptide did not have an effect on autophagy. Overall, T-B was shown to modulate autophagy and this effect was short lived (lasting from 1 to 4 hrs), because LC3-II levels were already similar to untreated control at 6 h post treatment (Fig. 2a).

We 
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Chapter 3: Evaluation of NOD2 ligands for their effect on autophagy

The chapter starts with an introduction of the NOD2 receptors, a family of innate immune system receptors. NOD2 are able to recognize bacterial peptidoglycan and initiate the innate immune response and fight bacterial pathogens. The implication of NOD2 on disease is described with a focus on Crohn's disease and hepatocarcinogenesis. The potential of using NOD2 ligands for cancer treatment and as vaccine adjuvants is described. The link between NOD2 signaling and autophagy is also due to the high intratumoral heterogeneity of HCC tumors 13 . More studies will help unravel the foe or friend role of NOD2 in hepatic carcinogenesis.

NOD2 as a therapeutic target

Even before identifying the role of NOD2 in health and disease, the interest in targeting this receptor in immunotherapies emerged, particularly in oncology. Indeed, a NOD2 ligand, mifamurtide, formulated in liposomes (MEPACT © ) developed by the American company IDM Pharma has been approved for the treatment of osteosarcoma in 2009 in EU 14 , but not in the USA. In combination with other anticancer medication, MEPACT has shown to decrease the relapse and the risk of death of patients with high grade, non-metastatic osteosarcoma.

Although the exact mechanism by which liposomal mifamurtide may affect cancer cells is not entirely clear, macrophages and monocytes could be involved through the secretion of proinflammatory cytokines. Indeed, NOD2 activation is activating the NLRP3, which is anessential component of the inflammasome, a protein complex that promotes the cleavage of procaspase 1 into its active form, which in turn is essential to activate proinflammatory cytokines like IL-1β 14 . Interleukin-6 (IL-6), TNF-α and other molecules (eg, chemokines, antimicrobial peptides, adhesion molecules) leading to an M1 macrophage response, which has been found to inhibit tumour growth 15 . It has to be noted however that mifamurtide is proposed to be a ligand for TLR4 16 . Therefore, its pharmacological effects may not be attributed solely to modulation of NOD2. Liposomal encapsulation of mifamurtide has been shown to strongly enhance the tumoricidal effects of MTP-PE via macrophage activation in vitro. In addition, liposomal mifamurtide is about 10 times less toxic than the soluble ligand 17 .

On the other hand, NOD2 antagonists have shown to enhance the antitumor and antimetastatic effect of paclitaxel in Lewis lung carcinoma (LLC) tumor-bearing mice 18 . French doctors advise against the use of Mepact in La Revue Prescrire because of excessive toxicity and low efficacy 19 .

class-II trafficking, surface expression and MHC class II antigen presentation in DCs 5 . DCs expressing Crohn's disease-associated NOD2 and ATG16L1 variants failed to induce autophagy following stimulation with MDP 5 . Others have also showed that DCs from Crohn's disease patients expressing genetic variants of NOD2 show defective cross-presentation following NOD2 stimulation by MDP 29 . Autophagy has also been proposed to have a role in the presentation of extracellular, endocytosed antigen by MHC class I molecules, a pathway termed cross-presentation. Yet, autophagy has recently been proposed to have a role in cross presentation of protein antigen and not in case of cell-associated antigen or antigen delivered via receptor-mediated endocytosis 30 .

The benefit of inducing autophagy for vaccines has been explored in the yellow fever, a DNA-HPV vaccine and the RSV vaccine 31 . A good example of how autophagy can enhance vaccine efficacy is the Bacillus Calmette-Guerin (BCG), a live attenuated strain from Mycobacterium tuberculosis (Mtb). The BCG vaccine has varying efficiency and there is a growing interest in combining it with adjuvants to achieve better protection. BCG lacks a functional secretion system (ESX-1) which allows cytosolic components of ubiquitinmediated autophagy to access phagosomes and to free contained mycobacteria 32 . Additional administration of autophagy inducer rapamycin with the BCG vaccine enhanced the secreted antigen Ag85B presentation by APCs and enhanced localization of mycobacteria with autophagosomes and lysosomes. There was greater lymphocyte infiltration in the lungs and fewer mycobacteria in rapamycin-DC-vaccinated mice challenged with Mtb, suggesting enhanced vaccine efficacy via induction of autophagy 33 .

Goal of the study

NOD2 ligands have been studied as vaccine adjuvants and the prototype NOD2 ligand, MDP, has shown to induce autophagy in DCs. Autophagy has a role in antigen presentation and may

HEK NOD2 activation assay

The potency of the ligands was evaluated in HEK-Blue™ hNod reporter cell lines (Invivogen, France) by monitoring the activation of the NF-κB pathway using a SEAP. In the HEK-Blue™-hNod reporter cell line, the SEAP reporter gene is placed under the control of the IFN-β minimal promoter fused to five NF-κB and AP-1 binding sites into HEK293 cells.

Stimulation with NOD ligands activates NF-κB and AP-1, which induce the production of SEAP. Level of SEAP can be easily quantified with a detection medium (Quanti Blue, InvivoGen) that turns purple/blue in the presence of alkaline phosphatase.

Immunoblot for autophagy

For evaluation of autophagy modulation by western blot, cells seeded into 6-well plates were treated with NOD2 ligands at a final concentration of 1-10 mg/ml for up to 24 h. For autophagic flux experiments, chloroquine (Sigma Aldrich, France, C6628) or bafilomycin A (ApexBio, USA, 88899-55-2) was added in the last 2 h of incubation, at a final concentration of 50μM and 50nM, respectively. Cells were lysed at indicated time points in RIPA buffer (Thermo Scientific, France, 89901) supplemented with inhibitors of phosphatases, proteases and EDTA (Thermo Scientific, Rockford, France, 78440). Lysates were centrifuged at 15 000 g for 20 minutes at 4°C. Protein concentration of the supernatants was measured using the Pierce BCA Protein Assay Kit (Thermo Scientific, France, 23227). Samples were subsequently diluted to an equal total protein concentration and supplemented with Laemmli Sample buffer (Biorad, USA, 1610747). Samples were stored at -20°C or run immediately on gels. Protein samples were run on SDS-PAGE precast gels (4-15%) (Biorad, USA, 4561086).

Gels were blotted onto nitrocellulose membranes (Biorad, USA, 1704159) by transfer using the Biorad Trans-Blot Turbo Transfer System. The membranes were then blocked by nonfat dry milk solution (5%) in 1 × PBS (Phosphate Buffered Saline) with Tween 20 (0.1%) and

Evaluation of NOD2 ligands on autophagy in a GFP-LC3-RFP RAW cell line

Since the ligands alone did not show to have a strong effect on autophagy in DC and RAW cells, we decided to evaluate autophagy by microscopy in an overexpression system, the autophagy reporter cell line GFP-LC3-RFP. The advantage in this technique is that cells can be observed at different time points under the microscope, to determine the timepoint when autophagosomes (GFP-RFP dots) start to be formed. Another advantage is that the GFP-RFP tag allows the evaluation of autophagic flux, meaning that formation of autophagosomes (APs) and delivery of APs to lysosomes is monitored. Staining of endogenous LC3 is a far less common technique to evaluate autophagy compared to the use of a fluorescent LC3 tag.

Subsequent experiments for quantification of LC3-puncta can be done in fixed cells with a confocal microscope.

For an easier interpretation of the images, only the GFP images are reported. In Fig. 8, we can see that upon induction of autophagy with torin, there is an increase in GFP positive dots (puncta) and GFP-positive cells, as LC3B-II is recruited to newly formed autophagosomes. A blockage in autophagosome degradation by chloroquine also results in an increase in GFPpositive dots. Puncta of high intensity or an increased number of puncta can be observed when both an inducer of autophagy and chloroquine are being used, as is the case with Torin + CQ treated sample, which have the most enhanced signal of all samples. The ligands alone, tested at concentration ranging from 0.1-10 μg/ml did not greatly induce puncta formation, apart from MBT and mifamurtide in the highest concentrations (1 and 10 μg/ml). Co-treament with chloroquine further increased puncta signal and accumulation for MBT and Mifa (compared to chloroquine alone), suggesting autophagy induction. An interpretation of the microscopy results can be seen in Table 2. Yet, an exact quantification of GFP dots should be pursued in higher magnification confocal images. 

Perspectives

Considering that mifamurtide co-administered with chloroquine could induce LC3B lipidation compared to chloroquine treatment alone in RAW cells and puncta formation in RAW GFP-LC3 cells, it is the best candidate from our screening. In addition, mifamurtide particles coadministered with chloroquine showed enhanced autophagy compared to the free ligand and chloroquine, proving the potential of a drug delivery system for enhanced autophagy. L18-MDP is a potent NOD2 ligand and could be possibly formulated in PLA NPs. The modest effects of L18-MDP we saw in this study could be related to its solubility. Therefore, these molecules in their free or PLA-associated form, require further investigation, possibly in monocyte-derived DC cells (by western blot), where the effects on autophagy are expected to be more prounounced compared to the cell lines used in this study.

In order to confirm the results by a method other than WB, a high-throughput microscopy technique could be used. Automated counting of LC3 dots after treatment of fixed RAW GFP-LC3 cells with NOD2 ligands would be a suitable method. Nevertheless, this method requires extensive assay development and a suitable software for image processing and puncta quantification.

Furthermore, it would be interesting to measure NOD2 explession in different cells and cell lines (moDCs, DC 2.4 and RAW 264.7) and possibly correlate with the effect on autophagy.

Another important point is to investigate whether cells that were used in this study were activated (in the basal state and after ligand treatment) and how cell activation correlates with autophagy induction. Flow cytometry could be used to quantify the levels of activation markers such as CD40, CD86 and MHC-II, in addition to a marker of autophagosomes.

Finally, although the experiments presented in this study are quite preliminary, this is to our knowledge, the first reported study which aims to screen different NOD2 ligands for their effect on autophagy across several cell lines.

Discussion and Perspectives

The first objective of this study was to develop and characterize therapeutic particles that reporter cell line, we decided to continue with mifamurtide as the selected NOD2 ligand.

Then, we formulated mifamurtide in PLA particles and showed that the particles formulated with mifamurtide modulated autophagy in an enhanced manner compared to the soluble mifamurtide, but only when chloroquine was used concomittantly. It is worth noting that mifamurtide is a weak NOD2 agonist but has also TLR4 agonist activity 3 . Activation of the TLR4 receptor by LPS has been previously shown to induce autophagy in GFP-LC3 RAW macrophages 4 . It is thus possible that for mifamurtide, the effect on autophagy is not governed solely by NOD2 activation. Although these preliminary results were promising, a major concern was that the ligands alone or mifamurtide particles alone failed to induce autophagy.

We speculate that this could be due to a weak NOD2 expression in the used cell lines, or a rapid degradation of formed autophagosomes in these highly metabolic, phagocytic cells. Furthermore, the mechanism by which NOD2 ligands may induce autophagy is not wellunderstood (Fig. 1), which poses challenges in the use of such molecules as autophagy modulators.Travassos et al., showed that following its activation, the NOD2 receptor directly interacts with ATG16L and enables recruitment of autophagic machinery at the bacterial entry site and the subsequent delivery of bacteria into autophagosomes for degradation 5 . This process was independent of the adaptor RIPK2/ RIP2 (receptor interacting serine-threonine kinase 2) and the transcription factor nuclear factor kappa B (NF-κB). Cooney et al., demonstrated that the activation of NOD2 by muramyldipeptide in dendritic cells required RIPK-2, ATG5 (autophagy-related protein-5), ATG7 and ATG16L1 but not NLRP3/NALP3

(NLR family pyrin domain containing 3). The effect of NOD2 activation on autophagy may also be a result of the secretion of pro-inflammatory cytokines 6 . Elucidating the exact molecular pathway by which NOD2 ligands modulate autophagy and the extent by which effects on autophagy correlate with therapeutic effects are vital for the further translation of these immunomodulatory molecules as autophagy therapeutics. pathogen, in a process that does not require RIP2 or NF-kB 5 . Yet activation of NOD2 by the NOD2 ligand MDP activates autophagy and this process requires RIP2, ATG5, ATG7 and ATG16L1. Proinflammatory cytokines may also modulate autophagy 6 .

Another concern was the translatability of a NOD2 particle-based therapy. Liposomal mifamurtide (Mepact ® ) is the only NOD2 ligand therapeutic approved by the EMA for the treatment of high grade, non-metastatic osteosarcoma. Yet, concerns regarding its toxicity and efficacy have prompted French doctors to advice against its use in clinical practice. We thus feared that even if we did manage to prove that NOD2 ligand functionalized particles strongly induce autophagy in vitro, it would be difficult to exploit this system in a therapeutic context other than cancer. We thus did not further proceed with this project.

We then continued by selecting a well-known autophagy enhancer for formulation in PLA in a more pronounced modulation of autophagy and at a 10 times lower dose (Fig. 2).

Unmodified and Tat-scrambled peptide particles did not have an effect on autophagy. To our knowledge this is the first time that autophagy induction by nanoparticles is reported in such a kinetic study and directly compared to the effect of the soluble agent. The third objective of this study was to investigate the therapeutic potential of autophagyinducing particles. We chose non-alcoholic fatty liver disease (NAFLD) as a model disease, as it is the most prevalent liver disease worldwide and a risk factor for steatohepatitis (NASH) and hepatocellular carcinoma (HCC). In Chapter 1 of the Introduction, we have provided an in depth analysis of the mechanisms of autophagy and lipophagy in the context of fatty liver disease and NASH. We also proposed that inducing autophagy or lipophagy, possibly in combination with agents that act on lipid biosynthesis pathways, is a viable strategy to combat these conditions. To prove that our autophagy inducing particles could induce degradation of intracellular lipid, at first we had to set up a steatosis model. In the beginning we used HeLA