Progress in Inflammation Research
Series Editor: Michael J. Parnham

Maria Chiara Maiuri
Daniela De Stefano Editors

Autophagy
Networks in
Inflammation

@ Springer



Progress in Inflammation Research

Series Editors

Michael J. Parnham

Fraunhofer IME & Goethe University
Frankfurt, Germany

Achim Schmidtko
Goethe University
Frankfurt, Germany



More information about this series at http://www.springer.com/series/4983



Maria Chiara Maiuri * Daniela De Stefano
Editors

Autophagy Networks
1n Inflammation

@ Springer



Editors

Maria Chiara Maiuri Daniela De Stefano

Centre de Recherche des Cordeliers Multi Medica Fondazione Onlus
UMRS 1138 — Team 11 Milan

Paris Italy

France

Progress in Inflammation Research
ISBN 978-3-319-30077-1 ISBN 978-3-319-30079-5 (eBook)
DOI 10.1007/978-3-319-30079-5

Library of Congress Control Number: 2016943729

© Springer International Publishing Switzerland 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland
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Preface

Autophagy, a highly conserved process from yeast to mammals, is a cellular catabolitic
process in which cellular components, including organelles and macromolecules, are
delivered to the lysosomes for degradation. It can be classified in three principal types:
microautophagy, chaperone-mediated autophagy (CMA), and macroautophagy.
Microautophagy leads to degradation of sequestered portions of cytosol by direct
invagination of lysosome membrane. CMA delivers cytosolic protein containing a
KFERQ-like motif to the lysosomal lumen. Macroautophagy (hereafter referred to as
autophagy) is the well-characterised form of autophagy that leads to the formation of a
double-membraned vacuole, the autophagosome, which engulfs cytoplasmic contents
(macromolecules and organelles) and fuses with lysosomes (autophagolysosomes) for
cargo delivery and degradation. Materials degraded within autophagolysosomes are
recruited to anabolic reactions in order to maintain energy levels and to provide mac-
romolecules for the synthesis of more complex structures (nucleic acids, proteins, or
organelles), thereby promoting cell metabolism, homeostasis, and survival. Autophagy
represents for cells the crucial protective mechanism to both escape multiple stressors
and aid organisms to defend against inflammatory-based, infectious, and neoplastic
diseases. Intriguingly, autophagy’s vital role is also strictly balanced with cell death. In
fact, excessive or inefficient cell death frequently occurs during development of tissues
as well as organs, or even in pathological conditions.

The aim of this book is to describe the state of the art about the in fieri compre-
hension of the interface between autophagy, immunity, and inflammation. We dis-
cuss how emerging concepts about the functions of the autophagy pathway and the
autophagy proteins may reshape our understanding of immunity and diseases.

Chapter Organization/Brief Content of the Chapters

This book is composed of two parts. The first part is dedicated to the molecular
mechanism underlying autophagy in inflammation, whereas the second part is con-
secrated to describe how targeting autophagy can represent a novel therapeutic
strategy in inflammation-based pathologies. More specifically, the book aims to

vii



viii Preface

cover all the aspects of both basic autophagy and its role in the development/resolu-
tion of several diseases. Relevant scientists in this field have preciously contributed
to create a comprehensive excursus, starting from the basics of autophagy and going
in depth in highlighting complex pathways constituting a link between autophagy
and inflammation and, even, the intricate role of autophagy in the immune response.

Part IT addresses relevant pathological conditions, underpinning the importance
of a balanced autophagy process. In fact, a leitmotiv is represented by the fact that
autophagy may result both in excess and/or be defective, when not dysregulated.

The complexity of the autophagy process makes this book a guide for a wide
audience representing a valuable support for undergraduate and graduate students
who approach to the basic concepts and a precious tool for more experienced scien-
tists who are moving toward the study of autophagy process in inflammation-based
diseases.

Paris, France Maria Chiara Maiuri
Milan, Italy Daniela De Stefano
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Molecular Mechanisms Underlying
Autophagy in Inflammation



The Basics of Autophagy

Rosa A. Gonzalez-Polo, Elisa Pizarro-Estrella, Sokhna M.S. Yakhine-Diop,
Mario Rodriguez-Arribas, Rubén Gémez-Sanchez, Ignacio Casado-Naranjo,
José M. Bravo-San Pedro, and José M. Fuentes

Abstract Autophagy can be defined as a catabolic process that maintains cellular
homeostasis by the degradation of damaged or excess cellular organelles and pro-
tein aggregates from the cytoplasm, thereby enabling cell survival. Cell culture and
in vivo studies have revealed the importance of autophagy in numerous diseases,
including cancer, aging, neurodegenerative, infectious and inflammatory diseases.
Therefore, understanding the molecular basis of the formation and composition of
the different structures involved in autophagy, as well as the regulation of this path-
way, is an important goal for converting autophagy into a potential therapeutic tar-
get in a plethora of diseases.

Abbreviations
AD Adenylate cyclase
Akt v-akt murine thymoma viral oncogene homolog 1

Ambral Activating molecule in Beclin-1-regulated autophagy
AMPK AMP-activated protein kinase

Atg Autophagy-related genes

Bcl B-cell lymphoma

Bnip3 Bcl-2/adenovirus E1B 19 kDa-interacting protein 3
CMA Chaperone-mediated autophagy

DEPTOR DEP-domain containing mTOR interacting protein
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The Basics of Autophagy 5
1 Introduction

The cell is in a continuous process of replacing organelles and proteins, and
therefore, it is necessary to discard material that has been synthesized but is no
longer beneficial to the cell. The correct maintenance of a balance between syn-
thesis and degradation of cellular content is vital for cell survival. The cell has
two mechanisms of degradation: the ubiquitin-proteasome system (UPS) and
autophagy [12, 37, 41].

The term autophagy is derived from two Greek words: “auto”, which means self,
and “phagia”, which indicates the action of eating (autophagy literally means “to
eat oneself””). Autophagy is an intracellular catabolic mechanism, highly conserved
through evolution, whereby the cell recycles or degrades damaged proteins or cyto-
plasmic organelles [42]. It was first described by Christian de Duve in the 1960s [4];
however, it was not until the 1990s when the genes involved in this process were

Table 1 Nomenclature in yeast and mammalian cells and function of each Atg protein

Atg proteins

Yeast | Mammals Functions

Atgl ULK1,ULK2 Kinases that form the complex: Atgl-Atgl3-Atgl7-Atg29-Atg31
(phagophore initiation and organization)

Atg2 | Atg2 Atg9/Atg2-Atgl8 complex (phagophore formation)

Atg3 | Atg3 Enzyme required for Atg8 lipidation

Atgd | Atgd A,B,C,D | Cysteine protease: Atg8s activation and delipidation

Atg5 | Atg5 Member of the Atgl2-Atg5 complex, necessary for Atg8 lipidation

Atg6 | Beclin-1 Subunit of PI3K-Vps34

Atg7 | Atg7 Enzyme which is conjugated with Atgl2 and LC3B

Atg8 |LC3B, GATE-16, | Conjugation with PE in the autophagosome

GABARAP

Atg9 | Atg9L1,L2 Interaction with Atg2-Atg8 complex binding to membrane

Atgl0 | Atgl0O Conjugation with Atgl2

Atgll | Atgll Interaction with phospho-Atg29. Important for phagophore
elongation

Atgl2 | Atgl2 Atg5 complex

Atgl3 | Atgl3 mTOR signaling from: Complex- Atgl-Atgl3-Atgl7-Atg29-
Atg31 (phagophore initiation and organization)

Atgl4 | Barkor Subunit of Vps34 PI3K complex, participates in reticulophagy

Atgl5 | ? Lipase located in the ER and is required for ER-derived vesicles
fusion

Atgl6 | Atgl6L Complex Atgl2-Atg5

Atgl7 | FIP200 Complex Atgl-Atgl3-Atgl7-Atg29-Atg31

Atgl8 |WIPI-1, 2,3, 4 Complex Atg9/Atg2-Atgl8

Atg29 | ? Complex Atgl7-Atg31-Atg29 (phagophore initiation and
organization)

Atg31 | ? Complex Atgl7-Atg31-Atg29 (phagophore initiation and

organization)
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identified in yeast. These genes were thereafter named autophagy-related genes
(Atg genes; Table 1, [20, 61]), and the discovery of these genes was a breakthrough
in understanding the autophagic mechanism [57, 78]. At present, the number of
works related to autophagy grows exponentially because such studies are revealing
the importance of this mechanism in the development of many diseases, including
cancer [38], cardiomyopathies [55], problems with skeletal muscle [49] or adipose
tissue [75] and neurodegeneration [25, 48, 65, 86].

Paradoxically, although autophagy is initially a protective process for the cell, for
example, in the recycling of protein aggregates that might be toxic [6], it also plays a key
role in triggering cell death, the execution of a program of irreversible self-destruct [9].

There are also studies linking autophagy to aging processes [17, 73]. Thus, a
high-calorie diet has been shown to accelerate the aging process compared to a low-
calorie diet (without reaching malnutrition) [46]. Individuals with a low-calorie diet
have a reduced chance of developing cancer, cardiovascular disease, diabetes and
early mortality [14]. Autophagy is also interrelated with apoptosis [10, 47], as in the
case of neurodegenerative disorders.

2 Basic Autophagy Machinery

During autophagy, the elimination of certain proteins or cellular organelles takes
place when they are damaged or are no longer needed for the cell. For this purpose,
the content is enclosed in membranous structures, which have different structural
stages and subsequently fuse with lysosomes to degrade their content through the
action of lysosomal enzymes. The origin of these membranes can be varied; there
are tomographic studies relating ER (endoplasmic reticulum) with autophagosomes
[88], although several studies point to the Golgi apparatus, the nucleus or even mito-
chondria as membrane sources.

To gain a better understanding of the autophagic process, we differentiated autoph-
agy in several phases:

(a) Initiation. A start signal results in the implementation of autophagy. This initia-
tion can occur by nutrient deprivation, lack of amino acids or fatty acids, or
energy requirement [54, 78].

(b) Nucleation. A recruitment of the necessary Atg proteins to the membrane leads
to the phagophore isolation. The origin of this pre-phagophore membrane seems
to be related with ER by a structure called “omegasome” that links the ER with
the inner membrane of phagophore [83].

(c) Elongation. Phagophore expansion occurs to engulf internalized material,
resulting in a structure called an autophagosome. The autophagosome is closed in
a double-membrane structure.

(d) Fusion. Autophagosomes merge with endosomes and lysosomes to proceed to
eliminate material that has been captured by autophagosomes.

(e) Maturation. The degradation and release of the material and gradient occurs.

This process is very complex and is highly regulated by many proteins.
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Fig. 1 Scheme of three different types of autophagy presents in mammalian cells. Chaperone-
mediated autophagy (CMA) Macroautophagy and Microautophagy

3 C(lassification of Autophagy Types

We created a classification of the different types of autophagy, depending on the func-
tional mechanism used to degrade the substrate into the lysosomal lumen [36]. Based
on this approach, we were able to distinguish three types of autophagy (Fig. 1).

3.1 Macroautophagy

Often referred to as autophagy. In this process, the material to be degraded is seques-
tered into double-membrane vesicles called autophagosomes [5, 21]. A subset of clas-
sification can be developed depending on the type of material to be degraded within
the autophagosomes:

(a) Mitophagy: kidnapping and selective degradation of mitochondria.
(b) Xenophagy: selective degradation of microbes (bacteria, fungi, parasites or
virus).
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(c) Ribophagy: kidnapping and selective degradation of ribosomes.

(d) Aggrephagy: selective degradation of protein aggregates.

(e) Pexophagy: kidnapping and selective degradation of peroxisomes (this may also
occur in microautophagy).

(f) Crinophagy: direct fusion of secretory vesicles with lysosomes.

(g) Reticulophagy: kidnapping and selective degradation of ER.

3.2 Microautophagy

In this process, lysosomes do not fuse with autophagic vesicles but directly engulf
cytosoplasmic cargos (selectively, using chaperones or “in bulk™) via invaginations
of the lysosomal membrane (Fig. 1). Next, there is vesicle scission into the lyso-
somal lumen, and degradation of the content occurs inside the lysosomes [52]. In
yeast, microautophagy is constitutive, but it can also be induced by starvation or
treatment with rapamycin (an mTOR inhibitor drug) [19]. Similar to macroautoph-
agy, microautophagy functions also as a “housekeeping” mechanism for the degra-
dation of cytosolic materials. Microautophagy can occur simultaneously with
macroautophagy to regulate lysosomal membrane size. As macroautophagy can
result in a large flow of membranes to lysosomes, microautophagy can regulate this
flow and reduce lysosomal size by consuming lysosomal membranes [82].
Additionally, microautophagy was shown to play an important role in early mam-
malian development. Indeed, microautophagy was used to deliver endosomes to
lysosomes in the visceral endoderm of mouse embryos [84]. This process was found
to be important for the proper delivery of maternal nutrients as well as signaling
molecules to the embryo.

3.3 Chaperone-Mediated Autophagy

Chaperone-mediated autophagy (CMA) differs from the macroautophagy path-
way by the absence of vesicular traffic. Instead, only single proteins are delivered
to lysosomes for degradation [2]. Macroautophagy and CMA pathway were
shown to be coordinated processes. Indeed, the inhibition of macroautophagy
induced up-regulation of CMA, even under basal conditions [34]. It has also been
studied a link between CMA and aging, with a decrease in the activity of this type
of autophagy in old organisms [72]. CMA degrades only unfolded protein sub-
strates with a KFERQ or a KFERQ-like motif, which are present in approximately
30 % of all cytosolic proteins [16, 68]. CMA was first described in human fibro-
blasts cultured under starvation conditions [16]. CMA can also be induced in vitro
in the presence of isolated lysosomes using a protein substrate with the specific
pentapeptide sequence and a molecular chaperone complex [81]. CMA occurs in
mammalian cells but not in yeast [44]. In mammalian cells, chaperone heat shock
cognate protein 70 (HSC70) and other cooperating chaperones recognize



The Basics of Autophagy 9

cytosolic proteins with a KFERQ motif, unfold these proteins, and target them to
lysosomal membranes. The interaction between the chaperone complex and the
lysosomal- associated membrane protein 2 (LAMP-2) channel present at the lyso-
somal membrane facilitates the translocation of unfolded proteins to the lyso-
somal lumen, where they are rapidly degraded by lysosomal proteases [2]. The
translocation of unfolded proteins through LAMP-2 requires another chaperone
protein, HSC70 (lys- HSC70), a protein present in the lysosomal lumen [3]. Once
proteins are captured by the lysosome, the HSC70-cochaperone complex is released
from the lysosomal membrane and is now available to bind other cytosolic pro-
teins with a KFERQ motif [2, 33].

As a variation to the theme, a novel type of autophagy called RNautophagy was
recently described [23]. RNautophagy is a RNA degradation process by the lyso-
some. Unlike CMA, RNautophagy is independent of chaperone complexes and uses
LAMP2-c.

4 Regulation of Autophagy Process

Autophagy is a mechanism with very complex regulation, and there are still many
gaps in the understanding of the mechanism behind autophagy. This is because there
is an extensive network of routes with a potential regulation of cellular recycling
process.

4.1 Formation of Autophagosomes

Autophagy is a highly conserved mechanism from yeast to mammals where Atg
proteins are orchestrating the initiation, elongation, maturation and melting of
autophagosomes [35]. There are two systems of ubiquitin conjugation involved in
the formation of autophagosomes.

In a first step, the C-terminal domain of Atgl2 is activated by Atg7 (El-like),
forming the intermediate Atg7-Atgl2. Subsequently, the protein Atgl2 is transferred
to Atg10 to form the Atgl2-Atg10 complex. The C-terminal domain of Atgl2 cova-
lently binds a lysine [11] in Atg5. This new (Atgl2-Atg5) complex binds non-
covalently to the homologous protein of yeast Atgl16L [53]. The Atg12/Atg5/Atg16L
complex resides mostly in the cytosol, but a small fraction is at the autophagosome
membrane. During the process of distribution and elongation, the Atgl2/Atg5/
Atg16L associating asymmetric complex is largely localized to the outer membrane.
Finally, this complex dissociates from the membrane upon completion of autophago-
some formation [83]. Some of the LC3 protein (microtubule-associated proteins
1A/1B light chain 3A) in mammals, or yeast Atg8, undergoes post-translational
modifications before joining the autophagosomal membrane. Immediately after
synthesis, 22 and 5 amino acids are removed from the C-terminal domain in rats and
in humans, respectively. This processing is catalyzed by the protein Atg4. The
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processed form, LC3-1, resides mainly in the cytosol and retains a glycine residue at
the C-terminus. Upon activation by Atg7 protein, which also functions as an activat-
ing enzyme for Atgl2, the LC3-I is transferred to an E2 enzyme ubiquitination sys-
tem, homologous to Atg3, and conjugated with phosphatidylethanolamine (PE). The
final product, called LC3-II, is associated with the precursor membrane, and unlike
Atg12/Atg5/Atg1 6L complex, remains bound to the inner membrane after complete
formation of the autophagosome and is degraded by fusion with the lysosome.
LC3-1II protein found in the cytosolic side of the autolysosome membrane is delipi-
dated by Atg4 [32, 39, 79]. The sequestosome 1 protein (SQSTM1, also known as
p62) is a ubiquitin-binding protein involved in oxidative stress and autophagy. The
p62 protein forms aggregates that may be degraded through its autophagosomal
engulfment; mediated by its interaction with autophagosome membrane bound LC3.
Lysosomal degradation of autophagosomes leads to decreased levels of LC3-II and
p62 as part of autophagic flow [8, 58, 63].

In mammalian cells, there are different classes of PI3K (phosphatidylinositide
3-kinase) that regulate autophagy. PI3K class III (PI3KC3) activity is essential for
the biogenesis of autophagosomes, whereas the activity of Class I PI3K (PI3KC1)
can be stimulated through the mTOR pathway and inhibit autophagy [62]. hVps34
kinase phosphorylates phosphatidylinositol to form phosphatidylinositol-3-phos-
phate (PtdIns3P), which enables the synthesis of autophagosomes. hVps34 kinase
is part of the macro-initiator complex that includes autophagy BECN1/Atg6 and
Atgl4L. hVps34 activity increases when it interacts with BECN1, which has sev-
eral binding partners that direct autophagosome formation [50]. When BECNI
interacts with Atgl4L, Ambral (activating molecule in Beclin 1-regulated autoph-
agy), UVRAG (UV irradiation resistance-associated gene) and Bif-1 (endophilin
B1), it positively regulates autophagy. While interacting with Rubicon, anti-apop-
totic proteins Bcl-2-BCL-XL and pro-apoptotic Bim protein, it negatively regu-
lates autophagy [27]. The GTPase Rab3, also binds to this complex, macro-activating
hVps34 to induce autophagy [64]. The ULK1-ATG13-FIP200 macro-complex is
also involved in autophagosome biogenesis, and the mechanisms involved in this
regulation are described below. The Atg9 protein localized in the trans-Golgi net-
work is responsible for the elongation of the phagophore for autophagosome for-
mation [89]. Autophagosomes first join late endosomes to form amphisomes,
which are merged with lysosomes forming autolysosomes. These fusion events are
mediated by a complex containing Rab7/HOPS (Homotypic fusion and protein
sorting vacuoles), ESCRTs (endosomal sorting complexes required for transport),
SNARE (N-ethylmaleimide-sensitive factor-attachment protein receptors) and
class C vps proteins. In forming the amphisome, the bond between the vesicle
membranes is directed by the GTPase Rab7 complex and its effector/activator
HOPS. The SNARE and ESCRT complex regulates the formation of amphisomes
and the maturation of autophagosomes [66, 77]. Although the mechanisms involved
in the formation and regulation of autophagosomes are relatively well-character-
ized, much less is known about the general organization of the route and to what
extent the various functional elements communicate with each other. A proteomic
analysis of human cells at baseline autophagy has revealed the complexity of the
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interactions, revealing a network of 751 interactions among 409 candidates, with
extensive connectivity among subnetworks. Many new components of the interac-
tion network are involved in vesicle trafficking, lipid and protein phosphorylation
and ubiquitination [7].

4.2 Regulation of Autophagy by mTOR-Dependent Pathway

mTOR is one of the most important kinases in regulating cellular response to a
decrease or absence of nutrient sensors. mTOR is a serine/threonine kinase that is
part of two protein complexes: mMTORC1 and mTORC?2 [74]. The mTORC1 com-
plex comprises Raptor (Regulatory-associated protein of mTOR), PRAS40 (proline-
rich Akt substrate of 40 kDa), mLSTS (lethal mammalian protein SEC13 With 8) and
DEPTOR (DEP-domain containing mTOR-interacting protein). The mTORC2 com-
plex comprises Rictor (rapamycin-insensitive companion of mTOR), Protor
(Observed With rictor protein), mSIN1 (mammalian stress-activated protein kinase
mitogen activated-interacting protein 1), DEPTOR and mLSTS. In these complexes,
mTOR plays an important role in the regulation of autophagy as its kinase activity is
very sensitive to the depletion of nutrients, nitrogen, ATP or rapamycin. Unlike the
mTORCI1 complex, mTOR activity in mTORC?2 is not inhibited by rapamycin [43,
92]. During periods of starvation, mMTORCI activity is inhibited and induces autoph-
agy to recycle cellular components, acting as a power source. mTOR inhibition and
induction of autophagy is associated with reduced phosphorylation of two down-
stream effectors of mTOR, p70S6K (ribosomal protein S6 kinase-1) and 4E-BP1
(translation initiation factor 4E-binding protein-1) at Thr389/Thr421/Ser424 and
Thr37/Thr46, respectively [31]. We will briefly describe the mechanisms controlling
autophagy that are linked to mTOR.

4.2.1 Regulation of Autophagy by Nutrient Deficiency

Amino acids are necessary for the activation of mTOR. However, the mechanism by
which mTOR detects the intracellular levels of amino acids has not been fully clari-
fied. Recent studies have demonstrated that the cellular uptake of L-glutamine and
its subsequent discharge in the presence of the essential amino acids is the limiting
step that activates mTOR. The absorption of L-glutamine is regulated by the
SLCIAS amino acid transporter. SLC1AS inactivation inhibits cell growth and acti-
vates autophagy. The bidirectional transporter SLC7AS5/SLC3A2 regulates the
transport of L-leucine and amino acids into the cell simultaneously and secretes
L-glutamine from cells. Intracellular levels of L-glutamine modulate the activity of
SLCIAS and SLC7A5/SLC3A2 transporter, thus providing a switch for absorbing
nonessential amino acids and regulating mTORCI signaling [30, 51, 56, 69].

The GTPase Rag (Ras-related GTP-binding protein) exists as a heterodimer
between RagA or RagB joined to RagC or RagD. The Rag GTPases with Ragulator
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and v-ATPase form a complex on the surface of lysosomes that conducts mTOR sig-
naling when the amino acid concentration varies. When the amino acid concentration
is low, the Rag GTPases remain in an inactive state, where the RagA/B complex is
bound to GDP and the RagC/D complex to GTP. In the presence of amino acids, Rag
GTPases undergo an active conformation change where the RagA/B complex is
bound to GTP and the RagC/D complex to GDP. The active Rag heterodimer physi-
cally interacts with Raptor, kidnapping and activating mTORCI1 on the surface of
lysosomes and thereby negatively regulating autophagy [56]. The recruitment of
mTORCI to the lysosomal surface promotes the interaction with TFEB (transcription
factor EB) and its phosphorylation and inactivation. When there are nutritional defi-
ciencies, mMTORCI frees TFEB, which is targeted to the nucleus, thus activating the
expression of related pathways and autophagy lysosomal degradation genes [69].

Low glucose levels also promote mTORCI translocation to the cytoplasm. When
glucose levels are normalized, mMTORCI is relocated to lysosomal surface. However,
in cells expressing constitutively active Rag, the mTORCI lysosome is located at the
surface regardless of glucose concentrations. The v-ATPase interaction regulates
lysosomal Ragulator lysosome surface in response to the availability of amino acids
and glucose. Rag GTPases are multi-input sensors of nutrients, converging amino
acids and glucose, in a v-ATPase dependent manner, upstream of mTORCI.

4.2.2 Regulation of Autophagy by ULK1

Under conditions of nutrient abundance, mTOR inhibits autophagy through direct
binding to the ULK1-ATG13-FIP200 complex, thereby inactivating phosphorylation
activity of Atgl3 and ULK1 kinase. Under conditions of starvation or treatment with
rapamycin, mTOR dissociates from this complex, leading to dephosphorylation and
activation of the kinase ULKI.

ULK1 phosphorylates Atg13, FIP200 and itself, triggering the start of autophagy.
Various signals, such as the incorporation of amino acids, growth factors, a high rate
of ATP/AMP turnover, activate mMTORC1 and inhibit autophagy [69].

4.2.3 Regulation of Autophagy by Growth Factors

The most common signaling pathway responsible for the regulation of the mTORCI
is the PI3KC1a pathway [62]. The binding of growth factors, insulin, integrins, pro-
teins GPCRs (G-protein-coupled receptors) or Ras oncogenes to their respective
receptors activate the PI3KCla membrane complex. The PI3KCla complex cata-
lyzes the conversion of PtdIns (4,5) P2 to PtdIns (3,4,5) P3. The PtdIns (3,4,5) P3
binds to proteins with PH domain (pleckstrin homology), the serine/threonine kinase
PDK1 (phosphoinositide-dependent kinase 1) and Akt (v-akt murine thymoma viral
oncogene homolog 1), thus activating and translocating proteins to the plasma mem-
brane. This activation inhibits autophagy. The tumor suppressor PTEN (phosphatase
and tensin homologue deleted from chromosome 10) antagonizes dephosphorylating
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PI3KCl1a PtdIns (4,5) P2 and PtdIns (3,4,5) P3, thereby preventing the activation of
Akt and PDK1 and ultimately activating autophagy [18, 45]. Activation of Akt also
activates the mTORC1 complex through the TSC/Rheb pathway. The TSC1/2 com-
plex (tuberous sclerosis complex) is a GAP (GTPase-activating protein) that inhib-
its Rheb function by binding GDP. Akt activation induces phosphorylation of
TSC2 GAP and inhibits its activity on Rheb and the TSC1/2 complex formation, thus
allowing Rheb to bind directly to activated mTORCI [28, 87]. FoxO3 transcription
factor (forkhead box) in its active conformation promotes autophagy through the
gene transcription of LC3, Bnip3 (Bcl-2/adenovirus E1B 19 kDa-interacting protein
3), Vps34 and ULK1. One mechanism by which autophagy can inhibit Akt is by
phosphorylation and the consequent inactivation of the transcription factor FoxO3,
thereby impeding its translocation to the nucleus [91].

4.2.4 Regulation of Autophagy by Cellular Energy Charge

During periods of metabolic stress, autophagy activation is essential for cell viability.
In mammalian cells, the reduction of ATP levels is detected by the kinase AMPK
(5’-AMP-activated protein kinase). AMPK is activated by the upstream kinase LKB 1
(Liver Kinase B1) when the ratio of ATP/AMP decreases. This activation induces
phosphorylation and activation of TSC1/2, which inhibits the activity of mTORCI
through Rheb [29]. Autophagy activation through the negative regulation of mTOR
results in an increased production of ATP by recycling nutrients. Additionally, the
LKBI1-AMPK pathway phosphorylates and activates p27kipl, an inhibitor of cdk
(cyclin-dependent kinase), and induces a stop in the cell cycle, essential to prevent
cell death and promote survival in response to the bioenergetic stress of nutrient
deprivation [40]. The nitrosative stress-mediated nitric oxide (NO) inhibits autopha-
gosome synthesis. NO inhibits the kinase IKKp (inhibitor of nuclear factor kB kinase
), which leads to a drop in the activity of AMPK and TSC1/2 and the activation of
mTORCI [71]. Activation of IKKf phosphorylates AMPK and JNK1 to stimulate
autophagy in a process independent of nuclear factor NF-kB [15]. Cytoplasmic p53
inhibits autophagy, possibly through the AMPK/TSC/mTORCI1 pathway. When low
levels of glucose are detected, pS53 is activated through AMPK mediated phosphory-
lation, thus inhibiting the activity of mTORC1 [80]. AMPK kinase is involved in
hypoxia-induced autophagy. During hypoxia, mitochondrial respiration is altered
causing a decrease in the ratio of ATP/AMP, which is detected by AMPK. AMPK
activation results in the inhibition of mMTORC1 through TSC2 [59].

4.3 Regulation of Autophagy by mTOR-Independent Pathways

In addition to the regulation of autophagy by mTORCI and various signaling pathways
and the downstream affects, several signaling pathways resulting in autophagy inde-
pendent of mMTORCT and susceptible to chemical perturbations have been described.
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4.3.1 Regulation of Autophagy by the Inositol Pathway

The inositol pathway is stimulated by PLC (phospholipase C), which hydrolyzes
PtdIns(4,5)P;, to form Ins(1,4,5)P; and DAG (diacylglycerol). Ins(1,4,5)P; operates
as a second messenger and binds to its receptor (IP;R) in the ER, releasing Ca®*
from intracellular stores, primarily cytoplasmic ER. The IP;R pore driver comprises
only 5 % of the receptor and is positioned at the C-terminus of the protein, whereas
the ligand binding site for Ins(1,4,5)P; is located between amino acids 226-578 in
the amino terminal [76]. Ins(1,4,5)P; is degraded by a 5’-phosphatase and IPPsdr
(inositol polyphosphate 1-phosphatase) to form InsP, which is hydrolyzed by
IMPase (inositol monophosphatase) and the free inositol required for signaling via
this route. High intracellular concentrations of Ins(1,4,5)P; inhibit the synthesis of
autophagosomes [70]. Mood stabilizing drugs, such as lithium, carbamazepine or
valproic acid decrease intracellular inositol by inactivation of IMPase and facilitate
the removal of substrates without the inhibition of mTORC1 [85].

4.3.2 Regulation of Autophagy by cAMP

It is likely that the regulation of autophagy through intracellular levels of Ins(1,4,5)P;
is due to the release of calcium from the ER, through IP;R. Elevated cytosolic calcium
levels by activated calpain, which activates G protein coupled (Gas) receptors,
increases the activity of the AD (adenylate cyclase), thus directly influencing cAMP
levels [60]. Elevated intracellular cAMP levels inhibit autophagy, and this response is
mediated through Epac (exchange protein activated by cAMP directly). Epac activa-
tion through Rap2B in turn activates a G protein Ras family, which induces the hydro-
lysis of PtdIns(4,5)P, to Ins(1,4,5)P; through PLCe(191). Inhibition of AD activity at
2'5'ddA induces autophagy, and autofagosomal degradation increases by a route inde-
pendent of mTORCI1. Clonidine and tilmenidine, drug agonists for the imidazole-
1(I1R) receptor, both induce autophagy by an mTOR-independent pathway, thereby
reducing cAMP levels [85].

4.3.3 Regulation of Autophagy by JNK1/BECN1

BECNI1 is a 60 kDa protein required for the activation key and has various bonding
patterns that regulate autophagy. The post-translational modification of BECNI1
along with its association with other proteins results in different PI3KC3 complexes
that regulate autophagy. Proteins that are able to bind to BECN1 include hVps34,
UVRAG, AMBRAI, Bif-1, Rubicon, IP3R, ATG14L/Barkor and Bcl-2 [27].
Autophagosome synthesis requires PI3CK3 activity, which is increased by the inter-
action of hVps34-BECNI1 [67]. The BECN1-UVRAG and BECN1-ATG14L com-
plexes are involved in the regulation of the early steps of autophagy by activating
the formation of autophagosomes. However, it has been observed that the interac-
tion of UVRAG with Rubicon inhibits autophagy by an arrest in autophagosome
formation [90]. AMBRAI is associated with ATG14L in the PI3KC3 complex and
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acts as a positive modulator of autophagy [22]. Bcl-2 is to date the only protein that
inhibits autophagy by associating directly with BECNI1. Interaction with Bcl-2 pre-
vents BECN1 assembly in the hVps34 BECN1 complex and inhibits autophagy.
Therefore, both proteins are subjected to various post-translational modifications
for their interaction [13]. Phosphorylation of Bcl-2 at residues Thr69, Ser70 and
Ser87 by JNKI1 (c-Jun N-terminal kinase 1), in the absence of nutrients, allows
BECNI cleavage and subsequent activation of autophagy through the formation of
the BECN1/hVps34 complex. Nutrient deficiency also inhibits mTORCI, but the
expression of constitutively active JNK1 does not disrupt mTORCI1 activity.
Rapamycin, moreover, does not affect phosphorylation of Bcl-2 by INK1, suggest-
ing that the regulation of the autophagy routes through JINK1/BECN1/PI3KC3 and
mTOR are possibly independent [69]. The mono-ubiquitination of Bcl-2 by the E3
ubiquitin kinase Parkin stabilizes the binding of Bcl-2 with BECNI, increases the
half-life of Bcl-2 and decreases autophagy activation, suggesting that the mono-
ubiquitination of Bcl-2 inhibits autophagy and increases the amount of Bcl-2 avail-
able for binding to BECN1 [1].

4.3.4 Control of Autophagy by Calcium

The increase in cytosolic Ca** levels has a complex effect on the regulation of
autophagy, involving both autophagosome formation and fusion of autophagosomes
with lysosomes [26]. Treatments using thapsigargin (an inhibitor of ER Ca?*/Mg**
ATPase) or ionomycin (Ca?* ionophore) block the autophagic flux and slows the
breakdown of the contents of autophagosomes [24]. Gsa protein regulates cAMP
levels through the activation of the AD. Pharmacological inhibition of calpains
(calcium-activated neutral proteinase) with calpastatin and calpeptin or by gene
silencing increases autophagic flow without disruption of mTORCI1. By contrast,
activation of calpains 1 and 2 to open Ca?* channels, or the overexpression of consti-
tutively active calpain 2, inhibit the formation of autophagosomes [85].
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Autophagy and Pattern Recognition Receptors

Christophe Viret and Mathias Faure

Abstract Autophagy is an evolutionarily conserved eukaryotic process that elimi-
nates intracellular components through lysosomal degradation for recycling. It is a
hierarchized multistep process that is involved in a multitude of cellular functions
and its fine regulation is required for cell homeostasis as indicated by the various
pathologies associated with autophagy dysfunctions. During the recent years, it was
recognized that autophagy plays important roles in host defense against microbial
infection as well. Although autophagy can markedly influence responses of the
adaptive immune system, this chapter focuses on the relationship between autoph-
agy and the innate arm of the mammalian immune system and more specifically
between autophagy and the functioning of highly conserved receptors that recog-
nize conserved molecular pattern rather than particular molecules among microbial
components: the pattern recognition receptors (PRRs). Signaling pathways acti-
vated by the engagement of PRRs can both regulate autophagy to contribute to
intracellular responses to infection, including through direct pathogen degradation,
and be regulated, including negatively, by the autophagic activity/machinery of the
cells. Such a reciprocal regulation between autophagy and PRRs optimizes efficient
innate immune responses to intracellular infection and minimizes the occurrence of
pathologies associated with uncontrolled immune responses. Thus, through close
interconnections with innate immunity signaling pathways, autophagy represents
an integrated component of autonomous cell defense mechanisms.
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Cyclic GMP-AMP synthase (cGAS) pathway
DNA-dependent activator of IFN-regulatory factors
y-aminobutiric acid receptor-associated proteins
Hepeatitis C virus

Herpes Simplex Virus-1

IFN-inducible protein 16

IFEN-I receptor

Interferons

IFN-f promoter stimulator 1 adaptor (also known as MAVS, Cardif
or Visa)

Interferon regulatory factor-3 or -7
LC3-interacting region

Leucine-rich repeat

LRR in Flightless I interacting protein-1
Microtubule-associated protein 1 light chain 3
Mannan-Binding Lectin
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Macrophage scavenger receptor or MARCO
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Nuclear factor-xB
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Pathogen-associated molecular patterns
Pattern recognition receptors

Retinoic acid-inducible gene I

RIG-I-like receptor

Reactive oxygen species

Sequestosome 1-like receptors (SLRs)
STimulator of INterferon Genes

Toll-like receptors

Target of rapamycin

Ubiquitin-binding

1 Introduction

1.1 Autophagy

Autophagy is a ubiquitous process in eukaryotic cells that culminates with the degra-
dation of the cytoplasmic constituents within degradative compartments of lysosomal
origin [52]. Under unperturbed steady state conditions, autophagy is active in all cells
as it contributes to cell homeostasis through the continuous degradation and recy-
cling of various intracellular elements larger than those handled by the proteasome
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such as protein aggregates or damaged/senescent organelles. There exist several
forms of mammalian autophagy. The so-called chaperone-mediated autophagy
relates to the unfolding and translocation of proteins bearing a particular motif into
lysosomes prior to degradation. Microautophagy targets cytosolic elements to lyso-
somal degradation through direct invagination of the lysosomal membrane itself.
Macroautophagy, thereafter referred to as autophagy, implies the sequestration of
large cytoplasmic portions into vacuoles called autophagosomes that are character-
ized by a double membrane and ultimately fuse with lysosomal vacuoles. Under
conditions of reduced nutrient resources or exposure to various stress factors, the
induced autophagy that allows cell adaptation is non-selective in nature. In contrast,
another type of autophagy directs the encapsulation and degradation of particular
cargoes such as specific organelles. This selective form of autophagy relies on the
engagement of specialized autophagy receptors [69, 90]). In either case, mammalian
autophagy involves the so-called core autophagy machinery that includes multiple
conserved Autophagy-related (Atg) genes. Autophagy is induced via the decoupling
of a complex named the pre-initiation complex from the suppressive regulation of
the target of rapamycin (TOR) Complex 1. This pre-initiation complex, that includes
unc-51-like kinase 1 (ULK1), ATG13, ATG101 and FIP200 permits the activation of
the class III phosphatidylinositol 3-kinase complex, comprising Beclin-1 and
VPS34, which catalyses the assembly of an isolation membrane (or phagophore)
originating from various sources including the endoplasmic reticulum, the mito-
chondrial membranes and possibly, additional input from other compartments [56].
VPS34 induces PI(3)P on the membrane of the phagophore, a step that promotes the
recruitment of additional autophagy factors. The elongation and the closure of the
phagophore engulf cytoplasmic materials to form the autophagosome. This forma-
tion is regulated by two ubiquitin-like conjugation systems. One is the ATGS5-
ATG12-ATG16L1 system assembled with the assistance of ATG7 and ATG10 and
that promotes the stabilization/elongation of the developing autophagosome as well
as the activation of the second system. This second system involves ATG4, ATG7,
ATG3 and factors related to yeast ATGS that include the y-aminobutiric acid recep-
tor-associated proteins (GABARAPs) and the microtubule-associated protein 1 light
chain 3 (MAP1LC3) factors also called LC3s. The conjugation reaction leads to the
stable association of phospatidyl-ethanolamine-lipidated forms of LC3/GABARAP
molecules to the membrane of the developing autophagosome [70]. Such forms
named LC3II are instrumental for the inclusion of multiple categories of cargoes
into autophagosomes. Selective autophagy is indeed not restricted to natural con-
stituents of the cell, it can also operate to target and eliminate microorganisms that
enter the intracellular microenvironment, a process referred to as xenophagy [61].
Selective autophagy is promoted by ubiquitination of cargoes and engagement of
adaptors that connect ubiquitinated materials (either damaged organelles or bacterial
cells) to LC3/GABARAP factors. While the interaction with ubiquitin chains
involves ubiquitin-binding (UB) domains, the interaction with LC3s/GABARAPs
involves a so-called LC3-interacting region (LIR) [54, 94, 100]. Such adaptors mol-
ecules are referred to as sequestosome 1 (SQSTM 1)-like receptors (SLRs). Presently,
SLRs include SQSTM1/p62, neighbor of BRCA1 gene 1 (NBR1), nuclear domain



24 C. Viret and M. Faure

10 protein (NDP)52/Calcoco2, TAX1BP1, T6BP and optineurin [69, 90].
Ubiquinated bacterial cells are often recognized by combinations of SLRs for target-
ing to autophagosomes: SQSTM1/p62 and NDP52 (e.g. Mycobacteria); SQSTM1/
p62, NDP52 and optineurin (e.g. Salmonella) or SQSTM1/p62, NBR1 and NDP52
(e.g. Shigella) 27,72, 87, 113, 116, 117, 119, 124].

1.2 Pattern Recognition Receptors

The immune system evolved to protect the host from infection by eliminating patho-
genic microorganisms. The innate component of the immune system allows the
rapid activation of signaling pathways that lead to early and appropriate immune
responses to resist infection and condition the development of adequate adaptive
immune responses [68]. The triggering of these pathways, relies on the recognition
of conserved motifs of microbial origin called pathogen-associated molecular pat-
terns (PAMPS) recognized by specialized receptors [44]. Unlike rearranged antigen
receptors of the adaptive immune system whose specificity is not predefined, innate
immunity receptors are germline-encoded receptors that do not require gene rear-
rangement processes and are distributed in a non-clonal manner. Rather than par-
ticular molecules, they have evolved to primarily recognize invariant molecular
patterns that are shared by large groups of microorganisms and are unlikely to vary
without deleterious consequences for the persistence of microbes themselves, thus
limiting the possibility that microbial mutations promotes escape from innate immu-
nity recognition [44, 68]. This mode of recognition allows for the detection of huge
numbers of microorganisms by the host by using a relatively restricted set of recep-
tors. Globally, such receptors are termed pattern recognition receptors (PRRs). They
can be secreted into biological fluids, expressed on cell surface, present within intra-
cellular compartments or within the cytosol [45]. Families of secreted PRRs include
Mannan-Binding Lectin (MBL), pentraxins, ficolins and collectins which can either
function as opsonins on microbes, activate the classical complement pathway or
activate the lectin pathway of complement [11, 38]. Certain cell surface PRRs can
mediate phagocytosis of microbes. The macrophage mannose receptor (MMR) and
the related DEC205 receptor of dendritic cells appear to have important functions as
phagocytic receptors. Phagocytosis of pathogens can also involves scavenger recep-
tors such as the macrophage scavenger receptor (MSR) or MARCO [80] as well as
the C-type lectin receptor Dectin-1 which can also trigger oxidative burst or induce
pro-inflammatory cytokines [12]. Among the best-studied membrane-associated
PRRs are the Toll-like receptors (TLRs) which are made of a distal leucine-rich
repeat (LRR) motif able to bind microbial ligands, associated to an intracellular
TIR domain involved in signal transduction [2]. TLRs can sense microbial compo-
nents as various as triacyl lipopeptides (TLR1), lipoteichoic acid (TLR2), double
strand (ds) RNA (TLR3), lipopolysaccahide [79] (TLR4), flagellin (TLRS), diacyl
lipopeptide (TLR6), single strand (ss) RNA (TLR7/8) and CpGDNA (TLR9Y). Among
TLRs, TLR3/7/8 and 9 are located within endosomal compartments of the cell.
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The signaling pathways of TLRs involve the recruitment of TIR domain-containing
adaptor molecules including MyD88, TRIF, TIRAP or TRAM that lead to activation
of transcription factors such as nuclear factor-kB (NF-kB) and AP-1 for induction of
pro-inflammatory cytokines and chemokines or to activation of interferon regula-
tory factor (IRF)-3 or -7 for induction of anti-viral type I (a/p) interferons (IFN-Is)
[60, 104]. IFN-I can be strongly induced following TLR3, 4, 7 and 9 engagement
either via TRIF or MyD88 [49]. IFN-f binds the IFN-I receptor IFNAR) according
to an autocrine/paracrine-amplifying loop that induces high production of IFN-a
which shares the same receptor. [IFNAR signals through STAT1/2 factors that con-
trol the expression of a large number of anti-viral genes. Some viruses and bacteria
can reach the intracellular milieu upon infection. Within cells, several PRRs are
present in the cytosol. The protein kinase PKR reacts to viral dsSRNA during viral
infection/replication leading to neutralization of the eIF2a translation initiation fac-
tor that alters protein synthesis, activation of NF-kB and MAP kinases, induction of
IFN-I genes and in some instances, to apoptosis of infected cells [17, 73]. Viral
nucleic acids are also detected by the 2'-5’-oligoadenylate synthase (OAS) pathway
and the OAS homologue cyclic GMP-AMP (cGAMP) synthase (cGAS) pathway.
OAS and cGAS are cytosolic sensors of ds nucleic acids (dASRNA and DNA, respec-
tively) that, upon engagement, generate 2’-5'-linked intermediates. 2'-5’-linked oli-
goadenylates induced by OASs lead to activation of the RNaseL hydrolase while
2'-5’-linked cGAMP induced by cGAS activates expression of IFN-I and other anti-
viral genes via the STimulator of INterferon Genes (STING) factor that is located on
the endoplasmic reticulum membrane [40, 99]. Cytoplasmic C-terminal caspase
activation and recruitment domain (CARD) helicases are a distinct family of sensors
for viral RNAs. Thus, retinoic acid-inducible gene I (RIG)-I and melanoma differ-
entiation-associated gene 5 (MDAS) are members of the RIG-I-like receptor (RLR)
family of receptors that react to cytosolic RNAs (5'-triphosphorylated RNAs and
long dsRNAs, respectively) via their RNA helicase domain and induce downstream
signaling via their CARD domain upon conformational change. Their expression is
upregulated during viral infection or IFN-I stimulation. Upon engagement, RIG-I/
MDAS recruit the IFN-p promoter stimulator 1 (IPS-1) adaptor (also known as
MAVS, Cardif or Visa) that localizes to the mitochondrial outer membrane and can
induce both inflammatory cytokines and type I IFN through the recruitment of
TRAF6, TRAF3, TBK1/IKK kinases, NF-kB, IRF3 and IRF7 [105, 123].

Nod-like receptors (NLRs) represent another family of cytosolic PRRs [31, 41,
66]. They comprise a C-terminal ligand-binding LRR, a NACHT domain involved in
oligomerization and an N-terminal domain involved in signaling. Among well-
known NLRs are NOD1/2 receptors that sense peptidoglycans from bacteria and are
instrumental for antibacterial defense. NOD2 was also found to recognize viral
ssSRNA. Upon engagement, NODs recruit the RICK/RIP2/CCK/Cardiac kinase lead-
ing to NF-xB or MAP kinases activation [101]. Other major NLRs are the NALP
receptors that contain a PYD effector domain. Several NALPs are components of
inflammasomes which are multimolecular complexes that function as platforms for
conversion of procaspase-1 into active caspase-1 and the production of the proin-
flammatory cytokines IL-1p and IL-18 [66]. For instance, the NLRP3 inflammasome
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comprises NALP3, the apoptosis-associated speck-like protein (ASC), Cardinal and
Caspase-1. The NALP receptors can be activated by bacteria. NALP3 reacts to
Staphylococcus aureus and Listeria monocytogenes while other NLRs such as IPAF
and NAIPS5 (NLRC4 inflammasome) react to flagellins from Salmonella typhimurium
and Legionella pneumophila [57, 115]. AIM2 (absent in melanoma 2) is another type
of cytosolic PRR that reacts to cytosolic dsDNA via its HIN200 domain by recruiting
ASC and activating caspase-1 to form a canonical inflammasome. AIM2 can sense
DNA from vaccinia virus, cytomegalovirus and Francisella tularensis. Along with
NLRPI1 and NLRC4, AIM2 contributes to caspase-1 activation during Listeria
monocytogenes infection [6, 57]. Besides AIM2, cytosolic dSDNA can be sensed by
the DNA-dependent activator of IFN-regulatory factors (DAI) also called DLM-1/
ZBP1 that recruits IRF3 and the TANK-binding kinase TBK1 for IFN-I production
[103] or RNA polymerase III that converts DNA into 5'ppp RNA which can then
bind RIG-I [1, 16]. Additional factors such as some DExD/H helicases, the IFN-
inducible protein (IFI)16 and LRR in Flightless I interacting protein-1 (LRRFIP1)
appear to be involved in cytosolic viral DNA detection to some extend [95].

1.3 Autophagy and Pattern Recognition Receptors

As described above, the infection of host cells by microorganisms is detected by the
PRRs of the innate immune system that sense the presence of microbial components
and, through adequate signaling pathways, induce appropriate cellular responses to
resist infection. Since autophagy can also efficiently operate in defense reactions
against infection through targeting and elimination of microorganisms, close inter-
connections have evolved between PRRs-induced pathways/responses and the
autophagic activity/machinery of host cells. This chapter is an attempt to summarize
the current knowledge on such reciprocal influences that occur in mammalian cells
in terms of molecular mechanisms and functional consequences on immune responses
to infection.

2 Regulation of Autophagy During PRRs Engagement

2.1 Toll-Like Receptors

Upon mycobacteria infection, TLR4 engagement by LPS was found to promote the
selective autophagic activity that contributed to bacteria clearance through activation
of VPS34-dependent formation of LC3 punctates and enhancement of bacteria target-
ing to autophagosomes. In human macrophages and a mouse macrophage cell l