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  Pref ace   

 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 classifi ed 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 infl ammatory-based, infectious, and neoplastic 
diseases. Intriguingly, autophagy’s vital role is also strictly balanced with cell death. In 
fact, excessive or ineffi cient 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 fi eri  compre-
hension of the interface between autophagy, immunity, and infl ammation. 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 fi rst part is dedicated to the molecular 
mechanism underlying autophagy in infl ammation, whereas the second part is con-
secrated to describe how targeting autophagy can represent a novel therapeutic 
strategy in infl ammation-based pathologies. More specifi cally, the book aims to 
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cover all the aspects of both basic autophagy and its role in the development/resolu-
tion of several diseases. Relevant scientists in this fi eld 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 infl ammation and, even, the intricate role of autophagy in the immune response. 

 Part II 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 infl ammation-based 
diseases.   

    Paris ,  France      Maria     Chiara     Maiuri    
   Milan ,  Italy      Daniela     De     Stefano       

Preface
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      The Basics of Autophagy                     
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    Abstract     Autophagy can be defi ned 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 infl ammatory 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.  
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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 benefi cial 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 fi rst 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 

 Atg1  ULK1,ULK2  Kinases that form the complex: Atg1-Atg13-Atg17-Atg29-Atg31 
(phagophore initiation and organization) 

 Atg2  Atg2  Atg9/Atg2-Atg18 complex (phagophore formation) 
 Atg3  Atg3  Enzyme required for Atg8 lipidation 
 Atg4  Atg4 A, B, C, D  Cysteine protease: Atg8s activation and delipidation 
 Atg5  Atg5  Member of the Atg12-Atg5 complex, necessary for Atg8 lipidation 
 Atg6  Beclin-1  Subunit of PI3K-Vps34 
 Atg7  Atg7  Enzyme which is conjugated with Atg12 and LC3B 
 Atg8  LC3B, GATE-16, 

GABARAP 
 Conjugation with PE in the autophagosome 

 Atg9  Atg9 L1, L2  Interaction with Atg2-Atg8 complex binding to membrane 
 Atg10  Atg10  Conjugation with Atg12 
 Atg11  Atg11  Interaction with phospho-Atg29. Important for phagophore 

elongation 
 Atg12  Atg12  Atg5 complex 
 Atg13  Atg13  mTOR signaling from: Complex- Atg1-Atg13-Atg17-Atg29-

Atg31 (phagophore initiation and organization) 
 Atg14  Barkor  Subunit of Vps34 PI3K complex, participates in reticulophagy 
 Atg15  ¿?  Lipase located in the ER and is required for ER-derived vesicles 

fusion 
 Atg16  Atg16L  Complex Atg12-Atg5 
 Atg17  FIP200  Complex Atg1-Atg13-Atg17-Atg29-Atg31 
 Atg18  WIPI-1, 2, 3, 4  Complex Atg9/Atg2-Atg18 
 Atg29  ¿?  Complex Atg17-Atg31-Atg29 (phagophore initiation and 

organization) 
 Atg31  ¿?  Complex Atg17-Atg31-Atg29 (phagophore initiation and 

organization) 
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identifi ed 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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3     Classifi cation of Autophagy Types 

 We created a classifi cation 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-
sifi cation 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).   

  Fig. 1    Scheme of three different types of autophagy presents in mammalian cells. Chaperone- 
mediated autophagy (CMA) Macroautophagy and Microautophagy       
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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 fl ow of membranes to lysosomes, microautophagy can regulate this 
fl ow 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 traffi c. 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 fi rst described in human fi bro-
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 specifi c 
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 
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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 fi rst step, the C-terminal domain of Atg12 is activated by Atg7 (E1-like), 
forming the intermediate Atg7-Atg12. Subsequently, the protein Atg12 is transferred 
to Atg10 to form the Atg12-Atg10 complex. The C-terminal domain of Atg12 cova-
lently binds a lysine [ 11 ] in Atg5. This new (Atg12-Atg5) complex binds non- 
covalently to the homologous protein of yeast Atg16L [ 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 Atg12/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 
modifi cations 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-I, 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 Atg12, the LC3-I is transferred to an E2 enzyme ubiquitination sys-
tem, homologous to Atg3, and conjugated with phosphatidylethanolamine (PE). The 
fi nal product, called LC3-II, is associated with the precursor membrane, and unlike 
Atg12/Atg5/Atg16L complex, remains bound to the inner membrane after complete 
formation of the autophagosome and is degraded by fusion with the lysosome. 
LC3-II 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 fl ow [ 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 
Atg14L. hVps34 activity increases when it interacts with BECN1, which has sev-
eral binding partners that direct autophagosome formation [ 50 ]. When BECN1 
interacts with Atg14L, Ambra1 (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 Rab5, 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 fi rst 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 traffi cking, 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: mTORC1 and mTORC2 [ 74 ]. The mTORC1 com-
plex comprises Raptor (Regulatory-associated protein of mTOR), PRAS40 (proline- 
rich Akt substrate of 40 kDa), mLST8 (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 mLST8. 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 
mTORC1 complex, mTOR activity in mTORC2 is not inhibited by rapamycin [ 43 , 
 92 ]. During periods of starvation, mTORC1 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 briefl y describe the mechanisms controlling 
autophagy that are linked to mTOR. 

4.2.1     Regulation of Autophagy by Nutrient Defi ciency 

 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-
fi ed. 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 
SLC1A5 amino acid transporter. SLC1A5 inactivation inhibits cell growth and acti-
vates autophagy. The bidirectional transporter SLC7A5/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 
SLC1A5 and SLC7A5/SLC3A2 transporter, thus providing a switch for absorbing 
nonessential amino acids and regulating mTORC1 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 mTORC1 on the surface of 
lysosomes and thereby negatively regulating autophagy [ 56 ]. The recruitment of 
mTORC1 to the lysosomal surface promotes the interaction with TFEB (transcription 
factor EB) and its phosphorylation and inactivation. When there are nutritional defi -
ciencies, mTORC1 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 mTORC1 translocation to the cytoplasm. When 
glucose levels are normalized, mTORC1 is relocated to lysosomal surface. However, 
in cells expressing constitutively active Rag, the mTORC1 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 mTORC1.  

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 Atg13 and ULK1 kinase. Under conditions of starvation or treatment with 
rapamycin, mTOR dissociates from this complex, leading to dephosphorylation and 
activation of the kinase ULK1. 

 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 mTORC1 and inhibit autophagy [ 69 ].  

4.2.3     Regulation of Autophagy by Growth Factors 

 The most common signaling pathway responsible for the regulation of the mTORC1 
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 PI3KC1a membrane complex. The PI3KC1a 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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PI3KC1a 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 mTORC1 [ 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 LKB1 
(Liver Kinase B1) when the ratio of ATP/AMP decreases. This activation induces 
phosphorylation and activation of TSC1/2, which inhibits the activity of mTORC1 
through Rheb [ 29 ]. Autophagy activation through the negative regulation of mTOR 
results in an increased production of ATP by recycling nutrients. Additionally, the 
LKB1-AMPK pathway phosphorylates and activates p27kip1, 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 IKKβ (inhibitor of nuclear factor kB kinase 
β), which leads to a drop in the activity of AMPK and TSC1/2 and the activation of 
mTORC1 [ 71 ]. Activation of IKKβ 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/mTORC1 pathway. When low 
levels of glucose are detected, p53 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 mTORC1 through TSC2 [ 59 ].   

4.3     Regulation of Autophagy by mTOR-Independent Pathways 

 In addition to the regulation of autophagy by mTORC1 and various signaling pathways 
and the downstream affects, several signaling pathways resulting in autophagy inde-
pendent of mTORC1 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 2  to form Ins(1,4,5)P 3  and DAG (diacylglycerol). Ins(1,4,5)P 3  operates 
as a second messenger and binds to its receptor (IP 3 R) in the ER, releasing Ca 2+  
from intracellular stores, primarily cytoplasmic ER. The IP 3 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 3  is located between amino acids 226–578 in 
the amino terminal [ 76 ]. Ins(1,4,5)P 3  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 3  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 3  
is due to the release of calcium from the ER, through IP 3 R. Elevated cytosolic calcium 
levels by activated calpain, which activates G protein coupled (Gαs) receptors, 
increases the activity of the AD (adenylate cyclase), thus directly infl uencing 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 2  to Ins(1,4,5)P 3  through PLCε(191). Inhibition of AD activity at 
2′5′ddA induces autophagy, and autofagosomal degradation increases by a route inde-
pendent of mTORC1. 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 

 BECN1 is a 60 kDa protein required for the activation key and has various bonding 
patterns that regulate autophagy. The post-translational modifi cation of BECN1 
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, AMBRA1, Bif-1, Rubicon, IP3R, ATG14L/Barkor and Bcl-2 [ 27 ]. 
Autophagosome synthesis requires PI3CK3 activity, which is increased by the inter-
action of hVps34-BECN1 [ 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 ]. AMBRA1 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 BECN1. 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 modifi cations 
for their interaction [ 13 ]. Phosphorylation of Bcl-2 at residues Thr69, Ser70 and 
Ser87 by JNK1 (c-Jun N-terminal kinase 1), in the absence of nutrients, allows 
BECN1 cleavage and subsequent activation of autophagy through the formation of 
the BECN1/hVps34 complex. Nutrient defi ciency also inhibits mTORC1, but the 
expression of constitutively active JNK1 does not disrupt mTORC1 activity. 
Rapamycin, moreover, does not affect phosphorylation of Bcl-2 by JNK1, suggest-
ing that the regulation of the autophagy routes through JNK1/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 BECN1, 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 2+  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 2+ /Mg 2+  
ATPase) or ionomycin (Ca 2+  ionophore) block the autophagic fl ux and slows the 
breakdown of the contents of autophagosomes [ 24 ]. Gsα 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 fl ow without disruption of mTORC1. By contrast, 
activation of calpains 1 and 2 to open Ca 2+  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 fi ne 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 infl uence 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 specifi cally 
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 effi cient 
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.  

   Abbreviations 

  AIM2    Absent in melanoma 2   
  ASC    Apoptosis-associated speck-like protein   
  Atg    Autophagy-related genes   
  CARD    Cytoplasmic C-terminal caspase activation and recruitment domain   
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  cGAMP    Cyclic GMP-AMP synthase (cGAS) pathway   
  DAI    DNA-dependent activator of IFN-regulatory factors   
  GABARAPs    γ-aminobutiric acid receptor-associated proteins   
  HCV    Hepatitis C virus   
  HSV    Herpes Simplex Virus-1   
  IFI    IFN-inducible protein 16   
  IFNAR    IFN-I receptor   
  IFN-Is    Interferons   
  IPS-1    IFN-β promoter stimulator 1 adaptor (also known as MAVS, Cardif 

or Visa)   
  IRF    Interferon regulatory factor-3 or -7   
  LIR    LC3-interacting region   
  LRR    Leucine-rich repeat   
  LRRFIP1    LRR in Flightless I interacting protein-1   
  MAP1LC3    Microtubule-associated protein 1 light chain 3   
  MBL    Mannan-Binding Lectin   
  MDA5    Melanoma differentiation-associated gene 5   
  MMR    Macrophage mannose receptor   
  MSR    Macrophage scavenger receptor or MARCO   
  NBR1    Neighbor of BRCA1 gene 1   
  NF-κB    Nuclear factor-κB   
  NLRs    Nod-like receptors   
  OAS    2′-5′-oligoadenylate synthase   
  PAMPS    Pathogen-associated molecular patterns   
  PRRs    Pattern recognition receptors   
  RIG-I    Retinoic acid-inducible gene I   
  RLR    RIG-I-like receptor   
  ROS    Reactive oxygen species   
  SQSTM1    Sequestosome 1-like receptors (SLRs)   
  STING    STimulator of INterferon Genes   
  TLRs    Toll-like receptors   
  TOR    Target of rapamycin   
  UB    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 specifi c 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  A u t opha g y-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 ATG5-
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 ATG8 that include the γ-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 (SQSTM1)-like receptors (SLRs). Presently, 
SLRs include SQSTM1/p62, neighbor of BRCA1 gene 1 (NBR1), nuclear domain 
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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 specifi city is not predefi ned, 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 fl uids, expressed on cell surface, present within intra-
cellular compartments or within the cytosol [ 45 ]. Families of secreted PRRs include 
Mannan-Binding Lectin (MBL), pentraxins, fi colins 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-infl ammatory 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), fl agellin (TLR5), diacyl 
lipopeptide (TLR6), single strand (ss) RNA (TLR7/8) and CpGDNA (TLR9). 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-κB (NF-κB) and AP-1 for induction of 
pro-infl ammatory cytokines and chemokines or to activation of interferon regula-
tory factor (IRF)-3 or -7 for induction of anti-viral type I (α/β) 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-β binds the IFN-I receptor (IFNAR) according 
to an autocrine/paracrine-amplifying loop that induces high production of IFN-α 
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 dsRNA during viral 
infection/replication leading to neutralization of the eIF2α translation initiation fac-
tor that alters protein synthesis, activation of NF-κB 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 (dsRNA 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 (MDA5) 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/
MDA5 recruit the IFN-β promoter stimulator 1 (IPS-1) adaptor (also known as 
MAVS, Cardif or Visa) that localizes to the mitochondrial outer membrane and can 
induce both infl ammatory cytokines and type I IFN through the recruitment of 
TRAF6, TRAF3, TBK1/IKK kinases, NF-κB, 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 
ssRNA. Upon engagement, NODs recruit the RICK/RIP2/CCK/Cardiac kinase lead-
ing to NF-κB or MAP kinases activation [ 101 ]. Other major NLRs are the NALP 
receptors that contain a PYD effector domain. Several NALPs are components of 
infl ammasomes which are multimolecular complexes that function as platforms for 
conversion of procaspase-1 into active caspase-1 and the production of the proin-
fl ammatory cytokines IL-1β and IL-18 [ 66 ]. For instance, the NLRP3 infl ammasome 
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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 NAIP5 (NLRC4 infl ammasome) react to fl agellins 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 infl ammasome. AIM2 can sense 
DNA from vaccinia virus, cytomegalovirus and  Francisella tularensis.  Along with 
NLRP1 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 effi ciently 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 infl uences 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 line, 
such an induction was MyD88-independent and TRIF-dependent and involved the 
RIP1 and p38 downstream components [ 122 ]. In macrophages, autophagy- induced 
by TLR4 engagement involved the ubiquitination-related activation of Beclin-1 that 
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requires its interaction with TRAF6 followed by Bcl-2 dissociation from Beclin-1. 
Beclin-1 ubiquitination can then be balanced by the deubiquitinating enzyme A20 
that appears able to attenuate autophagy induction and NF-κB activation induced by 
TLR signaling [ 10 ,  96 ]. TRAF6 emerges thus as an important regulator of TLR sig-
naling-induced autophagy. Another regulator appears to be the heat shock protein 
HSP90 whose stabilizing interaction with Beclin-1 was reported to be important for 
autophagy induction subsequent to TLR engagement or  Salmonella typhimurium  
infection [ 121 ]. Optineurin plays an important role during TLR-4-induced autopha-
gic degradation of bacteria. Optineurin phosphorylation by the TBK1 kinase pro-
motes its binding to LC3 and the targeting of ubiquinated bacteria to autophagosomes 
where optineurin can colocalize with TBK1 and NDP52, that can also interact with 
TBK1 [ 119 ]. Thus, PRR-induced phosphorylation of autophagy receptors might rep-
resent a potent regulatory circuit to promote anti- microbial selective autophagy. In 
fact, TBK1 impacts the autophagy-mediated elimination of microbes in macrophages 
by regulating the maturation of autophagosomes [ 84 ]. Recruitment of TBK1 by the 
membrane traffi cking regulator Rab8b promotes the assembly of the autophagic 
machinery and is also involved in the induction of anti-bacterial autophagic activity 
in macrophages by IL-1β. In RAW 264.7 mouse macrophages, autophagy can also be 
induced by agonists of TLR3 and TLR7 [ 25 ]. Thus, ssRNA and imiquimod that bind 
TLR7 are robust inducers of autophagosome formation (LC3 puncta formation and 
LC3I/II conversion). This was found to be a MyD88-dependent process that is able to 
result in destruction of intracellular bacteria independently of the ability of such bac-
teria to engage TLR7. In primary mouse macrophages however, such an induction 
was less marked than in RAW 264.7 cells. In the case of TLR3, Poly(I:C)-induced 
autophagy correlated with induction of IFN-β secretion but the latter is unlikely to act 
as an autophagy inducer since IFN-I do not induce autophagy in RAW 264.7 cells 
[ 35 ]. Because TLR3 signaling is TRIF-dependent and MyD88-independent, a role for 
TRIF in Poly(I:C)-induced autophagy is possible. Distinct microbes appear able to 
induce autophagy through TLR2 engagement with no predominant signaling path-
way involved. TLR2 and the NOD/RIP2 pathway are involved in autophagy induc-
tion by  Listeria monocytogenes  infection in macrophages. The major downstream 
pathway involved is the extracellular regulated protein kinase (ERK) pathway [ 4 ]. 
TLR2 is also contributing to autophagy induction in RAW 264.7 mouse macrophages 
exposed to  Staphylococcus aureus . Various signaling pathway were triggered upon 
such an infection but the crucial one for autophagy induction turned out to be the 
c-Jun N-terminal kinase (JNK) pathway with no role for the p38 or ERK pathways 
[ 28 ]. In macrophages, other TLRs are capable of triggering a Beclin-1/MyD88/TRIF- 
dependent autophagy. Those include TLR1, 3, 5, 6 and 7. Such TLRs engagement 
promotes the recruitment of Beclin-1 to the MyD88/TRIF signaling module while 
reducing its interaction with Bcl2 factor [ 98 ]. TLR4, 3, 7 and 8 can also induce 
autophagy in response to viral PAMPs [ 24 ,  98 ,  120 ]. In the presence of active vitamin 
D, the activation of macrophages through TLR8 engagement induces the expression 
of the human cathelicidin microbial peptide CAMP, which promotes the autophagic 
fl ux and leads to inhibition of human immunodefi ciency virus type 1 (HIV-1) replica-
tion in infected human macrophages [ 14 ]. Upon LPS stimulation or exposure to 
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 Salmonella typhimurium , macrophages release the high mobility group box 1 
(HMGB1) protein, a factor normally associated to chromatin. This secretion is depen-
dent on a functional infl ammasome [ 58 ]. Upon translocation from the nucleus into 
the cytoplasm HMGB1 directly binds to Beclin-1 and displaces Bcl-2, acting as a 
positive regulator of the autophagic fl ux [ 110 ,  111 ]. Thus PAMPs stimulation of mac-
rophages is susceptible to also modulate autophagy positively via endogenous factors 
such as HMGB1. In antigen presenting cells, TLR4 signaling is associated with the 
formation of ubiquitin-positive, LC3-positive cytosolic aggresome-like induced 
structures called ALIS. The conventional autophagy inducible by TLR4 itself can 
target ALIS with an important role for SQSTM1/p62: TLR4 signaling enhances 
SQSTM1/p62 expression and its recruitment to ALIS to promote the autophagic 
elimination of ALIS in a p38 and NrF2 activation dependent manner [ 32 ]. TLR adap-
tor proteins such as MyD88 and TRIF are themselves prone to constitutive aggrega-
tion, which may require control during TLR signaling. Such aggregation structures 
are associated with the recruitment of SQSTM1/p62 and HDAC6 factors to the 
MyD88 signaling complex along with TRAF6 [ 42 ]. SQSTM1/p62 and HDAC6 can 
in fact act as negative modulators of ligand-induced TLR signaling: upon TLR4 
engagement, SQSTM1/p62 and HDAC6 recruitment can negatively regulate p38 and 
JNK activation. After TLR3 engagement, autophagy also selectively degrades TRAF6 
as well as TRIF which is another TLR signaling factor prone to aggregation [ 33 ]. 
Such an autophagy was of a peculiar type since it involved neither Beclin-1 nor 
ATG5. TRIF and TRAF6 degradation involved NDP52 and was down modulated by 
the ubiquitin-editing enzyme A20.  

2.2     NOD-Like Receptors 

 In human dendritic cells, NOD2 engagement by the bacterial wall component mur-
amyl dipeptides (MDP) induces autophagosome formation that allows for bacterial 
control and enhancement of productive antigen presentation to CD4 T cells. In this 
case, ATG5, ATG7, ATG16L1 and RIPK-2 are required [ 19 ]. Dendritic cells from 
Crohn disease (CD) patients with CD-associated NOD2 or ATG16L1 risk alleles 
were indeed defi cient in autophagy induction by MDP, bacterial handling and anti-
gen presentation. NOD1 can also elicit the autophagic response to intracellular bac-
teria such as  Shigella fl exneri  or  Listeria monocytogenes . The underlying mechanism 
involves the recruitment of ATG16L1 to the plasma membrane at the site of bacte-
rial entry with no role for the RIP2 adaptor or NF-κB. Cells from CD patients with 
NOD2 risk variants (such as NOD2L1007insC) were also unable to recruit ATG16L1 
to the entry site and promote bacterial traffi cking to autophagosomes, and CD 
patient cells with the CD-associated ATG16L1*300A allele showed impaired induc-
tion of autophagy upon exposure to MDP. Presumably, CD-associated mutations of 
NOD prevent the relocalization of ATG16L1 to the plasma membrane [ 114 ]. Hence, 
NOD1 and NOD2 sensors can activate autophagy in response to bacterial infection 
through engagement of ATG16L1 to promote pathogen clearance and immunity. In 

C. Viret and M. Faure



29

the context of infections, NOD2 signaling links autophagy to the NF-κB pathway. 
Upon binding of muramyl dipeptide, NOD2 transduces signals leading to NF-κB 
activation and autophagy. Other reports show that the reduced expression of Beclin-1 
decreased the NOD2-dependent NF-κB activation [ 39 ]. The crosstalk between 
NF-κB and autophagy could be extended to other PRRs. Indeed, several TLRs can 
induce autophagy upon specifi c PAMPs recognition [ 25 ]. However, the role of 
NF-κB in this pathway has not yet been extensively studied. The understanding of 
the interplay between autophagy and NF-κB activation in the context of PRRs 
engagement requires further specifi c investigations. NLRs can negatively regulate 
autophagy. It was noticed that several NLRs, including NLRP3, NLRP4, NLRP10 
and NLRC4 can interact with Beclin-1. The silencing of NLRP4 enhances the 
autophagic process including in the context of bacterial infection. Upon infection by 
 group A streptococcus , NLRP4 was shown to recruit bacteria-containing phago-
somes and dissociates from Beclin-1 enabling the initiation of Beclin-1-mediated 
autophagy. However, NLRP4 also interacts with class C VPS complexes resulting in 
inhibition of autophagosome and endosome maturation [ 47 ]. Whether others NLRs 
have similar suppressive infl uence on autophagy remains to be explored. The induc-
tion of AIM2 or NLRP3 infl ammasomes in human macrophages promotes autopha-
gosome formation in an ASC/caspase-1 independent manner that involves the 
Ras-like small G protein, RalB [ 97 ]. RalB activation recruits the Exo84 effector to 
promote autophagosome formation through the assembly of active ULK1 and 
Beclin-1 complexes needed for formation of isolation membranes [ 8 ]. Indeed, we 
will see latter that the autophagy induced by infl ammatory signals acts back on 
infl ammasome activity.  

2.3     Other PRRs 

 CD46 is a cell surface glycoprotein present on all human nucleated cells. It functions 
as a complement regulatory protein and is involved in cytokine production and anti-
gen presentation. In addition, it serves as a defense-inducing receptor for products 
from pathogen such as measles virus, adenovirus B/D, human herpes virus 6 and 
substrains of  group A Streptococcus  which was known to be targetable by autophagy 
[ 74 ]. In the recent years, it was found that CD46 crosslinking indeed induces 
autophagosome formation in an ATG5/ATG7-dependent fashion. This induction 
involved the scaffold protein GOPC that interacts with the Cyt-1 isoform of CD46 
on one hand and with the Beclin-1/VPS34 complex on the other hand [ 46 ]. 
Autophagy induction also occurs upon recognition of Edmonston measles virus and 
emm6+  group A Streptococcus. Group A Streptococcus  substrains unable to bind 
CD46 were slowly degraded relative to emm6+ substrains. Other microbes are sus-
ceptible to be degraded by autophagy via this pathway since CD46 appears able to 
bind C3b-opsonized pathogens. In the case of Edmonston measles virus, CD46- 
induced autophagy is rapid and transient; it precedes another phase of autophagy 
that is indeed benefi cial to virus replication [ 89 ]. In the case of ubiquitin-mediated 
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autophagy that targets Mycobacterium tuberculosis in macrophages, the cytosolic 
DNA sensor STING was found to be required for autophagy induction [ 117 ]. Upon 
infection, mycobacterial DNA becomes accessible to the STING-related signaling 
pathway due to permeabilization of the phagosomal membrane by the M. tuberculo-
sis secretion system called ESX-1. This allows for ubiquitination of the bacteria. 
Along with TBK1 that functions in the IFN-I stimulatory pathway via IRF3 and 
IRF7 [ 43 ], the autophagy receptors SQSTM1/p62 and NDP52 were required to tar-
get bacteria to autophagosomes in this model. The cGAS sensor that normally trig-
gers IFN-I production via the STING pathway upon cytosolic microbial DNA 
sensing, is in fact, able to interact with Beclin-1 [ 102 ]. The Beclin-1/cGAS interac-
tion promotes autophagy through displacement of the autophagy inhibitor Rubicon 
and activation of the PI3K III pathway [ 62 ]. A role for STING in autophagy induc-
tion has also been reported in the case of dsDNA virus infection. In mouse myeloid 
cells infected with Herpes Simplex Virus (HSV)-1, the presence of DNA in the 
virion, but not viral replication, was essential for autophagy induction and suffi cient 
to initiate LC3I/II conversion. This induction was dependent on the presence of 
STING [ 88 ]. In addition to HSV-1, human cytomegalovirus infection induces a rapid 
and sustained autophagy in fi broblasts that also involves viral DNA with no role for 
viral protein synthesis [ 67 ]. STING or other DNA sensor such as AIM2 could pos-
sibly play a role in such an induction. PKR can effi ciently induce autophagy in 
response to dsRNA during viral infection [ 108 ] and is instrumental for the degrada-
tion of HSV-1 particles encapsulated within autophagosomes [ 77 ,  109 ]. Such a 
xenophagic process might represent an anti-viral mechanism to control viruses 
immediately after entry but has been indeed rarely observed. PKR can act upstream 
of Beclin-1 and regulate the activity of the Beclin-1/Vps34 complex. Accordingly, 
factors able to repress PKR activity such as STAT3, are susceptible to inhibit autoph-
agy. Finally, PKR is also promoting autophagy in a different manner because through 
interactions with NLRs, it contributes to optimal infl ammasome activity [ 63 ] which 
itself can be a pro-autophagic factor (see above). The Dectin-1 receptor that recog-
nizes fungal cell wall components can trigger phagocytosis, reactive oxygen species 
(ROS) production and infl ammatory cytokine production in macrophages. It can 
also induce the non- conventional secretion of infl ammatory cytokines that depend 
on a marked autophagic activity and infl ammasome activity induced via the Syk 
kinase pathway [ 76 ].  

2.4     The Case of Sequestosome 1/p62-Like Receptors 

 Besides functioning as autophagy adaptors for ubiquinated bacterial cells in xenoph-
agy, SLRs can initiate the generation of anti-microbial peptides through the process-
ing of cysosolic precursors that are transferred into autophagic compartments prior to 
proteolytic conversion into microbicidal effectors. For instance,  Mycobacteria tuber-
culosis  can be subjected to killing within autolysosomes by antimicrobial peptides 
that derive from ubiquitinated cytosolic precursors recruited to the autolysosomal 
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micro-environment of macrophages by SQSTM1/p62 [ 3 ,  86 ]. The delivery of antimi-
crobial peptide precursors to autophagolysosomes involves IFN-γ- inducible GTPases 
of the Gbp type. Gbp1 binds SQSTM1/p62-associated ubiquinated proteins for deliv-
ery to autophagosome membranes. Concomitantly, Gbp7 promotes the recruitment of 
Atg4b for membrane elongation and closure of the autophagosome [ 51 ]. Of note is the 
fact that Gbps are also mildly inducible by TLR engagement in macrophages [ 23 ]. 
Another autophagic role for SQSTM1/p62 is independent of ubiquitin and relates to 
anti-viral defense. Through direct interaction, SQSTM1/p62 can target viral proteins 
to autophagic degradation, a process called virophagy. This is the case for the capsid 
protein of the Sindbis virus. Although SQSTM1/p62 appears not to be the only factor 
involved in Sindbis virus capsid autophagic degradation, this observation indicates 
that autophagy adaptors can directly recognize viral determinants and induce their 
selective elimination. Although there are no other examples of such a direct interac-
tion available at the moment, one could consider that this represents a situation 
where SLRs can effectively function as bona fi de PRRs [ 78 ,  79 ]. A “protein-protein 
interaction”-based analysis revealed that more than one third of 44 factors of the 
“autophagy protein network” were reported to engage in interactions with RNA virus 
factors belonging to fi ve RNA virus families [ 34 ]. The fraction of such interactions 
susceptible to be involved in virophagy remains to be investigated. During bacteria 
internalization, the membrane of the vacuole that surrounds the bacterial cell becomes 
disrupted leading to exposure of glycosylated molecules normally present on the cell 
surface, to the cytosolic environment. This causes the recruitment of galectins (such as 
galectin-3, -9 or -8) which can bind to the autophagic receptor NDP52 that is required 
for clearance of bacteria such as  Salmonella thyphimurium  [ 112 ].   

3     Regulation of PRR-Related Signaling Pathways 
by Autophagy 

3.1     Autophagy and NF-κB Activation 

 Besides being sensitive to modulations imposed by PRRs-induced signaling path-
ways, autophagy can signifi cantly infl uence these pathways and regulate the associ-
ated immune responses. For instance, kinases that participate to NF-κB activation 
such as IKK or TAK1 are important for effi cient induction of autophagy and con-
versely, autophagy is important for the full activation of NF-κB. Such mutual infl u-
ence involves the suppressive role of IKK on phosphatidylinositol-3-kinase activity 
on one hand and the interaction of Beclin-1 with the TAB2/3 factors that cooperates 
with TAK1 on the other hand [ 18 ,  20 – 22 ]. In the context of infections, NOD2 signal-
ing links autophagy to the NF-κB pathway. Upon MDP binding, NOD2-induced sig-
naling leads to NF-κB activation and autophagy. NOD2-induced autophagy is 
independent of NF-κB [ 114 ] and in turn, positively infl uences NOD2-induced NF-κB 
activation since the down modulation of Beclin-1 reduces NOD2-dependent NF-κB 
activation [ 39 ].  
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3.2     Autophagy and Induction of Pro-infl ammatory Cytokines 

 ATG16L1 can negatively regulate TLR-induced responses including infl ammasome 
activation. ATG16L1 defi ciency disturbs the recruitment of the ATG12/ATG5 com-
plex to the isolation membrane leading to an ineffi cient LC3 conjugation to phospha-
tidylethanolamine and therefore a defi ciency in autophagosome formation. Upon 
LPS stimulation of macrophages, ATG16L1 defi ciency results in increased produc-
tion of IL-1β and IL-18 infl ammatory cytokines through TRIF-dependent, ROS-
mediated activation of caspase-1 [ 92 ]. In mice lacking ATG16L1, sensitivity to 
chemically-induced colitis is exacerbated and can be attenuated by antibody- 
mediated neutralization of IL-1β and IL-18 emphasizing the crucial role of 
ATG16L1 in regulating intestinal infl ammation possibly through suppression of 
ROS generation. In fact, in TLR agonist-treated macrophages, pro-IL-1β is specifi -
cally captured into autophagosomes where it becomes controlled by the autophagic 
activity of the cell. While autophagy enhancement led to pro-IL-1β degradation and 
blocked secretion, autophagy neutralization promoted the processing of IL-1β and its 
secretion in a NLRP3 and TRIF-dependent fashion [ 36 ]. The blockade of mitochon-
drial autophagy (mitophagy) causes the accumulation of damaged mitochondria and 
its associated release of ROS. This leads to assembly/activation of the NLRP3 
infl ammasome [ 126 ]. Thus, by contributing to the homeostasis of the mitochondrial 
pool, an unperturbed mitophagy/autophagy activity is important to avoid unwanted 
NLRP3 infl ammasome activation by mitochondrial ROS associated with the accu-
mulation of dysfunctional/senescent mitochondria. Indeed depletion of LC3B or 
Beclin-1 triggers high secretion level of IL-1β and IL-18 by macrophages due to 
accumulation of dysfunctional mitochondria and cytosolic translocation of mito-
chondrial DNA in response to LPS or ATP stimulation. Both ROS and NALP3 
infl ammasome contributes to the release of mitochondrial DNA in this context and 
further activates NLRP3 [ 75 ]. Autophagy can also limits infl ammatory responses 
resulting from infl ammasome activation in other ways. As mentioned above, the 
induction of AIM2 or NLRP3 infl ammasomes can promotes autophagy in a RalB 
dependent manner [ 97 ]. The autophagy induced by such infl ammatory signals in fact 
targets ubiquinated infl ammasomes thereby limiting infl ammatory cytokine secre-
tion by the mean of infl ammasome destruction. Accordingly, the inhibition of 
autophagy exacerbates infl ammasome activity and stimulation of autophagy restrains 
it. Thus, infl ammasome activation is associated with autophagic activity and the lat-
ter contributes to keep infl ammation under control through the deconstruction of 
active infl ammasomes. It is unknown whether there exists a crosstalk between 
autophagy and the NLRC4-dependent production of mature IL-1β that supports bac-
terial elimination in infected intestinal macrophages [ 30 ] or between autophagy and 
the NLRP3-NLRC4 cooperation that plays an important role in mouse defense 
against  Salmonella typhimurium  in vivo [ 13 ]. Dying autophagic cells are effi cient 
activator of IL-1β production by macrophages due to NLRP3 infl ammasome activa-
tion during phagocytosis. This activation required ATP release from dying autopha-
gic cells and purinergic receptor activation on macrophages. Interestingly, while 
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autophagic dying cells induced IL-1β production via NLRP3, they reduced some 
pro-infl ammatory responses induced by TLR4 engagement such as TNFα, IL-6 and 
IL-8 production [ 5 ,  83 ]. Also, as mentioned above, LPS stimulation leads to IL-1 β 
secretion in macrophages lacking Beclin-1 or LC3B [ 75 ]. In macrophages with non-
functional autophagy, LPS stimulation induces an enhanced level of abnormal/dys-
functional mitochondria that increases the level of ROS production, activates the 
infl ammasome, and induces caspase 1 and IL-1β secretion [ 75 ,  126 ]. Beclin-1 silenc-
ing is associated with IL-1β secretion in  M. tuberculosis  infected cells [ 81 ]. Induction 
of autophagy promotes unconventional secretion of IL-1β involving Rab8a and the 
Golgi protein GRASP [ 26 ]. These results argue for autophagy to negatively regulate 
infl ammasome activation induced via innate immunity receptors by triggering degra-
dation of infl ammatory factors thus lowering the overall level of infl ammation.  

3.3     Autophagy and IFN-I Production 

 In mouse plasmacytoid dendritic cells infected by vesicular stomatitis virus (VSV) or 
Sendai virus, endosomal TLR7 appears to sense cytosolic intermediates of viral rep-
lication after autophagy-dependent transport into endosomes/lysosomes. Autophagy 
can therefore promote the delivery of cytosolic PAMPs to lysosomes, activating 
TLR7 signaling for induction of IL-12p40 and IFNα production [ 59 ]. Autophagy 
was also reported to be crucial for human immunodefi ciency virus (HIV)-1-induced 
IFN-I production in human plasmacytoid dendritic cells, independently of viral rep-
lication [ 125 ]. Along the same line, autophagy induced upon respiratory syncytial 
virus (RSV) infection seemed necessary for optimal IFN-I production in murine den-
dritic cells derived from bone-marrow progenitors [ 71 ]. During herpes simplex virus 
1 (HSV-1) infection of plasmacytoid dendritic cells, ATG5 contributed to TLR9-
induced IFNα secretion but not that of IL-12 [ 106 ]. While autophagy may regulate 
positively IFN-I production in virally infected plasmacytoid dendritic cells, autoph-
agy factors appear able to limit the production of IFN-I induced by RLRs. In the 
absence of ATG5 or ATG7, mouse cells can produce elevated amounts of IFN-Is in 
response to VSV infection. Conversely, ATG5 over expression inhibits IFN-I-
inducing signaling. The ATG5-ATG12 complex is a direct and constitutive interactor 
of RIG-I and IPS-1 and appears to inhibit RLR signaling suggesting a homeostatic 
regulatory role for autophagy in RLR-related antiviral immune response. The ATG5-
12-RIG-I-IPS-1 interactions are reinforced during VSV infection preventing RIG-I-
inducible IFN-I production [ 48 ]. In fact, the enhanced RLR signaling and IFN-I 
production seen in autophagy-defi cient, VSV-infected cells appears to imply an 
important role for ROS accumulation elicited by dysfunctional mitochondria and 
mitochondria-associated IPS1 [ 107 ]. Amplifi cation of autophagy to inhibit IFN-I 
production is also a property of the hepatitis C virus (HCV). HCV infection elicits 
the so-called unfolded protein response [ 85 ] which promotes autophagy and is used 
by HCV to assist its RNA replication in hepatoma cells [ 50 ]. This mechanism 
involves IFN-I suppression. HCV-derived PAMPs induce RIG-I leading to IFN-β 
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transcription that is antagonized by autophagy and UPR. The NS3/4A factor of HCV 
can both cleave IPS-1 limiting its ability to signal in infected cells, and interact with 
IRGM to promote autophagy [ 34 ]. Since both IRGM and IPS-1 are located at the 
level of mitochondria and can interact with ATG5, IRGM might be involved in 
NS3/4A activity [ 82 ]. As mentioned above, activation of the STING signaling path-
way can promote autophagy. In turn, autophagy can regulate STING-dependent 
IFN-I responses. Thus, upon dsDNA detection, STING assembly in the Golgi appa-
ratus and its translocation to the cytosol was found to be negatively modulated by 
ATG9a which regulates assembly of the STING-TBK1 complex leading to damp-
ened IFN-I responses [ 91 ]. The STING signaling pathway of type I IFN induction 
can be negatively modulated by Beclin-1, which binds to cGAS and inhibits exces-
sive cGAMP production during HSV-1 infection [ 62 ]. In addition, the cGAMP pro-
duced upon DNA recognition- mediated cGAS activation elicits the down modulation 
of STING recruitment through ULK1/ATG1-dependent phosphorylation after ULK1 
activation, due to cyclic dinucelotides that alleviates ULK1 repression by the AMP 
activated protein kinase AMPK [ 55 ]. Thus, the Beclin-1-cGAS interaction may act 
as an attenuating factor of cGAS-driven IFN-I production. Hence, innate immunity 
signals that converge to both the STING pathway of IFN-I production and autophagy 
can be subjected to a regulatory feedback control initiated through engagement of 
autophagic factors such as ATG9a, Beclin-1 or ULK1, most likely driven by the need 
to avoid the deleterious consequences of IFN-I overproduction.  

3.4     Pathogen-Orchestrated Modifi cation of PRR Signaling 
by Autophagy 

 By manipulating the autophagic process, pathogens can escape innate immune 
responses and maintain their replication. Thus, the M45 factor of the murine cyto-
megalovirus interacts with a NF-κB regulatory factor called NEMO causing its deg-
radation by autophagy and alteration of NF-κB-related antiviral genes induction 
[ 29 ]. In dendritic cells, HIV-1 inhibits autophagy rapidly after infection via its viral 
envelope protein. This inhibition interferes with innate immune response such as 
TLRs-induced TNF-α production [ 7 ]. A similar inhibition has been observed in the 
case of HCMV. While HCMV promotes the autophagic fl ux early after infection, it 
blocks autophagosome maturation at latter time points via de novo synthesis of the 
TRS1 viral factor, which interacts with Beclin-1. This phenomenon is distinct of the 
inhibition of antiviral PKR activity that also involves TRS1 engagement [ 15 ].  

3.5     Autophagy and Scavenger Receptors 

 The infl uence of autophagy on the antibacterial phagocytic activity of mouse mac-
rophages was studied in engineered mice lacking the ATG7 factor in the myeloid 
lineages. ATG7-defi cient macrophages showed an early enhancement in bacterial 
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internalization upon infection with Mycobacterium tuberculosis. Such macrophages 
displayed increased expression levels of the class A scavenger receptor MSR1 and 
MARCO through enhanced activity of the Nrf2 transcription factor due to defective 
autophagy and accumulation of SQSTM1/p62 which binds the Nrf2 repressor called 
KEAP1 [ 9 ]. These observations reveal an unexpected link between phagocytosis 
and autophagy and may suggest that, by regulating scavenger receptors expression, 
autophagy could represent a regulatory feedback control of phagocytosis.   

4     PRRs and Non-anonical Autophagic Processes 

 TLR-signaling can also recruit factors of the autophagy machinery to promote the 
maturation of conventional phagosomes. Upon phagocytosis, latex particles bearing 
TLR agonists such as PAM3CSK4 (TLR2), LPS (TLR4) or Zymosan (TLR2), trig-
ger the rapid recruitment of LC3 to phagosomes in a Beclin-1, ATG5 and ATG7- 
dependent manner in mouse RAW 264.7 macrophages [ 93 ]. Such a LC3 recruitment, 
which is independent of a preinitiation complex and is not associated with the pres-
ence of double membranes, and therefore does not involve conventional autophago-
somes, assists the fusion of phagosomes with lysosomes. The addition of TLR 
agonists after phagocytosis of uncoated particles did not initiate LC3 recruitment to 
phagosomes indicating that phagosomal TLR signaling was crucial for this phe-
nomenon. MyD88 played no role while p38 could be a contributing factor. This 
process whereby the engulfment of phagocytosed exogenous material is associated 
with the PRR signaling-dependent recruitment of autophagic factors onto the mem-
brane of the phagosomal compartment to facilitate its fusion to lysosomes and 
ensure the rapid degradation of the cargo is named LC3-associated phagocytosis or 
LAP [ 37 ,  65 ,  93 ]. It is interesting to note that under such conditions of “beads 
phagocytosis”, mitochondria accumulate around phagosomes containing the inter-
nalized beads when the beads carry ligands for TLR2/4 but not if they carry a ligand 
for TLR9 which is endosome-associated [ 118 ]. Whether this proximity refl ects a 
role for mitochondria in LC3 recruitment and/or enhanced phagosome maturation 
(for instance through local ROS production), is not known. LC3II recruitment to 
phagosomes has also been observed in the case of Dectin-1-dependent macrophage 
activation. This was dependent on Syk, ROS and ATG5 [ 64 ]. Whether this phenom-
enon is related to the LAP process described above has not been studied.  

5     Conclusions 

 The fact that some pathogens have evolved strategies to escape, or take advantage of, 
autophagy is by itself a strong indication that autophagy represents a major part of 
the autonomous defense mechanisms against intracellular infection in eukaryotes. 
As such, the autophagy machinery has developed intimate interconnections with 
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signaling circuits induced by PRRs that sense the presence of microorganisms and 
rapidly trigger appropriate signaling pathways. Such interconnections translate into 
reciprocal functional infl uences between autophagic activity and innate immune 
responses: autophagy and immune responses induced by PRRs are integrated pro-
cesses. Accordingly, defects in either PRR function or autophagy function can be 
associated to susceptibility to identical immunopathologies. For instance, mutations 
in autophagy genes such as ATG16L1, or in PRR genes such as NOD2, are both 
associated to susceptibility to the intestinal disorder CD that involves chronic infl am-
mation and deregulated immune responses to invasive bacteria within the intestine. 
In the same vein, autophagy or PRR defi ciency restricted to macrophages and granu-
locytes can confer susceptibility to infection by bacteria and parasites. Constitutive 
autophagy can be enhanced upon infection by intracellular pathogens via the 
engagement of PRRs. Such an induction can further promote PRRs- dependent sig-
naling for IFN-I productions. Autophagy can also restrain IFN-I productions 
responses by down modulating the magnitude of the signaling pathways triggered 
by PRRs. A similar capacity for autophagy to down modulate PRR- induced signal-
ing applies to pathogen-induced, TLRs-dependent production of pro- infl ammatory 
cytokines. This is illustrated for instance by the capacity of autophagy to down regu-
late infl ammasome activation. Hence, the reciprocal regulation between autophagy 
and PRRs appears to optimize innate immune responses to intracellular infection 
while limiting the occurrence of immune-pathologies that can be initiated by dereg-
ulated immune responses. Finally, we have seen that in many instances, both TLR-
inducing pathways and autophagy are linked to/infl uenced by, mitochondrial 
homeostasis or mitochondria-related factors suggesting that the mitochondrial pool 
of the cell might represent a particularly important hub in the integrated relationship 
between autophagy and PRR signaling.     
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      The Complex Crosstalk Between Autophagy 
and ROS Signalling Pathways                     

     Kelly     Airiau     and     Mojgan     Djavaheri-Mergny    

    Abstract     The homeostasis between the oxidant and antioxidant levels in cells is 
altered in several diseases including cancer, neurodegenerative diseases, and 
infl ammatory disorders. Macroautophagy (hereafter referred to as autophagy) is a 
redox (reduction/oxidation)-sensitive process that results in degradation of cellular 
constituents such as proteins, lipids, and mitochondria through the lysosomal path-
way. There is a complex and mutual relationship between pathways that control 
levels of reactive oxygen species (ROS) and autophagy. Autophagy is activated by 
various stimuli in cells and ROS are one of these autophagy inducers. The accumu-
lation of ROS induces autophagy both by direct effect on the core autophagy 
machinery and by indirect infl uence on the components of the autophagy-regula-
tory signaling pathway. In turn, autophagy regulates the abundance of ROS in cells 
by promoting the clearance of damaged mitochondria and oxidized cellular sub-
strates and by modulating activity of the detoxifying antioxidant systems. ROS are 
also involved in the initiation of infl ammation, a process that required the secretion 
of several infl ammatory mediators. Here, we will discuss the regulation of infl am-
matory responses by autophagy as a consequence of the interplay of autophagy and 
ROS signaling pathways.  
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  ATM    Serine-protein kinase ATM   
  ATP    Adenosine triphosphate   
  BCL2    B-cell CLL/lymphoma 2   
  BECN1    Autophagy related BCL2-interacting coiled-coil protein 1   
  BNIP3    BCL2/adenovirus E1B 19 kDa interacting protein 3   
  BNIP3    BNIP3 ligand   
  DAMP    Damage-associated molecular patterns   
  DNA    Deoxyribonucleic acid   
  FOXO3    Forkhead box O3   
  GSH    Glutathione   
  H 2 O 2     Hydrogen peroxide   
  HIF1    Hypoxia Inducing Factor 1   
  HMGB1    High–mobility group box 1   
  HO    Heme oxygenase   
  IL    Interleukin   
  JNK    c-Jun N-terminal kinases   
  Keap1    Kelch-like ECH-associated protein 1   
  LC3    Microtubule-associated protein light chain 3   
  LPS    Lipopolysaccharide   
  MAPK    Mitogen-activated protein kinases   
  mETC    Mitochondrial electron transport chain   
  MnSOD    Manganese SuperOxide Dismutase   
  MTORC1    Mammalian target of rapamycin complex 1   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NF-kB    Nuclear Factor-kappa B   
  NO    Nitric oxide   
  NOX    NADPH oxidase   
  NRF2    Nuclear Factor-like 2   
   1 O 2     Singlet oxygen   
  O 2  ·̄     Superoxide anion   
   · OH    Hydroxyl radical   
  PAMP    Pathogen-associated molecular patterns   
  PERK    Protein kinase R-like endoplasmic reticulum kinase   
  PI3K    Phospho-inositol 3 kinase   
  ROS    Reactive Oxygen Species   
  SOD    Superoxide dismutase   
  SQSTM1(p62)    Sequestosome 1   
  TBI    Traumatic brain injury   
  TNFα    Tumor Necrosis Factor α   
  TRX    Thioredoxin   
  ULK1/2    Uncoordinated 51 -like kinases ½   
  UPS    Ubiquitin proteasome system   
  VPS34    Vacuolar Protein Sorting 34   
  α-KG    α-ketoglutarate   
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1         Introduction 

1.1     Autophagy 

 The term  autophagy   encompasses several processes that are implicated in delivering 
cellular components to lysosomes for degradation; these include macroautophagy, 
chaperone-mediated autophagy, and microautophagy [ 29 ]. Macroautophagy (here 
after referred to as autophagy) occurs through a multi-step process that requires the 
participation of several proteins known as autophagy-related (ATG) proteins [ 30 ,  70 ]. 
Autophagy is induced by a variety of intrinsic and environmental stresses including 
nutrient and energy limiting conditions, ROS, hypoxia, and recognition of specifi c 
cargo such as damaged  mitochondria   and microorganisms [ 57 ,  65 ]. Upstream to ATG 
proteins, autophagy is regulated by several signaling pathways including those that 
directly control the ATG proteins such as MTORC1, AMPK, and VPS34 pathways 
[ 11 ,  41 ]. During the initiation of autophagy, MTORC1 is inhibited, which results in 
the activation of the ULK1/2 complex. Once activated, the ULK1/2 complex induces 
the phosphorylation of Atg13 and Fip200, subsequently resulting in the activation of 
Beclin 1, a key component of the class III phosphatidylinositol 3-kinase (VPS34) 
complex [ 11 ]. This step is required for the formation of a double-membrane structure, 
known as a phagophore, which further elongates to capture a portion of cytoplasm 
before forming a vesicle called the autophagosome; these are the initiation and nucle-
ation steps. The elongation and the closure of the phagophore (the maturation step) 
require the recruitment of several proteins including two ubiquitin-like conjugation 
systems, Atg5-Atg12 and Atg8 (LC3)-phosphatidyl ethanolamine, to the phagophore. 
Eventually, the autophagosome matures into an autophagolysosome by fusion with a 
lysosome. As a consequence of this fusion, the captured components are degraded by 
lysosomal hydrolases, resulting in production of intracellular ATP and new pool of 
biomolecules [ 41 ] (Fig.  1 ). The autophagy process is critical for the adaptation of 
cells to stressful conditions such as nutrient and energy limitation [ 57 ,  65 ]. Autophagy 
also promotes the selective removal of aggregated proteins and damaged mitochon-
dria that are accumulated in cells exposed to oxidative insults or other injuries, thereby 
limiting the abundance of potentially toxic components [ 2 ,  25 ,  59 ,  102 ]. In addition, 
autophagy eliminates microorganisms (bacteria, parasites, and viruses) that invade 
cells. Both autophagy and immune responses are regulated by ROS suggesting the 
functional interconnection between these two processes [ 19 ,  44 ,  60 ].

1.2        Reactive Oxygen Species 

  ROS   are a variety of reactive molecules formed from partial reduction of an oxygen 
molecule. ROS include radical species such as superoxide anion (O .  2 ), hydroxyl radi-
cal (.OH), and nitric oxide (NO) and non-radical ones such as hydrogen peroxide 
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(H 2 O 2 ) and singlet oxygen ( 1 O 2 ) [ 36 ,  43 ]. The biological properties of each of these 
species are governed by their chemical reactivity, their lifetimes in the particular bio-
logical environment, and their ability to cross the biological lipid membranes. Reactive 
oxygen species are constantly produced in cells under normal physiological condi-
tions and in response to environmental injury and cellular stress conditions (e.g., mito-
chondrial respiration, phagocytosis, bacterial and viral infections, infl ammatory 
cytokines, hypoxia, ultraviolet and ionizing radiations, and various pharmacological 
components) [ 17 ]. One of the main sources of endogenous ROS production is the 
 mitochondria  l respiratory electron transport chain ( mETC  ) [ 48 ,  72 ]; electron leakage 
from oxidative phosphorylation generates superoxide anion, predominantly through 
the complexes I and III of mETC [ 90 ]. Superoxide anion is also generated through 
membrane-localized NADPH oxidase ( NOX  ) enzymes in, for example, phagocytic 
cells activated upon microbial infection, a process that leads to killing of the bacteria 

  Fig. 1    Regulation of autophagy by reactive oxygen species. Autophagy is activated by ROS gen-
erated by intrinsic and environmental cellular cues. The major intracellular sources of ROS pro-
duction are the mitochondrial electron transport chain ( mETC ) and the NADPH oxidase ( NOX ), a 
multi-proteins complex. Under starvation conditions, ROS can directly sense autophagy by induc-
ing the oxidation of the essential autophagy protein ATG4, a process that maintains autophagy in 
its active form. ROS can also infl uence the activity of proteins that regulate autophagy. For exam-
ple, ROS promotes the activation AMPK, which leads to autophagy induction as a consequence of 
the sequential inhibition of MTORC1 and the activation of ULK complexes. ROS-mediated DNA 
damage also promotes AMPK activation through an ATM-dependent mechanism. ROS stimulate 
autophagy by promoting the release the autophagic protein BECN 1 from its inhibitory interaction 
with Bcl-2 through two distinct redox mechanisms: (i) the competitive binding of either BNIP3 or 
HMGB1 to Bcl-2 and (ii) the activation of JNK-1, which mediates Bcl-2 phosphorylation       
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that these cells engulf [ 80 ]. Superoxide anion is rapidly converted by superoxide dis-
mutase (SOD1, SOD2) enzymes into hydrogen peroxide H 2 O 2  [ 32 ], which is very 
harmful to cells because it may cross biological membranes and react with iron(II) 
(through the Fenton reaction) to generate the highly reactive hydroxyl radical .OH  
[ 36 ]. At the physiological level, ROS serve as second messengers to ensure cellular 
homeostasis by regulating various redox-sensitive signaling pathways, in particular 
those that govern cell growth, cell survival, differentiation, and immune and infl am-
matory processes [ 43 ,  81 ]. However, the excessive and aberrant production of ROS 
results in  oxidative stress  , a process that may lead to DNA oxidation, lipid peroxida-
tion or protein oxidation, and mitochondria oxidative damage, all of which resulting 
in loss of cellular integrity when the cellular defense systems fail to repair or replace 
damaged components [ 87 ]. Cells have evolved several  antioxidant   defense mecha-
nisms. These include enzymatic systems such as SODs, glutathione peroxidase, cata-
lase, thioredoxin, heme oxygenase, and small molecules such as glutathione and 
NADPH that have ROS-scavenging functions [ 35 ]. Furthermore, the level of ROS is 
tightly controlled by activities of several transcription factors including NRF-2, 
NF- κB  , and p53 that drive transcriptional activation of genes encoding proteins with 
antioxidant and detoxifi cation functions [ 79 ,  87 ]. 

 The ubiquitin proteasome system (UPS) and the lysosomal degradation path-
ways (macroautophagy and chaperone-mediated autophagy) protect cells against 
the toxic effects of oxidatively damaged components that accumulate during oxida-
tive stress [ 50 ,  89 ]. Oxidized and aggregated proteins are degraded by both UPS and 
autophagy processes, but the degradation and recycling of damaged mitochondria in 
eukaryotes cells occurs only through autophagy. In this chapter, we will summarize 
the molecular interactions between macroautophagy and ROS. We will not discuss 
the roles of the proteasome or chaperone-mediated autophagy, two other major 
pathways involved in degradation of oxidized proteins.   

2     Redox-Sensitive Signaling in the Regulation of Autophagy 

2.1     ROS Regulatory Mechanisms That Impact Autophagy 

 A body of evidence indicates that mechanisms that sense  ROS   control autophagy 
under a variety of cellular contexts [ 22 ,  63 ,  85 ] (Fig.  1 ). The fi rst evidence for such 
regulation came from study showing that nerve growth factor limitation induces the 
accumulation of ROS in neuronal cells leading to lipid peroxidation and the induc-
tion of autophagic cell death [ 51 ,  100 ]. Similarly, studies in yeast demonstrated that 
the mitochondrial ROS production induces lipid peroxidation of mitochondrial 
membranes, which elicits the activation of  autophagy   [ 52 ]. Subsequently, we 
revealed that direct addition of exogenous ROS, namely H 2 O 2 , promotes upregula-
tion of both the essential autophagic protein Beclin 1 and autophagy in a range of 
cancer cell lines [ 26 ,  27 ]. A signaling role for ROS in autophagy execution has been 
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also shown in several other ROS-generating settings, for instance, during nutrient 
and oxygen (hypoxia) limiting conditions [ 5 ,  8 ,  61 ,  86 ], in the context of inhibition 
the mitochondrial electron transport chain [ 15 ], in response to damage-associated 
molecular patterns (DAMPs); e.g., LPS [ 103 ], in response to bacterial and viral 
infections [ 44 ], in conditions of caspase inhibition [ 105 ], and in response to a range 
of oxidant agents and insults (e.g., arsenic trioxide, 2-methoxyestradiol, photody-
namic therapy and ultraviolet radiation) [ 23 ,  49 ,  107 ]. 

  ROS   regulates  autophagy   not only in physiological conditions but also under 
various pathological contexts such as cancer, neurodegenerative diseases, aging, 
infl ammatory-associated disorders, ischemia/reperfusion, and traumatic brain 
injury. In cancer cells, autophagy is stimulated in response to hypoxia (low oxygen) 
and to ROS produced by the stromal cells in the tumor microenvironment [ 8 ,  77 ] as 
well as anticancer agents that generate ROS [ 22 ]. Oxidative stress causes the intra-
cellular accumulation of aggregate-prone proteins that are associated with cytotox-
icity and can lead to degenerative disorders (including neurodegenerative diseases) 
in the absence of functional activity of the autophagy and the proteasome pathways 
[ 33 ,  40 ]. The activation of the infl ammatory signaling cascade requires the genera-
tion of ROS, and autophagy mitigates  infl ammation   and the development of 
infl ammatory- associated pathologies because it eliminates damaged mitochondria 
[ 19 ,  34 ,  108 ]. In turn, evidence indicates that infl ammasome activation block 
mitophagy [ 104 ]. Excessive ROS production promotes the activation of autophagy 
in myocardial injury in response to ischemia/reperfusion in the mouse heart [ 39 ]. 
Similarly, ROS participate in the induction of autophagy after traumatic brain injury 
in mice, a mechanism that contributes to neurologic outcomes [ 58 ]. 

 The mitochondrial electron transport chain and the NADPH oxidase enzymes are 
two main cellular sources of ROS that are involved in the regulation of autophagy 
[ 23 ,  34 ,  44 ,  85 ]. A line of evidence indicates that nutrient limitation induces the pro-
duction of mitochondrial ROS specially, hydrogen peroxide produced by rapid con-
version of superoxide anion by the superoxide dismutase enzymes– a response 
responsible for the initiation of autophagy [ 86 ]. The activation of autophagy in this 
context results from direct oxidation of an autophagy core machinery protein, Atg4, 
which contributes to the vesicle elongation steps of autophagy by preventing the 
delipidation of the essential autophagic protein, LC3-II (Atg8-PE). Further studies 
indicated a major role of the anion superoxide in the induction of autophagy upon 
nutrient or metabolic substrate deprivation (e.g., glucose, pyruvate, glutamine, 
serum) [ 62 ]. In the same vein, the inhibition of mETC by rotenone or the mitochon-
drial antioxidant MnSOD by the anti-cancer agent 2-metoxyestrodial [ 14 ], induce 
the accumulation of superoxide anion, which in turn promotes autophagic cell death. 
Moreover, the contribution of mitochondrial ROS generation in activation of autoph-
agy has been shown in cells subjected to hypoxic conditions [ 106 ]. During hypoxia, 
the activation of autophagy is dependent on the induction of expression of BNIP3 
and BNIP3L proteins by HIF 1, a cardinal transcription factor necessary for adaption 
to hypoxic conditions [ 8 ,  67 ,  92 ]. BNIP3 is a BH3-domain protein that stimulates 
autophagy by direct binding to the autophagic protein LC3 or by interacting with 
Bcl-2, a mechanism that induces autophagy by inducing the dissociation of Beclin 1 
from its inhibitor Bcl-2 [ 18 ]. Under moderate hypoxic conditions, AMPK, an energy 
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sensor protein, elicits autophagy through inhibition of MTORC1. AMPK is also acti-
vated in cells upon hydrogen peroxide exposure, which results in glutathionylation of 
its reactive cysteines at positions 299 and 304 [ 109 ]. ATM, a kinase that coordinates 
the cellular response to DNA damage, is another redox sensitive protein that can 
promote autophagy through the AMPK pathway in cells under oxidative stress [ 1 ]. 

 HMGB1, another redox-sensitive protein, also regulates autophagy [ 61 ]. HMGB1 
contains three cysteines at positions 23, 45, and 106, and the redox-induced modifi ca-
tions of these cysteines infl uence its functions in different cellular processes [ 101 ]. 
Under oxidative stress, oxidation of cysteines at positions 23 and 45 activates autoph-
agy by inducing the dissociation of Beclin 1 from its inhibitor Bcl- 2, thus leading to 
autophagy induction. Other regulators of autophagy induction in response to ROS 
include Jun N-terminal kinase (JNK) and the endoplasmic reticulum stress sensor 
PERK [ 3 ,  98 ]. 

 ROS can also be generated by  NOX   enzymes in multiple cellular compartments [ 7 , 
 74 ]. This process occurs predominantly during pathogen killing by professional 
phagocytic cells [ 80 ]. Defective NOX2 activity causes the genetic disorder chronic 
granulomatous, which is characterized by increased susceptibility to pathogens [ 95 ]. 
Several pathogen-associated molecular patterns (PAMPs) (e.g., microbial pathogens) 
sense phagocytosis mediated by Toll-like or Fc gamma receptors through a mecha-
nism that involves NOX activation, a process that ultimately results in pathogen kill-
ing [ 76 ]. During phagocytosis, NOX-mediated ROS generation leads to the recruitment 
of LC3 to the phagosomal membrane, thereby facilitating the fusion of phagosome 
with the lysosome [ 84 ]. It remains to be elucidated how ROS regulate the association 
of the autophagic components with the phagosomal membrane and which mecha-
nisms are responsible for the fusion between phagosome and lysosome. 

 Autophagy is also regulated at the transcriptional level by a variety of redox- 
sensitive transcription factors including p53, HIF1, FOXO3, NRF-2, and  NF-κB   
[ 79 ]. These transcription factors promote the transcription of Sestrins, BNIP3, LC3 
and BNIP3, and p62/SQSTM1 (the autophagic cargo receptor), and Beclin 1, respec-
tively, leading to sustained activation of autophagy [ 8 ,  12 ,  16 ,  47 ,  66 ]. Notably, ROS-
mediated the induction of autophagy can operate to ensure cell survival or to promote 
cell death processes though mechanisms that have not been fully elucidated [ 4 ,  69 ]. 
The natures of ROS species, their cellular localizations, and the durations of the 
ROS-mediated signals are all factors that might infl uence the role of autophagy in the 
fates of cells subjected to oxidative injuries. The effectiveness of the antioxidant and 
the detoxifying processes are other parameters that impact the redox regulation of 
autophagy and its functional roles in cells exposed to ROS- generating conditions.  

2.2     Antioxidant-Mediated Regulatory Mechanisms 
That Control Autophagy 

 Upon prolonged ROS accumulation, the levels of several  antioxidant   enzymes are 
upregulated as a result of the activation of specifi c transcription factors including  NF-
κB  , NRF-2, and p53. Antioxidants have been shown to regulate  autophagy   both by 
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inhibiting basal levels of autophagy and by terminating the initial autophagy activa-
tion induced by ROS (Fig.  2 ).

    NF-κB   regulates autophagy through a redox-based mechanism. The activation of 
NF-κB in response to cytokines (e.g., TNFα, IL1β), Toll-like receptors, or increased 
levels of ROS elicits the transcription of a variety of target genes including those 
involved in the apoptotic and antioxidant responses (MnSOD, Heme oxygenase, 
and Thioredoxin) [ 6 ,  78 ,  93 ]. Loss of the NF-κB activity results in the accumulation 
of intracellular ROS, a process that participates in the apoptotic and necrotic cell 

  Fig. 2    Regulation of autophagy by the cellular antioxidant defense systems. Several redox sensi-
tive transcription factors ( TF ), including NF-κB, NRF-2, and p53 can negatively regulate autoph-
agy through their abilities to promote the transcriptional activation of specifi c antioxidant and 
detoxifying enzymes. ROS-induced autophagy is also inhibited by glutathione ( GSH ), a potent and 
major antioxidant molecule in cells. GSH is oxidized to form GSSG in response to a variety of 
oxidant sensors. The enzyme glutathione reductase catalyzes, in the presence of NADPH, the 
reduction of GSSG to GSH to maintain the cellular redox homeostasis. Under nutrient limiting 
conditions, NADPH levels are increased due to the activation of both TIGAR and the MAPK14, a 
mechanism that leads to decreased levels of ROS and the termination of the initial autophagy acti-
vation. Glutaminolysis (a process that is involved in the conversion of glutamine to α-ketoglutarate 
( αKG )) also has an inhibitory effect on autophagy by suppressing the accumulation of ROS and 
increasing the levels of GSH and NADPH       
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death modalities [ 24 ]. We have previously shown that TNF induces autophagy in the 
absence of functional NF-κB in a manner that can be inhibited by antioxidants [ 26 , 
 27 ]. Thus, NF-κB can repress both autophagy and apoptosis due to its ability to 
promote antioxidant responses. Whether or not the redox-regulating function of 
NF-κB depends on the duration, the abundance, or the nature of ROS generated in 
cells remains to be elucidated. 

 NRF-2 regulates autophagy upon induction of  oxidative stress   through the acti-
vation of transcription of genes encoding cellular defense enzymes [ 46 ,  54 ]. Under 
normal growth conditions, NRF-2 is repressed through sequestration within the 
cytosol by KEAP 1, a mechanism that facilitates the ubiquitination of NRF-2 and its 
subsequent degradation through proteasome pathway [ 55 ]. The interaction between 
NRF-2 and KEAP 1 is disrupted under oxidative stress conditions allowing the 
translocation of NRF-2 to the nucleus where it binds to the antioxidant response 
elements (AREs) located in the promoter regions of genes encoding several antioxi-
dant enzymes [ 53 ]. Under oxidative stress, NRF-2 also promotes the transcription 
of the gene that encodes p62/SQSTM1, the autophagic cargo receptor [ 47 ]. Thus, 
NRF-2 has a dual role in the regulation of autophagy under oxidative stress condi-
tions: on the one hand NRF-2-mediated induction of transcription of antioxidant 
driven genes that, ultimately, inhibits the initial activation of autophagy induced by 
ROS. On the other hand, NRF-2 facilitates termination of autophagy by enhancing 
the expression of p62/SQSTM1, which actively participates in the degradation of 
oxidized proteins by delivering them to the autophagosomes. In turn, p62/SQSTM1 
has been shown to induce NRF-2 activation through inactivation of Keap1 [ 55 ]. 
NRF-2 and p62/SQSTM1, thereby form a positive feedback regulatory loop that 
controls autophagy in the presence of ROS. 

 TIGAR is another protein that exerts a negative impact on autophagy by reducing 
intracellular ROS levels [ 9 ]. TIGAR is a p53-inducible protein that drives a meta-
bolic shift from glycolysis to the pentose phosphate pathway, which leads to the 
regeneration of NADPH, a key antioxidant involved in many reduction reactions 
including the reduction of oxidized form of glutathione to its reduced form  GSH   
[ 10 ]. Loss of TIGAR leads to increases in ROS levels, activation of autophagy, and 
apoptotic cell death under nutrient limitation, metabolic stress, or exogenous addi-
tion of H 2 O 2  [ 9 ]. Under nutrient limiting conditions, the activation of MAPK14/p38α 
also drives the production of NADPH as a result of a metabolic shift from glycolysis 
to the pentose phosphate pathway, thereby leading to the termination of the initial 
induction of autophagy [ 21 ]. The levels of NADPH and GSH are also increased by 
glutaminolysis, an enzymatic process that is responsible for the  conversion of gluta-
mine to α-ketoglutarate, an intermediate of the tricarboxylic acid cycle. As a conse-
quence of glutaminolysis, the intracellular ROS levels decline, which result in 
autophagy inhibition [ 64 ]. Taken together, all these data revealed, thus, the infl uence 
of metabolic reprogramming (induced by TIGAR, glutaminolysis, and MAPK14) in 
the regulation of cellular redox status and autophagy, as well. 

 Interestingly, thiol-containing antioxidants (such as GSH and N-acetylcysteine) 
and vitamin E (a lipophilic antioxidant) inhibit autophagy in different cell lines as well 
as  in vivo  models such as in starved mice and in a zebrafi sh model of Huntington’s 
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disease [ 20 ,  94 ]. The thiol-containing antioxidants and vitamin E inhibit the JNK-1/
Bcl-2 pathway and stimulate MTORC1, respectively. Taken together, all these studies 
indicate that the balance of antioxidant systems and the oxidant stressors has impor-
tant infl uence on autophagic activity and on oxidative damage in cells [ 94 ].   

3     Autophagy Limits ROS Accumulation 
and Oxidative Stress 

 ROS are clearly involved in autophagy induction, and a body of evidence indicates 
that autophagy, in turn, regulates the cellular redox status [ 4 ,  85 ]. There are at least 
three major mechanisms through which  autophagy   (and autophagy-regulatory pro-
teins) modulates both  ROS   production and oxidative stress. These include ( i ) the 
selective degradation of damaged cellular components including damaged  mito-
chondria   and oxidized cellular substrates [ 2 ,  25 ,  34 ,  59 ,  102 ], ( ii ) the selective 
removal of catalase, an antioxidant enzyme [ 105 ], and ( iii ) the activation of antioxi-
dant responses driven by the autophagy receptor p62/SQSTM1 [ 45 ]. 

 Under moderately high levels of ROS, autophagy serves as a defense mechanism 
by removing damaged components to protect cells against oxidative stress. However, 
in some specifi c conditions, the induction of autophagy prolongs oxidative stress by 
selective degradation of the antioxidant enzyme catalase [ 105 ] or by not yet identi-
fi ed mechanism, thereby contributing to the execution of cell death process. 

 Autophagy is critical for the quality control of mitochondria and regulates mito-
chondria number in response to a variety of physiological and developmental sig-
nals [ 2 ,  25 ,  34 ,  59 ,  102 ]. In fact, autophagy is responsible for the degradation and 
recycling of superfl uous and damaged mitochondria, the so-called mitophagy pro-
cess. Mice harboring genetic defects in autophagy have tissues that accumulate high 
levels of ROS, abnormal mitochondria, lipid droplets, and aggregates-prone pro-
teins [ 96 ]. Excessive ROS production induced by defective mitophagy causes DNA, 
protein, and lipid damages (including oxidative damages), which leads to persistent 
tissue damage, cell death and  infl ammation  . Tissue damage and infl ammation, in 
turn, increase the incidence of various pathologies such as neurodegenerative dis-
eases, cancer, and the infl ammatory-associated disorders [ 84 ,  96 ,  108 ]. In this sense, 
mice with genetic defect of autophagy in neural cells, accumulate abnormal mito-
chondria and aggregated protein in brain and manifest symptoms of neurodegenera-
tive diseases as they age [ 38 ,  56 ,  100 ]. A piece of evidence suggests that tissue 
damage and infl ammation resulting in autophagy defects enable the development 
and the progression of tumors as shown for hepatocellular carcinoma, lung adeno-
carcinomas, and lymphomas in animal models [ 91 ,  96 ]. The mechanisms though 
which these alterations lead to tumorigenesis are increased genomic instability, the 
aberrant accumulation of p62/SQSTM1, the failure to eliminate toxic aggregate–
prone proteins, and the secretion of pro-infl ammatory cytokines into the tumor 
microenvironment [ 97 ]. 
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 Interestingly, mice with defects in Atg16L1, a protein involved in mitophagy and 
autophagy, exhibit granule accumulation in intestinal Paneth cells, a similar phenotype 
to that of Crohn’ disease, a major type of infl ammatory bowel disease [ 13 ,  75 ]. Human 
genome-wide association studies have also linked several single-nucleotide polymor-
phisms (SNP) in  Atg16L1  to susceptibility to Crohn’ disease in humans [ 37 ,  82 ]. 
However, the potential contribution of accumulation of damaged mitochondria and 
ROS to the development of Crohn’ disease has not been experimentally confi rmed. 

 Another link between ROS autophagy and infl ammatory responses results from 
the redox regulation of infl ammasome activity by autophagy [ 19 ,  34 ,  108 ]. The 
infl ammasome is a multiprotein platform responsible for infl ammatory processes 
that is activated following the recognition of pathogen-associated molecular pattern 
(PAMPs) or DAMPs by NOD-like receptor proteins [ 88 ]. Once activated, the 
infl ammasome initiates the processing of caspase 1, which in turn promotes the 
maturation and the secretion of pro-infl ammatory cytokines such as interleukin 
IL-1β and IL-18. A body of evidence suggests that ROS, mainly those generated by 
 mitochondria  , are required for infl ammasome initiation [ 34 ,  108 ]. One important 
piece of evidence linking the ROS-dependent regulation of infl ammasome with 
autophagy came from a study showing that autophagy inhibition results in the gen-
eration of mitochondrial ROS. This suggests that autophagy impedes infl ammatory 
responses by preserving mitochondrial integrity. In agreement with this study, mac-
rophages isolated from mice defective in autophagy (due to defi ciencies in LC3, 
Atg7, or Atg16L1) display elevated levels of IL-1β and IL-18 secretion upon ATP 
stimulation; this supports the idea that defective autophagy results in infl ammasome- 
mediated prolonged infl ammatory responses that may ultimately contribute to tis-
sue damage [ 19 ,  73 ,  83 ,  108 ]. 

 Moreover, autophagy defends against  oxidative stress   as the process removes pro-
teins and lipids that are oxidized by ROS [ 31 ,  42 ]. For example, autophagy is involved 
in the degradation of oxidized proteins under oxidative stress conditions in the plant 
 Arabidopsis thaliana  [ 99 ]. Autophagy is induced in keratinocytes exposed to ultra-
violet A radiation. In keratinocytes from mice lacking  Atg7  (and therefore defi cient 
in autophagy), UV-A radiation induces the accumulation of oxidized lipids as well as 
proteins aggregates containing the autophagy adaptor protein p62/SQSTM1 suggest-
ing that autophagy protects cells against oxidative damage through a p62/SQSTM1-
dependent mechanism [ 107 ]. p62/SQSTM1 is also a key regulator of NRF-2 and 
 NF-κB  , transcription factors involved in the cellular  antioxidant   responses [ 55 ,  71 ]. 
Intriguingly, the aggregation of p62/SQSTM1 due to a massive accumulation of ROS 
or in autophagy-defi cient cells result in the loss of its  functional role in NF-κB activa-
tion and leads to further ROS production [ 28 ,  68 ]. Thus, the aggregation of p62/
SQSTM1 allows the switch of p62/SQSTM1 function from antioxidant to proxidant. 
As p62/SQSTM1 plays roles in several signaling pathways, it remains unclear 
whether the role of p62/SQSTM in redox modulation is dependent on only its func-
tion in autophagy or also on its control of other signaling pathways. 

 Taken together, all these studies reveal that the activation of autophagy by ROS 
constitutes often a negative feedback loop mechanism for keeping down the levels 

The Complex Crosstalk Between Autophagy and ROS Signalling Pathways



54

of ROS and oxidative stress in cells. This certainly has functional relevance in the 
prevention of tissue damage, cell death and infl ammatory responses.  

4     Conclusion 

 The aforementioned examples reveal the mutual and complex relationships among 
pathways that regulate the ROS levels and the autophagy signaling process. On the 
one hand, ROS serve as important autophagy activating signals in response to a 
variety of intrinsic and environmental cellular signals. Accordingly, the inhibition of 
ROS levels (e.g. using antioxidants) has been shown to impair the autophagic 
responses in several settings. On the other hand, autophagy is an important antioxi-
dant defense mechanism under oxidative stress conditions since genetic defects in 
autophagy components lead to oxidative stress, tissue damage and infl ammation in 
several animal models. These data suggest that defect in autophagy contribute to 
aging and to the development of several diseases (e.g., cancer, infl ammatory disor-
ders and neurodegenerative diseases). Although several cellular targets of ROS in 
the regulation of autophagy signaling process have been identifi ed, further investi-
gation is needed to identify other potential autophagy sensors (proteins, lipids, 
DNA) that can be targeted by ROS. 

 Moreover, the mechanisms through which autophagy is involved in the selective 
degradation of oxidized cellular substrates (e.g., damaged mitochondria, peroxi-
dized lipids and oxidized proteins) are not well understood. Research in this area 
should identify new therapy concepts that may prevent the development of degen-
erative diseases linked to tissue damage and infl ammation.     
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    Abstract     The autophagy and infl ammasome are two ancient innate immune path-
ways for controlling invading pathogens that are linked mutual regulation. In addi-
tion to controlling the cellular metabolic homeostasis through nutrient recycling, the 
autophagy “self-eating” process is also responsible for the degradation of damaged 
organelles, aggregated protein complexes, and pathogens to protect the integrity of 
the organism. As a cytosolic pathogen recognition receptor (PRR) complex, the 
infl ammasome both induces and induced by autophagy through direct interaction 
with major autophagy proteins or through the effects of secondary molecules, such 
as mitochondrial reactive oxygen species and mitochondrial DNA. While the under-
lying molecular mechanisms of infl ammasome activation and regulation are largely 
unknown, much of current knowledge has been established through investigation of 
the role of autophagy in innate immune response. Many of the newly uncovered links 
between autophagy and infl ammasome have raised new questions about the mecha-
nism controlling infl ammasome function, which are highlighted in this chapter.  
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  BRCC3    BRCA1-BRCA2-containing complex 3   
  BRISC    BRCC36-containing isopeptidase   
  DAMP    Danger-associated molecular pattern   
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  DHA    Omega-3 (ω3) fatty acid docosahexaenoic acid   
  EM    Electron microscope   
  FMF    Familial Mediterranean fever   
  IFI    Interferon-gamma-inducible gene   
  IL    Interleukin   
  LeTx    Anthrax lethal toxin   
  LRR    Leucine-rich repeat   
  LUBAC    Linear ubiquitin assembly complex   
  MAVS    Mitochondrial antiviral signaling   
  MDP    Muramyl dipeptide   
  MEFs    Mouse embryonic fi broblasts   
  mtDNA    Mitochondrial DNA   
  mtROS    Mitochondrial ROS   
  NACHT, NOD, NB-ARC    Adapter protein; central nucleotide-binding and oligo-

merization domain   
  NLR    Nod-like receptor   
  PAMP    Pathogen-associated molecular pattern   
  PRR    Pathogen recognition receptor   
  pyrin or CARD domain    Protein binding domain   
  Rip2    Receptor interacting protein 2   
  RLH    RIG-I-like helicase   
  TLR    Toll-like receptor   
  TUFM    Tu translation elongation factor   
  VDAC1    Voltage dependent anion channel 1   
  VSV    Vesicular stomatitis virus   

1         Introduction of Infl ammasome 

 Both mammals and plants rely on a group of pattern recognition receptors (PRRs) 
to detect the conserved pathogen-associated molecular pattern (PAMP) or danger- 
associated molecular pattern (DAMP), and mount an innate immune response to 
ensure a healthy organism. PAMPs are conserved features of bacterial and viral 
pathogens and DAMPs are byproducts of cell death or increased membrane perme-
ability, which can arise due to invasion by a pathogen or by tissue damage [ 42 ,  94 ]. 
PRRs recognize various components of pathogens to initiate signaling transduc-
tion, which fi nally activates transcriptional factors to induce the production of 
infl ammatory cytokines [ 90 ]. During the signaling transduction, the infl ammasome 
has emerged as an important molecular protein complex which initiates proteolytic 
processing of the pro-infl ammatory cytokines interleukin (IL)-1β and IL-18 into 
mature infl ammatory cytokines. In addition, infl ammasomes initiate pyroptotic 
cell death that may be independent of those cytokines. Infl ammasomes are central 
to elicit innate immune responses against many pathogens, and are key compo-
nents in the induction of host defenses following bacterial infection [ 19 ]. 
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Infl ammasome consists of an oligomerized Nod-like receptor (NLR), the apopto-
sis-associated speck- like protein containing a caspase recruitment domain (ASC) 
adapter protein, and an infl ammatory caspase [Caspase-1, Caspase-4 or 5 (human), 
Caspase-11 (mouse)]. The NLR family of PRRs contains 22 members in humans 
and plays a central role in infl ammasome formation. NLRs contain a protein bind-
ing domain (pyrin or CARD domain), a central nucleotide-binding and oligomer-
ization domain (NACHT, NOD, NB-ARC), and a leucine-rich repeat (LRR) 
domain, which senses ligands or regulates NLR functions. Infl ammasome com-
plexes induce the cleavage of pro- Caspase- 1 to the p10 and p20 subunit of active 
Caspase-1 enzyme, which in turn cleaves the pro-infl ammatory cytokines [ 19 ]. 
Recently, it was shown that the Caspase-1 knockout mouse previously used to 
determine the role of Caspase-1 in infl ammasome activation also had a truncation 
mutation in the Caspase-11 gene, which was subsequently shown to regulate non-
canonical infl ammasome activation leading to pyroptosis [ 49 ]. Although 
Caspase-11 is not required for infl ammasome responses to some sterile simulants, 
such as K+ effl ux, it is required for responses to gram-negative bacterial infections. 
Early work has hinted at potential molecular mechanisms of Caspase-11-mediated 
regulation of infl ammasome activation, but additional work is required to deter-
mine what the targets of Caspase-11 are and how they might mediate pyroptosis. 
Phagocytes (such as macrophage and dendritic cell) are the only cell type known 
to contain infl ammasomes and these same cells rely upon autophagy to monitor for 
the presence of pathogens. In this chapter, we will review recent discoveries of 
NLRP1, NLRP3, NLRP6, NLRP7, NLRP12, NLRC4, Pyrin and AIM2-mediated 
recognition of pathogens and discuss the cross- regulations between infl ammasome 
and autophagy. 

1.1     NLRP1 Infl ammasome 

 NLRP1b, was reported as the primary mediator of mouse macrophage susceptibil-
ity to Anthrax lethal toxin (LeTx) based on the variable sensitivity displayed by 
inbred mouse strains to LeTx-induced macrophage necrosis [ 8 ]. Following work 
suggests that LeTx triggers the formation of a membrane-associated infl ammasome 
complex including NLRP1, Caspase-1 and Caspase-11 in murine macrophages, 
resulting in cleavage of cytosolic Caspase-1 substrates and cell death [ 70 ]. Further 
study shows that the cleavage of NLRP1 by LeTx is required for the infl ammasome 
activation, IL-1β release and macrophage pyroptosis induced by LeTx, because the 
uncleaved mutant of NLRP1b blocks this cleavage and also prevents the activation 
of Caspase-1 [ 12 ,  32 ]. As well, direct cleavage of NLRP1b itself is suffi cient to 
induce infl ammasome activation in the absence of LeTx, therefore NLRP1 is pro-
posed to function as a sensor of protease activity and could conceivably detect a 
broader spectrum of pathogens [ 12 ]. Recent work shows that NLRP1 might also be 
a sensor to Toxoplasma gondii [ 26 ]. Oral infection with Toxoplasma triggers an 
infl ammasome response which requires the effector Caspases-1 and 11, the adapter 
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ASC and NLRP1. However, N-terminal processing of NLRP1b, is not observed in 
response to Toxoplasma infection which suggests a novel mechanism that differs to 
the response to LeTx [ 26 ]. 

 In addition to LeTx, muramyl dipeptide (MDP), a peptidoglycan constituent from 
both Gram-positive and Gram-negative bacteria can directly activate NLRP1 infl am-
masome [ 27 ]. Interestingly, LeTx shows a specifi city only to mouse NLRP1. Unlike 
a single NLRP1 gene in human genome, mice have three homologous genes includ-
ing Nlrp1a, Nlrp1b and Nlrp1c and only Nlrp1b encoded protein responses to LeTx 
while MDP can activate human NLRP1 but not mouse NLRP1 [ 8 ,  27 ]. The mecha-
nism how MDP activates NLRP1 is still unknown even though it can directly bind to 
NLRP1. The structure study on NLRP1 suggests the binding of NLRP1 to MDP is 
not mediated by LRR domain [ 79 ]. Most recently, NLRP1b is reported to be acti-
vated when cells are deprived of glucose or treated with metabolic inhibitors [ 59 ]. 
The activation of NLRP1b in ATP depleted cells does not require N-terminus of 
NLRP1b which is necessary in LeTx-induced infl ammasome activation. Further 
comparison of two alleles of NLRP1b that differed in their response to metabolic 
inhibitors leads to the fi nding that function to fi nd domain (FIIND) of NLRP1b facil-
itates the detection of ATP depletion [ 69 ]. These results suggest that NLRP1b uti-
lizes distinct regions as sensors to detect activating signals. Further investigations are 
still required to reveal the detailed mechanism by which NLRP1 get activated and 
what kind of signals NLRP1 senses.  

1.2     NLRP3 Infl ammasome 

 NLRP3 is the mostly well-studied NLR family member and can be activated by a 
wide spectrum of PAMPs and sterile DAMPs. NLRP3 activation usually is refl ected 
at two levels: the fi rst level is NF-κB signal-dependent transcriptional and transla-
tional upregulation of NLRP3 induced by Toll-like receptor (TLR) agonists and 
infl ammatory cytokines [ 6 ] for the second level, NLRP3 mediates the formation of 
infl ammasome protein complex with ASC and Caspase-1 upon NLRP3 “ligand” 
stimulation [ 84 ]. By far it is still unclear about the real NLRP3 ligand. An emerging 
evidences suggest that NLRP3 senses a broad range of pathogenic and stress- 
associated signal, including bacterial PAMPs such as  Staphylococcus aureus  [ 17 ], 
 Listeria monocytogenes  [ 62 ],  Neisseria gonorrhoeae  [ 22 ], and bacterial toxins [ 17 , 
 34 ,  99 ], viruses such as Sendai virus [ 46 ], Infl uenza [ 2 ,  46 ], Adenovirus [ 67 ], and 
Encephalomyocarditis virus [ 74 ], Fungus such as  Candida albicans  [ 33 ], 
 Saccharomyces cerevisiae  [ 33 ], and protozoan like  Plasmodium  species [ 88 ], and 
DAMPs such as Extracellular ATP [ 62 ], Hyaluronan [ 104 ], Glucose [ 107 ], MSU 
[ 53 ], Amyloid-β [ 36 ], Skin irritants [ 92 ,  100 ], Imidazoquinoline compounds (R837, 
R848) [ 48 ], Silica [ 11 ,  21 ,  41 ], Asbestos [ 11 ,  21 ], and Alum [ 24 ,  30 ,  52 ,  58 ]. Structure 
diversity of NLRP3 stimuli indicates that the activation of NLRP3 infl ammasome is 
not simply mediated by direct binding. It suggests that all these stimuli might con-
verge on one or several common signaling cascade leading to NLRP3 infl ammasome 

Q. Liang et al.



65

activation. Base on extensive and comprehensive studies, three major model of 
NLRP3 activation have been proposed: (1) ion fl ux model; (2) lysosomal rupture 
model; (3) reactive oxygen species (ROS) model. 

 In ion fl ux model, the changes of intracellular concentration of K +  and Ca 2+  are 
critical for the activation of NLRP3 infl ammasome. Mitochondrial perturbation, 
the opening of a large membrane pore, ROS generation or a change in cell volume 
is not required for NLRP3 activation in ion fl ux model [ 65 ]. The permeation of the 
cell membrane to K +  and Na +  is proposed as a common event induced by all 
NLRP3 agonists. Extracellular potassium, as well as potassium channel inhibitor, 
inhibits NLRP3 activation in human monocytes while reduction of the intracellu-
lar K +  concentration is suffi cient to activate NLRP3 [ 54 ,  71 ]. Recently an impor-
tant role of intracellular calcium level in NLRP3 infl ammasome activation has 
been reported [ 55 ,  66 ,  81 ]. Increase of the intracellular Ca 2+  concentration acti-
vates NLRP3 infl ammasome while blockage of Ca 2+  mobilization shows an inhib-
itory effect on NLRP3 infl ammasome assembly and activation. Increased 
extracellular calcium also activates the NLRP3 infl ammasome through signaling 
mediated by G protein- coupled calcium sensing receptor (CaSR) and 
GPRC6A. Phosphatidyl–inositol/Ca 2+  pathway is shown to contribute to the 
NLRP3 infl ammasome activation based on the study using phospholipase C (PLC) 
inhibitor [ 55 ,  81 ]. In addition to extracellular calcium, Ca 2+  release from the endo-
plasmic reticulum amplifi es NLRP3 infl ammasome activation which indicates a 
connection between the ER stress and NLRP3 infl ammasome activation [ 55 ,  81 ]. 
However, it is not known how the movement of calcium activates NLRP3 infl am-
masome. One previous study shows TAK1 phosphorylation following an eleva-
tion of cytosolic calcium level. As well, loss of IL-1β release is also shown after 
inhibition of TAK1 phosphorylation or TAK1 knockdown. More information is 
needed to validate the TAK1 mediated NLRP3 infl ammasome activation model 
[ 14 ,  91 ]. It is not known whether the fl ux of both potassium and calcium are 
required for the activation of NLRP3. The precise mechanism under this model 
still needs further investigation. 

 Lysosomal rupture is also proposed as a mechanism by which NLRP3 infl amma-
some is activated by crystalline or particulate structures. Uptake of these agonists 
such as MSU, uric acid crystals, silica, asbestos, malarial hemozoin, hydroxyapatite, 
amyloid-β, and alum, results in the damage of lysosome and release of lysosomal 
content in to cytosol [ 43 ,  84 ]. NLRP3 infl ammasome activation is inhibited in the 
presence of inhibitors of the lysosomal protease Cathepsin B [ 36 ,  41 ]. However, 
there is no obvious change in NLRP3 infl ammasome activation in Cathepsin 
B-defi cient macrophage treated by NLRP3 agonists [ 20 ]. 

 The generation of ROS is proposed as the third model for NLRP3 activation [ 11 , 
 18 ,  21 ]. ROS production is a common event resulted from pathogen infection, injury 
as well as environmental stress, and inhibition of ROS by antioxidants blocks infl am-
masome activation induced by NLRP3 agonists’ treatment [ 11 ,  18 ,  21 ,  33 ,  71 ,  88 ]. 
NADPH oxidases and mitochondria are the two major routes that produce intracel-
lular ROS. Activation of NLRP3 infl ammasome is reduced upon suppression of 
NADPH oxidase common subunit p22 [ 21 ]. However, it is still controversial about 
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the roles of NADPH oxidase in NLRP3 infl ammasome activation as defi ciency of 
NADPH oxidase does not affect NLRP3 activation in both human and mouse cells 
[ 5 ,  97 ]. Later study implicates a role of thioredoxin-interacting protein (TXNIP), an 
intracellular ROS sensor, in activation of NLRP3 infl ammasome via a direct binding 
mechanism [ 107 ]. Recent study indicates that mitochondria themselves are more 
pivotal than ROS in NLRP3 infl ammasome activation [ 106 ]. And another work sug-
gests that mitochondria DNA (mtDNA) is reuiqred for the activation of NLRP3 even 
though the mechanism is still not clear [ 68 ].  

1.3     NLRP6 Infl ammasome 

 NLRP6 interacts with ASC and forms an infl ammasome by overexpression. Nlrp6 
defi cient mice revealed that it is essential for restricting commensal bacteria to main-
tain homeostasis through promoting IL-18 release. Nlrp6 defi cient mice are also 
resistant to infection with  Listeria monocytogenes ,  Salmonella typhimurium  and 
 Escherichia col i due to an enhanced production of MAPK- and NF-κB- dependent 
cytokines [ 4 ,  25 ]. However, the ligands specifi cally sensed by NLRP6 are currently 
not known.  

1.4     NLRP7 Infl ammasome 

 NLRP7 is located on the long arm of human chromosome 19 at q13.42, but no 
mouse orthologous gene exists. Nlrp2 is the closest relative and NLRP2 is located 
adjacent to NLRP7 on human chromosome 19. NLRP7 is abundantly expressed in 
bone marrow, thymus, spleen, testis, and nervous system, and its transcription is 
upregulated upon LPS and IL-1β stimulation, suggesting a role in infl ammation 
and host defense [ 50 ]. Overexpression of NLRP7 inhibits infl ammation by several 
mechanisms, including direct binding and inhibition of infl ammasome compo-
nents, impairing transcription of pro-IL-1β and modulating the traffi cking and 
release of IL-1β. However most of these studies were performed in a reconstitution 
system and the fi nding will require further confi rmation. Using a siRNA-based 
screening, Stehlik’s group identifi ed that NLRP7 is an intracellular sensor for bac-
terial acylated lipoproteins, which is required for IL-1β release [ 50 ]. While TLR2 
heterodimers are responsible for mediating NF-κB activation and subsequent tran-
scription of pro-IL-1β in response to bacterial acylated lipoproteins, NLRP7 is 
specifi cally essential for bacterial acylated lipoprotein-mediated Caspase-1 activa-
tion and maturation of IL-1β and IL-18 by forming a large, high molecular weight 
complex including ASC and Caspase-1. Furthermore, NLRP7 is crucial for 
restricting growth of intracellular bacteria, including  Staphylococcus aureus  and 
 Listeria monocytogenes  in human macrophages. Thus, there is compelling evi-
dence that NLRP7 acts as a direct or indirect cytosolic sensor of microbial acylated 
lipopeptides during infection.  
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1.5     NLRP12 Infl ammasome 

 NLRP12 is highly expressed in myeloid-lineage cells, and there is emerging evi-
dence that NLRP12 is able to function as an infl ammasome component. Lien’s 
group characterized that NLRP12 infl ammasome is an important regulator of IL-1β 
and IL-18 release during  Yersinia pestis  infection, and NLRP12-defi cient mice 
were more susceptible to  Yersinia pestis  challenge. NLRP12 binds to ASC and 
required for Caspase-1 activation, although NLRP3 is also required for this infl am-
masome. The ligand for the NLRP12 infl ammasome activation is unknown, but the 
 Yersinia pestis  type III secretion system is required, suggesting that some secreted 
bacterial proteins may be directly recognized by NLRP12 and activates NLRP12 
infl ammasome. NLRP12 directed interferon-γ production via induction of IL-18, 
but had minimal effect on signaling to the transcription factor NF-κB upon  Yersinia 
pestis  infection [ 98 ]. However, other studies have suggested that NLRP12 as a neg-
ative regulator of colon infl ammation and tumorigenesis in a DSS colitis model, and 
to dendritic cell recruitment, by impairing NF-κB activation [ 1 ,  3 ]. The effects of 
NLRP12 to host innate immunity may be cell type specifi c and stimuli dependent.  

1.6     NLRC4 Infl ammasome 

 NLRC4 is stimulated by intracellular fl agellin and type III secretion systems from 
bacteria, including  Salmonella typhimurium ,  Shigella fl exneri , and  Escherichia coli  
[ 64 ]. NLRC4 utilizes ASC [ 61 ], NALP (human) or Naip5 and Naip2 (mouse) adap-
tor proteins depending on the bacterial stimulus [ 51 ,  106 ]. While NLRC4 can directly 
detect the N-terminus of fl agellin, Naip5 association is required to respond to the 
C-terminus of fl agellin. The Naip2 adaptor protein detects a rod component of type 
III secretion systems and binds NLRC4 to activate infl ammasome formation [ 51 , 
 106 ]. The ASC adapter protein is important but not essential for all types of NLRC4 
infl ammasomes, as ASC defi cient Bone marrow-derived macrophages (BMDMs) 
have a partial defect in Caspase-1 activity and IL-1β secretion upon fl agellin simula-
tion, suggesting that ASC enhances the activity of the NLRC4 infl ammasome [ 9 ,  51 , 
 64 ]. However, ASC binds NLRC4 and ASC defi cient BMDMs have a complete 
defect in Caspase-1 cleavage and NLRC4 infl ammasome foci formation upon infec-
tion with  Salmonella typhimurium  and  Legionella pneumophila  [ 61 ,  75 ]. As a further 
complication, Caspase-1 dependent cell death, or pyroptosis, is intact in ASC defi -
cient BMDMs upon infection with  Pseudomonas aeruginosa ,  Listeria monocyto-
genes , or  Shigella fl exneri  [ 31 ,  83 ,  93 ]. Thus, the role of ASC in NLRC4 activation 
might depend on the context of infl ammasome stimulation. Activation of NLRC4 
during  Salmonella typhimurium  infection also requires phosphorylation at serine 533 
(S533) between the NACHT and LRR domains, which is likely targeted for phos-
phorylation by the PKCδ kinase [ 77 ]. This is the fi rst evidence of the phosphorylation- 
mediated regulation of infl ammasome and it will be of interest to determine whether 
additional NLRs are regulated by phosphorylation and dephosphorylation.  
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1.7     Pyrin Infl ammasome 

 Pyrin (also named as TRIM20, MEF, MEFV and FMF) is conserved in human and 
mice, and mutations in Pyrin gene are associated with the human autoinfl amma-
tory disease familial Mediterranean fever (FMF). Several studies indicate that 
Pyrin can interact with infl ammasome adaptor ASC and induce infl ammatory 
Caspase-1 activation in monocytic cells [ 103 ,  105 ]. Recently, Shao’s group identi-
fi ed that Pyrin infl ammasome detects inactivating modifi cations of host Rho 
GTPase by diverse bacterial toxins and infections, including  Clostridium diffi cile  
glucosylating cytotoxin TcdB, FIC-domain adenylyltransferase effectors from 
 Vibrio parahaemolyticus  and  Histophilus somni , ADP-ribosylating  Clostridium 
botulinum  C3 toxin and  Burkholderia cenocepacia  infection. Although diverse in 
the chemical form, all the modifi cations take place on different residues within or 
around the GTPase switch I region. Loss of the Pyrin infl ammasome causes ele-
vated intra-macrophage growth of  Burkholderia cenocepacia  and diminished lung 
infl ammation in mice [ 103 ,  105 ]. Pyrin does not appear to directly interact with 
modifi ed Rho, suggesting an indirect activation by the virulence activity of bacte-
rial pathogens. It is interesting to further investigate the molecular linkage between 
modifi ed Rho and Pyrin in future.  

1.8     AIM2 Infl ammasome 

 In humans, four AIM2-like receptors (IFI16, IFIX, MNDA, and AIM2) have been 
annotated, while 13 genes are predicted to exist in mice, which are referred to as 
γ-interferon-inducible genes (IFI). All ALRs, except for p202, contain an N-terminal 
PYD and one or two C-terminal partially conserved HIN200 DNA-binding domains 
[ 84 ]. Although the AIM2 is structurally unique from NLRs, it functions as a cyto-
solic PRR involved in infl ammasome activation. AIM2 directly binds to cytosolic 
double stranded DNA through the HIN200 domain and forms an infl ammasome in 
response to bacterial and viral infection, including  Francisella tularensis ,  Listeria 
monocytogenes , Vaccinia virus and murine cytomegalovirus. BMDMs from 
AIM2−/− mice are defi cient in pro-Caspase-1, pro-IL-1β, and pro-IL-18 processing 
after infection with  Francisella tularensis  and  Listeria monocytogenes ; thus empha-
sizing the importance of infl ammasome activation against bacteria that replicate 
intracellularly [ 28 ,  40 ,  78 ].   

2     Autophagy Inhibits Infl ammasome Activation 

 Deletion or depletion of autophagy by genetic or pharmacological means has a clear 
enhancing effect on IL-1β secretion upon infl ammasome stimulation or lipopolysc-
charide (LPS) treatment conditions. In 2008, Saitoh et al. fi rst provided the evidence 
that autophagy can modulate the activation of infl ammasomes [ 82 ]. In their study, 
ATG16L1-defi cience signifi cantly enhances the activation of infl ammasomes in 
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response to LPS in macrophages. Although the nature of the infl ammasome scaffold 
was not determined, their study indicated that NLRP3 infl ammasome activation is 
dependent on K +  effl ux and ROS [ 82 ]. In line with what Saitoh et al. fi nding, Zhou 
et al. also reported that autophagy inhibitor 3-methyladenine (3-MA) treatment 
elevates NLRP3 infl ammasomes activation in THP-1 macrophages [ 106 ]. Besides 
3-MA treatment, Beclin-1, Atg7 or Atg5 silencing all led to infl ammasome activa-
tion, which further established the regulatory role of autophagy in infl ammasome 
activation. A more recent study showed that the exposure of macrophage cells to 
omega-3 (ω3) fatty acid docosahexaenoic acid (DHA) impeded infl ammasome acti-
vation [ 101 ]. However, the ATG7 defi cient cells were partially resistant to suppres-
sion effects of DHA. Besides macrophages, experiments conducted in human 
ARPE-19 cells also show that infl ammasome was activated due to the inhibition of 
autophagy by bafi lomycin A1 [ 72 ]. Therefore, it is a universal fact that autophagy 
inhibits infl ammasome activation, which applies to different cell lines, mice, as well 
as different autophagy silencing approaches. Although it is widely accepted that 
autophagy regulates infl ammasome activation, the underlying mechanisms are still 
under debates. Three key words have been placed on the hot spot, which ROS, 
mtDNA and infl ammasome degradation. In the following contexts, they will be 
mainly highlighted. 

2.1     ROS 

 Besides infl ammasome activation, blockade of autophagy also leads to ROS accumu-
lation, particularly mitochondrial ROS (mtROS). This suggests that when damaged 
mitochondria were not cleared by mitophagy (mitochondria autophagy), they released 
mtROS, which stimulated NLRP3 infl ammasomes. If all traditional NLRP3 stimu-
lants induce mitochondrial damage, the mtROS model would present a unifi ed mech-
anism for the activation of NLRP3 by a structurally diverse set of stimulants. The 
mtROS model of NLRP3 infl ammasome activation is further supported by the colo-
calization of NLRP3 with mitochondrial markers, suggesting that the infl ammasome 
activation site is physically located near the source of mtROS [ 108 ]. Mitochondria 
function is specifi cally important for mtROS production and IL-1β secretion because 
shRNA-mediated depletion of voltage dependent anion channel 1 (VDAC1), which is 
important for mitochondrial function and mtROS production, reduces Caspase-1 
cleavage and IL-1β secretion in response to sterile NLRP3 stimuli [ 89 ]. Notably, this 
effect is not observed for NLRC4 or AIM2 stimuli, making mtROS a specifi c require-
ment of NLRP3 infl ammasome activation, although the role of mtROS in additional 
infl ammasomes must also be examined further [ 87 ,  108 ]. High levels of Bcl-2, which 
partially blocks VDAC, reduces mtROS production, and blocks apoptosis, also 
reduces NLRP3 infl ammasome activation in BMDMs and an immortalized human 
macrophage cell line [ 87 ,  108 ]. In contrast, it has previously been shown that a Bcl-2 
over-expression in the human THP-1 macrophage cell line has lower levels of 
Caspase-1 activity and IL-1β secretion in response to MDP and ATP stimulation [ 10 , 
 108 ], making it likely that the role of Bcl-2 may differ between cell lines or that MDP 
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and ATP stimulation is unique from other NLRP3 stimulants. A major advance in 
understanding the molecular mechanism of the mtROS-mediated activation of NLRP3 
was achieved in experiments using mice defi cient for autophagophore formation and 
elongation due to knockout of LC3 (LC3 −/− ) or the depletion of Beclin-1 (Beclin1 +/− ) 
[ 68 ]. BMDMs from these mice had elevated Caspase-1 activation and IL-1β secretion 
upon stimulation of the NLRP3 infl ammasome with ATP, which causes K +  effl ux in 
the cell through the P2X7 channel [ 47 ]. 

 The mitochondria-targeted antioxidant Mito-TEMPO, a scavenger specifi c for 
mitochondrial ROS, leads to lower level of mtROS and subsquently less secretion 
of IL-1β in both wild-type macrophages and macrophages with depletion of autoph-
agic proteins. Defective mitochondrial oxidative phosphorylation (OXPHOS) and 
elevated ROS result in increased NLRP3 infl ammasome in bone marrow derived 
dendritic cells (BMDCs) from fi bromyalgia patients. More interestingly, ROS also 
has been shown able to up-regulate autophagy. Thus, it is possible that under differ-
ent circumstances, the interplay between ROS and autophagy is in a dynamic event 
to keep the balance of host innate immunity against pathogen invasion. Also, ROS 
activation of autophagy may represent a negative feedback regulation to limit ROS- 
induced excess infl ammations.  

2.2     mtDNA 

 Although the detail mechanisms have been intensively investigated, how mtROS 
leads to the infl ammasome activation is still elusive. During NLRP3 infl ammasome 
activation by ATP treatment, an increase in swollen and damaged mitochondria was 
visible by electron microscope (EM), which results in the mtDNA release from 
mitochondria [ 47 ]. Remarkably, BMDMs lacking mitochondrial DNA (mtDNA), 
called ρ0 cells, were unable to secrete IL-1β in response to NLRP3 stimuli and 
DNase I treatment reduced Caspase-1 activation and IL-1β secretion in normal 
BMDMs, suggesting that mtDNA is involved in NLRP3 infl ammasome activation 
[ 47 ,  87 ]. In a series of elegantly designed experiments, it was revealed that mtDNA 
is released to the cytosol upon stimulation with ATP in an mtROS and NLRP3- 
dependent manner [ 47 ], indicating that Caspase-1 activation is downstream from 
NLRP3-mediated translocation of mtDNA to the cytosol. Since mtDNA is released 
to the cytosol in response to ATP is impaired in BMDMs from either ASC or NLRP3 
knockout mice, the infl ammasome itself is likely involved in mtDNA release [ 47 ]. 
This is in contrast to a more recent model proposed by Shimada et al. in which 
NLRP3 is activated after it directly binds to mtDNA released upon mitochondrial 
damage due to apoptosis triggered by NLRP3 stimulants [ 87 ]. Shimada et al. argue 
that mtDNA was not detected in NLRP3 KO BMDM upon ATP treatment because 
the mtDNA was degraded in the absence of NLRP3-binding, although this possibil-
ity has not been tested. Intriguingly, oxidized nucleoside 8-hydroxy-guanosine 
(8-OH-dG), a marker for oxidized mtDNA, was detectable in endogenous NLRP3 
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immunoprecipitations and was even capable of blocking IL-1β production when it 
was added in excess to BMDM by competitively binding to endogenous NLRP3 
[ 87 ]. This strongly supports a role for oxidized mtDNA in NLRP3 infl ammasome 
activation, although it is not clear whether NLRP3 may also facilitate mtDNA 
release before binding.  

2.3     Autophagy Degrades Infl ammasomes 

 In addition to its role as a negative regulator of NLRP3-infl ammasome activation, 
autophagy also negatively regulates infl ammasomes through the newly discov-
ered autophagy-dependent degradation of infl ammasome components and IL-1β 
[ 38 ,  86 ]. Studying the negative regulation of infl ammasome activation is impor-
tant for understanding how this potent signal is “turned off” to avoid acute tissue 
damage. Not surprisingly, many NLRs and autophagy factors are linked to auto-
immune and autoinfl ammatory diseases [ 77 ,  85 ], which are characterized by high 
levels of infl ammatory cytokines. As a negative regulatory mechanism of infl am-
masome activation, pro-IL-1β is targeted to autophagosomes for degradation in 
response to TLR stimulation [ 38 ]. Specifi cally, it has been shown that IL-1β is 
sequestered in the LC3-positive autophagosomes upon TLR stimulation and pro-
IL-1β protein levels decreased when autophagy was induced by rapamycin [ 38 ]. 
This suggests that TLR stimulation induces both pro-IL-1β expression and deg-
radation by autophagy, thereby limiting the amount of available pro-IL-1β pro-
tein in the absence of NLR stimulation. A recent report suggests that mature 
IL-1β uses the autophagy machinery for secretion in a noncanonical secretory 
pathway [ 23 ]. However, more evidence is required to vigorously evaluate this 
hypothesis. 

 Infl ammasomes are also negatively regulated by autophagy upstream from IL-1β 
secretion. It has been shown that a portion of ASC-containing infl ammasomes is 
redirected towards autophagosomes and autophagolysosomes upon NLRP3 or AIM2 
stimulation in THP-1 and primary human macrophages. Mechanistically, ASC local-
ization to autophagosomes is dependent on both Beclin-1 and p62, a protein that 
specifi cally recruits ubiquitinated proteins to autophagosomes for degradation [ 86 ]. 
ASC and ASC-containing infl ammasome complexes could be recruited to autopha-
gosomes by p62 since the K63-ubiquitination of ASC is detectable upon AIM2 stim-
ulation [ 86 ]. However, many new questions will need to be answered to elucidate the 
molecular mechanism of this potential negative regulation of infl ammasomes. The 
ubiquitin ligase that modifi es ASC and the trigger for ubiquitination are unknown. 
However, ASC protein levels did not change upon AIM2 stimulation and AIM2 lev-
els actually increased at the timepoints in this study, making the signifi cance of ASC 
localization to the autophagosome unclear. Perhaps the degradation of ASC-
containing infl ammasomes is balanced by increased protein expression, or propor-
tionally very few infl ammasomes are recruited to autophagosomes under stimulation 
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conditions. Since experimental evidence is lacking, further investigation into the molec-
ular mechanisms, regulation, and purpose of targeting infl ammasomes to autophago-
somes is imperative for determining how autophagy may work as a potential ‘off switch’ 
for activated infl ammasomes. Another type of ubiquitination, linear unibiqination, has 
been characterized on ASC recently. The linear ubiquitination of ASC is mediated by 
linear ubiquitin assembly complex (LUBAC) and essential for NLRP3 infl ammasome 
activation [ 80 ]. However, how different types of ubiquitin chains target ASC to autoph-
agy or activation is still unclear. 

 In addition to ASC, NLRP3 is also ubiquitinated, although binding to p62 has 
not been reported. So it is not known whether NLRP3 can be independently recruited 
to autophagosomes [ 45 ,  60 ,  76 ]. NLRP3 is ubiquitinated in the LRR domain with a 
mix of lysine 63 (K63) and lysine 48 (K48) linked chains by unknown ubiquitin 
ligases. Ubiquitinated NLRP3 is inactive because its deubiquitination is required for 
infl ammasome activation and is triggered by TLR activation, mtROS, and ATP [ 76 ]. 
The deubiquitinase responsible for NLRP3 activation, BRCA1-BRCA2-containing 
complex 3 (BRCC3), is a member of the BRCC36-containing isopeptidase (BRISC) 
deubiquitination complex, which has been suggested to specifi cally cleave K63- 
linked ubiquitin chains and not K48-linked chains [ 15 ,  16 ,  29 ], making the mecha-
nism of K48-linked ubiquitin removal unclear. Although K48-linked ubiquitinated 
proteins are often targeted for proteasomal degradation, MG132 proteasomal inhib-
itor treatment did not affect ubiquitinated NLRP3 protein levels in the presence of a 
BCC3 inhibitor [ 76 ], suggesting that ubiquitination of NLRP3 does not lead to pro-
teasomal degradation of NLRP3. Thus, the mechanism of inhibition of NLRP3 by 
ubiquitination remains unknown.   

3     NLRs Upregulate Autophagy 

 The positive and negative regulation of infl ammasomes by autophagy is comple-
mented by NLR-mediated control of autophagy. NOD2 is a positive regulator of 
autophagy. NOD2 utilizes the receptor interacting protein 2 (Rip2) adapter pro-
tein kinase to form a protein complex resembling the infl ammasome, called a 
nodosome, which forms upon stimulation with MDP. Instead of activating 
Caspase-1, the NOD2 nodosome activates NF-κB, resulting in infl ammatory cyto-
kine production [ 7 ]. Both  NOD2  and  Atg16L1  have been identifi ed by several 
groups as the genes with risk alleles for Crohn’s disease, a chronic infl ammatory 
bowel disease characterized by high levels of infl ammatory cytokines [ 13 ,  37 ,  63 ]. 
A T300A mutation in the N-terminus of the WD repeats of Atg16L1 is associated 
with Crohn’s disease in the presence or absence of NOD2 LRR domain point 
mutations R702W, G908R, or L1007C [ 7 ,  77 ]. Recently, NOD2 and Atg16L1 
have been functionally linked in a mechanism of bacterial pathogen clearance, 
which may explain why they are both genetically linked to Crohn’s disease [ 39 , 
 96 ]. NOD2 induces autophagophore formation upon MDP stimulation by binding 
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and recruiting Atg16L1 to the bacterial entry site of the plasma membrane to initi-
ate autophagic destruction of the bacterial pathogen. Strikingly, dendritic cells 
from Crohn’s patients with  NOD2  or  Atg16L1  variant alleles have normal autoph-
agy levels in response to a TLR1/2 ligand, but have signifi cantly reduced autoph-
agy levels in response to MDP, a NOD2 stimulant. Consequently, cells from 
Crohn’s patients have a defect in lysosomal destruction of bacterial pathogens [ 39 ]. 
The resulting higher load of bacteria in cells from Crohn’s patients may contribute 
to higher levels of infl ammatory cytokines, including IL-6 and IL-1β, which are 
detected in Crohn’s patients’ tissues. The increase of IL-1β cytokine production in 
Crohn’s patients could be due to either increased pro-IL-1β protein levels or 
increased Caspase-1 activity. Consistent with a role for NOD2 in Crohn’s disease, 
the enhanced IL-1β secretion in Crohn’s patients’ cells in response to MDP is due 
to increased pro-IL1β mRNA levels and not due to Caspase-1 activity, which 
remains unchanged when compared to healthy patients [ 73 ]. NOD2 is constitu-
tively expressed in immune cells and inducible expressed in intestinal epithelial 
cells upon pro-infl ammatory stimulation [ 7 ,  35 ]. Thus, a potential mechanism for 
the trigger that controls NOD2-mediated autophagy could be the induction of 
NOD2 expression. Since RIP2 is ubiquitinated and phosphorylated to regulate 
NOD2 activation, additional post-transcriptional mechanisms may also regulate 
NOD2 protein levels [ 9 ,  95 ]. As a potential mechanism for disease pathogenesis, 
NOD2-mediated autophagy may serve as a model for future studies since many 
additional autophagy and NLR proteins are also linked to chronic infl ammatory 
diseases with unknown mechanisms. In addition to NOD2, NLRX1 also positive 
regulates autophagy. NLRX1, a mitochondria NLR protein, promotes autophagy 
during viral infection through an interaction with mitochondrial Tu translation 
elongation factor (TUFM) [ 56 ]. TUFM likely increases autophagy through its 
interaction with the Atg5-Atg12 complex, which is an essential component of the 
vesicle elongation step of autophagy and is unable to bind NLRX1 on its own. 
Although it is not clear how the NLRX1/TUFM interaction with Atg5-Atg12 ele-
vates autophagy, the resulting decrease in vesicular stomatitis virus (VSV) produc-
tion in NLRX1 and Atg5 knockout mouse embryonic fi broblasts (MEFs) suggests 
that NLRX1 and autophagy are proviral factor during VSV infection [ 56 ]. NLRX1 
knockout MEFs had a larger decrease in VSV replication than Atg5 −/−  MEFs, which 
might be due to the proposed negative regulation of RIG-I-like helicase (RLH) sig-
naling through the mitochondrial antiviral signaling (MAVS) adapter protein by 
NLRX1 [ 57 ,  102 ]. The function has been called into question because different 
methods of knocking out NLRX1 in mice have given confl icting results. Several 
other NLR members, including NLRC4, NLRP3, NLRP4, and NLRP10, interact 
with Beclin-1. In particular, NLRP4 showed a strong binding affi nity to Beclin1 
among these four and knockdown NLRP4 resulted in upregulation of the autopha-
gic process under both physiological conditions and invasive bacterial infections 
[ 44 ]. Besides, NLRP4 physically associates with the class C vacuolar protein-sort-
ing complex, thereby negatively regulating the maturation step of the autophago-
some and endosome.  
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4     Conclusions 

 The intersection of infl ammasomes and autophagy is an exciting area of research 
with many unanswered questions that should be addressed by future investigation. 
Of course, for every host defense there is an opposing pathogen offense, making it 
likely that bacterial or viral proteins may exist that target or exploit the newly discov-
ered links between autophagy and infl ammasome regulation to avoid detection or 
destruction. Thus, as we uncover new mechanisms of regulation between the ancient 
innate immune pathways of infl ammasomes and autophagy, we may also fi nd novel 
host-pathogen interactions that may be targeted therapeutically. Moreover, treat-
ments for chronic infl ammatory diseases in which NLRs and autophagy proteins are 
implicated will rely on these fi ndings as well.     

   References 

    1.    Allen IC, Lich JD, Arthur JC, Jania CM, Roberts RA, Callaway JB, Tilley SL, Ting JP (2012) 
Characterization of NLRP12 during the development of allergic airway disease in mice. 
PLoS One 7:e30612  

    2.    Allen IC, Scull MA, Moore CB, Holl EK, McElvania-TeKippe E, Taxman DJ, Guthrie EH, 
Pickles RJ, Ting JP (2009) The NLRP3 infl ammasome mediates in vivo innate immunity to 
infl uenza A virus through recognition of viral RNA. Immunity 30:556–565  

    3.    Allen IC, Wilson JE, Schneider M, Lich JD, Roberts RA, Arthur JC, Woodford RM, Davis 
BK, Uronis JM, Herfarth HH et al (2012) NLRP12 suppresses colon infl ammation and 
tumorigenesis through the negative regulation of noncanonical NF-kappaB signaling. 
Immunity 36:742–754  

    4.    Anand PK, Malireddi RK, Lukens JR, Vogel P, Bertin J, Lamkanfi  M, Kanneganti TD (2012) 
NLRP6 negatively regulates innate immunity and host defence against bacterial pathogens. 
Nature 488:389–393  

    5.    Bauer C, Duewell P, Mayer C, Lehr HA, Fitzgerald KA, Dauer M, Tschopp J, Endres S, Latz 
E, Schnurr M (2010) Colitis induced in mice with dextran sulfate sodium (DSS) is mediated 
by the NLRP3 infl ammasome. Gut 59:1192–1199  

    6.    Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, Fernandes- 
Alnemri T, Wu J, Monks BG, Fitzgerald KA et al (2009) Cutting edge: NF-kappaB activating 
pattern recognition and cytokine receptors license NLRP3 infl ammasome activation by regu-
lating NLRP3 expression. J Immunol 183:787–791  

      7.    Billmann-Born S, Lipinski S, Böck J, Till A, Rosenstiel P, Schreiber S (2011) The complex 
interplay of NOD-like receptors and the autophagy machinery in the pathophysiology of 
Crohn disease. Eur J Cell Biol 90:593–602  

     8.    Boyden ED, Dietrich WF (2006) Nalp1b controls mouse macrophage susceptibility to 
anthrax lethal toxin. Nat Genet 38:240–244  

     9.    Broz P, von Moltke J, Jones JW, Vance RE, Monack DM (2010) Differential requirement for 
Caspase-1 autoproteolysis in pathogen-induced cell death and cytokine processing. Cell Host 
Microbe 8:471–483  

    10.    Bruey JM, Bruey-Sedano N, Luciano F, Zhai D, Balpai R, Xu C, Kress CL, Bailly-Maitre B, 
Li X, Osterman A et al (2007) Bcl-2 and Bcl-XL regulate proinfl ammatory caspase-1 activa-
tion by interaction with NALP1. Cell 129:45–56  

       11.    Cassel SL, Eisenbarth SC, Iyer SS, Sadler JJ, Colegio OR, Tephly LA, Carter AB, Rothman 
PB, Flavell RA, Sutterwala FS (2008) The Nalp3 infl ammasome is essential for the develop-
ment of silicosis. Proc Natl Acad Sci U S A 105:9035–9040  

Q. Liang et al.



75

     12.    Chavarria-Smith J, Vance RE (2013) Direct proteolytic cleavage of NLRP1B is necessary and 
suffi cient for infl ammasome activation by anthrax lethal factor. PLoS Pathog 9:e1003452  

    13.    Cho JH (2008) The genetics and immunopathogenesis of infl ammatory bowel disease. Nat 
Rev Immunol 8:458–466  

    14.    Compan V, Baroja-Mazo A, Lopez-Castejon G, Gomez AI, Martinez CM, Angosto D, 
Montero MT, Herranz AS, Bazan E, Reimers D et al (2012) Cell volume regulation modu-
lates NLRP3 infl ammasome activation. Immunity 37:487–500  

    15.    Cooper EM, Boeke JD, Cohen RE (2010) Specifi city of the BRISC deubiquitinating enzyme 
is not due to selective binding to Lys63-linked polyubiquitin. J Biol Chem 285:10344–10352  

    16.    Cooper EM, Cutcliffe C, Kristiansen TZ, Pandey A, Pickart CM, Cohen RE (2009) K63- 
specifi c deubiquitination by two JAMM/MPN+ complexes: BRISC-associated Brcc36 and 
proteasomal Poh1. EMBO J 28:621–631  

     17.    Craven RR, Gao X, Allen IC, Gris D, Bubeck Wardenburg J, McElvania-Tekippe E, Ting JP, 
Duncan JA (2009) Staphylococcus aureus alpha-hemolysin activates the NLRP3- 
infl ammasome in human and mouse monocytic cells. PLoS One 4:e7446  

     18.    Cruz CM, Rinna A, Forman HJ, Ventura AL, Persechini PM, Ojcius DM (2007) ATP acti-
vates a reactive oxygen species-dependent oxidative stress response and secretion of proin-
fl ammatory cytokines in macrophages. J Biol Chem 282:2871–2879  

     19.    Davis BK, Wen H, Ting JP (2011) The infl ammasome NLRs in immunity, infl ammation, and 
associated diseases. Annu Rev Immunol 29:707–735  

    20.    Dostert C, Guarda G, Romero JF, Menu P, Gross O, Tardivel A, Suva ML, Stehle JC, Kopf 
M, Stamenkovic I et al (2009) Malarial hemozoin is a Nalp3 infl ammasome activating danger 
signal. PLoS One 4:e6510  

        21.    Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT, Tschopp J (2008) Innate 
immune activation through Nalp3 infl ammasome sensing of asbestos and silica. Science 
320:674–677  

    22.    Duncan JA, Gao X, Huang MT, O’Connor BP, Thomas CE, Willingham SB, Bergstralh DT, 
Jarvis GA, Sparling PF, Ting JP (2009) Neisseria gonorrhoeae activates the proteinase 
cathepsin B to mediate the signaling activities of the NLRP3 and ASC-containing infl amma-
some. J Immunol 182:6460–6469  

    23.    Dupont N, Jiang S, Pilli M, Ornatowski W, Bhattacharya D, Deretic V (2011) Autophagy- 
based unconventional secretory pathway for extracellular delivery of IL-1beta. EMBO 
J 30:1–11  

    24.    Eisenbarth SC, Colegio OR, O’Connor W, Sutterwala FS, Flavell RA (2008) Crucial role for 
the Nalp3 infl ammasome in the immunostimulatory properties of aluminium adjuvants. 
Nature 453:1122–1126  

    25.    Elinav E, Strowig T, Kau AL, Henao-Mejia J, Thaiss CA, Booth CJ, Peaper DR, Bertin J, 
Eisenbarth SC, Gordon JI et al (2011) NLRP6 infl ammasome regulates colonic microbial 
ecology and risk for colitis. Cell 145:745–757  

     26.    Ewald SE, Chavarria-Smith J, Boothroyd JC (2014) NLRP1 is an infl ammasome sensor for 
Toxoplasma gondii. Infect Immun 82:460–468  

     27.    Faustin B, Lartigue L, Bruey JM, Luciano F, Sergienko E, Bailly-Maitre B, Volkmann N, 
Hanein D, Rouiller I, Reed JC (2007) Reconstituted NALP1 infl ammasome reveals two-step 
mechanism of caspase-1 activation. Mol Cell 25:713–724  

    28.    Fernandes-Alnemri T, Yu J-W Datta P, Wu J, Alnemri ES (2009) AIM2 activates the infl am-
masome and cell death in response to cytoplasmic DNA. Nature 458:509–513  

    29.    Finley D (2009) Recognition and processing of ubiquitin-protein conjugates by the protea-
some. Annu Rev Biochem 78:477–513  

    30.    Franchi L, Nunez G (2008) The Nlrp3 infl ammasome is critical for aluminium hydroxide- 
mediated IL-1beta secretion but dispensable for adjuvant activity. Eur J Immunol 
38:2085–2089  

    31.    Franchi L, Stoolman J, Kanneganti TD, Verma A, Ramphal R, Nunez G (2007) Critical role for 
Ipaf in Pseudomonas aeruginosa-induced caspase-1 activation. Eur J Immunol 37:3030–3039  

    32.    Frew BC, Joag VR, Mogridge J (2012) Proteolytic processing of Nlrp1b is required for 
infl ammasome activity. PLoS Pathog 8:e1002659  

Interplay Between Autophagy and Infl ammasomes



76

      33.    Gross O, Poeck H, Bscheider M, Dostert C, Hannesschlager N, Endres S, Hartmann G, 
Tardivel A, Schweighoffer E, Tybulewicz V et al (2009) Syk kinase signalling couples to the 
Nlrp3 infl ammasome for anti-fungal host defence. Nature 459:433–436  

    34.    Gurcel L, Abrami L, Girardin S, Tschopp J, van der Goot FG (2006) Caspase-1 activation of 
lipid metabolic pathways in response to bacterial pore-forming toxins promotes cell survival. 
Cell 126:1135–1145  

    35.    Gutierrez O, Pipaon C, Inohara N, Fontalba A, Ogura Y, Prosper F, Nunez G, Fernandez- 
Luna JL (2002) Induction of Nod2 in myelomonocytic and intestinal epithelial cells via 
nuclear factor-kappa B activation. J Biol Chem 277:41701–41705  

     36.    Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T, Fitzgerald KA, Latz 
E, Moore KJ, Golenbock DT (2008) The NALP3 infl ammasome is involved in the innate 
immune response to amyloid-beta. Nat Immunol 9:857–865  

    37.    Hampe J, Franke A, Rosenstiel P, Till A, Teuber M, Huse K, Albrecht M, Mayr G, De La 
Vega FM, Briggs J et al (2007) A genome-wide association scan of nonsynonymous SNPs 
identifi es a susceptibility variant for Crohn disease in ATG16L1. Nat Genet 39:207–211  

      38.    Harris J, Hartman M, Roche C, Zeng SG, O’Shea A, Sharp FA, Lambe EM, Creagh EM, 
Golenbock DT, Tschopp J et al (2011) Autophagy controls IL-1 secretion by targeting 
Pro-IL-1 for degradation. J Biol Chem 286:9587–9597  

     39.    Homer CR, Kabi A, Marina-García N, Sreekumar A, Nesvizhskii AI, Nickerson KP, 
Chinnaiyan AM, Núñez G, McDonald C (2012) A dual role for receptor-interacting protein 
kinase 2 (RIP2) kinase activity in nucleotide-binding oligomerization domain 2 (NOD2)-
dependent autophagy. J Biol Chem 287:25565–25576  

    40.    Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR, Latz E, 
Fitzgerald KA (2009) AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating 
infl ammasome with ASC. Nature 458:514–518  

     41.    Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, Fitzgerald KA, Latz E 
(2008) Silica crystals and aluminum salts activate the NALP3 infl ammasome through phago-
somal destabilization. Nat Immunol 9:847–856  

    42.    Janeway CA, Medzhitov R (2002) Innate immune recognition. Annu Rev Immunol 20:
197–216  

    43.    Jin C, Frayssinet P, Pelker R, Cwirka D, Hu B, Vignery A, Eisenbarth SC, Flavell RA (2011) 
NLRP3 infl ammasome plays a critical role in the pathogenesis of hydroxyapatite-associated 
arthropathy. Proc Natl Acad Sci U S A 108:14867–14872  

    44.    Jounai N, Kobiyama K, Shiina M, Ogata K, Ishii KJ, Takeshita F (2011) NLRP4 negatively 
regulates autophagic processes through an association with beclin1. J Immunol 186:
1646–1655  

    45.    Juliana C, Fernandes-Alnemri T, Kang S, Farias A, Qin F, Alnemri ES (2012) Non- 
transcriptional priming and deubiquitination regulate NLRP3 infl ammasome activation. 
J Biol Chem 287:36617–36622  

     46.    Kanneganti TD, Body-Malapel M, Amer A, Park JH, Whitfi eld J, Franchi L, Taraporewala 
ZF, Miller D, Patton JT, Inohara N et al (2006) Critical role for Cryopyrin/Nalp3 in activation 
of caspase-1 in response to viral infection and double-stranded RNA. J Biol Chem 281:
36560–36568  

        47.    Kanneganti TD, Lamkanfi  M, Kim YG, Chen G, Park JH, Franchi L, Vandenabeele P, Nunez 
G (2007) Pannexin-1-mediated recognition of bacterial molecules activates the cryopyrin 
infl ammasome independent of Toll-like receptor signaling. Immunity 26:433–443  

    48.    Kanneganti TD, Ozoren N, Body-Malapel M, Amer A, Park JH, Franchi L, Whitfi eld J, 
Barchet W, Colonna M, Vandenabeele P et al (2006) Bacterial RNA and small antiviral com-
pounds activate caspase-1 through cryopyrin/Nalp3. Nature 440:233–236  

    49.    Kayagaki N, Warming S, Lamkanfi  M, Vande Walle L, Louie S, Dong J, Newton K, Qu Y, 
Liu J, Heldens S et al (2011) Non-canonical infl ammasome activation targets caspase-11. 
Nature 479:117–121  

     50.    Khare S, Dorfl eutner A, Bryan NB, Chawon Y, Radian AD, de Almeida L, Rojanasakul Y, 
Stehlik C (2012) An NLRP7-containing infl ammasome mediates recognition of microbial 
lipopeptides in human macrophages. Immunity 36:464–476  

Q. Liang et al.



77

      51.    Kofoed EM, Vance RE (2011) Innate immune recognition of bacterial ligands by NAIPs 
determines infl ammasome specifi city. Nature 477:592–595  

    52.    Kool M, Petrilli V, De Smedt T, Rolaz A, Hammad H, van Nimwegen M, Bergen IM, 
Castillo R, Lambrecht BN, Tschopp J (2008) Cutting edge: alum adjuvant stimulates 
infl ammatory dendritic cells through activation of the NALP3 infl ammasome. J Immunol 
181:3755–3759  

    53.    Kummer JA, Broekhuizen R, Everett H, Agostini L, Kuijk L, Martinon F, van Bruggen R, 
Tschopp J (2007) Infl ammasome components NALP 1 and 3 show distinct but separate 
expression profi les in human tissues suggesting a site-specifi c role in the infl ammatory 
response. J Histochem Cytochem 55:443–452  

    54.    Lamkanfi  M, Mueller JL, Vitari AC, Misaghi S, Fedorova A, Deshayes K, Lee WP, Hoffman 
HM, Dixit VM (2009) Glyburide inhibits the Cryopyrin/Nalp3 infl ammasome. J Cell Biol 
187:61–70  

      55.    Lee GS, Subramanian N, Kim AI, Aksentijevich I, Goldbach-Mansky R, Sacks DB, Germain 
RN, Kastner DL, Chae JJ (2012) The calcium-sensing receptor regulates the NLRP3 infl am-
masome through Ca2+ and cAMP. Nature 492:123–127  

     56.    Lei Y, Wen H, Yu Y, Taxman DJ, Zhang L, Widman DG, Swanson KV, Wen K-W, Damania 
B, Moore CB et al (2012) The mitochondrial proteins NLRX1 and TUFM form a complex 
that regulates type I interferon and autophagy. Immunity 36:933–946  

    57.    Levinsohn JL, Newman ZL, Hellmich KA, Fattah R, Getz MA, Liu S, Sastalla I, Leppla SH, 
Moayeri M (2012) Anthrax lethal factor cleavage of nlrp1 is required for activation of the 
infl ammasome. PLoS Pathog 8:e1002638  

    58.    Li H, Willingham SB, Ting JP, Re F (2008) Cutting edge: infl ammasome activation by alum 
and alum’s adjuvant effect are mediated by NLRP3. J Immunol 181:17–21  

    59.    Liao KC, Mogridge J (2013) Activation of the Nlrp1b infl ammasome by reduction of cyto-
solic ATP. Infect Immun 81:570–579  

    60.    Lopez-Castejon G, Luheshi NM, Compan V, High S, Whitehead RC, Flitsch SL, Kirov A, 
Prudovsky I, Swanton E, Brough D (2012) Deubiquitinases regulate the activity of caspase-1 
and IL-1beta secretion via assembly of the infl ammasome. J Biol Chem 288:2721–2733  

     61.    Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee WP, Roose-Girma M, 
Erickson S, Dixit VM (2004) Differential activation of the infl ammasome by caspase-1 adap-
tors ASC and Ipaf. Nature 430:213–218  

     62.    Mariathasan S, Weiss DS, Newton K, McBride J, O’Rourke K, Roose-Girma M, Lee WP, 
Weinrauch Y, Monack DM, Dixit VM (2006) Cryopyrin activates the infl ammasome in 
response to toxins and ATP. Nature 440:228–232  

    63.    Massey D, Parkes M (2007) Common pathways in Crohn’s disease and other infl ammatory 
diseases revealed by genomics. Gut 56:1489–1492  

     64.    Miao EA, Alpuche-Aranda CM, Dors M, Clark AE, Bader MW, Miller SI, Aderem A (2006) 
Cytoplasmic fl agellin activates caspase-1 and secretion of interleukin 1beta via Ipaf. Nat 
Immunol 7:569–575  

    65.    Munoz-Planillo R, Kuffa P, Martinez-Colon G, Smith BL, Rajendiran TM, Nunez G (2013) 
K(+) effl ux is the common trigger of NLRP3 infl ammasome activation by bacterial toxins 
and particulate matter. Immunity 38:1142–1153  

    66.    Murakami T, Ockinger J, Yu J, Byles V, McColl A, Hofer AM, Horng T (2012) Critical role 
for calcium mobilization in activation of the NLRP3 infl ammasome. Proc Natl Acad Sci U S 
A 109:11282–11287  

    67.    Muruve DA, Petrilli V, Zaiss AK, White LR, Clark SA, Ross PJ, Parks RJ, Tschopp J (2008) 
The infl ammasome recognizes cytosolic microbial and host DNA and triggers an innate 
immune response. Nature 452:103–107  

     68.    Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, Englert JA, Rabinovitch 
M, Cernadas M, Kim HP et al (2011) Autophagy proteins regulate innate immune responses 
by inhibiting the release of mitochondrial DNA mediated by the NALP3 infl ammasome. Nat 
Immunol 12:222–230  

    69.    Neiman-Zenevich J, Liao KC, Mogridge J (2014) Distinct regions of NLRP1B are required 
to respond to anthrax lethal toxin and metabolic inhibition. Infect Immun 82:3697–3703  

Interplay Between Autophagy and Infl ammasomes



78

    70.    Nour AM, Yeung YG, Santambrogio L, Boyden ED, Stanley ER, Brojatsch J (2009) Anthrax 
lethal toxin triggers the formation of a membrane-associated infl ammasome complex in 
murine macrophages. Infect Immun 77:1262–1271  

     71.    Petrilli V, Papin S, Dostert C, Mayor A, Martinon F, Tschopp J (2007) Activation of the 
NALP3 infl ammasome is triggered by low intracellular potassium concentration. Cell Death 
Differ 14:1583–1589  

    72.    Pippo N, Korkmaz A, Hytti M, Kinnunen K, Salminen A, Atalay M, Kaarniranta K, 
Kauppinen A (2014) Decline in cellular clearance systems induces infl ammasome signaling 
in human ARPE-19 cells. Biochim Biophys Acta 1843:3038–3046  

    73.    Plantinga TS, Crişan TO, Oosting M, van de Veerdonk FL, de Jong DJ, Philpott DJ, van der 
Meer JW, Girardin SE, Joosten LA, Netea MG (2011) Crohn’s disease-associated ATG16L1 
polymorphism modulates pro-infl ammatory cytokine responses selectively upon activation of 
NOD2. Gut 60(9):1229–1235  

    74.    Poeck H, Bscheider M, Gross O, Finger K, Roth S, Rebsamen M, Hannesschlager N, Schlee 
M, Rothenfusser S, Barchet W et al (2010) Recognition of RNA virus by RIG-I results in 
activation of CARD9 and infl ammasome signaling for interleukin 1 beta production. Nat 
Immunol 11:63–69  

    75.    Proell M, Gerlic M, Mace PD, Reed JC, Riedl SJ (2013) The CARD plays a critical role in 
ASC foci formation and infl ammasome signaling. Biochem J 499(3):613–621  

      76.    Py BF, Kim MS, Vakifahmetoglu-Norberg H, Yuan J (2012) Deubiquitination of NLRP3 by 
BRCC3 critically regulates infl ammasome activity. Mol Cell 49:331–338  

      77.    Ramjeet M, Hussey S, Philpott DJ, Travassos LH (2010) “Nodophagy”: new crossroads in 
Crohn disease pathogenesis. Gut Microbes 1:307–315  

    78.    Rathinam VAK, Jiang Z, Waggoner SN, Sharma S, Cole LE, Waggoner L, Vanaja SK, Monks 
BG, Ganesan S, Latz E et al (2010) The AIM2 infl ammasome is essential for host defense 
against cytosolic bacteria and DNA viruses. Nat Immunol 11:395–402  

    79.    Reubold TF, Hahne G, Wohlgemuth S, Eschenburg S (2014) Crystal structure of the leucine- 
rich repeat domain of the NOD-like receptor NLRP1: implications for binding of muramyl 
dipeptide. FEBS Lett 588:3327–3332  

    80.    Rodgers MA, Bowman JW, Fujita H, Orazio N, Shi M, Liang Q, Amatya R, Kelly TJ, Iwai 
K, Ting J et al (2014) The linear ubiquitin assembly complex (LUBAC) is essential for 
NLRP3 infl ammasome activation. J Exp Med 211:1333–1347  

      81.    Rossol M, Pierer M, Raulien N, Quandt D, Meusch U, Rothe K, Schubert K, Schoneberg T, 
Schaefer M, Krugel U et al (2012) Extracellular Ca2+ is a danger signal activating the NLRP3 
infl ammasome through G protein-coupled calcium sensing receptors. Nat Commun 3:1329  

     82.    Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, Omori H, Noda T, Yamamoto 
N, Komatsu M et al (2008) Loss of the autophagy protein Atg16L1 enhances endotoxin- 
induced IL-1beta production. Nature 456(7219):264–268  

    83.    Sauer JD, Pereyre S, Archer KA, Burke TP, Hanson B, Lauer P, Portnoy DA (2011) Listeria 
monocytogenes engineered to activate the Nlrc4 infl ammasome are severely attenuated and 
are poor inducers of protective immunity. Proc Natl Acad Sci U S A 108:12419–12424  

      84.    Schroder K, Tschopp J (2010) The infl ammasomes. Cell 140(6):821–832  
    85.    Shaw PJ, McDermott MF, Kanneganti TD (2011) Infl ammasomes and autoimmunity. Trends 

Mol Med 17:57–64  
      86.    Shi CS, Shenderov K, Huang NN, Kabat J, Abu-Asab M, Fitzgerald KA, Sher A, Kehrl JH 

(2012) Activation of autophagy by infl ammatory signals limits IL-1beta production by target-
ing ubiquitinated infl ammasomes for destruction. Nat Immunol 13:255–263  

        87.    Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, Ramanujan VK, Wolf AJ, 
Vergnes L, Ojcius DM et al (2012) Oxidized mitochondrial DNA activates the NLRP3 
infl ammasome during apoptosis. Immunity 36:401–414  

     88.    Shio MT, Eisenbarth SC, Savaria M, Vinet AF, Bellemare MJ, Harder KW, Sutterwala FS, 
Bohle DS, Descoteaux A, Flavell RA et al (2009) Malarial hemozoin activates the NLRP3 
infl ammasome through Lyn and Syk kinases. PLoS Pathog 5:e1000559  

Q. Liang et al.



79

    89.    Shoshan-Barmatz V, Ben-Hail D (2012) VDAC a multi-functional mitochondrial protein as a 
pharmacological target. Mitochondrion 12:24–34  

    90.    Song DH, Lee JO (2012) Sensing of microbial molecular patterns by Toll-like receptors. 
Immunol Rev 250:216–229  

    91.    Sutterwala FS, Haasken S, Cassel SL (2014) Mechanism of NLRP3 infl ammasome activa-
tion. Ann N Y Acad Sci 1319:82–95  

    92.    Sutterwala FS, Ogura Y, Zamboni DS, Roy CR, Flavell RA (2006) NALP3: a key player in 
caspase-1 activation. J Endotoxin Res 12:251–256  

    93.    Suzuki T, Franchi L, Toma C, Ashida H, Ogawa M, Yoshikawa Y, Mimuro H, Inohara N, 
Sasakawa C, Núñez G (2007) Differential regulation of caspase-1 activation pyroptosis and 
autophagy via Ipaf and ASC in Shigella-infected macrophages. PLoS Pathog 3:e111  

    94.    Takeuchi O, Akira S (2010) Pattern recognition receptors and infl ammation. Cell 140:
805–820  

    95.    Tigno-Aranjuez JT, Abbott DW (2012) Ubiquitination and phosphorylation in the regulation 
of NOD2 signaling and NOD2-mediated disease. Biochim Biophys Acta 1823:2022–2028  

    96.    Travassos LH, Carneiro LAM, Ramjeet M, Hussey S, Kim Y-G, Magalhães JG, Yuan L, 
Soares F, Chea E, Le Bourhis L et al (2010) Nod1 and Nod2 direct autophagy by recruiting 
ATG16L1 to the plasma membrane at the site of bacterial entry. Nat Immunol 11:55–62  

    97.    van Bruggen R, Koker MY, Jansen M, van Houdt M, Roos D, Kuijpers TW, van den Berg 
TK (2010) Human NLRP3 infl ammasome activation is Nox1-4 independent. Blood 115:
5398–5400  

    98.    Vladimer GI, Weng D, Paquette SWM, Vanaja SK, Rathinam VAK, Aune MH, Conlon JE, 
Burbage JJ, Proulx MK, Liu Q et al (2012) The NLRP12 infl ammasome recognizes Yersinia 
pestis. Immunity 37:96–107  

    99.    Warren SE, Mao DP, Rodriguez AE, Miao EA, Aderem A (2008) Multiple Nod-like receptors 
activate caspase 1 during Listeria monocytogenes infection. J Immunol 180:7558–7564  

    100.    Watanabe H, Gaide O, Petrilli V, Martinon F, Contassot E, Roques S, Kummer JA, Tschopp 
J, French LE (2007) Activation of the IL-1beta-processing infl ammasome is involved in con-
tact hypersensitivity. J Invest Dermatol 127:1956–1963  

    101.    Williams-Bey Y, Boularan C, Vural A, Huang NN, Hwang IY, Shan-Shi C, Kehrl JH (2014) 
Omega-3 free fatty acids suppress macrophage infl ammasome activation by inhibiting 
NF-kappaB activation and enhancing autophagy. PLoS One 9:e97957  

    102.    Xia X, Cui J, Wang HY, Zhu L, Matsueda S, Wang Q, Yang X, Hong J, Songyang Z, Chen ZJ 
et al (2011) NLRX1 negatively regulates TLR-induced NF-kappaB signaling by targeting 
TRAF6 and IKK. Immunity 34:843–853  

     103.    Xu H, Yang J, Gao W, Li L, Li P, Zhang L, Gong YN, Peng X, Xi JJ, Chen S et al (2014) 
Innate immune sensing of bacterial modifi cations of Rho GTPases by the Pyrin infl amma-
some. Nature 513:237–241  

    104.    Yamasaki K, Muto J, Taylor KR, Cogen AL, Audish D, Bertin J, Grant EP, Coyle AJ, Misaghi 
A, Hoffman HM et al (2009) NLRP3/cryopyrin is necessary for interleukin-1beta (IL-1beta) 
release in response to hyaluronan an endogenous trigger of infl ammation in response to 
injury. J Biol Chem 284:12762–12771  

     105.    Yang J, Xu H, Shao F (2014) The immunological function of familial Mediterranean fever 
disease protein Pyrin. Sci China Life Sci 57(12):1156–1161  

       106.    Zhao Y, Yang J, Shi J, Gong YN, Lu Q, Xu H, Liu L, Shao F (2011) The NLRC4 infl amma-
some receptors for bacterial fl agellin and type III secretion apparatus. Nature 477:596–600  

     107.    Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J (2010) Thioredoxin-interacting protein 
links oxidative stress to infl ammasome activation. Nat Immunol 11:136–140  

       108.    Zhou R, Yazdi AS, Menu P, Tschopp J (2010) A role for mitochondria in NLRP3 infl amma-
some activation. Nature 469:221–225    

Interplay Between Autophagy and Infl ammasomes



81© Springer International Publishing Switzerland 2016 
M.C. Maiuri, D. De Stefano (eds.), Autophagy Networks in Infl ammation, 
Progress in Infl ammation Research, DOI 10.1007/978-3-319-30079-5_5

      What Is the Pathobiology of Infl ammation 
to Cell Death? Apoptosis, Necrosis, 
Necroptosis, Autophagic Cell Death, 
Pyroptosis, and NETosis                     

     Rui     Kang      and     Daolin     Tang    

    Abstract     Cell death and immunity are two evolutionarily-conserved processes that 
maintain homeostasis under changing conditions in the internal and external envi-
ronment. Although these processes utilize fundamentally different machinery, cell 
death and immunity are highly interconnected and share a number of critical modi-
fi ers. Infl ammation, the body’s important immune response to injuries or infections, 
is a complex process involving various types of immune cells and signaling mole-
cules. Different types of cell death including apoptosis, necrosis, necroptosis, 
autophagic cell death, pyroptosis, and NETosis can lead to the development of dif-
ferent immune and infl ammatory responses including either immunogenic cell 
death (ICD) or tolerogenic cell death (TCD). The molecular mechanisms of ICD 
and TCD are beginning to be elucidated and have critical implications for the treat-
ment of various acute and chronic diseases. In particular, damage-associated molec-
ular patterns (DAMPs), endogenous molecules released during cell death and tissue 
injury, exhibit cytokine and chemokine activities in the regulation of the balance 
between ICD and TCD. In this chapter, recent advances in our understanding of the 
relationship between cell death, infl ammation, and DAMPs are reviewed.  

   Abbreviations 

   ACD    Accidental cell death   
  AIF    Apoptosis-inducing factor   
  AIM2    Absent in melanoma 2   
  ASC    Apoptosis-associated speck-like protein containing a CARD   
  ATG    Autophagy-related   
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  ATP    Adenosine triphosphate   
  Bak    Bcl-2 homologous antagonist/killer   
  Bax    bcl-2-like protein 4   
  BCL10    B-cell CLL/lymphoma 10   
  Bcl-2    B-cell lymphoma 2   
  Bcl-xL    B-cell lymphoma-extra large   
  BECN1    Beclin 1   
  Bid    BH3 interacting-domain death agonist   
  CTLs    Cytotoxic T lymphocytes   
  DAMPs    Damage-associated molecular patterns   
  DCC    Colorectal carcinoma   
  DRs    Death receptors   
  ENDOG    Endonuclease G   
  FADD    Fas-Associated protein with Death Domain   
  HMGB1    High mobility group box 1   
  HSPs    Heat shock proteins   
  IBD    Infl ammatory bowel disease   
  ICD    Immunogenic cell death   
  IFN    Interferon   
  IL    Interleukin   
  LAMP    Lysosomal-associated membrane protein   
  LAP    LC3-associated phagocytosis   
  LC3    Microtubule-associated protein 1 light chain 3   
  LPS    Lipopolysaccharide   
  MAPK    Mitogen-activated protein kinases   
  MDA5    Melanoma differentiation-associated protein 5   
  MLKL    Mixed lineage kinase domain-like protein   
  MPO    Myeloperoxidase   
  NADPH    Nicotinamide adenine dinucleotide phosphate-oxidase   
  NCCD    Nomenclature Committee on Cell Death   
  NDP52/CALCOCO2    Nuclear dot protein 52   
  NETs    Neutrophil extracellular traps   
  NF-κB    Nuclear factor-κB   
  NK    Natural killer   
  NLRC4    NLR family CARD domain-containing protein 4   
  NLRP1    NLR family pyrin domain containing 1   
  NLRs    NOD-like receptors   
  Omi/HTRA2    HtrA serine peptidase 2   
  PAMPs    Pathogen-associated molecular patterns   
  PARP-1    Poly ADP-ribose polymerase 1   
  PD4    Peptidylarginine deiminase 4   
  PIK3C3    Phosphatidylinositol 3-kinase, catalytic subunit type 3   
  PIK3R4    Phosphoinositide-3-kinase, regulatory subunit 4   
  PKB/AKT    Protein kinase B   
  PMA    Phorbol myristate acetate   
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  PRRs    Pattern recognition receptors   
  PtdIns3K    Phosphatidylinositol 3-kinase   
  PUMA    p53 upregulated modulator of apoptosis   
  RAGE    The receptor for advanced glycation end products   
  RB1CC1/FIP200    RB1-Inducible Coiled-Coil 1/FAK Family Kinase- 

Interacting Protein of 200 kDa   
  RCD    Regulated cell death   
  RIG-1    Retinoic acid-inducible gene 1   
  RIP3/RIPK3    Receptor-interacting serine-threonine kinase 3   
  RLRs    RIG-I-like receptors   
  ROS    Reactive oxygen species   
  SMAC/DIABLO    Second mitochondria-derived activator of caspases   
  SQSTM1/p62    Sequestosome 1   
  STAT3    Signal transducer and activator of transcription 3   
  T3SS    Type III secretion system   
  TAX1BP1    Human T-cell leukemia virus type I binding protein 1   
  TCD    Tolerogenic cell death   
  TIM3    T-cell immunoglobulin mucin 3   
  TLRs    Toll-like receptors   
  TMEM173/STING    Transmembrane protein 173   
  TNF    Tumor necrosis factor   
  TNFR1    TNF receptor 1   
  TRAIL    TNF-related apoptosis-inducing ligand   
  TUNEL    Terminal deoxynucleotidyl transferase dUTP nick end 

labeling   
  ULK1    UNC-51-like kinase 1   
  UNC5A    unc-5 homolog A   
  VPS34    Vacuolar protein sorting 34   
  WIPI1    WD repeat domain phosphoinositide-interacting protein 1   
  ZBP1/DAI    Z-DNA-binding protein 1.   

1         Introduction 

 Cell death plays a fundamental role in various physiological and pathological pro-
cesses. It is not only a universal feature of normal development and aging, but also 
fi rmly established in the pathogenesis and treatment of human disease. Although 
different types of cell death exhibit different morphological, biochemical, func-
tional, and immunological characteristics, these forms of cell death may coexist and 
be related mechanistically. In early 1970s [ 80 ,  137 ], cell death was fi rst morphologi-
cally classifi ed and cell death was divided into (1) type I cell death, namely apopto-
sis, exhibiting morphologic features of membrane blebbing, cell shrinkage, 
fragmentation of nucleus and chromosomal DNA, and chromatin condensation; (2) 
type II cell death, namely autophagy, characterized by lack of chromatin 
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condensation and extensive cytoplasmic vacuolation involving swelling of organ-
elles; and (3) type III cell death, namely necrosis, displaying plasma membrane rup-
ture, release of cytoplasmic constituents, and moderate chromatin condensation. In 
2007, 2009, 2012, and 2014,  Cell Death and Differentiation  published serial recom-
mendations of the Nomenclature Committee on Cell Death (NCCD) for cell death 
modalities, classifi cation of cell death, molecular defi nitions of cell death subrou-
tines, and essential versus accessory aspects of cell death, respectively [ 45 – 47 ,  85 ]. 
These guidelines and recommendations will be helpful in understanding the biology 
of cell death in human health and diseases including cancer, autoimmune disorders, 
neurodegenerative diseases, ischemic and infl ectional diseases, and aging. 

 According to NCCD recommendations, cell death is generally divided into acci-
dental cell death (ACD) or regulated cell death (RCD) [ 45 ]. The onset of ACD is 
extremely fast and does not usually involve specifi c molecular machinery. In con-
trast, RCD processes such as apoptosis, autophagic cell death, necroptosis, pyropto-
sis, and NETosis are dynamic and regulated by specifi c molecular machinery. The 
biochemical processes underlying genetically-controlled RCD is complex and 
requires unique initiator, effector, and signaling pathways. For example, caspase 
[ 129 ] and autophagy-related (ATG) protein [ 113 ] are essential regulators for apop-
tosis and autophagy, respectively. 

 With respect to immunological characteristics, cell death can be divided into two 
distinct types: immunogenic cell death (ICD) and tolerogenic cell death (TCD) 
(Fig.  1 ) [ 52 ]. The activity and category of molecules released from dead/dying cells 
and the manner of clearance of dead/dying cells by neighboring cells differentiate 
ICD and TCD [ 130 ,  187 ]. In particular, damage-associated molecular patterns 
(DAMPs) are endogenous molecules released by dead, dying, or injured cells that 

  Fig. 1    Immunological characteristics of cell death       
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function as danger signals to mediate infl ammatory and immunological responses 
after abnormal cell death [ 151 ]. Besides mediating ICD, DAMPs also contribute to 
TCD through redox modifi cation, suggesting a context-dependent role for DAMPs 
in cell death and infl ammation [ 63 ]. Here, we briefl y introduce the process of 
infl ammation and the notion and category of DAMPs, and focus on the pathobiol-
ogy of infl ammation to different cell death types.

2        Infl ammatory Process in Disease 

 Infl ammation is induced when innate immune cells detect infection or tissue injury. 
Infl ammation can be divided into acute infl ammation or chronic infl ammation. 
Acute infl ammation occurs faster over minutes, hours, and days, while chronic 
infl ammation occurs over a longer period of time. The principal causes of acute 
infl ammation include microbial infections (e.g., bacterial, viral, fungal, and parasitic 
infection), physical agents (e.g., trauma, irradiation, burns, or excessive cooling), 
chemical agents (e.g., corrosives, acids, alkalis, and reducing agents), foreign bodies 
(e.g., splinters, dirt, sutures, and crystal deposits), tissue necrosis (e.g., ischemic 
infarction) and hypersensitivity reactions [ 131 ]. Chronic infl ammation can be caused 
by pathogenic infection (e.g., bacterial and viral), environmental antigens (e.g., pol-
len grains and mold spores), autoimmune reaction, or persistent activation of infl am-
matory mediators [ 19 ]. Clinical characteristics of acute infl ammation include heat 
(Latin:  calor ), redness (Latin:  rubor ), swelling (Latin:  tumor ), pain (Latin:  dolor ), 
and loss of function (Latin:  functio laesa ). The Roman encyclopedist Aulus Cornelius 
Celsus documented the fi rst four cardinal signs of infl ammation 2,000 years ago, 
whereas Rudolf Virchow, a German physician who is known as the “father of mod-
ern pathology,” added loss of function as the fi fth cardinal sign of infl ammation in 
the nineteenth century. Clearly, infl ammation is normally a localized, protective host 
immunity response to eliminate microbial infection and promote repair of damaged 
tissue that is detected by the presentation of “stranger signals” and “danger signals” 
to pattern recognition receptors [ 40 ]. In contrast, excessive, inappropriate, or uncon-
trolled infl ammation has been implicated in a number of acute and chronic human 
diseases including cancer through cytokine storm, immunity dysfunction, and tissue 
damage [ 25 ]. The net effect of infl ammation in certain pathologic conditions will be 
determined by whether the disadvantages outweigh the advantages or the advantages 
outweigh the disadvantages [ 59 ]. Thus, infl ammation is a double-edged sword in a 
number of pathological processes. 

 The acute infl ammatory response is a complex process involving a cascade 
mechanism that mainly includes a vascular reaction and a cellular response [ 109 , 
 146 ]. The vascular system is the fi rst system to respond to an injury. The vascular 
reaction includes (1) increased vascular caliber that promotes blood fl ow and (2) 
structural and functional changes in the microvasculature that increase permeability, 
the leakage of plasma proteins, and emigration of leukocytes from the 
 microcirculation. In addition, endothelial cells are activated, resulting in increased 
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adhesion of leukocytes and transendothelial migration of the leukocytes. 
Granulocytes, monocytes, and lymphocytes are major leukocytes that take part in 
the infl ammatory cascade as well as consequent repair and injury. Among them, 
neutrophils, eosinophils, and monocytes can migrate to the site of infection and act 
as phagocytes to engulf and digest cellular debris and microorganisms. In addition, 
several leukocytes release not only enzymatic granules to kill pathogenic invaders, 
but also infl ammatory mediators (e.g., cytokines and chemokines) to sustain the 
infl ammatory response. In many cases, granulocytes contribute to acute infl amma-
tion, whereas monocytes and lymphocytes are responsible for chronic infl amma-
tion. Of note, induction of cell death may be of the utmost importance in infl ammation 
and immunity. Type of cell death not only controls the development, differentiation, 
and activity of immune cells, but also the strategy employed by immune cells such 
as leukocytes to remove unwanted cells from the body [ 24 ,  82 ,  140 ].  

3     Stranger and Danger Signals: PAMPs and DAMPs 

 One of the major functions of the immune system is to detect and distinguish a wide 
variety of stranger and danger signals during stress. Infection from invasive patho-
gens and sterile infl ammation from tissue injury have different origins and media-
tors in the initiation of the immune response [ 12 ]. The exogenous stranger signals 
are referred to pathogen-associated molecular patterns (PAMPs) that are the compo-
nents of microorganisms [ 67 ]. Lipopolysaccharide (LPS), the prototypical PAMP, is 
a major component of the Gram-negative bacterial membrane. Other PAMPs 
include microbial nucleic acids (e.g., DNA, dsRNA, ssRNA, and 5′-triphosphate 
RNA) and molecular structures associated with microbial envelopes (e.g., peptido-
glycans, lipoteichoic acid, fl agellin, and glycosylphosphatidylinositol) [ 2 ]. In con-
trast, the endogenous danger signals are referred to damage-associated molecular 
patterns (DAMPs), which are cell-derived molecules from self [ 107 ,  139 ]. Most 
DAMPs are proteins from the nucleus (e.g., high mobility group box 1 [HMGB1] 
and histone), cytosol (e.g., S100 and heat shock proteins [HSPs]), mitochondria 
(e.g., mitochondrial transcription factor A and formyl peptides), and plasma (e.g., 
C3a, C4a, and C5a). Several non-protein DAMPs have been identifi ed, such as ade-
nosine triphosphate (ATP), uric acid crystals, hyaluronan, heparin sulfate, RNA, 
genomic DNA, and mitochondrial DNA. Recognition and activation of PAMPs and 
DAMPs are mediated by a signifi cant number of pattern recognition receptors 
(PRRs) that are widely expressed not only in immune cells but also in non-immune 
cells. These PRRs include Toll-like receptors (TLRs), NOD-like receptors (NLRs), 
RIG-I-like receptors (RLRs), absent in melanoma 2 (AIM2)-like receptors, the 
receptor for advanced glycation end products (RAGE), and DNA/RNA sensors. As 
so-called “Signal 0 s,” PAMPs and DAMPs can activate multiple infl ammatory sig-
naling pathways (e.g., nuclear factor-κB [NF-κB], infl ammasome, signal transducer 
and activator of transcription 3 [STAT3], and mitogen-activated protein kinases 
[MAPK]) that originate from these PRRs [ 151 ]. 
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 This interplay between autophagy and DAMPs in cell injury, adaption, and death 
has recently been studied in several cells. DAMPs have a normal function inside the 
cells of origin. In healthy cells, endogenous DAMPs (e.g., HMGB1, histone, and 
HSPs) usually contribute to sustaining cellular homeostasis. Knockout of HMGB1 
and HSPs decreases autophagy and increases cell death in response to stress [ 121 , 
 152 ,  153 ]. Moreover, autophagy plays a context-dependent role in the regulation of 
DAMP release and degradation in infl ammation and death [ 182 ]. Many questions 
remain about how feedback loops between autophagy and DAMPs allow cells to 
maintain homeostasis in different cell death types.  

4     HMGB1 as the Prototypic DAMP 

 HMGB1 is the prototypic DAMP and has been established to play an essential role 
in the regulation of infection, sterile infl ammation, and other infl ammation- associated 
diseases such as cancer [ 6 ,  74 ,  78 ,  154 ]. HMGB1 is normally a nuclear architecture 
factor with DNA chaperone activity that contributes to nucleosome and genomic 
stability [ 51 ]. In addition to the nucleus, HMGB1 is located in the cytosol, mitochon-
dria, plasma, and extracellular space. HMGB1 can be either actively secreted by 
immune cells in response to PAMPs or passively released by death pathways includ-
ing necrosis, apoptosis, autophagy, pyroptosis, and NETosis (Fig.  2 ). HMGB1 is a 
late mediator of sepsis during infection [ 170 ] and an early mediator of tissue injury 
during sterile infl ammation [ 160 ]. Although oxidative stress may be a common 
mechanism that regulates HMGB1 release [ 155 ], several mechanisms have been pro-
posed to defi ne HMGB1 release in response to death. For example, HMGB1 released 
during necrosis and necroptosis is positively regulated by receptor- interacting serine-
threonine kinase 3 (RIP3/RIPK3), poly [ADP-ribose] polymerase 1 (PARP-1), and 
cathepsin [ 33 ,  89 ,  189 ], whereas HMGB1 released during apoptosis in dendritic cells 
is positively regulated by caspase3/7 and mitochondrial reactive oxygen species 
(ROS) production [ 79 ]. In addition, the ATG5- mediated autophagy and pathogenic 
autophagic cell death pathway is required for HMGB1 secretion from cancer cells, 
fi broblasts, and macrophages in response to toxin, starvation, and LPS [ 36 ,  152 , 
 158 ]. Inhibition of caspase 1 activity can diminish HMGB1 release and the infl am-
matory response during PAMP- and DAMP- induced pyroptosis [ 73 ,  103 ]. The 
release of HMGB1 during NETosis is regulated by autophagy [ 72 ,  112 ], suggesting 
interplay between autophagy and death in the regulation of DAMP release.

   The redox status of HMGB1 may decide whether cell death is ICD or TCD [ 149 ]. 
Reduced HMGB1 with cytokine and chemokine activity has been shown to contrib-
ute to induction of the infl ammatory signaling pathway and autophagy [ 150 ,  167 ]. In 
contrast, oxidized HMGB1 loses immune activity at the late stage of the infl amma-
tory response [ 167 ] and facilitates TCD during apoptosis [ 79 ]. Apart from this, the 
activity of extracellular HMGB1 may be regulated by its receptors and cleavage. For 
instance, binding with TLRs and RAGE increases the immune  activity of HMGB1, 
whereas binding with CD24 and T-cell immunoglobulin mucin 3 (TIM3) diminishes 
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the immune activity of HMGB1 (Fig.  2 ) [ 20 ,  156 ]. The synergistic effect of HMGB1 
with other substances such as LPS, DNA, histone, and IgG has been shown to modu-
late the host infl ammatory response [ 161 ]. Collectively, HMGB1 is an inducer, sen-
sor, mediator, and effector of infl ammation during infection and tissue injury.  

5     Apoptosis and Infl ammation 

5.1     The Process of Apoptosis 

 In 1972, the pathologists Kerr, Wyllie, and Currie coined the term “apoptosis” for 
regulated cell death during the development of an organism that proceeds through 
active, controlled morphological changes [ 80 ]. In addition to playing a physiologi-
cal role, death by apoptosis facilitates loss of cells in a variety of pathological condi-
tions such as DNA damage and accumulation of misfolded proteins and infection. 
Apoptosis is triggered through three major “extrinsic,” “intrinsic,” and “cytolytic” 
pathways [ 39 ]. Molecular crosstalk between extrinsic, intrinsic, and cytolytic apop-
tosis pathways is a highly-regulated process. 

Active secretion Passive release

HMGB1

Receptor

TLR
(–2,4,9) RAGE CD24 TIM-3

ICD ICD TCD TCD

  Fig. 2    Receptor-mediated 
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 The extrinsic pathway is mediated by activation of pro-apoptotic transmembrane 
death receptors (DRs) when they recognize corresponding pro-apoptotic ligands 
[ 8 ]. The DRs are members of the tumor necrosis factor (TNF) receptor gene super-
family, including the Fas receptor (FasR/CD95), TNF receptor 1 (TNFR1), lympho-
toxin receptor, DR3, and DR4/DR5. Apart from DRs, the receptors unc-5 homolog 
A (UNC5A) and deleted in colorectal carcinoma (DCC) have been demonstrated to 
mediate the alternative extrinsic pro-apoptotic pathway [ 110 ]. The signaling- 
mediated crosstalk between DRs, UNC5A, and DCC remains unclear. 

 The intrinsic pathway is mediated by mitochondria [ 169 ]. The mitochondrial 
pathways of apoptosis are usually triggered by signals from DNA damage, chemo-
therapy, irradiation, and cell-survival factor depletion. These stimuli can cause 
structural and functional changes of the inner mitochondrial membrane, which then 
induce the opening of mitochondrial permeability transition pores, loss of mito-
chondrial transmembrane potential, and release of mitochondrial apoptosis- inducing 
factor [ 147 ]. Cytochrome c [ 100 ], second mitochondria-derived activator of cas-
pases (SMAC/DIABLO) [ 34 ], and HtrA serine peptidase 2 (Omi/HTRA2) [ 163 ] are 
released from mitochondria into the cytosol at the early stage of apoptosis and can 
activate effector caspases to induce apoptosis. Omi/HTRA2 also promotes the 
caspase- independent apoptosis pathway through cleavage of cytoskeletal proteins 
[ 57 ]. In addition, apoptosis-inducing factor (AIF) [ 27 ,  145 ] and endonuclease G 
(ENDOG) [ 96 ] is released from mitochondria to the nucleus at the later stage of 
apoptosis, which promotes apoptosis in a caspase-independent manner. The pro- 
(e.g., Bax, Bak, Bid, and PUMA) and anti-(e.g., Bcl-2 and Bcl-xL) apoptotic Bcl-2 
family members are critical regulators of the mitochondrial apoptotic pathway 
through controlling mitochondrial transmembrane potential [ 180 ]. 

 The cytolytic pathway is mediated by cytotoxic T lymphocytes (CTLs) and natu-
ral killer (NK) cells and is an important defense mechanism that kills viral and 
cancer cells [ 159 ,  162 ]. The pore-forming protein perforin is the one of main effec-
tor molecules of CTLs and NK cells. Perforin associated with granzymes is the 
major component of cytotoxic granules. Once a target cell is recognized, the perfo-
rin pores open and allow perforin/granzymes to enter the target cell and induce 
apoptosis. This perforin/granzyme-mediated cytolytic pathway requires classical 
components of the mitochondrial cell-death pathway such as effector caspases and 
pro-apoptotic Bcl-2 family members (e.g., Bid).  

5.2     The Pathobiology of Infl ammation to Apoptosis 

 Apoptotic cell death is generally recognized as a non-immunogenic, non- 
infl ammatory process. Firstly, apoptotic cells have an intact plasma membrane and 
don’t rapidly release their intracellular contents. Secondly, apoptosis of infl amma-
tory cells, including epithelial cells and dendritic cells, can diminish the production 
and activity of pro-infl ammatory cytokines and DAMPs such as HMGB1 and inter-
leukin (IL)-1β [ 66 ,  79 ]. Thirdly, phagocytic clearance of apoptotic cells plays a 
signifi cant role in the resolution of infl ammation [ 58 ]. Phagocytes include 
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macrophages, neutrophils, monocytes, and dendritic cells [ 42 ]. The initiation of 
successful phagocytosis generally depends on four steps [ 125 ,  126 ]: (1) recruitment 
of phagocytes to the site of infection and injury when apoptotic cells release “fi nd-
me” signals; (2) phagocyte-mediated engulfment of apoptotic cells through upregu-
lation of “eat-me” signals and downregulation of “don’t eat me” signals; (3) the 
maturation of phagosomes and subsequent fusion with lysosomes to generate pha-
golysosomes, in which cell corpses are degraded, and (4) suppression or initiation 
of the innate immune response, depending on the stimuli. In this way, phagocytosis 
protects tissue against harmful exposure to the infl ammatory contents of dying cells, 
promotes tissue repair and wound healing, and prevents autoimmunity. Apart from 
phagocytes, autophagy has the ability to directly clean apoptotic cells during embry-
onic development, suggesting a physiological role of autophagy in development 
[ 123 ]. Oxidative stress-mediated interplay between autophagy and phagocytosis 
has been important for the clearance of bacterial and apoptotic cells [ 168 ]. 

 Apoptosis may be not only a TCD process, but also an ICD process arising from 
an increased production of apoptosis and/or impaired clearances. Apoptotic DNA 
fragmentation is a key feature of apoptosis. Excessive apoptosis can directly lead to 
release of nuclear DAMPs including DNA, histone, and HMGB1 [ 10 ,  21 ]. 
Interestingly, DNA and histone may promote phagocytosis [ 53 ], whereas HMGB1 
is a negative regulator of phagocytosis [ 98 ]. Extracellular HMGB1 can bind phos-
phatidylserine in apoptotic neutrophils or integrin α ν β 3  in phagocytic macrophages, 
which inhibits the phagocytosis of apoptotic cells [ 44 ,  98 ]. These fi ndings suggest 
that HMGB1 can inhibit phagocytosis-mediated anti-infl ammatory responses dur-
ing apoptosis. Increased apoptosis of professional phagocytes may lead to impaired 
clearance of apoptotic cells. Accumulating evidence suggests that certain DAMPs 
are powerful immunological adjuvants that contribute to ICD-mediated anticancer 
therapy [ 63 ,  84 ,  88 ]. ICD involves several steps. Firstly, DAMPs such as calreticulin 
[ 119 ], HMGB1 [ 7 ], HSP70/HSP90 [ 49 ,  142 ], and ATP [ 50 ] are exposed to cell 
membrane or released into the extracellular space from proapoptotic, postapoptotic, 
and/or necrotic cells. Secondly, PPRs such as CD91, TLR4, and P2X7 are present 
on dendritic cells and can recognize these DAMPs. Finally, this recognition between 
DAMPs and PRRs has multiple signifi cant functional roles, including the clearance 
of dying cells, presentation of tumor antigens, and production of infl ammasome- 
dependent proinfl ammatory cytokines. These models should also allow assessment 
of other infl ammation-associated diseases.   

6     Necrosis and Infl ammation 

6.1     The Process of Necrosis 

 Necrosis has been long considered an accidental, passive, and type III cell death 
which lacks the morphological characteristics of apoptosis or autophagy and fol-
lows overwhelming stress such as heat shock, osmotic shock, hypoxic injury, 
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pressure disruption, mechanical stress, and freeze-thawing [ 188 ]. It recently became 
clear that necrosis is not only accidental, but also regulated and programmed [ 47 , 
 165 ]. Recently, the term “necroptosis” has been used to describe the process of 
programmed necrosis. Necroptosis can be triggered in multiple cell types by ligands 
for DR, Toll-like receptors (e.g., TLR-2, -3, -4, -5 and -9), DNA, and/or RNA sen-
sors (e.g., Z-DNA-binding protein 1 [ZBP1/DAI], RIG-1 and melanoma 
differentiation- associated protein 5 [MDA5]) and interferon (IFN) receptors [ 70 , 
 166 ]. In particular, TNFα and TNF-related apoptosis-inducing ligand (TRAIL), the 
same ligands that activate death receptor-mediated apoptosis, induce necroptosis 
when the activation of caspase-8 is inhibited in genetic (e.g., knockout of caspase-8 
or FADD) and pharmacological (e.g., ZVAD-FMK) ways [ 71 ,  172 ]. Like necrosis, 
necroptosis is characterized by early loss of plasma membrane integrity, leakage of 
intracellular contents, and organelle swelling. Although they lack typical apoptotic 
morphological characteristics, necroptotic cells are usually terminal deoxynucleoti-
dyl transferase dUTP nick end labeling (TUNEL)-positive. ATP depletion, accumu-
lated ROS, and increased permeability of cellular membranes contribute to necrosis 
and necroptosis. At the molecular level, RIP1/RIPK1, RIP3/RIPK3, and mixed lin-
eage kinase domain-like protein (MLKL) are three major regulators and mediators 
of necroptosis [ 56 ,  115 ,  118 ,  144 ]. The function of RIP1 kinase, an important 
upstream regulator of necroptosis, can be regulated intricately by several posttrans-
lational modifi cation including phosphorylation and ubiquitination [ 22 ]. Following 
RIP1/RIPK1 activation, it binds to RIP3/RIPK3 and then forms necrosome, a func-
tional complex required for necroptosis [ 95 ,  166 ]. MLKL, the downstream compo-
nent of necroptosis, can be phosphorylated by RIP3/RIPK3 and then recruited to the 
necrosome through its interaction with RIP3/RIPK3 [ 115 ,  144 ]. Finally, MLKL 
translocates to the plasma and cytoplasmic membranes, where it modulates ion 
channel activities and Ca 2+  infl ux to lead to necrosis [ 17 ]. Collectively, necroptosis 
is a programmed and actively-regulated process under specifi c conditions.  

6.2     The Pathobiology of Infl ammation to Necrosis 

 Much has been learned about the critical role of necrosis in infl ammation. The 
release of intracellular contents after cellular membrane damage is the cause of a 
sterile infl ammatory response in necrosis and necroptosis. Many DAMPs, including 
protein and non-protein DAMPs released from accidental necrotic cells, have been 
described. For example, nuclear DAMPs including HMGB1, histones, and genomic 
DNA have been observed in necrotic tissues and serum from patients with infl am-
matory diseases [ 21 ,  74 ,  75 ,  135 ]. Mitochondrial DAMPs, including mitochondrial 
DNA, are emerging biomarkers of infection and tissue ischemia-reperfusion injury 
[ 183 ]. Several DAMPs including HMGB1, S100A9, IL-33, and mitochondrial DNA 
have been associated with necroptotic conditions in vitro and in vivo [ 37 ,  83 ,  89 ], 
but the mechanisms behind these immune effects remain unclear and require further 
investigation. Necroptosis in the absence of caspase might affect the immunological 
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activity of released DAMPs in infl ammatory disease. In addition, many productions 
(e.g., TNFα and IFN) from infl ammatory cells such as macrophages and dendritic 
cells can cause tissue necrosis and necroptosis, suggesting a feed-forward loop 
between infl ammation and necrosis. 

 More importantly, inhibition of necroptosis by both pharmacological inhibitors 
(e.g., necrostatin-1 and necrosulfonamide) and genetic knockout of critical regula-
tors (e.g., RIP13/RIPK1, RIP3/RIPK3, and MLKL) could reduce, delay, or prevent 
the development of pathology in mouse models of numerous infl ammation- 
associated diseases [ 26 ,  28 ,  128 ,  144 ,  148 ]. These diseases include acute ischemia 
reperfusion injury in the brain, heart, retina, and kidney; traumatic brain injury; 
stroke; retinal detachment; age-related macular degeneration; necrotizing pancreati-
tis; atherosclerosis; infl ammatory bowel disease; acute liver failure and injury; ste-
atohepatitis; vaccinia virus infection; acute peritonitis; systemic infl ammatory 
response syndrome; and transplant rejection. Thus, interference with necroptosis 
might provide therapeutic benefi ts to human diseases involving infl ammation and 
cell death [ 97 ,  186 ].   

7     Autophagy and Infl ammation 

7.1     The Process of Autophagy 

 The term “autophagy” was coined in 1963 by Christian de Duve, who used electron 
microscopy to observe the ultrastructure in rat liver hepatocytes with autophagic vacu-
olization [ 176 ]. Currently, autophagy is a lysosome-dependent degradation system 
important in sustaining cellular homeostasis [ 23 ]. At least three major types of 
autophagy have been identifi ed: (1) Macroautophagy is characterized by the forma-
tion and maturation of several membrane structures including the phagophore, 
autophagosome, and autolysosme, which allow the delivery of a large number of dif-
ferent cargos such as cytosolic components, proteins, and organelles into the lyso-
some for degradation. (2) Chaperone-mediated autophagy is responsible for the 
degradation of proteins carrying KFERQ-like motif. This process requires HSC70 
chaperone-mediated recognition and subsequent lysosomal-associated membrane 
protein (LAMP)-2A-mediated translocation across lysosomes for degradation. (3) 
Microautophagy is mediated by the direct engulfment of cytoplasmic components 
into the lysosome. 

 Macroautophagy (hereafter referred to as autophagy), the most well-studied 
type, is primarily regulated by ATG proteins [ 177 ]. These ATG proteins can form 
several functional complexes involved in different stages of autophagy [ 9 ,  41 ]. In 
mammals, these complexes include: (1) UNC-51-like kinase 1 (ULK1) kinase com-
plex containing the core proteins ULK1 (or ULK2), ATG13, and RB1CC1/FIP200, 
which is required for the induction of autophagosome formation [ 62 ,  69 ]; (2) the 
Phosphatidylinositol 3-kinase (PtdIns3K) complex containing the core proteins 
PIK3C3/VPS34, PIK3R4/p150, BECN1 and ATG14, which is required for  induction 
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of the nucleation of the phagophore; (3) ATG9 and its cycling system containing the 
core proteins ATG9, ATG2, and WIPI1/2, which contributes to the elongation of the 
phagophore; (4) The ATG12–ATG5 conjugation system containing the core pro-
teins ATG5, ATG12, ATG7, ATG10, and ATG16L1, which is required for phago-
phore expansion by membrane addition; and (5) The Ubl LC3 conjugation system 
containing the core proteins microtubule-associated protein 1 light chain 3 (LC3, a 
homolog of yeast Atg8), ATG3, ATG4, and ATG7, which is also required for phago-
phore expansion by membrane addition. However, the role of ATG proteins at the 
stage of autolysosome formation, degradation, and effl ux remains unknown. 

 Induction of autophagy is an important cellular stress response that enables cells 
to catabolize unused proteins and damaged organelles for recycling and reuse to 
promote survival [ 87 ,  116 ]. The term “autophagic cell death” was originally defi ned 
as a morphological change of a type II cell death accompanied by large-scale 
autophagic vacuolization of the cytoplasm [ 86 ]. In addition to being associated with 
the appearance of autophagy, cell death can be trigged by abnormal autophagy 
[ 101 ]. Recent studies indicate that excessive or uncontrolled levels of autophagy 
can kill cells under some conditions, especially in the absence of an intact apoptosis 
pathway [ 104 ]. A recent study suggests that Draper, the  Drosophila melanogaster  
orthologue of the Caenorhabditis elegans engulfment receptor CED-1, functions to 
separate autophagy associated with cell death from autophagy leading to cell sur-
vival [ 108 ]. In particular, “autosis” was identifi ed as a novel form of autophagy- 
dependent and non-apoptotic cell death by Beth Levine in 2013 [ 102 ]. Different 
from other cell death pathways, autosis has several special morphological features 
such as focal plasma membrane rupture, enhanced cell substrate adhesion, focal 
ballooning of the perinuclear space, and dilation and fragmentation of the endoplas-
mic reticulum [ 102 ]. This process requires the core autophagy machinery and 
plasma membrane Na + /K + -ATPase in response to autophagy-inducing peptides, 
starvation, and hypoxia-ischemia [ 102 ]. It remains to be determined whether Na + /
K + -ATPase is a casual factor in autophagic cell death.  

7.2     The Pathobiology of Infl ammation to Autophagy 

 Autophagy-mediated anti-infl ammatory responses are involved in several different 
pathways [ 30 – 32 ,  93 ,  94 ,  114 ]: (1) Direct elimination of microorganisms by xenoph-
agy. Xenophagy is a form of selective autophagy that directly takes up and degrades 
cytosolic invasive pathogens (such as viruses, bacteria, and protozoa) [ 3 ]. This pro-
cess requires specifi c adaptor proteins such as sequestosome 1 (SQSTM1/p62), 
neighbor of Brca1 gene (NBR1), nuclear dot protein 52 (NDP52/CALCOCO2), 
human T-cell leukemia virus type I binding protein 1 (TAX1BP1), and optineurin to 
recognize molecular tags present on invading microorganisms and translocate to a 
double membrane autophagosome. In vivo studies from autophagy-defi cient mice 
have confi rmed the importance of xenophagy in the clearance of pathogens and pre-
vention against infection. (2) Direct elimination of microorganisms by LC3- associated 
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phagocytosis (LAP). LAP is an autophagic-phagocytosis “hybrid” process with 
 characteristics of phagocytosis and autophagy. LAP utilizes autophagic machinery to 
selectively degrade pathogens and cellular corpses from apoptotic, necrotic, and 
necroptotic cells in a single-membrane phagosome [ 105 ]. This process requires cer-
tain ATG proteins such as LC3, BECN1, PI3KC3, ATG5, and ATG7, but not ULK1 
[ 105 ]. In addition, MORN2 (MORN repeat-containing protein) has recently been 
identifi ed to promote the recruitment of LC3 to phagosomes in LAP [ 1 ]. 
(3) Suppression of infl ammasome-dependent IL-1β activation. Knockout of ATG16L1, 
ATG7, and ATG5 in mice increases infection-mediated sepsis and infl ammasome-
dependent IL-1β activation [ 133 ]. Mitophagy is a process in which mitochondria are 
targeted for degradation via the autophagy pathway [ 179 ]. Mitophagy defi ciency 
results in the accumulation of damaged mitochondria and increased ROS production. 
This in turn activates infl ammasome-dependent IL-1β release as well as Type 1 IFN 
production [ 117 ,  120 ,  185 ]. In addition, autophagy inhibits infl ammasome activation 
by direct degradation of pro-IL-1β and SQSTM1/p62 stability [ 55 ,  91 ]. Autophagy 
defi ciency leads to HMGB1-DNA complex- induced AIM2 infl ammasome activation, 
suggesting a potential role of autophagy in inhibition of the activity of DAMP com-
plex [ 99 ]. (4) Suppression of calpain-dependent IL-1α activation. Macrophages from 
autophagy-defective mice secrete high levels of IL-1α in a calpain-dependent manner. 
Interestingly, infl ammasome activation is not required for this process [ 18 ]. (5) 
Suppression of the NF-κB pathway. B-cell CLL/lymphoma 10 (BCL10)-containing 
complex is an important regulator of NF-κB activation by T- and B-cell receptors. 
Autophagy not only inhibits BCL10-containing complex formation, but also directly 
degrades BCL10 to reduce NF-κB activation in antigen-activated T cells [ 122 ]. (6) 
Degradation of HMGB1. Several Chinese herbs (Tanshinone IIA sodium sulfonate 
and epigallocatechin gallate) with anti-infl ammatory activity can induce autophagy-
dependent HMGB1 degradation in macrophages [ 184 ]. (7) Inhibition of TMEM173/
STING- dependent type I IFN production. LC3 and ATG9a can co-localize with trans-
membrane protein 173 (TMEM173/STING) and inhibit type I IFN production after 
dsDNA stimulation [ 132 ]. In addition, ULK1-mediated TMEM173/STING phos-
phorylation is a negative regulator of type I IFN production [ 81 ]. 

 Autophagy also has the ability to promote proinfl ammatory cytokine expression 
and release in immune cells: (1) Affection of PRR-mediated infl ammation signal-
ing. As ligands of PRRs, PAMPs and DAMPs can induce autophagy, which in turn 
triggers negative or positive feedback control of the immune response by regulating 
cytokine release [ 151 ]. For example, autophagy promotes TLR9 signaling in B cells 
and increases type I IFN production in plasmacytoid dendritic cells [ 134 ]. (2) 
Secretion of immune mediators, including IL-1β and DAMPs. In addition to inhibi-
tion of IL-1β release, autophagy as well as LAP also promotes IL-1β release [ 36 ]. 
These fi ndings suggest a complex role of autophagy in the regulation of IL-1β pro-
cesses and production. The secretion of DAMPs is mediated by a non-classical or 
unconventional secretory route in which they don’t use the endoplasmic reticulum- 
to- Golgi membrane pathway [ 38 ,  48 ]. Autophagy has been shown to increase 
release of DAMPs (e.g., HMGB1, ATP, and DNA) in immune and non-immune 
cells by unconventional secretory pathways [ 36 ,  152 ,  171 ]. 

 In addition, interplay between autophagy and other cell death pathways such as 
apoptosis, necroptosis, and NETosis may infl uence the infl ammatory response. In 
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many cases, autophagy inhibits apoptosis by degradation of activated caspase, whereas 
apoptosis blocks autophagy by cleavage of ATGs such as ATG5, BECN1, and ATG16L 
[ 77 ,  104 ]. In contrast, autophagy defi ciency in infl ammatory cells contributes to apop-
tosis and necrosis and worsens efferocytosis [ 157 ]. Another example is that autophagy 
promotes monosodium urate crystal-induced HMGB1 release by NETosis [ 72 ,  112 ] 
In addition, positively-regulated necroptosis by autophagy may contribute to DAMP 
release and infl ammatory cell death in endothelial and cancer cells [ 13 ].   

8     Pyroptosis and Infl ammation 

8.1     The Process of Pyroptosis 

 The term “pyroptosis” was originally coined to indicate proinfl ammatory (=“pyro”) 
programmed cell death (“=ptosis”) during bacterial infection in macrophages [ 15 ]. 
Currently, it refers to a regulated form of cell death in immune cells mediated by the 
activation of infl ammasome [ 11 ]. Infl ammasome, a multi-protein oligomer, is acti-
vated by PAMPs (e.g., LPS and bacterial fl agellin) and DAMPs (e.g., ATP, uric acid, 
DNA, and RNA) and triggers the activation of caspase-1 and caspase-11 and fi nally 
the release of proinfl ammatory cytokines (e.g., IL-1β, IL-18, IL-33, and HMGB1) 
[ 11 ,  136 ]. Morphological characteristics of pyroptosis include cytoplasmic swell-
ing, DNA fragmentation, and pore formation. In contrast to apoptosis, the formation 
of pyroptotic DNA fragmentation in pyroptosis is independent of caspase-activated 
DNase. Infl ammasomes are divided into NLRs (e.g., NLRP1, NLRP3, and NLRC4) 
and non-NLRs (e.g., AIM2) [ 106 ,  136 ]. NLRs have common structural features 
with a nucleotide-binding domain and a C-terminus leucine-rich repeat. NLRP1 is 
activated by bacterial toxins and its activity is negatively regulated by anti-apoptotic 
Bcl-2 proteins such as Bcl-2 and Bcl-xL. NLRP3 is the most-studied infl ammasome 
and becomes activated by extracellular ATP, crystalline, monosodium urate, alum, 
silica, asbestos, low intracellular potassium, or high intracellular ROS concentra-
tions [ 92 ]. NLRC4 is activated by Gram-negative bacteria possessing a functional 
T3SS or T4SS, such as  Salmonella typhimurium ,  Legionella pneumophila , and 
 Pseudomonas aeruginosa . In non-NLR infl ammasomes, AIM2 is activated by from 
cytosolic bacterial, viral, and host dsDNA [ 61 ]. The direct interaction between 
AIM2 and NLRs has not been established in disease.  

8.2     The Pathobiology of Infl ammation to Pyroptosis 

 An important innate immune effector mechanism, pyroptosis facilitates the clear-
ance of invading intracellular pathogens. Several microorganisms (e.g.,  Salmonella 
enterica Typhimurium ,  Legionella pneumophila ,  Burkholderia thailandensis , the 
infl uenza virus, and  Shigella ) and their components can directly induce the activa-
tion of caspase-1 and infl ammasome-mediated IL-1β and IL-18 production, which 
limit systemic infection. In contrast, increasing evidence indicates that 
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infl ammasome contributes to the pathogenesis of several infl ammatory diseases such 
as diabetes, infl ammatory bowel disease (IBD), rheumatoid arthritis, atherosclerosis, 
and pancreatitis. For example, NALP3 infl ammasome-mediated IL-1β production 
from infi ltrated macrophages in the pancreas can cause death of pancreatic β cells 
and subsequent diabetes [ 68 ]. Moreover, ROS production during apoptosis or 
mitophagy defi ciency in pancreatic β cells also accelerates NALP3 infl ammasome 
activation and IL-1β production, as well as the expression of chemotactic factors 
[ 141 ,  173 ]. This further worsens immune-cell infi ltration and pancreatic β cell dam-
age. NLRP3-mediated caspase-1 activation is unregulated in adipose- tissue and 
facilitates insulin signaling [ 164 ]. NLRP3- and NLRC4-dependent infl ammasomes 
contribute to intestinal host defense against microbiota through promoting epithelial 
cell repair [ 43 ]. In contrast, activation of infl ammasome promotes dextran sodium 
sulfate-induced colitis as well as colon cancer associated with IBD by inducing the 
excessive production of proinfl ammatory cytokines [ 181 ]. Fatty acids induce sterile 
infl ammation in atherosclerosis partly by NLRP3-induced IL-1β-production [ 35 ]. 
Genetic deletion of caspase-1, ASC, and NLRP3 protects against experimental acute 
pancreatitis and chronic obesity-induced pancreatic damage [ 60 ], suggesting that 
infl ammasome initiates infl ammation in pancreatic injury. 

 The regulatory mechanisms of infl ammasome activation is extremely complex 
and facilitate a balanced infl ammasome-mediated immune response in disease 
[ 124 ]. Double-stranded RNA-dependent protein kinase (PKR) is a serine/threonine 
protein kinase that is activated by autophosphorylation after binding to dsRNA. PKR 
activation is implicated in infl ammation and immune dysfunction through its regu-
lation of several infl ammation (e.g., mitogen-activated protein kinases, interferon 
regulatory factor 3, NF-κB), apoptosis, and autophagy pathways. Moreover, activa-
tion of PKR is implicated in the crosstalk between infl ammasome, DAMP release, 
and cell death [ 76 ]. The release of HMGB1 is signifi cantly decreased in macro-
phages from PKR −/−  mice in response to multiple pyroptosis-associated stimuli such 
as ATP, monosodium urate, adjuvant aluminium, and live Escherichia coli [ 103 ]. As 
a newly-identifi ed infl ammasome component, PKR can sustain the structure and 
function of NLRP3, NLRP1, AIM2, and NLRC4 during infl ammasome activation. 
Given that autophagy generally acts as an inhibitor of infl ammasome activation, the 
mechanism of infl ammasome components, including PKR coordinating autophagy 
and pyroptosis in infl ammatory cell responses to infection, remains to be explored. 
In addition, HMGB1 can be specifi cally processed to create an active A-box peptide 
by caspase-1, but not other caspases (-2, -3, -5, -7, -9 or -11) [ 90 ].   

9     NETosis and Infl ammation 

9.1     The Process of NETosis 

 Neutrophils, the most common type of white blood cell, provide the fi rst line of 
defense of the innate immune system that protects the host from infection. Several 
mechanisms have been proposed to explain the activity and function of neutrophils 
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in infection. Neutrophils have been well-demonstrated to kill and digest pathogens 
by phagocytosis and respiratory burst [ 138 ]. Neutrophils can not only engulf patho-
gens, but also kill them outside of the cell by neutrophil extracellular traps (NETs). 
NETs are the process by which neutrophils release extracellular web-like DNA-
protein structures to capture and kill pathogens and then prevent the spread of infec-
tion. This process was fi rst observed in neutrophils following treatment with PMA 
or interleukin-8 (IL-8) by Volker Brinkmann, Arturo Zychlinsky and colleagues in 
2004 [ 16 ]. We now know that it is a form of regulated cell death, subsequently 
coined “NETosis” [ 143 ,  178 ]. In addition to NETosis, vesicular secretion is also 
responsible for neutrophils rapidly expelling their nuclear contents. NETosis, dis-
tinct from either necrosis or apoptosis, occurs not only in neutrophils, but also in 
other non-neutrophils including endothelial and cancer cells [ 29 ,  127 ]. NETs are 
generated in response to a number of pathological, physiological, and pharmacologi-
cal stimuli such as pro-infl ammatory stimuli (e.g., LPS, IL-8, and TNF), infections 
(e.g., microorganisms and pathogens), hypoxia, phorbol esters, or calcium 
ionophores. 

 The signaling cascade that triggers NETosis is known to involve several key steps, 
including the generation of ROS by NADPH oxidase, translocation of the granular 
enzymes neutrophil elastase and myeloperoxidase (MPO) to the nucleus, and the pro-
duction of histone citrullination by peptidylarginine deiminase 4 (PD4) [ 14 ]. This 
dynamic process is positively regulated by several kinases such as protein kinase C, 
MAPK, and protein kinase B (PKB/AKT). Of note, PD4-mediated citrullination of 
H3 is often observed during NET formation and is a widely-used marker for NETosis 
monitoring in vitro. PD4 knockout mice exhibit impaired NETosis and are highly 
susceptible to some severe skin infections, but not lung infection and arthritis [ 14 ,  54 ]. 
These fi ndings suggest that PD4 may play a tissue-dependent role in the regulation of 
NETosis. PD4-independent NETosis may exist and needs further identifi cation [ 111 ].  

9.2     The Pathobiology of Infl ammation to NETosis 

 Apoptosis is essential for neutrophil functional shutdown; this process ensures that 
the cellular membrane remains intact and therefore prevents the release of granule 
contents and oxygen metabolites to damage tissue. Phagocytosis of apoptotic neu-
trophils by tissue macrophages is a mechanism to resolve infl ammation. Chronic 
infl ammation may result from an impaired ability of macrophages to induce phago-
cytosis of apoptotic neutrophils. 

 In addition, aberrant NETosis formation and impaired NET degradation may 
cause release and activation of infl ammatory nuclear DAMPs (e.g., histone, DNA, 
and HMGB1) and granule components in tissue injury [ 127 ]. The release of these 
molecules during NETosis is positively-regulated by autophagy [ 72 ,  112 ], whereas 
DNase1 enzyme can degrade NETs. Once released, nuclear DAMPs induce pro- 
infl ammatory and toxic responses in vivo and in vitro [ 174 ,  175 ]. Activation of 
TLRs (e.g., TLR2, TLR4, and TLR9) and NLRP3 infl ammasome mediate the activ-
ity of nuclear DAMPs [ 4 ,  64 ,  65 ,  174 ]. NETosis-associated DAMP release and tis-
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sue damage have been demonstrated to be involved in the pathologies of several 
infl ammatory and autoimmune disorders such as systemic lupus erythematosus, 
rheumatoid arthritis, asthma, vessel vasculitis, and psoriasis [ 14 ]. Circulating levels 
of DNA, histones, HMGB1, and nucleosomes may be useful candidate biomarkers 
in human diseases [ 5 ,  21 ].   

10     Conclusions 

 The infl ammatory response to cell death is complex and is likely dependent on 
stimuli, cell type, stage, and interplay between cells and their environment. This 
complexity needs further study to defi ne settings in which cell death acts potently to 
either promote or inhibit the infl ammatory response. In many cases, apoptosis and 
autophagy are forms of TCD, whereas necrosis/necroptosis, pyroptosis, and 
NETosis are forms of ICD (Fig.  1 ). In some cases, apoptosis and autophagy can 
cause ICD (Fig.  1 ). The category of DAMPs released from different cell death path-
ways and their activity, function, modifi cation, as well as receptors will decide 
whether the cell death is TCD or ICD. Autophagy generally is an important stress 
response promoting cell survival, although autophagic cell death is recognized now 
in some cases. Aberrant cell death in immune cells or surrounding cells may limit 
or amplify the infl ammatory response. In the future, biochemical and structural 
studies are needed to explore the underlying molecular mechanisms of DAMP 
release and how that death infl uences surrounding tissues and global immune 
responses. An improved understanding of the molecular mechanism of the infl am-
matory response has led to important advances in the treatment of chronic and acute 
diseases. However, infl ammation is a dynamic process which is orchestrated by 
many signaling molecules, and targeting one or a few may not be enough.     
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    Abstract     Autophagy is a catabolic process consisting in the formation of cytoplas-
mic vacuoles, fusing with lysosomes and leading to the degradation of their content. 
Part of the autophagy machinery is also involved in specialized forms of endocyto-
sis and vesicle traffi cking. The role of autophagy, initially described as a response 
to energetic stress, has now been extended to other stress signals like tissue damage 
and infection. Autophagy is indeed deeply involved in the regulation of infl amma-
tion and in the biology of immune cells. Autophagy regulates cell metabolism and 
integrates it to the elimination of microorganisms, to the fi ne-tuning of infl amma-
tion and to the activation of the adaptive immune system. The infl ammatory response 
aims at controlling pathogen invasion and at initiating tissue repair. If unrestricted, 
infl ammation can become chronic and be the source of the so-called autoinfl amma-
tory and autoimmune pathologies. These complex disorders result from a combina-
tion between genetic and environmental factors. A clear genetic link between 
Crohn’s disease and autophagy deregulation has been demonstrated. Autophagy 
deregulation provoked by environmental triggers like nutrient excess or by aging, 
are also linked to low-grade infl ammation observed during metabolic syndrome, 
especially in the case of type II diabetes and atherosclerosis. Both genetic causes 
and environmental triggers could also link autophagy deregulation to autoimmune 
pathologies like rheumatoid arthritis, systemic lupus erythematosus and multiple 
sclerosis. The emerging causality between autophagy deregulation and chronic 
infl ammation, subject of intense studies as it could lead to new therapeutic options, 
will be described in this chapter.  
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  Abbreviations 

   AMPK AMP    Activated protein kinase   
  APC    Antigen presenting cells   
  ATG    Autophagy-related genes   
  ATP    Adenosine tri-phosphate   
  CD    Crohn’s disease   
  CDS    Cytosolic DNA sensor   
  CMA    Chaperone mediated autophagy   
  DCs    Dendritic cells   
  DSS    Dextran sodium sulphate   
  EAE    Experimental autoimmune encephalomyelitis   
  ER    Endoplasmic reticulum   
  FFA    Free fatty acids   
  FoxO    Forkhead homeobox type protein O   
  GWAS    Genome-wide analysis studies   
  HFD    High fat diet   
  HM    Hypomorphic   
  HMGB1    High-mobility group 1 protein   
  IAPP    Islet amyloid peptide   
  IBD    Infl ammatory bowel disease   
  IFN    Interferon   
  ILC    Innate lymphoid cells   
  IRGM    Immunity-related GTPase M   
  LAP    LC3-associated phagocytosis   
  LC3    Light chain 3 standing for microtubule-associated protein 1 light 

chain 3B   
  LDL    Low density lipoproteins   
  LPS    Lipopolysaccharide   
  MAMP    Microbe-associated molecular pattern   
  MHC    Major histocompatibility complex   
  MiR    Micro RNA   
  MS    Multiple sclerosis   
  NET    Neutrophil extracellular trap   
  NLRP3    NACHT, LRR and PYD domains-containing protein 3: IL, interleukin   
  NOD    Nucleotide oligomerization domain   
  NRV    Norovirus   
  PBMC    Peripheral blood mononuclear cells   
  pDCs    Plasmacytoid dendritic cells   
  PFKFB3    6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3   
  PRR    Pattern recognition receptors   
  RA    Rheumatoid arthritis   
  RASF    RA synovial fi broblasts   
  RLR    Retinoic acid induced gene (RIG)-like receptors   
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  ROS    Reactive oxygen species   
  SLE    Systemic lupus erythematosus   
  SNP    Single nucleotide polymorphism   
  STING    CDS-activated proteins stimulator of IFN gene   
  TBK1    TRAF family member-associated nuclear factor-κB activator- 

binding kinases abbreviated   
  TCR    T cell receptor   
  TEC    Thymic epithelial cell   
  Th    t helper   
  TIID    Type II diabetes   
  TLR    Toll-like receptor   
  TNF    Tumour necrosis factor   
  TRAF    TNF receptor-associated factor   
  Treg    Regulatory T cell   
  UPR    Unfolded protein response   
  VSMC    Vascular smooth muscle cells   

1         Autophagy in the Regulation of Infl ammation 

 Infl ammation is a physiological process, shared by higher animal eukaryotes, trig-
gered by several stress signals. First, entry of microorganisms in otherwise sterile 
tissues, changes in the composition of the bacterial fl ora on epithelia, for example 
in the gut, can initiate infl ammation. Secondly, infl ammation can also be triggered 
by cytokines, themselves inducible by infection, or by danger signals, like the ones 
delivered by intracellular components released in the extracellular milieu (nuclear 
components like high mobility group 1 (HMGB1) protein or adenosine tri- 
phosphate (ATP) release). Oxygen stress induced by intra or extracellular reactive 
oxygen species (ROS) is also a potent stimulant of infl ammation. Regulated infl am-
mation leads to the initiation of an immune response aiming at controlling infec-
tion, and to tissue repair. Infl ammation and the subsequent immune response, which 
can further participate in infl ammation, must be down regulated at the end of the 
process. If not, chronic infl ammation can lead to disorders linked to aberrant tissue 
remodelling, excessive cell death and tissue damage, sometimes associated to an 
autoimmune reaction. Infl ammation is thus at the crossroads between metabolic-
stress, control or elimination of pathogens by the immune response, and tissue 
homeostasis. 

 Autophagy is a process linked to self-digestion by cells of their own components 
via lysosomal degradation. Several forms of autophagy coexist in animal cells. 
Chaperone-mediated autophagy (CMA), and microautophagy both allow direct 
translocation of cytosolic material inside lysosomes. The relations of CMA and 
microautophagy with infl ammation are plausible although not yet proven and will 
thus not be discussed in this chapter. 
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 Macroautophagy, the best-characterized form of autophagy, will be hereafter 
called autophagy. It involves the formation of double membrane vesicles fusing with 
lysosomes leading to degradation of their content. The proteins encoded by autoph-
agy-related genes ( ATG ), play a major role in canonical autophagy but also in other 
processes like endocytosis and vesicle traffi cking [ 17 ]. Autophagy was initially 
described as a catabolic mechanism involved in metabolic stress response, like depri-
vation of amino acids. It is becoming increasingly clear that in higher eukaryotes 
autophagy is also involved in other cellular stress responses, like ROS reaction [ 26 ], 
hypoxia [ 22 ], unfolded protein response (UPR) and endoplasmic reticulum (ER)-
stress [ 20 ], genotoxic stress [ 90 ] and pathogen recognition [ 85 ]. All these responses 
are main actors in the infl ammation process and sometimes impact the subsequent 
immune response. It is thus not surprising that autophagy is a fundamental player in 
the infl ammation process. 

 A very ancestral function of autophagy, beyond its role as sensor of energy stress, 
is probably the elimination of pathogens, particularly intracellular ones. This very 
particular aspect of autophagy is called xenophagy, when autophagic machinery 
directly engulfs pathogens or facilitates their translocation and degradation into 
lysosomes [ 23 ]. Autophagy is triggered in that case by metabolic stress induced by 
pathogen invasion, or by direct recognition of microbe associated molecular pat-
terns (MAMP) via pattern recognition receptors (PRR). In that case autophagy is 
induced upon infl ammation, and contributes to its resolution, by eliminating 
pathogens. 

 Interestingly, autophagy is tightly linked to mitochondrial homeostasis. 
Mitochondria are issued from ancestral proteobacterias, having adopted intracellular 
life in compartmented cells. It is a very seducing concept that evolution, initially 
dedicating autophagy to controll invasive pathogens, drove this degradative pathway 
toward the regulation of symbiotic organelle homeostasis. With respect to the regula-
tion of infl ammation, the maintenance of well functioning mitochondria is of great 
interest. First, balanced autophagic activity limits ROS produced by damaged mito-
chondria [ 98 ], dampening pro infl ammatory stimulus. Secondly, mitochondria 
removal leads to the degradation of PRR associated to their membrane, like retinoic 
acid induced gene-like receptors (RLR). As a consequence, inhibition of autophagy 
can lead to hyper-responsiveness to cytosolic double stranded RNA in terms of type 
I interferon (IFN) secretion [ 34 ]. 

 Autophagy also regulates the recognition of cytosolic DNA. In certain cir-
cumstances, mitochondrial DNA can be released in the cytosol, especially of 
PRR- stimulated macrophages [ 59 ]. In the previsouly cited publication, an 
unidentifi ed cytosolic DNA sensor (CDS) leads to the activation of the NACHT, 
LRR and PYD domains- containing protein 3 (NALP3) infl ammasome and to the 
subsequent production of the pro-infl ammatory cytokines interleukin (IL)-1ß 
and IL-18. Another publication reported a contribution of toll-like receptor 
(TLR) 9 to that respect [ 63 ]. 

 Considering the growing literature on this subject, autophagy is more widely linked 
to the regulation of cytosolic DNA recognition. Interestingly, not only  mitochondria 
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associated anti-viral PRR can be regulated by autophagy machinery. ATG9a pro-
tein activity and microtubule associated protein light chain 3, often abbreviated as 
LC3, both associate with the CDS-activated proteins stimulator of IFN gene 
(STING) and prevents its traffi cking from ER to compartments containing tumour 
necrosis factor (TNF) receptor-associated factor (TRAF) family member- associated 
nuclear factor-κB activator-binding kinases, abbreviated as TBK1 [ 80 ]. This non-
canonical autophagic function of ATG9a contributes to limit infl ammatory 
responses toward cytosolic DNA. 

 Type I IFNs are secreted early after viral infection by both immune and non- 
immune cells. Autophagy, as introduced above, can also regulate pro-infl ammatory 
cytokine secretion, especially in phagocytes. One of the fi rst reports showing a link 
between infl ammasome and the autophagy machinery was published by Saitoh and 
colleagues [ 81 ]. They showed that  Atg16L1- defi cient macrophages secreted higher 
amounts of IL-1ß after TLR stimulation than controls. They showed that this dereg-
ulated secretion was linked to a higher activity of the infl ammasome. Kehrl’s group 
showed more recently that the assembled infl ammasome was subjected to ubiquiti-
nation and targeted to autophagy-related lysosomal degradation via sequestosome1/
p62 binding [ 82 ]. It was also shown that ATG16L1 activity might indirectly control 
TRAF6 level via p62, then downregulating the intensity of IL1-ß receptor signalling 
[ 43 ]. Autophagy also limits infl ammasome activity by preventing ROS production 
by damaged mitochondria [ 98 ]. Interestingly, a recent publication showed that dur-
ing viral infection by infl uenza, receptor-interacting serine-threonine kinase 2 and 
nucleotide oligomerization domain 2 (NOD2) mediated degradation of damaged 
mitochondria by autophagy, limiting the activation of NLRP3 infl ammasome by 
intracellular ROS [ 50 ]. 

 On the onset of an immune response, innate immunity is the main fi rst actor in 
the induction of immunity. Although the subsequent adaptive immune response is 
dependent on this fi rst wave of pro-infl ammatory signals, adaptive immune cells can 
also contribute to the maintenance of infl ammation by the cytokines they secrete 
and by the tissue damage they induce. In certain circumstances, in addition to the 
initial infl ammation, an antigen, sometimes encoded by self-genetic information, 
can be recognized by cognate T or B lymphocytes. These immune reactions medi-
ated by antibodies or by cytotoxic cells, accompanying infl ammation, can be 
responsible for tissue degradation. Autophagy can contribute to the abnormal acti-
vation of the adaptive immune system and to the maintenance of infl ammation. First 
autophagy contributes to endogenous and exogenous/antigen presentation to T cells 
[ 79 ], and thus probably also to autoantigen presentation. Autophagy machinery as 
discussed later, may play a role for dead cell clearance limiting the access to auto-
antigen [ 54 ]. Moreover, autophagy is a key player in the regulation of lymphocyte 
survival and activation [ 71 ] and by this mean is suspected to regulate infl ammation 
related to the activity of adaptive immunity. 

 Considering the increasing evidence that autophagy is a key player in immunity, 
it does not seem surprising now that the link between human immune diseases and 
autophagy deregulation is emerging.  
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2     Autophagy and Crohn’s Disease 

 The fi rst era of identifi cation of candidate genes for autoinfl ammatory and autoimmune 
diseases, before genome-wide analysis studies (GWAS), strongly relied on linkage dis-
equilibrium studies. One of them identifi ed three variants of  NOD2  genes, strongly 
associated with Crohn’s disease development (CD, [ 30 ]): one frameshift mutation, also 
identifi ed by another independent study [ 62 ], and two nonsense variations, altering the 
leucine-rich repeat domain. In several independent studies,  NOD2  polymorphisms, are 
strongly linked to the development of infl ammatory bowel disease [ 97 ]. The most com-
mon mutated variants are characteristic of patients suffering from CD rather than ulcer-
ative colitis. IBD in general and CD in particular, are related to hyper infl ammation 
caused by environmental factors like an abnormal commensal fl ora or abnormal reac-
tion against the fl ora. Genetic predispositions participate in the infl ammation process. 
Loss-of-function mutations of NOD2 lead to a decrease of IL-6, IL-8 and TNF-α 
response against cytosolic microbial products probably implying an impaired clear-
ance of pathogens [ 61 ,  89 ]. This diminished infl ammatory acute response is suspected 
to lead paradoxically to a chronic immune response at term. This could be due to 
pathogen overload linked to changes in the composition of the fl ora, but also to skew-
ing of the adaptive immune response towards excessive T helper (Th)1/Th17 patterns. 
Indeed, loss of function of NOD2 mutants in peripheral blood mononuclear cells 
(PBMC) from CD patients showed impaired IL-10 production leading to the hypothe-
sis that NOD2 participates to the global down regulation of Th cell activity [ 61 ]. In the 
same line, reduced regulatory T (Treg) cell numbers and survival have been found in 
CD patients with NOD2 loss of function mutation [ 74 ]. NOD2 is also highly expressed 
by innate lymphoid cell (ILC) population from the intestine. These ILC may contribute 
to homeostasis via their cytolytic activity against infected cells but also by the produc-
tion of regulatory cytokines like IL-22, known to decrease infl ammatory symptoms in 
a mouse model of colitis. Finally NOD2 mutations are linked to a decrease in antibac-
terial peptides secretion by Paneth cells in response to bacterial invasion [ 92 ]. This 
decrease in defensin production is eager to contribute to the increased bacterial load in 
the intestine, favouring hyper infl ammation. 

 GWAS greatly contributed to the identifi cation of new candidate genes for com-
plex chronic infl ammatory diseases, often of polygenic origin. One of the fi rst genetic 
evidence pointing out a role for autophagy machinery in chronic infl ammation was 
found in the context of CD. These studies confi rmed  NOD2  as a candidate gene for 
CD development as single nucleotide polymorphisms (SNPs) were found to be 
strongly associated with the disease. Strikingly, these studies identifi ed SNPs in the 
 ATG16L1  gene region, strongly correlated with CD development [ 6 ,  25 ,  77 ]. The 
more frequent coding variant of ATG16L1 leads to a substitution of a threonine to an 
alanine (T300A) and is located at the vicinity of the WD-repeat domain. Another 
candidate gene was also described: the immune related GTPase M [ 56 ,  67 ]. The latter 
protein is described as an inducer of xenophagy, particularly important in IFN-ɣ 
induced response towards mycobacteria and viruses [ 69 ]. Interestingly, one of the 
exonic variants for IRGM, although conservative in terms of amino acid sequence, 
leads to an increased sensitivity to down-regulation by micro RNA (MiR) 196 that is 
overexpressed in CD [ 8 ]. 
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 From this discovery, autophagy was a matter of great interest in the fi eld of CD 
research. Interestingly, several studies showed common potential relations between 
ATG16L1 polymorphisms and NOD2 loss-of-function. First, autophagy is directly 
linked to the elimination of pathogens as it is involved in xenophagy (Fig.  1 , frame 1). 
The fi rst study showing a link between NOD receptors and autophagy was published 

  Fig. 1    Possible involvement of autophagy in CD development.  1  During bacterial infection of 
phagocytes or epithelial cells, ATG16L1 is recruited to the plasma membrane and can associate with 
NOD1 or NOD2. This induces the elimination of the bacteria through xenophagy. NOD- dependent 
xenophagy is compromised when ATG16L1  T300A   protein variant is expressed. ATG16L1  T300A   variant 
is more sensitive to degradation by caspase 3 and interacts less with NOD1/NOD2. The  IRGM , 
identifi ed as a candidate gene in CD development, encodes a protein known to also induce xenoph-
agy in response to mycobacterial infection. IRGM variants may also be involved in xenophagy 
impairment and thus in decreased bacterial clearance.  2  MDP induces autophagy in a NOD2-
dependent manner, in APCs. Autophagy proteins ATG16L1, ATG5 and ATG7 are implicated in 
antigen presentation via MHC-II molecules. NOD2 and ATG16L1  T300A   variants are associated to 
decreased antigen presentation of bacteria associated antigens. This could contribute to abnormal 
regulation of adaptive immunity and control of the commensal fl ora. ATG16L1 and IRGM defi cien-
cies are correlated with increased duration of synaptic contact between T cells and dendritic cells, 
skewing T cell polarization towards Th17 pro-infl ammatory phenotype.  3  NOD2 loss of function 
mutations lead to a decreased secretion of antibacterial peptides by Paneth cells located in the gut 
epithelium, inhibiting bacterial clearance thus contributing to a hyper infl ammatory environment. 
Autophagy proteins ATG16L1 and ATG5 are involved in granule exocytosis by Paneth cells, in 
response to NOD2 stimulation, contributing to bacterial clearance in the gut. ATG16L1 T300A  poly-
morphism is linked to reduced antimicrobial peptide secretion, particularly under ER-stress and/or 
viral infection.  4  ATG16L1 defi ciency in macrophages is associated with an increased pro-infl am-
matory cytokine (IL-1ß and IL18) secretion dependent on infl ammasome activation after PRR 
stimulation. Autophagy proteins ATG5, ATG7 and ATG16L1 are known to downregulate infl am-
masome activity. ATG16L1 defi cient and ATG16L1  T300A   mice are more prone to activate infl amma-
some, suggesting the importance of autophagy in infl ammation response regulation in CD. An 
autophagy-independent role for ATG16L1 is the control of IL-8 secretion in response to NOD 
receptor stimulation. Abbreviations:  ATG  autophagy-related genes,  NOD  nucleotide oligomeriza-
tion domain,  IRGM  immune related GTPase,  CD  Crohn’s disease,  MDP  muramyldipeptide,  MHC-II  
major histocompatibility complex class II,  IL  interleukin,  PRR  pattern recognition receptors       
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by Travassos and colleagues [ 88 ]. They fi rst found that muramyldipeptide (MDP), 
ligand for NOD2, was able to induce autophagic activity. Moreover, during infec-
tion by invasive bacteria, NOD1 is recruited at the plasma membrane along with 
ATG16L1. This core-ATG protein favoured the elimination of  Shigella fl exneri  
after its capture at the plasma membrane, and was physically associated with both 
NOD1 and NOD2. Of much interest, the authors showed that the most common 
NOD2 mutant associated with CD was unable to lead to ATG16L1 recruitment at 
the plasma membrane and failed to induce autophagy. In addition, the T300A vari-
ant of ATG16L1 protein was ineffi cient to induce LC3 punctate structure in response 
to MDP while no difference was seen under rapamycin stimulation. This suggests 
a selective effect of the T300A mutant on xenophagy in regard to other specialized 
forms of autophagy. This very elegant study, proposing a rationale for a role of 
autophagy, in conjunction with NOD2 in the control of gut fl ora, was followed by 
another study published by Cooney and colleagues [ 19 ]. In conjunction with insuf-
fi cient elimination of invasive bacteria after NOD stimulation, they propose that 
ATG16L1 mutations in CD impair the regulatory function of antigen presenting 
cells (APC; Fig.  1 , frame 2). Their study on dendritic cells (DCs) cells showed that 
MDP stimulation induced autophagy, through a NOD2-dependent mechanism. 
This increase of LC3-decorated membrane load, needed the canonical core-machin-
ery proteins ATG5 and ATG7, and promoted presentation by major histocompati-
bility complex (MHC) class II molecules of  Salmonella enterica-  associated 
antigens to T cells. They unambiguously show that the most common NOD2 and 
the ATG16L1  T300A   variants, associated to CD, also led to impaired presentation in 
the same assay. Thus in addition to eliciting the effi cacy of xenophagy, the authors 
propose that the ATG16L1-related autophagy induced by NOD2 also prime adap-
tive immune response to control gut pathogens. With respect to antigen presenta-
tion, autophagy could also regulate the activation of cognate T cells by APCs, via 
regulation of the stability of the immune synapse. Wildenberg and collaborators 
showed that DCs derived from patients carrying the  ATG16L1   T300A   allele induced 
more stable synapses with T cells during antigen presentation, favouring Th17 cell 
differentiation [ 94 ]. They confi rm the possible involvement of ATG16L1 in this 
phenomenon and suggest IRGM as also implicated, by knock down experiments. 
Autophagy deregulation could thus impair the control of gut fl ora both by innate 
and adaptive immunity.

   Another interesting point linking NOD2 with ATG16L1 in CD pathogenesis, is 
their described role in intestinal epithelium homeostasis and especially in Paneth cell 
function (Fig.  1 , frame 3). Pr Virgin’s team generated mice bearing a hypomorphic 
( HM ) allele of  Atg16L1  by gene trap strategy [ 9 ]. As ATG16L1 complete defi ciency 
is lethal in mice, this new model allowed studying  in vivo  the consequences of a 
diminished expression of this essential autophagy gene. The authors compared 
 Atg16L1   HM   mice with transgenic mice harbouring a conditional deletion of  Atg5  in 
cells expressing CRE recombinase, under the control of the Villin promoter, restrict-
ing autophagy defi ciency to the intestinal epithelium. This work showed that both 
ATG5 and ATG16L1, and thus part of autophagic machinery, were integral to gran-
ule exocytosis by Paneth cells. Moreover, the adipocytokines leptin and adiponectin 
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are increased at the transcriptional level in Paneth cells from  Atg16L1   HM   mice. 
Interestingly, the production of these cytokines is increased in patients suffering from 
CD. The same study validated the abnormal granule production or cytoplasmic local-
ization in biological samples from patients carrying the T300A risk allele. The 
impact of this most common variant found in CD on Paneth cell function was con-
fi rmed by Xavier’s team, using a mouse model knock-in for  Atg16L1  locus, with the 
T300A allele [ 41 ]. Cadwell and colleagues published 2 years after their initial 
description of  Atg16L1   HM   mice, that when they re-derived breeders from embryos in 
an enhanced barrier animal facility, they did not fi nd any Paneth cell defect in the 
progeny, contrary to what they had previously described [ 10 ]. Most interestingly, 
virus infection by CR6 strains of norovirus (NRV) leading to a persistent intestinal 
infection, and present in the former conventional animal facility, recapitulated previ-
ously observes granule abnormalities in Paneth cells. This virus plus susceptibility 
gene interaction necessary for Paneth cell abnormalities, did however not spontane-
ously induces colitis, pointing out a role for another environmental trigger, additional 
to the genetic background and viral infection. The authors thus provoked colitis by 
chemical-induced injury after dextran sodium sulphate (DSS) treatment. They 
described that  Atg16L1   HM   mice, infected by NRV CR6 strain exhibited aberrant 
response to DSS in the colon leading to atrophy of the mucosa. Inhibiting TNF-α and 
IFN-γ, which is quite relevant considering CD characteristic infl ammation and its 
common treatment, reduced tissue damage. Other stimulus like ER-stress, seems to 
be able to trigger intestinal infl ammation. Using mice defi cient for  Xbp1  specifi cally 
in the intestinal epithelium, Blumberg’s team showed that ER-stress induced autoph-
agy in this tissue [ 1 ]. Invalidation of  Atg16L1  simultaneously with  Xpb1  deletion in 
intestinal epithelium led to enteritis originating from Paneth cells. Two reports inves-
tigated in details autophagic activity in Paneth cells from CD patients [ 15 ,  86 ]. They 
paradoxically found an increased autophagic activity in Paneth cells. An aberrant 
distribution of granules in the cytoplasm was nevertheless confi rmed, associated to 
detectable crinophagy, mechanism targeting secretory granules toward autolyso-
somes. From these studies it seems that a deregulated or aberrantly targeted autoph-
agy, rather than simply diminished autophagy, contributes to abnormal granule 
exocytosis in CD. 

 Aside impaired bacterial clearance resulting from defective xenophagy, adaptive 
immunity, and antibacterial peptide secretion, several studies investigated the poten-
tial role that autophagy deregulation could play on infl ammatory mediators (Fig.  1 , 
frame 4). As mentioned earlier, autophagy limits infl ammasome activation. In the 
previously cited publication by Saitoh and colleagues [ 81 ],  Atg16L1  defi ciency was 
shown to favour increased IL-1ß and IL-18 secretions by macrophages in response 
to lipopolysaccharide (LPS). Foetal liver chimeric mice grafted with hematopoietic 
cells defi cient for ATG16L1, exhibited more severe DSS-induced colitis than wild 
type counterparts. This phenomenon was at least in part dependent on IL-1ß and 
IL-18 secretions. 

 The role of infl ammasome in the development of CD is controversial, as IL-1ß 
secretion is also believed to be necessary for tissue repair. As a matter of fact, DSS- 
induced colitis, partly dependent on infl ammasome activation, does not totally 
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recapitulate CD infl ammation. Moreover, NLRP3 variants linked to the develop-
ment of CD, are correlated to low mRNA levels [ 91 ] arguing against an increased 
infl ammasome activity during CD. It remains however possible that IL-1ß secre-
tion above homeostatic level contributes to CD infl ammation when autophagy is 
impaired. Mihai Netea’s group thus showed that PBMCs from patients carrying the 
 ATG16L1   T300A   allele ,  expressed higher levels of IL-1ß after NOD2 stimulation [ 70 ]. 
This increased production did not seem in that case correlated with pro-IL1ß pro-
cessing by caspase 1. Lassen and colleagues proved that  Atg16L1   T300A   mice were 
more susceptible to IL-1ß-linked infl ammation induced by bacteria. This suggests 
again a role for infl ammasome activation in the regulation of response towards 
intestinal pathogens or commensal fl ora [ 41 ]. 

 Interestingly, this latter work showed that the T300A allele modulated ATG16L1 
expression by rendering it more susceptible to degradation by caspase 3. A study 
published the same year also describes enhanced degradation of ATG16L1  T300A   pro-
tein variant by caspase 3 [ 58 ]. This loss of stability is responsible for enhanced 
pro- infl ammatory cytokine secretion by macrophages and defective clearance of Y. 
enterocolitica in the intestine. This mechanism is caspase-dependent as suppression 
of the mutation-associated caspase cleavage site abolishes hyper infl ammation. 

 Thus apart from its major role in regulating xenophagy, antigen presentation and 
infl ammasome activity, ATG16L1 expression level seems in general linked to pro- 
infl ammatory cytokine secretion. A recent study showed that this regulatory role 
could be partly played by autophagy-independent mechanisms. Sorbara and col-
leagues studied in details the interaction between NOD1 and NOD2 receptors with 
ATG16L1 [ 84 ]. They showed that an ATG16L1 protein incapable to induce autoph-
agy was still able to down regulate cytokine production in response to NOD1 and 
NOD2 stimulations. They further show that the ATG16L1  T300A   contributes to increase 
IL-8 signalling in response to  Shigella  infection, in an autophagy independent man-
ner. This points out again a role for ATG proteins in regulating infl ammation inde-
pendently from canonical autophagy as proved for the regulation of STING-TBK1 
association by ATG9a or of RLR store level by ATG5-ATG12 conjugates.  

3     Autophagy Infl ammation Associated to Metabolic 
Syndrome 

 Metabolic syndrome consists in a combination of clinical factors linked to a deregu-
lated metabolism. It includes obesity, high insulin level, hypertension, and high 
cholesterol load. These parameters can lead to pathologies tightly linked to infl am-
mation, like type II diabetes (TIID), atherosclerosis and other cardiovascular dis-
eases. According to the central role autophagy plays on both regulation of 
metabolism and infl ammation, great attention has been paid to this fi eld. 

 Indeed, autophagy is known be downregulated under high energetic diet, 
increased in frequency with modern western style nutrition. Autophagy also 
decreases with age, when metabolic syndrome prevalence increases (Fig.  2 , frame 1). 

J. Arnold et al.



117

These statements led to the hypothesis that autophagy impairment could participate 
in the development of pathologies associated to metabolic syndrome.

   A pioneer study in the fi eld of TIID showed that ß-cells from rat under high fat 
diet (HFD), exhibited abnormal ubiquitin protein aggregates [ 36 ]. Interestingly, 
these aggregates could be reproduced  in vitro  in a pancreatic cell line, under high 
glucose concentration treatment, and were shown to be dependent on oxidative 
stress. These aggregates, not related with aggresomes as their formation are actin and 
microtubule independent, are increased after 3-methyladenine treatment, an inhibitor 
of autophagy. Autophagy may thus be involved in their clearance (Fig.  2 , frame 2). 

  Fig. 2    Implications of autophagy in the metabolic syndrome.  1  Autophagy activity declines with 
age and can be downregulated by HFD.  2  Autophagy directly contributes to islet beta survival and 
function by limiting accumulation of protein aggregates and ER-stress.  3  Lipophagy, a form of 
autophagy involved in lipid droplets elimination, regulating fat mass and lipid release, could also 
be impaired by an autophagic activity decline. Moreover autophagic activity, specially induced 
during exercise, is important for glucose tolerance in muscles.  4  Infl ammasome activity in macro-
phages is increased by HFD, including by the direct impact of lipid uptake, like fatty acids and 
cholesterol. This infl ammatory activity is further increased by autophagy decline. IL-1ß released 
in this context can interfere with insulin signaling, contributing to glucose intolerance.  5  During 
atherosclerotic plaque formation, infl ammation contributes to the recruitment of macrophages that 
can differentiate into foam cells. Autophagy impairment contributes to infl ammation, recruitment 
of infl ammatory cells and foam cell apoptosis. The debris generated by dead cells and the lipids 
released in the intima can further enhance infl ammation. IL-1ß, over-produced by macrophages 
when autophagy is impaired, can also inhibit efferocytosis, which contributes to the accumulation 
of debris. Abbreviations:  HFD  high fat diet,  ER  endoplasmic reticulum,  IL  interleukin       
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This suggested protective role of autophagy was confi rmed by another study in mice. 
C57BL/6 mice under HFD and db/db mouse, models for TIID, exhibited increased 
autophagic activity in pancreatic ß-cells [ 21 ]. This fi nding was reminiscent of a pub-
lication by Li and colleagues describing autophagosomes in ß-cells from Zucker 
diabetic fatty rats [ 46 ]. A later work described that ablation of autophagy genes spe-
cifi cally in ß-cells, compromised islet cell structure and survival [ 35 ]. This leads to a 
loss of glucose tolerance and insulin secretion, exacerbated under HFD. These results 
were confi rmed by another study showing that autophagy defi ciency in ß-cells led to 
ER-stress correlated with progression towards obesity in mice [ 73 ]. The progressive 
decreased activity of protective autophagy in TIID, could be linked to the accumula-
tion of islet amyloid peptide (IAPP), as shown by Costes’ group [ 78 ]. IAPP aggre-
gates, co-expressed with insulin, are associated with obesity and block autophagic 
fl ux. The direct link  in vivo,  between increased IAPP accumulation and impaired 
autophagy was recently demonstrated in a mouse model with specifi c expression of 
IAPP in ß-cells, concomitant with  Atg7  deletion [ 39 ]. Autophagy thus allows the 
degradation of IAPP aggregates, preventing ß-cell apoptosis and diabetes. 
Interestingly, enhancement of autophagy by trehalose administration to HFD mice 
improved glucose tolerance, validating autophagy as a seducing target for treatment 
of TIID. 

 Autophagy is also important in the regulation of lipid metabolism (Fig.  2 , frame 
3). A mechanism called lipophagy, is particularly important to control the load of 
lipid droplets in the adipose tissue. Ciriolo’s team showed that the forkhead homeo-
box type protein O1 (FoxO1) was activated under nutrient restriction in a murine 
adipocyte cell line [ 44 ]. FoxO transcription factors are related to the regulation of 
lysosomal processes in general, and autophagy in particular, at the transcriptional 
level. In this context, FoxO1 activation led to improved lysosomal degradation of 
lipid droplets via lipophagy. The drug metformin used as a treatment for TIID, and 
known to induce autophagy, led to the same effect. Thus autophagy regulates fat 
mass, lipid metabolism and the release of free fatty acids (FFA) by adipocytes. 

 The importance of autophagy on the onset of diabetes is not restricted to adipo-
cytes and pancreatic islet cells. Mobilization of energy from muscles is also involved 
in TIID development and autophagy plays also here a regulatory role (Fig.  2 , frame 
3). Beth Levine’s group demonstrated that preventing Beclin1-induced autophagy 
upon starvation and exercise, compromised glucose metabolism in skeletal and car-
diac muscles, predisposing to glucose intolerance [ 28 ]. 

 In addition to the increasing evidence about the protective role of autophagy on 
pancreatic ß-cell survival under stress, several studies highlighted a direct link between 
autophagy impairment and chronic infl ammation characteristic of diabetes (Fig.  2 , 
frame 4). IL-1ß is known to participate in insulin resistance, by directly inhibiting Akt 
signalling after insulin receptor stimulation, and by TNF-α, also known to limit insu-
lin effect. The uptake of the saturated fatty acid palmitate, has been shown to induce 
NALP3 infl ammasome activation in macrophages via NADPH oxidase activation and 
ROS generation [ 93 ]. Infl ammasome activation in HFD regimen is here shown to 
induce insulin resistance  in vivo . In homeostatic condition, the AMP-activated pro-
tein kinase (AMPK) activity can limit ROS generation by favouring ß-oxidation of 
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FFA. Strikingly, palmitate treatment in addition to LPS stimulation led to a decrease 
in AMPK activation, and inhibits autophagic activity. This decrease is suspected to 
impair mitophagy and to favour mitochondrial ROS release as mentioned above, par-
ticipating in the overexpression of IL-1ß. 

 In contrast, an uncontrolled activation of autophagy could have deleterious effects 
on infl ammation, in non-immune cells. The mouse beta cell line INS-1(823/13) treated 
with palmitate, over-expressed cathepsin B in an  Atg7- dependent manner, cathepsin B 
being a lysosomal protease responsible for increased pro-infl ammatory cytokine 
expression [ 45 ]. Infl ammasome activation in that case may be favoured by excessive 
autophagy, leading to IL-1ß production that contributes to cell stress and limits insulin 
secretion in response to glucose stimulation. Thus autophagy must be tightly regulated 
to prevent excessive infl ammasome activation and IL-1ß production. 

 The majority of the previously cited studies, focused on one cell type either 
immune or non-immune. A recent report showed that global decrease of autophagic 
activity modelled by  Atg7   +/−   mice, led to low-grade infl ammation associated to 
TIID after crossing with ob/ob mice [ 48 ]. This could explain why the risk to develop 
TIID increases with age when autophagic activity declines, and validate systemic 
autophagy modulation as a valuable therapeutic strategy. 

 Another manifestation of the metabolic syndrome tightly linked to infl ammation 
is atherosclerosis (Fig.  2 , frame 5). HFD can lead to the accumulation of lipids under 
the arterial epithelium, in a region called intima. This region then expands while the 
activation of the epithelium leads to cytokine secretion that attracts monocytes, 
which will further differentiate into macrophages. Native or oxidized lipids, low den-
sity lipoproteins (LDL), are then uptaken via scavenger receptors by macrophages. 
Macrophages then accumulate, perpetuating infl ammation by cytokine or ROS 
release, which will further oxidize lipids. Macrophages can also differentiate into 
foam cells, containing elevated stores of lipids. These cells are prone to apoptosis 
and necrosis, generating debris that will also contribute to fuelling infl ammation. 

 As endothelial cells, vascular smooth muscle cells (VSMC) are also directly sen-
sitive to infl ammatory cytokines. Jia and colleagues showed that TNF-α activated 
autophagy in VSMC isolated from atherosclerotic plaques [ 33 ]. In this context 
autophagy is suspected to participate in plaque instability by contributing to stress 
and cell death. Interestingly, autophagosome formation and LC3 processing are 
detected in cells of the intima of atherosclerotic plaques, including macrophages 
[ 52 ,  53 ]. To delineate the potential roles of autophagy activation in the plaque, two 
studies generated and described mouse models defi cient for  Atg5  in macrophages, 
on a pro-atherosclerosis background (apolipoprotein null mice or LDL-receptor 
defi cient mice; [ 47 ,  75 ]). As expected, ATG5-defi cient macrophages secreted larger 
amounts of IL-1ß after LPS stimulation than wild-type counterparts. Of note co- 
incubation with cholesterol crystals, abundant components of the plaque also acti-
vated the infl ammasome, probably via impairment of lysosomal degradation, which 
impacts autophagy. The infl ammation induced by cytokines released from activated 
macrophages attracts immune cells and is accompanied by an increase in cell death. 

 Efferocytosis, a phagocytic process dedicated to the elimination of cell debris, 
is also frequently described as defective in atherosclerotic plaques. Inhibited 
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autophagy, in the work of Liao and collaborators, leads to sensitization of mac-
rophages to cell death after treatment with an oxisterol found in plaques and 
known to induce ER-stress. At the same time oxidative stress is increased in 
macrophages defi cient for autophagy, rendering them less sensitive to clearance 
by surrounding phagocytes. 

 Autophagy is also important for lipid degradation by lysosomes in foam cells 
and for the subsequent cholesterol effl ux [ 65 ]. In this context autophagy is induced 
in macrophages by the regulation of the ataxia telangiectasia mutated (Atm)-
mammalian target of rapamycin pathway [ 42 ]. In line with this observation, 
impaired autophagy in advanced plaques, could contribute to foam cell apoptosis, 
lipid release, and cell debris accumulation, again contributing to infl ammation. 
Autophagy can thus protect cells from death or contribute to their elimination 
although the latter mechanism is not totally understood. Autophagy in phagocytes 
also contributes to efferocytosis and defects in this specialized LC3- assisted phago-
cytosis (LAP) could also be involved in plaque formation [ 54 ]. 

 Thus autophagy appears as an induced protective mechanism against plaque for-
mation. Its progressive down regulation may participate to plaque evolution although 
the causes are not totally understood. Progressive inhibition of autophagy with age 
by increase of MiR-216a expression in endothelial cells may be a causal factor [ 57 ]. 
Aside from aging, and MiR expression, complex genetic background could partici-
pate in atherosclerosis susceptibility. A better understanding of the role of autoph-
agy in metabolic disorders in general, partly linked to life-style and nutrition, could 
improve the existing treatments by limiting chronic infl ammation.  

4     Autophagy and Autoimmune Chronic Infl ammation 

 Autoinfl ammatory diseases are chronic infl ammations, clearly involving immune reac-
tions toward autoantigens,  i.e.  molecules encoded by the self-genome. These disorders, 
as other auto infl ammatory conditions, are mostly linked to a combination between 
environmental factors and genetic background. Both innate and adaptive immunity 
deregulations are prone to trigger autoimmunity. Pro-infl ammatory background is 
eager to favour autoimmunity occurrence, and here again autophagy is central. 

 As for CD, GWAS designated new candidate genes for the development of auto-
immunity (Fig.  3 , frame 1). Among them several were linked to the development of 
systemic lupus erythematosus (SLE). This systemic autoimmune disease is charac-
terized by the production of autoantibodies directed against nuclear auto antigens. 
Antibody deposits lead to chronic infl ammation in several tissues like skin, kidney, 
cardiovascular system, and nervous system. In 2008, SNPs in  ATG5  locus were 
linked to the development of SLE [ 27 ]. Other studies confi rmed this potential asso-
ciation in Asian population [ 99 ] while other failed to identify  ATG5  polymorphisms 
in a Finnish cohort of patients [ 32 ].

   The functional relevance of SNPs identifi ed in  ATG5  locus is not proven. One 
study demonstrated that one allelic variant more frequent in SLE patients was 
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  Fig. 3    Mechanisms linking autophagy deregulation to autoimmune disorders.  1  Environmental 
factors and genetic background could contribute to the deregulation of autophagy. Polymorphisms 
of unknown functional relevance have been linked to SLE and MS susceptibility. Autophagy 
deregulation can affect both innate and adaptive immune responses.  2  Autophagy could be involved 
in the deregulation of innate immunity. Autophagy regulates IFN-I production in response to 
nucleic acid-containing antigens, which is relevant to SLE. Autophagy is induced in RASF upon 
TNF-α stimulation. TNF-α is overexpressed in RA. Autophagy in response to TNF-α contributes 
to survival of RASF and activates osteoclastogenesis, leading to bone resorption. Autophagy con-
tributes to clearance of dead cells by macrophages. The latter mechanism is defective in SLE and 
its impairment could also contribute to fuel infl ammation in RA and MS. Excessive NETs release 
by neutrophils, mechanism dependent on autophagy, could also lead to the accumulation of debris 
containing nucleic acids, eliciting infl ammation in SLE. Autophagy impacts antigen presentation 
by macrophages and DCs and could participate in autoantigen presentation in RA and SLE. This 
has been shown for the EAE model. Autophagy is also involved in the presentation of citrullinated 
epitopes, frequent in RA, to T cells.  3  Apart from antigen presentation, defects of autophagy, 
intrinsic to the adaptive immune system, could contribute to autoimmune disorders. Autophagy is 
implicated in T lymphocyte homeostasis and in the survival of memory B cells and plasma cells. 
This could contribute to abnormal autoreactive T cell survival in RA, SLE and in MS leading to 
tissue damage. In RA and SLE, it could contribute to the chronic secretion of pathogenic autoanti-
bodies. Abbreviations:  Atg  autophagy-related gene,  DRAM1  DNA damaged-related autophagy 
modulator 1,  IFN  interferon,  SLE  systemic lupus erythematosus,  MS  multiple sclerosis,  RA  rheu-
matoid arthritis,  IFN  interferon,  TNF  tumour necrosis factor,  RA  rheumatoid arthritis,  RASF  RA 
synovial fi broblasts,  NET  neutrophil extracellular trap,  DC  dendritic cells,  EAE  experimental auto-
immune encephalomyelitis       
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associated with increased  ATG5  mRNA expression [ 99 ]. Interestingly, another 
study focusing on asthma, also described SNPs in  ATG5  locus associated with the 
pathology, and with an increased activity of the promoter [ 51 ]. Correlatively, 
 ATG5  mRNA expression is increased in acute asthma. Although the direct link 
between  ATG5  allelic variants and its expression in SLE is not established, other 
genes regulating autophagy have been identifi ed in GWAS such as DNA-damage 
regulated autophagy modulator 1 [ 95 ], which is involved in autophagy induction 
upon genetic stress via p53 activation. 

 Genetic links with other autoimmune diseases are less clear. Polymorphisms on 
 ATG5  were identifi ed in rheumatoid arthritis (RA) context but could not be defi -
nitely confi rmed after stringent statistical correction [ 64 ]. RA is characterized by 
autoantibody secretion responsible for systemic manifestations and T cell-related 
infl ammation, directly linked to cartilage destruction. Genetic predisposition in 
relation to autophagy has also been suggested for multiple sclerosis (MS). This 
organ-specifi c pathology results from damages in the nervous system by 
infl ammation- induced demyelination. T cells are the main pathogenic actors in this 
context. SNPs in the putative  ATG5  promoter region have been recently described 
as associated with MS [ 55 ] while another study failed to prove any association with 
the disease [ 11 ]. As for lupus, even if direct genetic predisposition linked to  ATGs  
cannot be formally proved for RA and MS, indirect causes could impair autophagic 
activity, and favour chronic infl ammation in these contexts. 

 Systemic pathologies like SLE and RA are linked to aberrant production of, and/
or reaction towards, type I IFN and TNF-α respectively (Fig.  3 , frame 2). Given the 
important relationship between ATG5/ATG12 and IFN-I secretion, by regulation of 
RLR and TLR availability for their ligands, it is possible that impairment of autoph-
agic activity contributes to increased IFN-I production. Plasmacytoid dendritic cells 
(pDC) are important producers of IFN-α, especially via recognition by the intracel-
lular sensor TLR9. Interestingly, a form of LAP has been linked in these cells to 
translocation of antibody-associated DNA complexes after recognition via Fc 
receptors [ 29 ]. Autophagy machinery in this context was shown to contribute to 
translocation of endocytosed DNA to TLR9 positive compartments, inducing IFN-α 
secretion. A deregulation in this traffi c route could be relevant in SLE as insuffi cient 
clearance of nuclear debris, associated to antibodies, are thought to trigger and/or to 
sustain infl ammation. Aside from insuffi cient clearance of debris resulting from 
apoptotic cells, DNA can also be released from activated neutrophils in neutrophil- 
extracellular traps (NETs). When produced in excess, they could contribute to pro-
vide TLR9 ligands phagocytosed by pDCs [ 40 ]. Interestingly, autophagy has been 
shown to participate in NET release [ 76 ]. Future studies should be done on lupus 
animal models or with SLE patient’s samples to assess a potential link between 
deregulated autophagy and IFN-I secretion. 

 In contrast more experimental results have been obtained regarding the interplays 
between TNF-α, autophagy and RA. TNF-α is an inducer of autophagy in several 
cell types as vascular smooth muscle cells [ 33 ], skeletal muscle cells [ 38 ], epithelial 
cells but also in immune cells like macrophages [ 5 ]. TNF-α has been shown to induce 
autophagy in RA synovial fi broblasts (RASF) isolated from patients [ 18 ]. These cells 
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are central to the development of cartilage infl ammation thanks to the infl ammatory 
cytokines and growth factors they secrete. These results are in line with other studies 
[ 37 ,  83 ], which showed that autophagy is induced under ER-stress and further 
increased by TNF-α. Autophagy protects fi broblasts from cell death, in concert with 
CCAAT/-enhancer-binding protein homologous protein under- expression, and prob-
ably contributes to their abnormal survival and secretion of growth factors. The 
microbial product LPS in complexes with damage associated molecular pattern 
HMGB1, are known to trigger experimental arthritis in mice. In the human pathol-
ogy, these complexes could result from cell debris on a non-sterile infl ammation site. 
LPS-HMGB1 complexes favour the differentiation and survival of RASF, concomi-
tant with autophagy activation [ 72 ], again pointing out a protective role of autophagy 
on RASF and thus on the maintenance of infl ammation. Autophagic vacuoles and 
expression of Beclin-1 and ATG7 are also increased in osteoclasts from RA patients 
[ 49 ]. Autophagy in this work was shown to help osteoclastogenesis and contributes 
to bone-resorption in a TNFα-dependent manner. 

 SLE and RA have in common the chronic generation of cellular debris at the site 
of infl ammation. Adequate clearance of cell remnants is thought to be central to the 
prevention of autoimmunity. Numerous mouse models defi cient for apoptotic cell 
clearance are prone to lupus-like pathologies. A specialized form of LAP, involving 
LC3A, has been shown to be implicated in the elimination of dead cells by macro-
phages [ 54 ]. Invalidation of this pathway leads to increased pro-infl ammatory cyto-
kine production by macrophages. The  in vivo  relevance of this observation and the 
potential link with human SLE are still to be demonstrated. 

 The existence of a pro-infl ammatory background contributes to break the toler-
ance against auto antigens. A chronic infl ammatory microenvironment is eager to 
activate APCs that become abnormally able to prime T cells against self-peptides. 
Autophagy plays an important role in antigen presentation, both by MHC class I 
and II molecules. Autophagy has been shown to be necessary for the presentation of 
endogenous self-peptides by thymic epithelial cells (TECs). Mice with autophagy- 
defi cient thymus [ 60 ] or conditionally deleted for  Atg5  specifi cally in TECs [ 2 ], 
exhibit abnormal central selection of T cells leading to an autoimmune phenotype 
consisting on colitis. Defects in central tolerance are not formally proved in the 
majority of autoimmune diseases. It remains however possible that defects in 
autophagy activity in the thymus, associated for example with age (when infl amma-
tory diseases become more frequent), contributes to skew T cell repertoire towards 
autoimmunity. Moreover, defects in Treg generation and survival are associated 
with colitis, an autoimmune phenotype observed in the study published by Nedjic 
and colleagues [ 60 ]. It is thus possible that autophagy defects in the thymus contrib-
ute to abnormal peripheral tolerance. 

 A role for autophagy in autoantigen presentation in the periphery is also plausi-
ble. Indeed, autophagy contributes to the presentation of cytosolic epitopes to CD4 
T cells, including self-epitopes, which could be quite relevant for autoantigen pre-
sentation. A recent study showed that specifi c deletion of autophagy in DCs limits 
the development of experimental autoimmune encephalomyelitis (EAE), a murine 
model for human MS [ 7 ]. The improvement of the clinical score was correlated with 
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a decrease in CD4 T cell priming. Although not yet proven in the case of RA, 
autophagy could contribute to autoepitope presentation. Unanues’ group showed 
that autophagy in APCs, i.e. DCs, macrophages and B lymphocytes, contributed to 
the presentation of citrullinated epitopes [ 31 ]. Interestingly citrullinated peptides 
are common antigens in RA, and aberrant autophagy could contribute to generate 
such autoantigens. Autophagic activity has been shown to be upregulated in B cells 
from SLE patients and mouse models for lupus [ 16 ]. Increased autophagy could 
then contributes to autoantigen presentation, including citrullinated epitopes, but to 
date, no experimental proof has been provided. 

 The initial peripheral break of tolerance in autoimmune diseases leads to abnor-
mal autoreactive lymphocyte survival (Fig.  3 , frame 3). Here again, deregulated 
autophagy can contribute to the chronicity of autoimmune infl ammation. Autophagy 
plays an important role in T lymphocyte survival and polarization. The fi rst study 
suggesting a link between deregulated autophagy in lymphocytes was performed in 
T cells from MS patients. ATG5 expression was found increased in T cells isolated 
from EAE mice and MS patients [ 4 ]. A work performed in our laboratory identifi ed 
autophagy deregulation in T cells from both mouse models for lupus and SLE 
patients [ 24 ]. The autophagic vacuole load in T cells was mainly observable under T 
cell receptor (TCR) related stimulation in mice and was increasing with age, contrary 
to control mice. An increase in autophagic compartments in SLE T cells was con-
fi rmed by three other studies [ 3 ,  12 ,  16 ]. Interestingly the study by Alessandri and 
colleagues showed an increase in the autophagosome-associated marker LC3, espe-
cially in naive CD4 T cells suggesting a predisposed deregulation. Our study includ-
ing induction of systemic acute infl ammation in normal mice showed that the 
activation of T cells in this context, was not suffi cient to increase autophagy. 
Pierdomonici’s group concludes that accumulation of autophagosomes is due to a 
blockade of autophagy rather than increased autophagy induction. We cannot for-
mally exclude this hypothesis as our observation could results from disequilibrium 
between induction and degradation of autophagic vacuoles. However in our setting, 
the blockade was not total as LC3 was still accumulated after treatment with lyso-
somal protease inhibitors. Moreover Alessandri and colleagues use starvation or 
treatment with autologous serum from SLE patients, as triggers of autophagy. 
Interestingly, they show that SLE serum can induce autophagy in normal T cells, 
reminiscent of another study identifying the pro-autophagic impact of SLE serum on 
a neuron cell line [ 87 ], but not in SLE T cells. It is possible however that SLE T cells 
cannot further increase autophagy under metabolic demand or when re- exposed to 
their already stimulating environment. It is also possible that other pathways like the 
TCR pathway, relevant for auto reactive T cell activation, can contribute to elevate 
LC3 levels. In any case, further investigation is needed to discriminate at which level 
the deregulation occurs, and if an increase in autophagosome generation or a decrease 
in degradation, or both, could be involved. Furthermore, metabolic versus antigen-
induced autophagic stimulations should be distinguished as their regulations and out-
comes may be different. 

 The regulation of autophagy in T cells from RA has also been recently studied. 
Weyand’s team described a defi ciency in glucose metabolism in CD4 T cells from 
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RA, in response to TCR stimulation [ 96 ]. This was associated with insuffi cient 
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) induction. This 
impairment in energy mobilization could explain part of the apoptosis-prone pheno-
type of RA T cells. Interestingly, autophagy was also impaired by PFKFB3 defi -
ciency, contributing to the diffi culty to mobilize energy during activation. 

 Thus autophagy could play dual roles in autoreactive T cells, contributing to 
their abnormal survival when increased and sensitizing to apoptosis when impaired. 
In the context of MS, inhibiting autophagy in T cells from autoimmune diseases 
could be a therapeutic option as shown in the study by Kovacs and colleagues. They 
demonstrate that mice with specifi c deletion of Beclin1 in T cells are less sensitive 
to EAE induction. This was correlated with increased cell death, especially for Th1 
cells, pointing out an interesting regulatory role of autophagy on Th cell polariza-
tion. The induction of apoptosis in the absence of autophagy could be related, in this 
experimental model to increased stores of pro-caspases. 

 In RA, and SLE, autoantibody secretion is part of the pathology. Deregulation of 
B lymphocyte homeostasis is thus one typical feature of these systemic autoimmune 
diseases. Clarke and colleagues were the fi rst to describe autophagy increase in B 
cells from lupus prone mouse model NZB/W, and from SLE patients [ 16 ]. Two 
major studies showed a role for autophagy in memory B cell and plasma cell sur-
vival [ 14 ,  68 ]. An increase in autophagy could contribute to the abnormal survival 
of autoreactive B lymphocytes and autoantibody secreting plasma cells. It thus 
appears that modulation of autophagy in lymphocytes could be a benefi cial strategy 
to limit auto reactive lymphocyte survival. Moreover, autophagy is suspected to 
play a role in the relocalization of DNA containing antigenic complexes toward 
TLR9 positive endosomes [ 13 ]. Autophagy machinery could thus contribute to B 
cell hyperactivity against nuclear antigens. Studies on mouse models with 
autoimmune- prone backgrounds, also defi cient for autophagy in lymphocytes, 
could help decipher the role of ATGs in the development of the pathology. 

 Of much interest, therapies like rapamycin, hydroxychloroquine or P140 peptide 
[ 66 ], are known to modulate autophagic activity. It would be interesting to investi-
gate if such therapeutic effects are actually linked to modulation of autophagy in 
immune cells like APCs or lymphocytes.  

5     Conclusions 

 Autophagy is a physiological response, at the crossroads between energy sensing, and 
reaction to stress induced by tissue damage and/or by infection. This mechanism is 
thus a master integrator of both innate and adaptive immunity to the surrounding envi-
ronment, by regulation of infl ammation. Both genetic and environmental factors could 
contribute to the deregulation of autophagy. Allelic variations on autophagy genes 
seem to be strongly related to the susceptibility to develop autoinfl ammatory diseases 
like CD. Other polymorphisms on  ATGs  suggest a role for autophagy deregulation in 
autoimmune diseases, like SLE, RA and MS, although the functional relevance of 
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these variants remains to be fully determined. Environmental factors like infection, or 
changes in metabolic equilibrium linked to diet, or genetically programmed like 
aging, can contribute to provide a low-grade infl ammatory environment, prone to trig-
ger chronic infl ammation. Autophagy involvement in preventing infl ammation linked 
to these three causes, linked to TIID and atherosclerosis, is now clearly demonstrated. 
Apart from RA, MS, SLE and CD, other infl ammatory pathologies could also imply 
autophagy deregulation. Interestingly, therapeutic molecules modulating the autoph-
agy process have shown effi cacy in autoinfl ammatory diseases like metformin for 
TIID, rapamycin, hydroxychloroquine and P140 peptide, in autoimmune diseases. A 
better understanding about the precise roles of autophagy in chronic infl ammation 
will help design new molecules, and new therapeutic approaches, to treat these com-
plex diseases.     
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      Xenophagy: Autophagy in Direct Pathogen 
Elimination                     

     Eun-Kyeong     Jo     ,     Jin     Kyung     Kim     , and     Seungmin     Hwang    

    Abstract     Autophagy is an intracellular catabolic pathway that delivers unwanted 
cytoplasmic materials to the lysosome for degradation. The degradative autophagy 
pathway has been shown to play essential roles not only in cellular homeostasis but 
also in cell-autonomous immune defense against invading pathogens. Recent data 
further showed that the contribution of autophagy to the host defense is more than 
simple degradation of the invaders, indicating novel nondegradative roles of the 
autophagy-related genes. In this chapter, we review recent advances in the studies 
on the role of the autophagy pathway/genes and selective autophagy receptors in 
defending the host against microbial infection. In addition, the crosstalk between 
pathogen recognition receptors, especially the toll-like receptors, and the autophagy 
pathway during pathogen infections is discussed. Understanding the role of autoph-
agy in controlling intracellular pathogens will lead to a better chance of developing 
new therapeutic treatments for infectious diseases.  
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  MAVS    Mitochondrial antiviral signaling protein   
  miRNA    MicroRNA   
  MTOR    Mechanistic target of rapamycin   
  MyD88    Myeloid differentiation primary response 88   
  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NBR1    Neighbor Of BRCA1 Gene 1   
  NDP52    Nuclear dot protein 52 kDa   
  NF-κB    Nuclear factor-κB   
  NLRC4    NLR family CARD domain-containing protein 4   
  NLRP3    NOD-like receptor family, pyrin domain containing 3   
  NLRX1    Nucleotide-binding oligomerization domain, leucine rich 

repeat containing X1   
  NOX2    NADPH Oxydase 2   
  NRF2    Nuclear factor erythroid 2-related factor   
  OPTN    Receptor optineurin   
  p62/SQSTM1    Sequestosome 1   
  PAI-2    Plasminogen activator inhibitor type 2   
  PPARGC1A    Peroxisome proliferator-activated receptor-gamma, 

coactivator 1α   
  Rheb    Ras homolog enriched in brain   
  RIG-1    Retinoic acid-inducible gene 1   
  ROS    Reactive oxygen species   
  SCV    Salmonella-containing vacuole   
  SLO    Pore-forming toxin streptolysin O   
  SMURF1    SMAD specifi c E3 ubiquitin protein ligase 1   
  TBK1    TANK-binding kinase   
  TLRs    Toll-like receptors   
  TNF    Tumor necrosis factor   
  TRIF    TIR-domain-containing adapter-inducing interferon-β   
  TUFM    Tu translation elongation factor, mitochondrial, also known as 

EF-TuMT   
  UBA    Ubiquitin-associated domain   
  ULK1    UNC-51-like kinase1   
  VDR    Vitamin D receptor.   

E. Jo et al.



137

1         Introduction 

 Autophagy is an evolutionarily conserved pathway that delivers cytoplasmic materi-
als to the lysosome for degradation [ 44 ]. Depending on how the materials are deliv-
ered, the autophagy pathway can be categorized as chaperone-mediated autophagy 
(direct translocation across the lysosomal membrane through chaperone proteins), 
microautophagy (direct engulfment by the lysosome), or macroautophagy. 
Macroautophagy is the major autophagy pathway, which sequesters and transports a 
portion of cytosol to the lysosome in a double-membrane bound vesicle called 
autophagosome [ 44 ]. Any cytoplasmic material can be the cargo of the autophago-
some. Through this catabolic pathway, the cells maintain homeostasis and meet the 
demand for essential metabolites under various cellular and metabolic stress condi-
tions, like nutrient deprivation and accumulation of damaged organelles [ 51 ]. Thus, 
autophagy generally functions as a survival mechanism maintaining the integrity of 
cells by recycling essential metabolites and clearing cellular debris [ 23 ]. The critical 
role of the autophagy pathway has been demonstrated in a wide array of physiologic 
and pathologic conditions, such as immunity, infl ammation, cell survival and death, 
lifespan extension, cell differentiation, etc [ 43 ,  44 ,  77 ]. Macroautophagy (henceforth 
autophagy) can target bulk cytoplasmic materials nonselectively or specifi c sub-
strates selectively for lysosomal degradation [ 38 ]. Invading pathogens in cytoplasm 
can be the cargo of the selective autophagy pathway, which is mediated through a 
subset of autophagy receptors including p62/SQSTM1, NBR1, NDP52, and 
Optineurin. These are all ubiquitin-binding proteins that selectively link the ubiqui-
tinated autophagic cargos to the autophagy machinery for the delivery to the lyso-
some and subsequent degradation of the cargos [ 40 ,  69 ]. In addition, recent studies 
have shown novel nondegradative functions of the autophagy-related genes in the 
host defense against intracellular pathogens. Thus, autophagy can play crucial roles 
in the host defense as a degradative pathway and nondegradative effectors. Recent 
reports have also demonstrated, however, that many pathogens have evolved their 
unique strategies to escape from both degradative and nondegradative autophagic 
elimination and to usurp the autophagy pathway/genes for their own benefi ts [ 3 ,  5 , 
 18 ,  20 ,  28 ,  78 ]. During the infection of intracellular pathogens, the cell-autonomous 
immune system senses the specifi c molecular patterns present in the microbes or 
their components. The recognition of distinct microbial patterns by innate receptors 
not only leads to the activation of innate immunity, but also promotes the induction 
of acquired immune responses [ 84 ]. Numerous data have revealed the connections 
between the immune system and the autophagy pathway at the multiple levels [ 72 ]. 
Importantly, toll-like receptors (TLRs) are linked to the activation of the autophagy 
pathways, thus functioning as a cell-autonomous antimicrobial defense [ 2 ]. 

 In this chapter, we focus on the key aspects of xenophagy (direct elimination of 
pathogens through autophagy) process at the molecular and cellular levels. We 
detail the recent discoveries that provide new insights into the role of xenophagy in 
eliminating intracellular pathogens and activating the cell-autonomous defense 
 system. We also describe how selective autophagy is activated and regulated during 
intracellular microbial infection and discuss the association of innate immunity 
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molecules and pathways with the activation of xenophagy. Numerous strategies of 
bacterial pathogens to evade the xenophagic elimination have been recently reviewed 
in detail [ 28 ,  60 ,  64 ], so will not be discussed here.  

2     Role of Autophagy in Host Defense Against Intracellular 
Microbes 

 The generation of the double-membrane bound autophagosome is the hallmark of the 
autophagy pathway and 38 autophagy-related genes (ATGs) have been identifi ed so far 
to play essential roles in multiple steps of the autophagy pathway [ 1 ,  45 ,  53 ]. Sequestration 
via autophagosome and subsequent lysosomal degradation of invading pathogens has 
been the major contribution of the autophagy pathway to the cell-autonomous immune 
system. However, emerging studies have shown novel and important functions of those 
ATGs in the host defense against intracellular pathogens, some of which might be com-
pletely independent of their role in the degradative autophagy pathway. Further, it has 
become increasingly evident that the autophagy pathway is essentially selective degra-
dation of specifi c substrates rather than nonselective bulk degradation process. Thus, we 
focus on the canonical and noncanonical roles of the ATGs and the function of selective 
autophagy receptors in controlling intracellular pathogens. 

2.1     Overview of the Autophagy Pathway 
and Autophagy- Related Genes 

 During the last 25 years our understanding of the cellular and molecular mecha-
nisms of the autophagy pathway has been expanded enormously, using diverse 
model systems like yeast,  C. elegans , and mammalian cells. Autophagy dynamics 
can be divided into three steps; vesicle induction and initiation, formation (elonga-
tion) of double-membrane vesicle structure and cargo packaging, and the matura-
tion of autophagosome through fusion with lysosomes. This process is regulated by 
a defi ned set of ATGs, but how they do so is still not completely understood [ 8 ]. In 
a simple model, environmental cues like starvation or depletion of growth factors 
activate an initiation complex of UNC-51-like kinase1 (ULK1), Atg13, Focal 
Adhesion Kinase interacting protein of 200 kDa (FIP200), and Atg101. This activa-
tion further stimulates a nucleation complex of Beclin1, Atg14L, and the class III 
phosphatidylinositol 3 Kinase (Vps34 and Vps15) to generate phosphatidylinositol- 
3- phsphate, promoting the nucleation of the autophagosomal membrane. The initi-
ated autophagosomal membrane elongates further while capturing its cytosolic 
cargos and eventually closes to form an autophagosome. Lastly, the newly formed 
autophagosome matures through its fusion with endosomes and then fi nally with 
lysosomes to form an autolysosome, and the inner membrane and enclosed cyto-
solic cargoes are degraded by lysosomal enzymes [ 45 ]. 
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 The elongation and closure of autophagosomal membrane requires two ubiquitin- 
like conjugation systems of Atg12 and microtubule-associated protein 1 light chain 3 
(LC3, a mammalian orthologue of yeast Atg8). Atg12 is conjugated to Atg5 through 
E1 activating enzyme, Atg7, and E2 conjugating enzyme, Atg10 [ 52 ]. The conjugate 
further binds to Atg16L1 to form an elongation complex. This Atg12- Atg5- Atg16L1 
complex functions as E3 ligase for the conjugation of cytosolic LC3 to the phosphati-
dylethanolamine in growing autophagosomal membrane [ 35 ]. LC3 itself is processed 
for the conjugation by the sequential action of Atg4 homologs (proteases to expose the 
terminal glycine of LC3 for conjugation), E1 Atg7, and E2 Atg3 [ 74 ]. Further, there 
exist multiple homologs of LC3 in mammalian system, which include LC3A, LC3B, 
LC3C, GABARAP (γ-aminobutyric acid receptor- associated protein), GABARAP-
like 1 (GABARAPL1), and GABARAPL2 (a.k.a. Golgi-associated ATPase enhancer 
of 16 kDa, GATE-16). The conjugation of these LC3 homologs, especially the LC3B, 
to the autophagosomal membranes has been an important read-out to monitor the 
formation of autophagosome and consequent autophagic activity [ 75 ]. In addition, the 
conjugation/localization of the LC3 homologs on different types of membranes, other 
than the autophagosome, has been reported [ 10 ,  16 ,  21 ,  47 ,  65 ]. Thus, the ubiquitin-
like proteins and potentially the conjugation system itself, which is utilized for the 
generation of the autophagosome in the canonical autophagy pathway, can be used for 
other cellular pathways dealing with reorganization of intracellular membranes.  

2.2     Degradative Role of the Autophagy Pathway 
Against Intracellular Pathogens 

 The phenomenon of autophagy was fi rst described in mammalian cells by Dr. de 
Duve about 40 years ago [ 17 ], and infection-triggered autophagy was observed by 
Dr. Rikihisa nearly 30 years ago [ 67 ]. Indeed, the degradative autophagy pathway 
can be induced in response to pathogen infection and function as cell-autonomous 
defense against the infection [ 7 ,  18 ,  28 ]. The intracellular bacteria are classifi ed as 
vacuolar if they reside within a membrane-bound compartment or cytosolic if they 
survive in the cytosol [ 36 ]. Certain bacteria either modify and stay inside phago-
somal compartments or directly lyse and escape from the phagosome/vacuole to 
cytosol. In mycobacterial infection, activation of the autophagy pathway led to the 
colocalization of autophagy markers with nonfusogenic phagosomes, modifi ed by 
 Mycobacterium tuberculosis , and subsequent reduction in the intracellular survival 
of the mycobacteria [ 24 ]. Further, the autophagic machinery is essential in innate 
defense against Group A  Streptococcus  (GAS) infection by capturing the bacteria 
that escape from endosomes to cytosol [ 56 ]. So far, many studies revealed several 
mechanisms by which autophagy mediates the fusion of bacterial phagosomes with 
autophagosomes or the autophagic capture of bacteria after escaping into the cyto-
plasm in a variety of infection [ 44 ] (Fig.  1 ). However, intracellular pathogens have 
also developed various tactics to evade autophagic recognition and elimination as 
well as to manipulate the autophagy pathway for their own benefi ts [ 28 ,  36 ,  64 ].
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2.3        Nondegradative Role of the ATGs Against Intracellular 
Pathogens 

 The essential component(s) involved in the autophagy pathway have been shown to 
play key roles in host defense during various bacterial, viral, or parasitic infections. 
It was previously shown that an essential autophagy gene Atg5 is required for the 
host immune resistance against  Listeria monocytogenes  and  Toxoplasma gondii  but 
autophagosome  per se  is not involved in this resistance [ 94 ]. Recent studies further 

  Fig. 1    Regulation of autophagy against intracellular microbes. After infection with the bacterium, 
 Mycobacterium tuberculosis  escapes from the vacuole (or phagosome) or group A Streptococcus 
resides in the cytosol. Autophagy eliminates the bacterium by generating the autolysosome. To 
elongate the autophagophore, many ATGs require to each step. Adaptor molecules of TLR (for 
example, MyD88 and TRIF) bind to Beclin1 and regulate autophagy. Activation of AMPK restricts 
 Mycobacterium tuberculosis  by inhibiting MTOR, negative regulator of autophagy. FcγR and 
NADPH oxidase-dependent ROS generation recruit to phagosomes. In addition, ATG5 is essential 
in elimination of  Listeria monocytogenes  and  Toxoplasma gondii  independent to autophagosome. 
Autophagy can target fungus-contained phagosome by recruiting LC3. NLRX1 interact with 
TUFM and ATG5-ATG12-ATG16L1 complex and subsequently promote virus-induced autoph-
agy. By contrast, COX5B and ATG5 negatively regulate MAVS through the ROS formation during 
virus infection. Specifi c microRNAs (for example, miR-155, miR-30c and miR-130a) target each 
molecule, respectively, and repress the activation of autophagy       
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showed that the whole or part of the ubiquitin-like conjugation systems (E1 Atg7, 
E2 Atg3, E3 Atg12-Atg5-Atg16L1), but not the degradative activity, of the autoph-
agy pathway is required to control the infection of  T. gondii  and  Chlamydia tracho-
matis  [ 10 ,  25 ,  61 ] (Fig.  1 ). Similarly, the E3 Atg12-Atg5-Atg16L1 complex is 
required for the interferon (IFN)-γ-mediated host defense against murine norovirus 
infection, but the induction of the degradative autophagy pathway or fusion between 
autophagosomes and lysosomes is not required [ 29 ]. Furthermore, the autophagic 
marker protein LC3 is recruited to the parasitophorus vacuole containing  T. gondii  
and phagosomes containing fungal pathogen/signature and is associated with the 
disruption of the vacuole membrane and the fungicidal activity and subsequent reg-
ulation of cytokine production [ 10 ,  70 ,  81 ] (Fig.  1 ). These data suggest that the 
evolutionarily conserved autophagy proteins have evolved and acquired unique 
functions in the immune system, independent of their roles in the degradation path-
way [ 3 ,  78 ].  

2.4     Positive Regulation of Autophagy Against Intracellular 
Pathogens 

 Multiple mechanisms and molecules (other than ATGs) have been identifi ed to 
activate the autophagy pathway against intracellular pathogens. Reactive oxygen 
species (ROS) is one of those inducers of the autophagy pathway against bacterial 
infection (Fig.  1 ). In macrophages, activation of either TLR or Fcγ receptor (FcγR) 
signaling during phagocytosis induces recruitment of the autophagy protein LC3 to 
phagosomes through NOX2 NADPH oxidase-dependent ROS generation [ 27 ]. 
Interestingly, in human epithelial cells, although these cells do not express NOX2, 
antibacterial autophagy is also dependent on ROS generation [ 27 ]. Mitochondrial 
proteins also play important roles in the activation of the autophagy pathway to 
promote innate antimicrobial activity. Parkin is a well-known ubiquitin ligase 
functioning in autophagic degradation of damaged mitochondria (mitophagy). The 
parkin plays essential roles not only in the ubiquitin-mediated autophagic degrada-
tion of  M. tuberculosis  but also in the host defenses against various intracellular 
bacterial infections, suggesting a link between mitophagy and the clearance of 
intracellular bacteria [ 46 ]. Similarly, NLRX1, a mitochondrial nucleotide-binding 
leucine-rich repeats (NLR)-containing protein, promoted autophagy during viral 
infection through its interaction with another mitochondrial protein TUFM (Tu 
translation elongation factor, mitochondrial, also known as EF-TuMT, COXPD4, 
and P43) [ 42 ] (Fig.  1 ). TUFM also plays a similar function to NLRX1 in promoting 
autophagy and inhibiting type I interferon production via the MAVS-DDX58 
(RIG- I) pathway [ 42 ]. In addition, the activation of AMP-activated protein kinase 
(AMPK) is required for the restriction of intracellular  M. tuberculosis  by suppress-
ing the mechanistic target of rapamycin (MTOR) and subsequently inducing the 
autophagy pathway in macrophages [ 91 ] (Fig.  1 ). Peroxisome 
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proliferator-activated receptor- gamma, coactivator 1α (PPARGC1A) was found to 
be essential in this AMPK- mediated activation of the autophagy pathway through 
the induction of multiple ATG expression as well as antimicrobial activity [ 91 ]. In 
 Listeria  infection, the fascin1, an actin-bundling protein, was found to be impor-
tant in autophagy activation and phagolysosomal fusion in dendritic cells for 
enhanced killing of intracellular  Listeria  through interaction between fascin1 and 
LC3 [ 49 ]. Moreover, the KEAP1 (kelch-like ECH-associated protein 1)-NRF2 
(nuclear factor erythroid 2-related factor) signaling pathway, which is critical for 
the maintenance of the cellular redox balance in response to oxidative stress, is 
required for the expression of selective autophagy marker p62/SQSTM1 and the 
expression of the autophagy marker protein LC3B in HeLa cells [ 13 ]. However, the 
p62/SQSTM1 has multiple roles in diverse physiological and pathological 
responses [ 57 ]. Thus the results of modulating the p62/SQSTM1 should be care-
fully considered, because this molecule is required for the detection of autophagic 
fl ux through degradation and also is important for the activation of selective 
autophagy [ 34 ]. The role of p62/SQSTM1 in selective autophagy will be discussed 
in detail in the later part of this chapter.  

2.5     Negative Regulation of Autophagy Against Intracellular 
Pathogens 

 Novel inhibitory factors were also identifi ed in the regulation of antimicrobial 
responses through modulation of autophagy and ROS production. The mitochon-
drial adaptor protein MAVS, an essential molecule for antiviral response, is nega-
tively regulated by the cytochrome c oxidase complex subunit COX5B and Atg5 
through the repression of ROS production [ 93 ] (Fig.  1 ). Axin, a negative regula-
tor of the Wnt signaling pathway, was also shown to inhibit the autophagy-medi-
ated suppression of herpes simplex virus (HSV) replication in L929 cells [ 9 ]. 
Induction of the autophagy pathway by rapamycin suppresses HSV replication, 
while inhibiting the autophagy pathway using 3-MA and Beclin-1 knockdown 
facilitates viral replication [ 9 ]. MicroRNA (miRNA) also got involved in the 
regulation of autophagy to control intracellular bacterial infection. Induced 
miRNA-155 in macrophages upon mycobacteria infection activates the autoph-
agy pathway through the inhibition of Ras homologue enriched in brain (Rheb), 
a negative regulator of autophagy (Fig.  1 ). This leads to the maturation of the 
phagosome containing mycobacteria and consequent killing of the intracellular 
mycobacteria [ 87 ]. In contrast, adherent- invasive  Escherichia coli , which colo-
nizes the ileal mucosa and invades intestinal epithelial cells, upregulates miRNA-
30c and miRNA-130a to modulate the levels of ATG5 and ATG16L1. The 
modulation of the autophagy proteins by the miRNAs inhibits the autophagy 
pathway, promoting the survival of the bacteria and aggravating infl ammatory 
response [ 58 ].   
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3     Selective Autophagy Receptors Against Intracellular 
Microbes 

 Earlier studies proposed that autophagy is a bulk process without selectivity. 
However, recent studies have highlighted the selective function of the autophagy 
pathway to exclusively eliminate specifi c targets, especially intracellular invaders. 
The protective role of the selective autophagy pathway is now well appreciated in 
cell-autonomous immune defense against intracellular pathogens, and we just began 
to understand the regulation and mechanism of selective autophagy activation dur-
ing numerous pathogen infections [ 86 ]. The ubiquitination machinery and the 26S 
proteasome are required for the regulated degradation of short-lived cellular pro-
teins and the maintenance of protein quality control [ 26 ]. The ubiquitination is also 
a selective degradation signal for the targeting of intracellular microbes to the deg-
radative autophagy pathway. Now it becomes clear that these two degradation sys-
tems are not separated but rather there is an active crosstalk between the 
proteasome-mediated degradation and the selective autophagy pathway [ 41 ]. 
Selective autophagy can target a wide range of cargos including long-lived proteins, 
damaged organelles, and intracellular microbes [ 86 ]. Keys to understand the 
immune function of the selective autophagy pathway are the autophagy receptors, 
which are critical for directing autophagy machinery toward ubiquitinated cargos in 
response to ‘eat-me’ signals [ 86 ]. The autophagy receptors have the unique struc-
tures containing both the ubiquitin-binding domain and LC3-interacting region 
(LIR) motif. The ubiquitinated proteins or bacteria can be recognized by the autoph-
agy receptors that can bind to both ubiquitin via ubiquitin-binding domains and 
LC3 via LIR motif [ 45 ]. The LIR motif ensures the targeting of the cargo via the 
receptors to LC3 (or other ATG8 family proteins) anchored in the autophagosomal 
membrane. Numerous efforts have been made to identify various autophagy recep-
tors that function in the recognition and targeting of pathogens to autophagic 
machinery [ 89 ]. In this session, we will briefl y describe the recent fi ndings of the 
autophagy receptors that target invading bacteria, mainly four selective autophagy 
receptors, p62/SQSTM1, NDP52, NBR1, and optineurin, and the mechanisms by 
which selective autophagy activation destroy the intracellular microbes (Fig.  2 ).

3.1       p62/SQSTM1 

 p62 [also known as sequestosome-1 (SQSTM1)] is the fi rst identifi ed autophagy 
receptor [ 4 ,  37 ,  63 ] and is composed of a C-terminal ubiquitin-associated domain 
(UBA) that binds to poly-ubiquitinated proteins and a LIR motif required for LC3 
interaction [ 57 ] (Fig.  2 ). p62 is also a signaling adaptor with a multidomain structure 
activating the nuclear factor (NF)-κB to control cell death and survival as well as 
infl ammation [ 48 ,  54 ]. Interestingly, p62 plays a dual role as both autophagy recep-
tor and autophagic substrate for the degradation by selective autophagy [ 4 ,  63 ]. 
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Earlier studies showed that p62 is recruited to  Salmonella Typhimurium , which are 
associated with ubiquitinated proteins, targeting the bacteria to the autophagy sys-
tem [ 95 ]. Similar function of p62 was also reported in targeting  Shigella  to the 
autophagy pathway, and the p62-mediated selective autophagy was enhanced by 
TNF-α, a host proinfl ammatory cytokine, to restrict the survival of  Shigella  [ 55 ]. 
Intriguingly, a previous study showed that p62 is crucial for the delivery of specifi c 
ribosomal and bulk ubiquitinated cytosolic proteins to autolysosomes in order to 
produce neo-antimicrobial peptides that kill intracellular  M. tuberculosis  [ 66 ]. In 
addition, together with another autophagy receptor NDP52, p62 have been found to 
mediate the selective clearance of protein aggregation (aggrephagy). 

 In Sindbis virus infection, p62 is also essential for the control of viral infection 
via selective autophagy by linking the Sindbis virus capsid protein to the selective 
autophagy machinery [ 80 ] (Fig.  2 ). Another selective autophagy receptor SMURF1, 

  Fig. 2    Selective autophagy receptors are required for elimination microbes. Some bacteria escape 
from phagosome and are ubiquitinated. Ubiquitination recruits adaptor proteins, including p62, 
NDP52, NBR1 and optineurin by interacting with ubiquitin, and they bind to LC3.  Salmonella 
Typhimurium  resides in a Salmonella-containing vacuole (SCV) and glycans are exposed to the 
cytoplasm by damaged SCV. Galectin-8 detects glycans and activates autophagy by recruiting 
NDP52.  Salmonella enterica  also fails to maintain the membrane of SCV and is targeted for ubiq-
uitination. NDP52 contributes to remove ubiquitinated-SCV through an interaction with Sintbad- 
Nap1- TBK1 complex. After Sindbis virus infection, p62 recognizes virus capsid protein and links 
with SMURF1, autophagy receptor, resulting in phagopore formation       
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a HECT-domain containing E3 ligase, was identifi ed by genome-wide small interfer-
ing RNA screen and found to interact with p62. SMURF1 is required for the autopha-
gosomal targeting of Sindbis and herpes simplex viruses and for the clearance of 
damaged mitochondria, thus functioning in both virophagy and mitophagy [ 62 ].  

3.2     NDP52 (Nuclear Dot Protein 52 kDa) 

 NDP52 is responsible for the recognition of ubiquitin-coated  Salmonella enterica  in 
human cells, through its interaction with the adaptors Nap1 and Sintbad, and it acti-
vates the autophagy system to restrict the infection [ 82 ] (Fig.  2 ). The NDP52 is 
phosphorylated and activated by the TANK-binding kinase (TBK1), which is 
importantly involved in innate immunity, and play crucial roles in the autophagic 
clearance of  Salmonella enterica  [ 82 ]. TBK1 is also able to phosphorylate the other 
autophagy receptor optineurin (OPTN), leading to enhanced interaction of OPTN 
with the LC3 homologs [ 88 ]. NDP52 was also reported to be specifi cally associated 
with LC3C by a noncanonical LIR domain for effi cient antibacterial autophagy 
[ 85 ]. The sugar receptor galectin-8 (a.k.a. LGALS8) is involved in the activation of 
the antibacterial autophagy pathway and contributes to the restriction of  Salmonella  
proliferation by recruiting the NDP52 [ 83 ]. A recent study has revealed the key 
structural determinants of the interaction between NDP52 and galectin-8 and has 
defi ned a spatial complex formation of dimeric NDP52 with two monomeric galec-
tin- 8 molecules as well as two LC3C molecules [ 33 ]. The earliest fi ndings of the 
defensive role of autophagy was described in nonphagocytic cells against patho-
genic GAS that escape from endosomes into the host cell cytoplasm [ 56 ]. The ubiq-
uitin (Ub)-NDP52-LC3 pathway is essential for targeting GAS to the autophagy 
system [ 60 ]. Moreover, the pore-forming toxin streptolysin O (SLO) from GAS is 
required for the activation of xenophagy in epithelial cells and in pharyngeal kerati-
nocytes. However, the coordinated action of the SLO and the co-toxin NADase 
inhibits the maturation step of GAS-containing autophagosomes, thereby blocking 
autophagic killing of GAS in pharyngeal cells [ 59 ]. Further, the function of NDP52 
can be modulated by bacterial effectors that target the ubiquitin system. The OTU- 
like domain containing protein CCA00261 of  Chlamydia caviae  is a type III secre-
tion effector and putative deubiquitinase. It can target both ubiquitin and NDP52 
and mediate the rapid clearance of ubiquitinated proteins, thus explaining bacterial 
pathogenesis during infection [ 22 ].  

3.3     NBR1 

 NBR1 has its own PB1 domain to interact with p62 as well as the UBA domain and 
LIR motif, for the autophagic degradation of ubiquitinated proteins [ 39 ,  40 ] (Fig.  2 ). 
The intracellular bacterium  Francisella tularensis  has a unique characteristics of 
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rapid phagosomal escape and proliferation in host cytoplasm while avoiding 
autophagic elimination. A recent study showed that a replication-defi cient, ∆dipA 
mutant of  F. tularensis  is captured from the cytosols into double-membrane bound 
autophagosomes and cleared by the selective autophagy system, through the autoph-
agy receptors p62 and NBR1 [ 11 ].  

3.4     Optineurin 

 The phosphorylation of several autophagy receptors is crucial for the activation of 
selective autophagy. The phosphorylated optineurin was found to promote antibac-
terial autophagy of ubiquitin-coated  Salmonella enterica . For this autophagic rec-
ognition, TBK1-mediated phosphorylation of optineurin on serine-177 is essential 
in the enhancement of its LC3-binding affi nity and autophagic elimination of cyto-
solic  Salmonella  [ 88 ] (Fig.  2 ). The structural basis for this increased interaction of 
the phosphorylated optineurin with LC3 homologs has been elucidated [ 68 ]. In 
addition, the clinical relevance of optineurin has been suggested in the transcrip-
tome study of macrophages from Crohn’s disease patients and control groups. This 
study has shown that the expression of optineurin is signifi cantly reduced in approx-
imately 10 % of the Crohn’s disease patients and that the reduced optineurin expres-
sion is accompanied with diminished cytokine secretion by macrophages from these 
patients [ 76 ].   

4     The Association of Innate Immunity and Xenophagy 
Activation 

 In response to pathogen invasion, the host innate immune sensors alarm signals that 
activate a variety of immune defense system. Toll-like receptors (TLRs) are one of 
the best characterized sensors and play major roles in detecting specifi c molecular 
patterns of various pathogens. TLRs trigger intracellular signaling events involving 
the ubiquitination of various signaling molecules and recent studies have revealed a 
molecular link between TLR-mediated innate immunity and the induction of 
autophagy during infection [ 30 ,  79 ,  92 ]. In addition, autophagy activation contrib-
utes to suppression and subsequent “fi ne-tuning” of infl ammatory responses [ 32 , 
 79 ]. This function of autophagy in the control of excessive infl ammation might be 
due to the fundamental ability of the autophagy pathway in maintaining the mito-
chondrial integrity or in removing aggregated signaling proteins and infl ammasome 
activators [ 50 ]. In this session, we briefl y discuss the current knowledge regarding 
the role of xenophagy in TLR-induced innate immunity and the crosstalk between 
TLR- and autophagic signaling. Instead of providing a comprehensive review, we 
just highlight a couple of new important issues, because the link between autophagy 
and TLR signaling has been addressed already in other literatures extensively. 
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4.1     The Role of Xenophagy in TLR-Mediated Innate Immune 
Responses During Infection 

 During the infection of intracellular bacteria or viruses, the innate immune cells 
recognize pathogen-associated molecular patterns through specialized innate 
immune receptors like TLRs. The activation of TLR-dependent signaling in the 
infected cells leads to the production of NF-κB-dependent infl ammatory cytokines 
and antimicrobial proteins [ 15 ,  19 ]. The TLR signaling simultaneously leads to the 
activation of antibacterial autophagy. Earlier studies showed that a variety of TLR 
stimulation induces autophagy activation, resulting in anti-microbial responses in 
phagocytic cells [ 14 ,  70 ,  90 ]. Moreover, TLR8 activation was found to induce the 
expression of the human cathelicidin and to activate the vitamin D receptor (VDR) 
signaling, leading to the conversion of the inactive form of vitamin D, 
25- hydroxycholecalciferol, into its active metabolite [ 6 ]. It is recently shown that 
TLR8 agonists control HIV infection through a vitamin D- and cathelicidin- 
dependent autophagy activation [ 6 ]. The innate immune system should be tightly 
controlled by multiple regulators and/or mechanisms, because the over-activation of 
signaling cascade can lead to excessive and harmful responses to the host. Although 
autophagy play essential effector functions during innate immune defense against 
pathogen infection [ 44 ], autophagy is also crucial for the proper control of infl am-
matory responses. For example, autophagy is enhanced by the stabilization of 
Beclin-1, mediated by the induced expression of plasminogen activator inhibitor 
type 2 (PAI-2) upon TLR activation. This further leads to the degradation of NOD- 
like receptor family, pyrin domain containing 3 (NLRP3) and subsequent reduction 
in the activation of infl ammasome and IL-1β-driven infl ammation [ 12 ]. Thus, 
autophagy plays an essential role in the PAI-2-mediated negative feedback loop of 
TLR signaling.  

4.2     The Crosstalk Between TLR Signaling and the Autophagy 
Pathway 

 Critical components of the TLR signaling have been identifi ed to interact directly 
with key players in the autophagy pathway. For example, TLR signaling adaptors 
MyD88 (myeloid differentiation primary response 88) and TRIF (TIR-domain- 
containing adapter-inducing interferon-β) associate with Beclin-1, a key molecule 
in autophagy activation. TLR signaling leads to the interaction of MyD88 and TRIF 
with Beclin-1 and this interaction dissociates the Beclin-1 from a negative regulator 
Bcl-2 and thus induce the autophagy pathway [ 71 ]. In mycobacterial infection, vari-
ous mycobacterial ligands stimulate TLRs to induce intracellular signaling cascades 
involved in the activation of NF-κB and mitogen-activated protein kinase pathways 
[ 2 ]. Mycobacterial antigen-induced TLR signaling leads to the activation of func-
tional vitamin D receptor (VDR) signaling, which eventually enhances antibacterial 
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autophagy against  M. tuberculosis  [ 2 ,  73 ]. Recent studies have also shown that 
 Pseudomonas aeruginosa -induced autophagy is mediated through TLR4 and its 
adaptor TRIF in macrophages. The cleavage of TRIF by caspase-1 activated upon 
NLRC4 infl ammasome formation leads to the inhibition of autophagy and type I 
interferon secretion. These data suggest that an essential TLR adaptor TRIF plays a 
key role in the activation of autophagy and the production of type I interferon during 
 P. aeruginosa  infection of macrophages [ 31 ].   

5     Concluding Remarks and Future Directions 

 Considerable progress has been made in elucidating the roles of autophagy and their 
functional mechanisms in the cell-autonomous immune defense system against 
pathogen invasion. Recent reports suggest that both selective and nonselective 
autophagy pathways are important in the host defense against intracellular patho-
gens. Now it is also clear that both degradative activity of the autophagy pathway 
and nondegradative functions of the autophagy-related genes are required for the 
effective control of intracellular pathogens. However, numerous studies have also 
highlighted diverse mechanisms of pathogens to evade such anti-pathogen functions 
of the autophagy pathway/genes. Understanding the mechanistic basis for the role 
of the autophagy pathway/genes during pathogen infection is a challenge with sub-
stantial clinical impact, since restoration or enhancement of those autophagic func-
tions is likely to be of great importance with gaining insights of new therapeutic 
modalities. Knowledge from the recent studies on the negative regulation of autoph-
agy also offers the potential possibility of developing new strategies against infec-
tion and infl ammation. Further, emerging data on the mechanisms of linking innate 
immune function to autophagy during microbial infection provides insights into 
xenophagy regulation. In conclusion, ever-expanding knowledge of the autophagic 
regulators and regulatory mechanisms during infection promises new avenues for 
harnessing and shaping innate host responses against pathogen infections.     
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      Autophagy and Antigen Presentation                     

     Christophe     Macri     and     Justine     D.     Mintern    

    Abstract     Macroautophagy (hereafter referred to as autophagy) is a eukaryotic 
catabolic pathway that eliminates intracellular contents and thereby provides cells 
with a source of nutrients. This fundamental pathway of cellular degradation also 
participates in immunity and infl ammation. The capacity of autophagy to traffi c, 
and to degrade, cytosolic protein is exploited by immune cells as a means to elicit 
antigen presentation. Here, we will summarize the current knowledge about the 
intersection of both classical and non-canonical autophagy with pathways of anti-
gen presentation. While the role of autophagy in major histocompatibility complex 
class II (MHC II) presentation is well documented, autophagy is also implicated in 
endogenous MHC I presentation and MHC I cross-presentation. Thus, autophagy is 
a major effector of antigen presentation and has the capacity to impact host immu-
nity and tolerance.  
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  MHC    Major histocompatibility complex   
  MIIC    Major histocompatibility complex class II compartment   
  moDC    Monocyte-derived dendritic cell   
  MP1    Matrix protein 1   
  OVA    Ovalbumin   
  TAP    Transporter-associated with antigen processing   
  TCR    T cell receptor   
  TEC    Thymic epithelial cell   
  TIM-4    T cell immunoglobulin and mucin domain-containing molecule 4   
  TLR    Toll-like receptor   
  αAl2O3-OVA    Ovalbumin-conjugated αAl2O3   

1         Introduction 

 Macroautophagy (referred to as autophagy below) is intracellular catabolic mecha-
nism that is highly conserved in eukaryotes. This process starts with the formation 
of an isolation membrane that elongates to sequester cytosolic components within a 
double-membrane vesicle termed “autophagosome”. Autophagosomes ultimately 
fuse with lysosomes to form autolysosomes where the luminal content is degraded. 
This ancient response is governed by more than thirty autophagy-related genes 
( Atg ) that were initially discovered in unicellular eukaryotic cells, notably in yeast. 
Subsequent studies have identifi ed orthologs genes in mammals [ 12 ,  49 ]. 

 Initial reports described autophagy as an intracellular pathway critical for the 
preservation of cellular homeostasis. This pathway is constitutively active at basal 
levels and enables the removal of long-lived proteins and damaged organelles. 
Furthermore, autophagy constitutes a cellular stress response to numerous endoge-
nous and exogenous stressors including starvation and chemical or metabolic 
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 dysfunction. In these settings, the cell upregulates autophagy to reduce potential 
damage and to promote its survival via the recycling of nutrients liberated by lyso-
somal proteolysis [ 40 ]. Over the last decade, the concept of autophagy has evolved 
to include a broader range of biological functions, one of which is the generation of 
an effective immune response [ 9 ,  34 ]. In particular, autophagy machinery is impli-
cated in the process of antigen presentation [ 38 ]. Antigen presentation refers to the 
critical immune process that initiates an adaptive immune response that will ulti-
mately protect mammalian organisms against pathogens. Antigen presentation 
encompasses the intracellular pathways that are implicated in the traffi cking and 
processing of antigen that is required for its delivery and presentation by major 
histocompatibility complex (MHC) molecules. These pathways precede the recog-
nition of antigenic peptide, presented in the context of MHC molecules, by antigen- 
specifi c T cells. An increasing number of studies have highlighted the intersection 
of autophagy with different antigen-presenting routes. In this case, the capacity of 
autophagy to transport and degrade intracellular constituents is utilized to effec-
tively traffi c and deliver antigens to compartments for MHC loading. 

 In this Chapter, the current knowledge of autophagy and its contribution to anti-
gen presentation will be discussed. First, we will focus on MHC II that presents 
antigenic peptides to CD4 +  T lymphocytes. Second, we will describe the role of 
autophagy and its impact on MHC I presentation of antigen to CD8 +  T lymphocytes. 
We will highlight the multifactorial roles of autophagy in antigen presentation that 
contribute to generating effective immunity.  

2     Autophagy in MHC II Presentation 

2.1     Overview of the Classical MHC II Presentation Pathway 

 Antigen presentation is pivotal to initiating T cell immunity that is responsible for the 
active clearance of infectious pathogen from the host. Presentation of antigen by MHC 
II molecules is recognized by the T cell receptor (TCR) expressed by CD4 +  T lympho-
cytes. This subpopulation of T cells orchestrates the humoral and cellular immune 
response, largely via the secretion of a broad panel of cytokines. MHC II molecules are 
mostly restricted to a subset of cells, named antigen presenting cells (APCs), that com-
prise of dendritic cells (DCs), macrophages, B cells and epithelial cells [ 36 ]. 

 Traditionally, the classical MHC II presentation pathway has been defi ned as a route 
that exclusively presents antigens from an extracellular source. In humans, MHC II 
molecules are encoded by three polymorphic genes,  HLA-DP , − DQ , and  -DR . During 
their synthesis, the α and β chains are assembled in the endoplasmic reticulum (ER), 
together with the invariant chain (li). Binding of li to newly synthesised MHC II mol-
ecules ensures the peptide-binding cleft is blocked preventing it from being loaded with 
peptides in the ER. Li also promotes the export of MHC II molecules to late endosomes 
and the MHC II loading compartment (MIIC). Proteases, including cathepsins, degrade 
li, leaving the remnant class-II-associated li peptide (CLIP) bound to MHC II mole-
cules. The  chaperone HLA-DM associates with this complex, facilitates the release of 
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CLIP and promotes binding of high affi nity antigen-derived peptides. Antigens 
from the extracellular environment are traffi cked to MIIC after being endocytosed 
and degraded in late endosomes-lysosomes. Resulting peptides are loaded on MHC 
II molecules and the MHC II-peptide complex is exported to the cell surface [ 6 ,  36 ]. 
The paradigm that MHC II molecules largely present exogenous antigens has 
evolved. Pioneering works have reported that several endogenous viral antigens gain 
access to the MHC II presentation pathways. For instance, HLA-DR1 +  or HLA-DR4 +  
murine fi broblasts that express measles virus matrix or measles virus nucleocapsid in 
their cytoplasm are competent in priming CD4 +  T cells specifi c for these two anti-
gens [ 17 ]. In another study, human lymphoblastoid cells infected with vaccinia virus 
that express the infl uenza A matrix protein 1 (MP1) gain the capacity to prime MP1-
specifi c CD4 +  T cells [ 19 ]. For both studies, evidence was provided arguing that 
MHC II antigen presentation occurs independently of the exogenous pathway. 
Therefore, it is now clear that MHC II molecules present both intracellular and extra-
cellular antigens, with autophagy acting as an active effector of endogenous MHC II 
presentation (Fig.  1 ).

  Fig. 1    Autophagy-independent and dependent MHC II presentation pathways. During classical 
MHC II antigen presentation ( blue arrows ), MHC II-Ii complexes are exported to MIIC. After 
degradation of Ii, the CLIP peptide is replaced by peptides generated by proteolysis of phagocy-
tosed extracellular antigen. MHC II-peptide complexes are transported to the cell surface. In 
autophagy-dependent MHC II antigen presentation ( red arrows ), cytosolic antigen is degraded and 
traffi cked to MIIC by autophagy or by chaperone-mediated autophagy (CMA). The proteolysis of 
extracellular antigen in the endosomal compartment can also be assisted by LC3-associated phago-
cytosis (LAP)       
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2.2        Intersection of Autophagy and MHC II Presentation 
Pathways 

2.2.1     Autophagy in the Presentation of Endogenous Antigens 

 Autophagy plays a major role in routing intracellular antigen to MHC II molecules. 
Proteomic analysis of the peptidome that is presented by HLA-DR molecules from 
B lymphoblastoid cells reveals that 35 % of antigens correspond to intracellular 
proteins. Interestingly, this proportion is augmented when autophagy is induced by 
nutrient deprivation, raising the possibility that autophagy contributes to MHC II 
presentation [ 8 ]. Schmid et al. have reported that autophagy fl ux is elevated in dif-
ferent APC populations, including human epithelial cells, B lymphoblastoid cells, 
monocytes, immature and mature monocyte-derived DCs (moDCs). Interestingly, 
the authors have also shown that the autophagosome marker microtubule-associated 
protein 1 light chain 3 (LC3) co-stains with a high proportion of MIIC. This strongly 
suggested the intersection of autophagy and MHC II presentation. To further inves-
tigate this, the cytosolic viral antigen MP1 was fused to LC3. In this case, the fusion 
protein was effi ciently targeted to autophagosomes and enhanced the activation of 
MP1-specifi c CD4+ T cells [ 44 ]. Therefore, the traffi cking of autophagosomes to 
MIIC in APCs provides a pathway whereby cytosolic antigen can access the MHC 
II antigen presentation pathway. 

 Autophagy-dependent presentation of endogenous antigens, and more specifi -
cally self-antigens, by MHC II molecules is critical for immune tolerance. In the 
thymus, immature T cells undergo positive and negative selection by recognizing 
self-antigen presented by MHC molecules on thymic epithelial cells (TECs). This 
central tolerance mechanism induces the deletion of potentially harmful self- reactive 
T cells [ 14 ]. Interestingly, autophagy is constitutively elevated in TECs, as evidenced 
by the presence of numerous intracellular GFP-LC3 aggregates [ 35 ]. A high propor-
tion of these autophagosomes co-localize with MIIC, both in cortical TECs, impli-
cated in positive selection, and in medullary TECs that are required for negative 
selection [ 23 ]. To investigate the impact of autophagy in TECs on T cell selection, 
Aichinger et al. have cloned a neo-antigen encompassing an epitope derived from the 
C-reactive protein (CRP) fused to the carboxyterminal domain of LC3 and to green 
fl uorescent protein (GFP). This fusion protein is effi ciently targeted to autophago-
somes in transfected cells. Interestingly, endogenous expression of this antigen by 
medullary TECs triggers the deletion of CRP-specifi c CD4 +  T cells in mice while 
 Atg5  gene deletion abrogates this process [ 3 ]. In addition, when  Atg5   −/−   thymi are 
grafted to wild type or TCR transgenic mice, the repertoire of mature CD4 +  T cells, 
but not CD8 +  T cells, is modifi ed. Transplantation of  Atg5   −/−   thymi into athymic mice 
induces the development of colitis and systemic  infl ammation, mostly triggered by 
mature CD4 +  T cells. Collectively, these data suggest that autophagy in TECs is 
required for both negative and positive selection of immature CD4 +  T cells in the 
thymus and that the absence of an intact autophagy pathway in these cells leads to a 
breach of tolerance [ 35 ]. 
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 Endogenous MHC II antigens that undergo citrullination are particularly depen-
dent on autophagy for their processing [ 16 ]. Citrullination is a post-translational mod-
ifi cation associated with autoimmune pathologies such as rheumatoid arthritis. In 
mice expressing hen egg lysozyme (HEL), DCs and macrophages constitutively pres-
ent HEL-derived citrullinated epitopes by MHC II. Strikingly, pharmacological inhi-
bition of autophagy with 3-methyladenine (3-MA) impairs this mechanism whereas it 
does not affect MHC II presentation of non-citrullinated epitopes. At steady-state, B 
cells are not competent in presenting citrullinated epitopes. However, autophagy 
induction with serum starvation of B lymphoblastoid cells restores MHC II presenta-
tion of citrullinated HEL, and this process is reduced in the presence of 3-MA or with 
 Atg5  shRNA knockdown. Supporting the importance of these fi ndings, this mecha-
nism is also observed in primary B cells following BCR stimulation that activates 
autophagosome formation. Foreign antigens that are endogenously expressed by 
APCs are also processed via autophagy for MHC II loading. Immuno- electron micros-
copy sections of Epstein-Barr virus (EBV)-transformed lymphoblastoid cells demon-
strates the presence of EBV nuclear antigen 1 (EBNA1) in double membrane 
autophagosomes. The use of 3-MA or  Atg12  siRNA knockdown to inhibit autophagy 
in these cells impairs the priming of EBNA1-specifi c CD4 +  T cells. Therefore, autoph-
agy facilitates MHC II presentation of EBNA1 [ 37 ]. In murine macrophages and DCs 
infected with  Mycobacterium Tuberculosis , autophagy induction by rapamycin, star-
vation or interferon-γ relocates the mycobacterial antigen 85B (Ag85B) into autopha-
gosomes and enhances priming of Ag85-specifi c CD4 +  T cells. This process is 
repressed by  Atg6/Beclin-1  knockdown, showing that autophagy acts as an effector of 
Ag85B presentation by MHC II molecules. Importantly, the engulfment of Ag85B 
into autophagosomes was exclusively observed in  Mycobacterium Tuberculosis -
infected cells, thus excluding a scenario where the antigen was taken up from an 
extracellular source. The stimulatory property of rapamycin on MHC II presentation 
of mycobacterial antigens can be exploited to improve the effi ciency of vaccination. 
Indeed,  Mycobacterium Tuberculosis -infected mice that have been vaccinated with 
rapamycin-treated DCs elicit a higher CD4 +  T cell immune response and improved 
bacterial clearance than mice injected with untreated DCs [ 18 ]. Some tumor antigens 
also depend on autophagy for MHC II presentation. Transfected human moDCs that 
express the tumor antigen Mucin-1 are able to induce the proliferation of Mucin-1-
specifi c CD4 +  T cells, and this capacity is abolished in the presence of 3-MA and 
wortmannin that block autophagosome formation. Therefore, autophagy activity in 
moDCs is required for MHC II presentation of the tumor antigen Mucin-1 [ 10 ]. 

 One study reported that cytosolic MHC II antigens comprising the amino acid 
motif KFERQ are processed via chaperone-mediated autophagy (CMA), a selective 
type of autophagy. During CMA, KFERQ-containing substrates are recognized in 
the cytosol by a complex of chaperones, including heat shock cognate protein of 
70 kDa (Hsc70), and transported to a multimer of lysosomal-associated membrane 
protein 2a (Lamp-2a) at the lysosome membrane. The substrate is subsequently 
translocated across the lysosomal membrane and degraded by lysosomal proteases 
[ 24 ].  LAMP-2  and  Hsc70  knockdown in human B lymphoblasts reduces MHC II 
presentation of the cytosolic glutamate decarboxylase while Lamp-2a and Hsc70 
overexpression enhances this process. Therefore, these fi ndings suggest that the 
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degradation of CMA substrates elicits epitopes for MHC II presentation [ 51 ]. 
Altogether, these studies highlight a unique and critical role of autophagy to trans-
port and process intracellular antigens for the MHC II presentation pathway.  

2.2.2     Autophagy in the Presentation of Exogenous Antigens 

 Besides its contribution to MHC II presentation of endogenous antigen, evidence also 
exists to support a role for autophagy in the routing and processing of exogenous 
antigens for MHC II loading. Several studies have highlighted this mechanism during 
pathogen infection. For example, when human moDCs loaded with inactivated human 
immunodefi ciency virus (HIV) are used as APCs, inhibitors of autophagosome for-
mation (3-MA,  LC3  and  Atg5  siRNA knockdown) impair their capacity to prime 
CD4 +  T cells specifi c for the HIV antigen Gag. In contrast, autophagy stimulation 
with rapamycin enhances MHC II presentation of Gag. Importantly, the use of the 
Gag-derived peptide to pulse DCs does not elicit any difference in MHC II presenta-
tion outcomes, suggesting that autophagy is involved in the processing of the exoge-
nously acquired Gag protein [ 5 ]. In another study, Lee et al. have reported that, upon 
infection with herpes simplex virus (HSV)-1, chimeric mice reconstituted with a 
hematopoietic Atg5 −/−  immune system show weaker CD4 +  T cell immunity compared 
to mice reconstituted with wild-type cells. Furthermore, infection of Atg5 −/−  chimeric 
mice with ovalbumin (OVA)-expressing HSV-1 or OVA-expressing  Listeria monocy-
togenes  leads to a defect in the proliferation of adoptively transferred OVA-specifi c 
CD4 +  T cells. Mice with a conditional knockout of  Atg5  in DCs and infected with 
HSV-2 also demonstrate a defect in CD4 +  T cell priming and reduced survival due to 
higher disease severity. Of note, DCs that lack Atg5 undergo normal maturation, are 
competent in cell migration and are not defective in endocytosis and phagocytosis. 
Therefore, the impaired CD4 +  T cell immune response is not the result of a global 
reduction in DC function, but rather occurs due to impaired processing of the phago-
cytosed antigens. Indeed, using lipopolysaccharide and OVA-coated beads, Atg5 −/−  
DCs exhibited a delay in phagosome-lysosome fusion and a defect in the delivery of 
lysosomal proteases to antigen-containing phagosomes. Surprisingly, electron micros-
copy images did not reveal double-membrane autophagosomes engulfi ng phago-
somes. The authors raise the possibility that a non-canonical form of autophagy is 
occurring that may facilitate the proteolysis of extracellular antigens in DCs [ 26 ]. 
These results are in line with the recent description of a novel form of autophagy in 
DCs that promotes the degradation of phagocytosed material, known as LC3-
associated phagocytosis (LAP). In this pathway, LC3-II is directly recruited to the 
single membrane of phagosomes, a process that requires the autophagy machinery 
components Atg5, Atg7 and Beclin-1. Importantly, this non-canonical form of 
autophagy is activated downstream of the stimulation of several innate immune recep-
tors by microbial components, including Toll-like receptors (TLRs) 1/2, TLRs2/6, 
TLR4 and Dectin-1 [ 33 ,  43 ]. Other evidence demonstrates the involvement of LAP in 
the proteolysis of phagocytosed antigens for MHC II presentation. Pulsing of bone 
marrow-derived DCs (BMDCs) with yeast stimulates Dectin-1 and activates LAP 
downstream of the receptor. Interestingly, when OVA-expressing yeast are used, 
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LC3 −/−  DCs are defective in activating OVA-specifi c CD4 +  T cells whereas the 
presentation of exogenously supplied OVA peptide is not affected [ 31 ]. Using live 
cell imaging of human macrophages, Romao et al. have reported that LC3-
conjugated phagosomes formed during LAP are delayed in acquiring lysosomal 
markers compared to phagosomes that do not harbor LC3. Furthermore, inhibition 
of LAP with  Atg5  or  Atg16L1  knockdown abrogates the presentation of fungal anti-
gens by MHC II molecules. These fi ndings confl ict with the data of Lee et al. that 
show enhanced MHC II presentation through LAP is a consequence of improved 
phagosomal maturation [ 26 ]. Romao et al. rather propose a mechanism where the 
conjugation of LC3 to phagosomes prolongs antigen storage [ 42 ]. Together, these 
results demonstrate that autophagy, and more particularly non-canonical LAP, 
assists the processing of phagocytosed antigens for MHC II presentation.    

3     Autophagy in MHC I Presentation 

3.1     Overview of the MHC I Presentation Pathways 

3.1.1     The Classical MHC I Presentation Pathway 

 MHC I presentation is critical for the priming of CD8 +  T cell immune responses. 
The complex formed by MHC I bound to an antigenic peptide is directly recognized 
by the TCR of antigen-specifi c CD8 +  T cells. Upon activation, CD8 +  T cells differ-
entiate into cytotoxic T cells that detect and kill pathogen-infected cells or tumor 
cells. All nucleated cells express MHC I molecules, however only DCs have the 
ability to prime CD8 +  T cell immune responses [ 22 ,  36 ]. 

 A major source of antigens for MHC I molecules are proteins expressed by 
the cell itself. Antigenic peptides are produced following proteasomal degrada-
tion of endogenously expressed proteins. Peptides are imported into the ER 
through the transporter-associated with antigen processing (TAP) expressed at 
the ER membrane. These peptides can be further processed by ER aminopepti-
dases. Genes encoding MHC I molecules are  HLA-A , − B , − C  in humans. After 
synthesis, the α chain interacts with β2-microglobulin in the ER and this dimer 
associates with peptides that fi t in the binding groove of the complex. This step 
is facilitated by the action of ER chaperones such as tapasin, calnexin, calreticu-
lin. After leaving the ER, the MHC I-peptide complex transverses the Golgi and 
is displayed at the cell surface [ 6 ,  36 ].  

3.1.2     The MHC I Cross-Presentation Pathway 

 The function of MHC I is not confi ned to the presentation of endogenous antigen. 
Certain types of APCs, like DCs, are able to present MHC I peptides that are derived 
from extracellular antigens via a mechanism termed “cross-presentation”. This immune 
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process is particularly signifi cant to elicit CD8 +  T cell immunity against pathogens or 
cancer where APCs are not directly targeted by pathogens or when they do not express 
tumor antigens [ 20 ,  45 ]. 

 The intracellular mechanisms underlying cross-presentation are not well defi ned. 
Two main models of cross-presentation have been proposed according to the intra-
cellular traffi cking route of the antigen. In the “vacuolar pathway”, the phagocytosed 
antigen is processed by lysosomal proteases. Resulting peptides are loaded on MHC 
I molecules that recycle from the cell surface, and the MHC I peptide complex is re-
exposed on the cell surface. In the “cytosolic pathway”, the phagocytosed antigen is 
exported from the endosomal compartment to the cytosol. Although the identity of 
the transporter is unknown, evidence suggests that the translocon Sec61 is an attrac-
tive candidate to undertake this mechanism [ 1 ]. Once in the cytosol, antigen is 
degraded by the proteasome into peptides that are transported into the ER via TAP 
for loading on MHC I molecules. An alternative mechanism has also been proposed 
where antigen-containing phagosomes directly fuse with the ER or with vesicles 
containing ER-membrane. This fusion leads to the formation of a cross- presenting 
compartment comprising Sec61, TAP, MHC I molecules and the ER loading chaper-
ones. In this scenario, antigen is transferred from the phagosomal lumen to the cyto-
sol for proteasomal degradation, however the liberated peptides are directly 
reimported into the cross-presenting compartment and loaded on MHC I molecules 
[ 2 ,  13 ,  15 ]. The exact mechanisms that facilitate cross-presentation remain a matter 
of debate [ 20 ,  45 ,  47 ].   

3.2     Intersection of Autophagy with MHC I Presentation 
Pathways 

3.2.1     Autophagy in the Classical MHC I Presentation Pathway 

 Although MHC I presentation largely relies on the proteasome for antigen degrada-
tion, several groups have shown that autophagy can assist MHC I antigen process-
ing (Fig.  2 ). For MHC I presentation of endogenous antigen, evidence illustrates 
that the human cytomegalovirus protein pUL138 is presented to CD8 +  T cells via an 
autophagy-dependent mechanism rather than via the classical proteasomal- 
dependent route. Indeed, TAP −/−  cells are a potent activator of pUL138–specifi c 
CD8 +  T cells. Furthermore, incubation of cells with lactocystin or epoxomicin, two 
proteasome inhibitors, or with an inhibitor of ER aminopeptidases did not impair 
this immune mechanism. In contrast, blocking lysosome proteolysis with chloro-
quine strongly reduces pUL138 presentation by MHC I molecules. Autophagy 
downregulation with 3-MA or  Atg12  knockdown also abrogates MHC I presenta-
tion. The authors speculate that pUL138 is targeted to the lysosome by autophagy 
for breakdown, and peptides are directly loaded on MHC I molecules in the endo-
somal compartment [ 46 ]. Another example of autophagy-dependent endogenous 
MHC I presentation is the presentation of an epitope issued by respiratory syncytial 
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virus that proceeds in a TAP and proteasome-independent manner. The use of 3-MA 
reduces the priming of epitope-specifi c CD8 +  T cells, suggesting that access of this 
epitope to the MHC I machinery relies on autophagy [ 21 ]. In HSV-1-infected mac-
rophages, English et al. reported that MHC I presentation of viral antigens depends 
on autophagy during the late stage of infection. In this case, bafi lomycin A1, an 
inhibitor of lysosomal acidifi cation, abrogates presentation of HSV-1 glycoprotein 
B (gB) to CD8 +  T cells from 8–10 h after the beginning of infection. Similarly, 
autophagy inhibition with 3-MA or  Atg5  siRNAs knockdown impairs this mode of 
MHC I presentation. Interestingly, electron microscopy images of HSV-1-infected 
macrophages reveal the formation of double-membrane autophagosomes emerging 
from the nuclear envelope containing viral particles in their lumen. Although the 
autophagy-mediated mechanism underlying MHC I presentation of gB remains elu-
sive, the authors suggest that the viral antigen undergoes proteolysis by autophagy, 
followed by the export of proteolysis products to the cytosol for further processing 
by the proteasome [ 11 ]. The capture of cytosolic antigens into autophagosomes for 

  Fig. 2    Autophagy-independent and dependent MHC I presentation pathways. Classical MHC I 
antigen presentation ( blue arrows ) relies on degradation of endogenous protein by the proteasome 
and import of peptides into the endoplasmic reticulum (ER) via the transported associated with 
antigen processing (TAP). Peptides are loaded into the peptide-binding groove of newly synthe-
sized MHC I molecules and traffi cked to the cell surface. During cross-presentation ( green arrows ), 
antigens are transferred into the cytosol for proteasomal degradation. Peptides can be imported 
into the ER or into endosomal compartments for MHC I loading. Alternatively, phagocytosed 
antigens can be degraded by lysosomal proteases, eliciting peptides that are loaded on recycling 
MHC I molecules in the endosomal compartment. Autophagy can intersect with MHC I antigen 
presentation ( red arrows ) by traffi cking cytosolic antigens to endosomal MHC I molecules or by 
modulating the effi ciency of cross presentation by unknown mechanisms. Extracellular antigens 
associated to autophagosomes readily access the cross-presentation pathway       

 

C. Macri and J.D. Mintern



165

MHC I presentation is supported by a study of polyubiquitinated aggregates that 
form in mature DCs. These aggregates are termed DC aggresome-like induced 
structures (DALIS) and are thought to contain misfolded ribosomal products that 
are a major source of MHC I antigen in DCs [ 39 ]. Fluorescence microscopy and 
electron microscopy images demonstrate that DALIS co-localise with LC3 and that 
these aggregates are frequently surrounded by autophagosome-like structures. 
Evidence suggests that these double-membrane vesicles emerge from the MIIC and 
correspond to an unconventional type of autophagy, termed endosome-mediated 
autophagy (ENMA) [ 25 ]. The impact of ENMA on MHC I presentation is unknown. 
There is some evidence to suggest that autophagy can modulate the cell surface 
expression of MHC I molecules. Li et al. reported that the use of pharmacological 
autophagy inhibitors (3-MA, chloroquin, wortmannin) and siRNA knockdown 
( Atg6/Beclin1, Atg5, Atg7 ) upregulates MHC I expression at the surface of mouse 
macrophages. This observation may refl ect reduced degradation of surface MHC I 
molecules by autophagy. In line with this data, rapamycin treatment of B16 mela-
noma cells induces the re-localization of a population of MHC I molecules into 
autophagosomes, thereby decreasing their expression at the cell surface. Intriguingly, 
rapamycin used in combination with interferon-γ, a cytokine that stimulates MHC I 
expression, has the opposite effect with the expression of MHCI molecules on cell 
surface being further increased. This synergy between rapamycin and interferon-γ 
strengthens the killing of B16 tumor cells by antigen-specifi c cytotoxic T cells and 
this effect is suppressed when autophagy is inhibited. In this condition, the presence 
of MHC I molecules in the lumen of autophagosomes is diminished, however the 
mechanism explaining the synergy between rapamycin and interferon-γ remains 
undefi ned. Taken together, these fi ndings highlight the potential for autophagy to 
impact the display of MHC I molecules at the cell surface [ 27 ].

3.2.2        Autophagy in Cross-Presentation: Role in Cross-Presenting Cells 

 In the cross-presentation pathway, antigen is captured from an extracellular source by 
APCs and processed for MHC I loading. The potential participation of autophagy in 
cross-presentation is unclear. LC3 −/−  BMDCs pulsed with OVA-expressing yeast do 
not demonstrate any reduced capacity to activate OVA-specifi c CD8 +  T cells [ 31 ]. 
Similarly, Lee et al. show that wild-type and Atg5 −/−  DCs are equally competent in 
cross-presenting OVA. This was observed when splenic DCs were co- incubated with 
either soluble OVA taken up by pinocytosis, or with OVA-coated MHC I −/−  spleno-
cytes whose uptake depends on phagocytosis [ 26 ]. In contrast with these observations, 
several studies show that autophagy assists cross-presentation. For instance, Ravindran 
et al. have highlighted that cross presentation of antigen from the yellow fever vaccine 
YF-17D depends on autophagy. Infection of human moDCs or mouse BMDCs with 
YF-17D induces autophagy through a mechanism that requires the general control 
nonderepressible 2 (GCN2) kinase, a sensor of amino acid starvation. To examine the 
role of vaccine-induced autophagy on cross- presentation,  Atg5 ,  Atg7  or  Atg6/Beclin-1  
knockout BMDCs were pulsed with YF-17D-OVA-infected cells. In this case, OVA 
cross-presentation was signifi cantly impaired in autophagy-defi cient BMDCs [ 41 ]. 
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Autophagy also plays a critical role in the cross-presentation of antigens conjugated 
to αAl2O3 nanoparticles. OVA- conjugated αAl2O3 (αAl2O3-OVA) exhibits supe-
rior capacity to be cross-presented by mouse BMDCs  in vitro  and induce an OVA-
specifi c CD8 +  T cell immune response  in vivo  compared to OVA alone. Using 
immunofl uorescence and electron microscopy, the authors show that cross-presenta-
tion of the conjugated antigen relies on the localisation of αAl2O3-OVA, but not 
OVA, in autophagosomes. Blockade of autophagy in BMDCs with pharmacological 
inhibitors (3-MA, wortmannin) and siRNA knockdown ( Atg6/Beclin-1  and  Atg12 ) 
reduces cross- presentation of αAl2O3-OVA whereas no difference is observed with 
OVA alone. How the localization of αAl2O3-OVA in the lumen of autophagosomes 
facilitates OVA cross-presentation remains unknown [ 28 ]. Autophagy has been sug-
gested to assist cross-presentation of fungal antigens from  Aspergillus Conidia . 
Treatment of lung DCs with 3-MA prevents the routing of  Aspergillus Conidia  to 
Rab14 +  compartments where cross-presentation occurs [ 7 ]. 

 It is worth mentioning that one study argues that autophagy has an inhibitory role in 
cross-presentation. Baghdadi et al. have reported that engulfment of dying cells by 
bone-marrow-derived macrophages (BMDMs) induces autophagy. This process 
depends on the stimulation at the cell surface of the T cell immunoglobulin and mucin 
domain-containing molecule 4 (TIM-4) that recruits the adenosine monophosphate 
activating kinase-α1 (AMPKα1), an intracellular energy sensor that regulates autopha-
gosome formation. Interestingly TIM-4 −/−  BMDMs co-incubated with apoptotic debris 
from OVA-expressing cells display increased capacity to activate OVA-specifi c CD8 +  
T cells. This enhanced cross-presentation is repressed when autophagy is induced by 
rapamycin. Conversely, pharmacological inhibitors of autophagy (3-MA, bafi lomycin 
A1) or  Atg5  knockout in BMDMs induce a stronger cross-presentation of dying cell-
associated OVA. The authors suggest that TIM-4- induced autophagy facilitates the 
routing of phagocytosed cellular debris to lysosomes for breakdown and prevents the 
production of epitopes for MHC I molecules [ 4 ]. Although TIM-4 engagement has 
been shown by others to activate LAP [ 32 ], electron microscopy images in this study 
clearly identify the presence of double- membrane autophagosomes containing cellular 
debris, therefore this immune tolerance mechanism involves classical autophagy. 
Interestingly, in tumor-bearing mice injected with chemotherapeutic agents, knockout 
of  Prkaa1  (encoding AMPKα1) or  Atg5  in myeloid cells enhances anti-tumor CD8 +  T 
cell immunity and reduces tumor growth. Therefore, inhibiting autophagosome forma-
tion downstream TIM-4 is of interest in enhancing anti-tumor immunity triggered by 
chemotherapy-induced cell death [ 4 ]. In conclusion, the role of autophagy in cross-
presenting APCs remains controversial. Several studies exist that either support or 
reject such a role with no clear consensus as to why this is the case.  

3.2.3     Autophagy in Cross-Presentation: Role in Antigen-Donor Cells 

 Autophagosomes in antigen-donor cells can infl uence the capacity of antigen to be 
effi ciently cross-presented by APCs. For instance, Bax/Bak −/−  mouse embryonic 
fi broblasts (MEFs) undergo cell death with high autophagy activity. Interestingly, 
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immunization of mice with cellular debris from infl uenza A-infected Bax/Bak −/−  
MEFs primes a stronger CD8 +  T cell immune response than the use of wild-type 
MEFs.  Atg5  knockdown in Bax/Bak −/−  MEFs represses this immune response [ 48 ]. 
Similarly, autophagy fl ux in human melanoma cells, that express the tumor antigen 
gp100, impacts the effi ciency of cross-presentation of this antigen  in vivo . Treatment 
of these cells with rapamycin boosts the CD8 +  T cell immune response while inhibi-
tors of autophagosome formation, including 3-MA, wortmannin,  Atg6/Beclin-1  shR-
NAs or  Atg12  siRNAs, impairs this mechanism. Data also exists to support a role of 
autophagosomes themselves as antigen carriers that promote MHC I cross- 
presentation. For instance, co-incubation of DCs with autophagosomes purifi ed from 
OVA-expressing fi broblasts effi ciently induces the proliferation of OVA- specifi c 
CD8 +  T cells [ 30 ]. Defective ribosomal products-containing blebs (DRibbles) are 
autophagosome-enriched fractions that can be purifi ed from cells whose proteasome 
activity and autophagosome maturation are inhibited. DRibbles- associated antigens 
readily access the cytosolic pathway of cross-presentation. Strikingly, vaccination of 
lung tumor-bearing mice with DCs pulsed with DRibbles elicits higher protection 
against tumor growth than vaccination with DCs loaded with dying cells or cell 
lysates [ 29 ]. DRibbles are also effective in human APCs. Pulsing of peripheral blood 
mononuclear cells or monocytes with DRibbles containing viral antigens elicits acti-
vation of memory CD8 +  T cells [ 50 ]. In conclusion, autophagosomes associate with 
antigen in donor cells and can enhance MHC I cross presentation outcomes follow-
ing their phagocytosis by APCs.    

4     Conclusions 

 It is now evident that autophagy regulates different immune functions. Specifi cally, 
autophagy plays a major role in antigen presentation that is critical to elicit adaptive 
immunity and priming of T cell-mediated immune responses. The intersection of 
autophagy and MHC II antigen presentation is well established. Self and foreign 
antigens expressed in the cytosol of APCs are taken up into autophagosomes and the 
continuous fusion of these double-membrane structures with MIIC ensures the load-
ing of epitopes into MHC II molecules. This intracellular process regulates central 
tolerance and promotes effective immune responses against infectious pathogens. 
More recent studies have also provided evidence that autophagy assists the process-
ing of extracellular MHC II antigens through non-canonical LAP. The relevance of 
LAP-mediated MHC II presentation in settings of live immunity remains to be fur-
ther examined. In contrast, little is known about intracellular connections between 
autophagy and MHC I presentation pathways. A handful of studies have suggested 
that autophagy may participate to endogenous antigen processing for loading on 
MHC I molecules. Controversial data also demonstrate that APCs exploit autophagy 
to enhance antigen-cross-presentation. Whether only certain type antigens are pro-
cessed in an autophagy-dependent manner for MHC I presentation and cross-presen-
tation needs to be clarifi ed. More work is also required to determine whether these 
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fi ndings correspond to classical autophagy or whether they involve non-canonical 
types of autophagy. Finally, extracellular antigens packaged into autophagosomes 
are effi ciently targeted to cross-presentation in APCs. Therefore, autophagosomes 
are candidates of major interest in vaccination to be used as adjuvants and to enhance 
cross-presentation. 

 In summary, the intersection of autophagy and antigen presentation may increase 
the severity of pathologies, including autoimmune diseases, by augmenting detri-
mental antigen presentation. Conversely, the communication between autophagy 
and antigen presentation may act synergistically to benefi t the host by effi ciently 
priming T cell immune response against pathogens. Therefore, pharmacological 
modulators of autophagy offer a promising therapeutic approach to manipulate anti-
gen presentation and to elicit the desired immune outcome.     
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      Autophagy in T and B Lymphocytes                     

     Alexander     J.     Clarke      and     A.     Katharina     Simon    

    Abstract     Autophagy is now understood to have an active role in the adaptive 
immune system, participating in lymphocyte development, differentiation, and 
memory. In T cells, it is activated during thymocyte development, and following 
receptor ligation, and is also critical for T cell memory. In B cells, there is again 
activation of autophagy during development, and whilst it is dispensable for 
maintenance of the peripheral B2 cell pool, it is required for normal formation of 
B1 B cells. Autophagy is strongly active in plasma cells, which appear to use it as 
a mechanism for survival of the metabolic stress associated with immunoglobulin 
production. Finally, as with T cells, autophagy is necessary for memory B cell 
maintenance.  
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  CLP    Common lymphoid progenitor   
  cTEC    Cortical thymic epithelium   
  CXCR4    C-X-C chemokine receptor type 4   
  DN    Double negative   
  EAE    Experimental autoimmune encephalomyelitis   
  ER    Endoplasmic reticulum   
  GCN2    General control non-repressible-2   
  GFP    Green fl uorescent protein   
  HIF1α    Hypoxia inducible factor 1α   
  HIV-1    Human immunodefi ciency virus-1   
  HSCs    Haematopoietic stem cells (HSCs)   
  Ig    Immunoglobulin   
  IL    Interleukin   
  JNK    c-Jun N-terminal kinase   
  LC3    Microtubule-associated protein 1A/1B-light chain 3   
  Lck    Lymphocyte protein tyrosine kinase   
  LCMV    Lymphocytic choriomeningitis virus   
  LPS    Lipopolysaccharide   
  MAPK    Mitogen-activated protein kinase   
  MCMV    Murine cytomegalovirus   
  MHC    Major histocompatibility complex   
  mTEC    Medullary thymic epithelial cells   
  mTOR    Mechanistic target of rapamycin   
  NF-κB    Nuclear factor-kappaB   
  NP-KLH    4-hydroxy-3-nitrophenylacetyl conjugated to keyhole limpet hemocyanin   
  Rag    Recombination-activating genes   
  ROS    Reactive oxygen species   
  S6K1    p70 ribosomal protein S6 kinase 1   
  SLE    Systemic lupus erythematosus   
  Tat    Trans-Activator of Transcription   
  TCR    T cell receptor   
  TD    T cell help   
  TI    T-independent stimulation   
  TLR    TLR, Toll-like receptor   
  T reg     Regulatory T   
  ULK1    unc-51 like autophagy activating kinase 1   
  UPR    Unfolded protein response (UPR)   
  Vps34    Vacuolar protein sorting   
  XBP-1    X-box binding protein 1.   
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1         Introduction 

 The last few years have seen the recognition that autophagy is fundamentally impor-
tant in the development and homeostasis of both T and B lymphocytes, where it 
supports cell survival but may also act selectively to regulate their differentiation 
fate. This chapter will consider the many and varied roles that autophagy has been 
identifi ed to play in the life cycle of the lymphocyte.  

2     Maintenance of Lymphocyte Progenitors 

 Autophagy plays a critical role in the earliest stage of lymphocyte development: the 
maintenance of haematopoietic stem cells (HSCs), which self-renew and supply the 
common lymphoid progenitor (CLP) that progresses to differentiate into T or B 
cells [ 24 ]. HSCs combine a long lifespan with existence in a metabolically chal-
lenging environment, and it may therefore be expected that autophagy is important 
in their homeostasis – and this is indeed the case. The hypoxic nature of the HSC 
niche leads to glycolysis rather than oxidative phosphorylation, and HSCs have 
accordingly low mitochondrial density [ 53 ]. Autophagy is constitutively active in 
aged HSCs [ 62 ], and defi ciency of key autophagy genes leads to HSC failure, mani-
fest as pancytopenia with an associated reduction in CLP and T and B lymphocyte 
numbers [ 34 ]. Whilst the specifi c role for autophagy in the maintenance of HSCs is 
unclear, it may at the least be important in the control of mitochondria via mitoph-
agy, which could regulate reactive oxygen species (ROS) production and thereby 
maintain HSC quiescence [ 34 ].  

3     T Cells 

3.1     Thymocyte Development 

 Following egress from the bone marrow, T cell precursors migrate to the thymus 
where further development, including T cell receptor (TCR) formation and testing 
occurs. T cells progress through a ‘double negative’ (DN) phase, without expression 
of the CD3: TCR complex or the co-stimulatory molecules CD4 or CD8, a ‘double 
positive’ phase associated with expression of the newly rearranged TCR and both 
CD4 and CD8, and fi nally cells become ‘single positive’ CD4 +  or CD8 +  T cells and 
are exported to the periphery. Autophagy within the thymic epithelial cells them-
selves has been found to have a vital function in T cell maturation. During their 
development, thymocytes undergo positive selection for the presence of a self-MHC 
restricted TCR during contact with the cortical thymic epithelium (cTEC), and then 
negative selection to ensure that self-antigens are not recognised, which are 
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presented to the thymocyte by medullary thymic epithelial cells (mTEC) or thymic 
dendritic cells [ 54 ]. mTECs express ubiquitous self-antigens, under the control of 
the  Aire  transcription factor, in the context of MHC class II, but have limited ability 
to present exogenous proteins. There is considerable evidence that mTECs utilize 
autophagy to allow entry of endogenous antigens into the MHC class II loading 
pathway, a phenomenon known as non-classical cross-presentation. TECs have high 
levels of constitutive autophagy, which is starvation-independent [ 35 ,  57 ]. 
Experiments in which  Atg5   −/−   thymi are grafted into recipients demonstrate that 
autophagy is necessary for negative selection of thymocytes. Endogenous antigens 
are presented on MHC-II by mTECs by fusion of autophagosomes with MHC-II 
loading compartments, leading to negative selection of auto-reactive CD4 +  T cells. 
Interestingly, the requirement for autophagy as a means of antigen presentation is 
variable; whilst it is essential for the presentation of mitochondrial antigens, it is 
however dispensable for the presentation of membrane bound antigens [ 1 ]. 
Autophagy as a means of non-classical cross-presentation also appears to be more 
important at lower levels of antigen expression. The importance of autophagy in 
negative selection of T cells is demonstrated by severe autoimmunity in athymic  nu/
nu  mouse recipients of an  Atg5   −/−   thymic transplant, characterised by an activated T 
cell phenotype, weight loss, and multiorgan lymphocyte infi ltration [ 35 ]. It is note-
worthy however, that these results have not been reproduced in an alternative model 
of thymic epithelial autophagy defi ciency, which used conditional deletion of  Atg7  
by keratin 14-cre [ 57 ]. The explanation for this discrepancy is not clear. Experimental 
work also points to a cell intrinsic function for autophagy in T cell development. 
There is however, phenotypic variability between models of autophagy defi ciency. 
Within the thymus, autophagy is maximally activated in DN thymocytes compared 
with the DP stage, both in terms of LC3 turnover and autophagy gene expression [ 45 , 
 55 ]. Chimeric models suitable for the study of early thymocyte development consis-
tently show that the total numbers of thymocytes are decreased. Similar fi ndings are 
observed in a Lck-Cre × Atg7 F/F  model, in which Atg7 is deleted at an early develop-
mental stage. However, whilst in  Atg5   −/−   and  Atg7   −/−   chimeras or the Lck- Cre × Atg7 F/F  
model there is a global reduction in thymocyte numbers, in  Beclin1   −/−   ->  Rag   −/−   
transplant recipients there is a block at the DN stage [ 3 ,  55 ]. Given that autophagy is 
activated at this point in development, it would be expected that genetic defi ciency 
might inhibit further differentiation. The molecular mechanisms responsible for 
autophagy activation at the DN stage of thymocyte development are unknown, but it 
is conceivable that DNA damage associated with receptor gene rearrangement may 
be the inducing stimulus.  

3.2     T Cell Activation and Selective Autophagy 

 Autophagy is active at a low level in naïve CD4 +  T cells, and is substantially up- 
regulated following TCR ligation, with an additive effect from co-stimulation 
through CD28 [ 18 ,  26 ,  40 ]. The signalling pathways responsible for autophagy 
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induction in T cells have not been fully elucidated, but inhibition of the c-Jun 
N-terminal kinase (JNK) pathway, either pharmacologically or by gene deletion 
prevents this process [ 26 ]. JNK is activated by combined ligation of CD3 and CD28 
[ 56 ], and is associated with the cellular response to stress [ 11 ]. JNK induces autoph-
agy by multisite phosphorylation of Bcl-2, thereby releasing Beclin-1 to initiate 
autophagosome formation [ 64 ]. How other signalling pathways downstream of the 
TCR might infl uence autophagy is largely unknown. However, a number of poten-
tial functions for autophagy in modulating the response of the T cell are emerging. 
Autophagy is important for homeostatic regulation of organelles such as mitochon-
dria and the endoplasmic reticulum (ER), which indirectly infl uence the response to 
T cell stimulation [ 21 ]. T cells defi cient in  Atg7  or  Atg3  have an abnormally 
expanded ER once development is completed and they have entered the periphery 
[ 21 ,  22 ]. The resulting consequence of the increase in ER is failure of normal cal-
cium infl ux following TCR stimulation, due to impaired calcium mobilisation. 
Similarly, the accumulation of mitochondria in T cells seen when autophagy is sup-
pressed, leads to an increase in ROS, which are important signalling intermediaries 
[ 21 ,  43 ]. 

 Not only does autophagy contribute to T cell homeostasis by maintenance of 
organelles, but it may also lead to protein degradation [ 18 ], which can selectively 
affect regulatory proteins, thereby infl uencing the fate of the cell. The adapter pro-
tein Bcl10 connects TCR signals to NF-κB, the activation of which is essential for 
T cell proliferation and differentiation [ 60 ]. Bcl10 is rapidly degraded following 
TCR ligation, thereby acting as a brake to ongoing activation of NF-κB, which may 
lead to induction of apoptosis. There is evidence that the mechanism for Bcl10 deg-
radation is by selective autophagy [ 40 ]. TCR signalling leads to K63 ubiquitination 
of Bcl10, which in turn recruits the autophagosome adapter protein p62, through its 
ubiquitin-binding domain. p62 is then directed to the autophagosome by its LC3- 
interacting region, and the proteins are degraded. A similar phenomenon is observed 
in the control of cell death, albeit with variation between knockout models. CD4- 
Cre × Beclin-1 F/F  T cells have higher levels of the pro-apoptotic proteins caspase-3, 
−8, and Bim, but anti-apoptotic Bcl-2 is also increased to a more modest degree 
[ 25 ]. Comparable fi ndings are also present in CD4-Cre × Vps34 F/F  T cells; increased 
pro-apoptotic Bax, but also Bcl-2 and Bcl XL  [ 37 ]. Lck-Cre × Atg7 T cells also have 
increased Bcl-2, but no increase in Bax, and diminished levels of Bcl XL  [ 46 ]. Whilst 
both pro- and anti-apoptotic proteins accumulate, the balance appears to favour 
apoptosis, as the majority of reports suggest that autophagy defi ciency leads to 
enhanced cell death [ 37 ,  45 ]. Finally, selective autophagy in T cells may be impor-
tant in resistance to infection. HIV-1 viral infection induces autophagy in CD4 +  T 
cells, triggered by the interaction between envelope glycoproteins and CXCR4 [ 15 ]. 
Autophagy activated in this manner is a viral restriction mechanism, demonstrated 
by its ability to reduce viral production. The viral transactivator Tat is bound by p62 
and targeted for autophagic degradation in an ubiquitin-independent manner [ 49 ]. 
The importance of autophagy on the outcome of TCR signalling is revealed by a 
series of studies using either gene deletion or pharmacological inhibition, but which 
again also reveal some disparities between phenotypes. Following CD3 and CD28 
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co-ligation, that defi ciency of autophagy impairs lymphocyte proliferation is a con-
sistent fi nding in most models [ 18 ,  21 ,  25 ,  45 ,  55 ], but not all [ 3 ,  40 ]. Production of 
IL-2 is generally reported as suppressed [ 18 ,  21 ], but interestingly, Paul et al. noted 
the opposite fi nding in a tamoxifen inducible- Atg3  knockout model, and also with 
the class III phosphoinositide 3-kinase inhibitor 3-methyladenine, which was 
hypothesised to be due to decreased Bcl10 degradation leading to NF-κB activation. 
However, expression of the activation markers CD69 and CD25 is reported as nor-
mal [ 45 ,  46 ,  55 ], and TCR signalling appears to be intact. Given that the prolifera-
tion defects seen in autophagy defi cient T cells do not appear to be due to failure of 
TCR signalling, how else might they be explained? Autophagy inhibition limits 
ATP levels following T cell stimulation, and reduces lactate production [ 18 ]. 
Associated with these metabolic defects are decreased phosphorylation of the 
mechanistic target of rapamycin (mTOR) target S6K1, and AMP-activated protein 
kinase (AMPK). However, TCR stimulation and effector differentiation strongly 
induces mTOR, which inhibits autophagy via phosphorylation of unc-51 like 
autophagy activating kinase 1 (ULK1) at Ser 757 [ 23 ]. Whilst AMPK, which senses 
energy deprivation and induces autophagy may be active at an early stage following 
stimulation, autophagy is seen to increase following effector differentiation, and so 
the regulatory mechanisms in play are unclear. Given the demonstration that JNK 
signalling is required for autophagy activation in lymphocytes and other cellular 
systems [ 26 ,  64 ], it is possible that this pathway provides an mTOR independent 
route to autophagy induction. Treatment of autophagy defi cient cells with methyl-
pyruvate in an attempt to correct the bioenergetic defect has been demonstrated to 
restore IL-2 secretion [ 18 ].  

3.3     Autophagy in T Cell Differentiation 

 Following from defects in signalling events and disrupted metabolism, the forma-
tion and function of T cell subsets is impaired. Most models demonstrate that when 
autophagy genes are deleted, T cells assume a CD44 + CD62L −  memory-like pheno-
type [ 21 ,  29 ,  37 ,  46 ,  47 ,  55 ,  65 ]. This is associated with T cell lymphopenia, and it 
is therefore likely that the assumption of this phenotype is due to homeostatic pro-
liferation [ 8 ,  16 ], as suggested by increased expression of the proliferation markers 
Ki67 and CD24 in Atg7 defi cient CD8 +  T cells [ 47 ]. Chimeras generated by recon-
stitution of lethally irradiated hosts with equal ratios of Atg7 −/−  and control bone 
marrow from an alternative CD45 allotype (CD45.1) demonstrate that it is indeed 
probable that the memory-like phenotype is due to homeostatic proliferation [ 47 ]. 
Following stimulation in polarising conditions, Th17 differentiation is notably 
spared in  Beclin1   −/−   chimeras, compared with other effector subsets [ 25 ]. Th17 cells 
have a glycolytic metabolism governed by the expression of hypoxia inducible fac-
tor 1α (HIF1α), although aerobic glycolysis is common to all T eff  cells. Interestingly, 
HIF1α is degraded by chaperone-mediated autophagy [ 19 ], and the drug halofugi-
none, which activates the nutrient sensor general control non-repressible-2 (GCN2), 
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associated with autophagy induction, inhibits Th17 polarisation [ 58 ,  59 ]. The pos-
sibility exists therefore that autophagy negatively regulates Th17 formation. 
However,  in vivo  fi ndings in the CD4-Cre × Beclin1 F/F  mouse are against this, as T 
cell specifi c defi ciency of Beclin1 completely protects against the development of 
experimental autoimmune encephalomyelitis (EAE), a disease dominated by the 
Th17 effector response [ 25 ,  38 ]. Autophagy also plays an important role in regula-
tory T cell function. When Vps34 is deleted in CD4 +  T cells, there is an approxi-
mately 30 % reduction in T reg  numbers. Moreover, these T regs  are functionally 
impaired, with poor suppressive ability  in vitro  [ 37 ]. The CD4-Cre × Vps34 F/F  model 
develops a progressive wasting syndrome characterised by colitis and anaemia from 
18 weeks, which appears to be due to T reg  failure. Adoptive transfer of  Vps34   −/−   T regs  
fails to abrogate a colitis model induced by allotransplantation of CD4 + CD25 −  T 
cells into a  Rag2   −/−   host. In contrast to Th17 cells, there is reason to suppose that 
autophagy may have a positive effect on T reg  function. T regs , in contrast to T eff  cells, 
rely on oxidative phosphorylation and fatty acid metabolism [ 31 ]. In fact, blocking 
glycolysis promotes T reg  differentiation [ 52 ]. Consistent with this is the fi nding that 
mTOR inhibition, either pharmacologically with rapamycin or by genetic deletion 
limits T eff  but enhances T reg  formation [ 12 ]. Although autophagy has not yet been 
directly quantifi ed in T regs , there is a high level of AMPK activation in this subset 
that could be an important regulatory pathway [ 31 ]. 

 Following the primary immune response, the generation and maintenance of T 
cell memory is again associated with a switch to a distinct metabolism, which has 
much in common with that of T regs . Memory T cells also predominantly utilise oxi-
dative phosphorylation, fuelled by fatty acids [ 41 ]. The signalling pathways that 
promote memory cell formation are also AMPK activation, and mTOR inhibition, 
both of are expected to induce autophagy. Directly quantifi cation of autophagy in 
memory CD8 +  cells confi rms this prediction [ 47 ,  66 ]. There is a greatly impaired 
CD8 +  memory response when autophagy is conditionally disrupted in T cells in 
CD4-Cre × Atg7 F/F  or granzyme B-Cre × Atg7 F/F  mouse models [ 47 ,  66 ]. Interestingly, 
and perhaps somewhat surprisingly given the evidence that autophagy defi ciency 
affects T cell proliferation, the primary CD8 +  response is comparable between 
Atg7 −/−  and control mice. However, there is profound impairment of the subsequent 
generation of infl uenza, murine cytomegalovirus (MCMV), or lymphocytic chorio-
meningitis virus (LCMV) specifi c CD8 +  memory T cells [ 47 ,  66 ]. There are many 
potential roles for autophagy in the maintenance of memory T cells. Mitophagy is 
impaired in  Atg7   −/−   CD8 +  memory T cells, and there is mitochondrial membrane 
hyperpolarization [ 47 ]. This fi nding, in common with other reports of T cell specifi c 
deletion of autophagy, may predispose to apoptosis, which is indeed observed. An 
alternative function of autophagy may be the supply of fatty acids for mitochondrial 
β-oxidation via the process of lipophagy [ 27 ,  47 ]. Of considerable clinical relevance 
is that the impairment of CD8 +  T cell memory seen in aging can be ameliorated by 
treatment of mice with the mTOR-independent autophagy inducing agent spermi-
dine [ 13 ,  47 ]. Immune senescence occurs with aging, and is a process associated 
with a reduction in levels of autophagy [ 44 ]. There is therefore a rationale for 
attempting to restore autophagy and thereby rejuvenate the immune system.   
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4     B Cells 

4.1     Autophagy in B Cell Development 

 The role of autophagy in B cell development has been less extensively studied 
than in T cells, and both similarities and substantial differences exist. As has been 
discussed above, B cells develop from the HSC derived CLP, and autophagy is 
therefore important at the earliest stage in their life cycle. Following commitment 
to the B cell lineage, there is progression through the pro-B, pre-B, immature and 
then mature B cell stages, which is associated with rearrangement and expression 
of immunoglobulin genes. Both  Beclin1  expression, quantifi ed through a GFP 
fusion protein, and the number of autophagosomes are increased at the earliest 
stages of B cell development, and progressively decline as the cell matures [ 4 ,  9 ]. 
Commensurate with these fi ndings, chimeric mice generated by transplantation 
of  Atg5   −/−   or  Beclin1   −/−   fetal liver cells into irradiated  Rag1   −/−   hosts demonstrate 
signifi cant abnormalities in B cell development. There is normal formation of 
Hardy stages A-C, which includes pre-pro-B to early pre-B cells,  i.e.  before B 
cell receptor (BCR) expression. However, subsequent development into stages 
D-F (late pre-B to mature B cell) is signifi cantly impaired [ 3 ,  32 ]. Interestingly, 
this defect is not seen in CD19-Cre × Atg5 F/F  or Atg7 F/F  mice [ 7 ,  32 ], suggesting 
therefore a requirement for autophagy before expression of CD19;  i.e.  the early 
pro-B cell stage. Once B cells have entered the periphery however, the B2 pool is 
essentially normal in the resting state [ 7 ,  32 ,  42 ]. Whilst B2 subpopulations are 
normal, a marked reduction in the number of peritoneal B1a and B1b B cells is 
reported in the  Atg5   −/−   chimera, and in CD19-Cre × Atg7 F/F  mice, but in a 
 Beclin1   −/−   chimera [ 3 ,  7 ,  32 ]. There are differing reports in CD19-Cre × Atg5 F/F  
mice, with two groups reporting a decrease in B1a cells [ 10 ,  42 ], but another fi nd-
ing no change [ 32 ]. Why these discrepancies might exist is not clear, given the 
similarities between the experimental systems. B1 cells are innate-like lympho-
cytes that are the major source of natural immunoglobulin, producing a limited 
repertoire of antibodies that tend to cross-react with self and microbial antigens 
[ 5 ]. Notably, in the adult mouse B1 cells have long-lived, self- renewing proper-
ties akin to stem cells, and may therefore also be reliant on autophagy for homeo-
stasis. The requirement for autophagy at the early stages of B cell development, 
before surface expression of immunoglobulin, is paralleled with maximal autoph-
agy in DN thymocytes. The role of autophagy in this circumstance is unknown, 
but Bcl-2 is up-regulated in a similar pattern [ 30 ]. It seems likely that autophagy 
is activated as a survival mechanism when the B cell is threatened, which may 
occur as a consequence of failure to produce a functional BCR, or through exces-
sive self-reactivity. The BH3-only pro-apoptotic protein Bim is of great impor-
tance in the death of auto-reactive B cells, and acts by inhibition of Bcl-2 [ 14 ]. 
Bim may modulate autophagy, dependent on its subcellular location [ 28 ]. 
Alternatively, reductions in Bcl-2 may liberate Beclin-1, and initiate autophago-
some formation [ 39 ].  
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4.2     Autophagy in B Cell Activation 

 Compared with T cells, the effects of B cell stimulation on autophagy have received 
relatively little attention. Stimulation of murine B cells through TLR4 by LPS leads 
to a progressive increase in LC3-GFP puncta formation, in association with 
increased LC3-II conversion [ 42 ]. After 4 days however, autophagy levels dimin-
ish. Engagement of the BCR also leads to activation of autophagy in murine pri-
mary B cells cultured for 24–36 h [ 20 ,  63 ], with attenuation of this effect if CD40 
co- stimulation is provided [ 63 ]. As with T cells, the signalling pathways leading to, 
and functional consequences of early autophagy activation are largely unclear. 
However, it has been reported that BCR engagement leads to TLR9 recruitment 
from endosomes to autophagosome-like compartments, and it is here that hyperac-
tivation of mitogen-activated protein kinase (MAPK) occurs [ 6 ]. Largely similar 
results are seen in human primary B cells, although autophagy is more potently 
induced if the cells are untreated, which is in keeping with the function of autoph-
agy as a cell survival mechanism triggered by growth stimulus withdrawal [ 9 ]. 
There is normal early cell proliferation following TLR stimulation in autophagy 
defi cient B cells, and the proportion of apoptotic naïve cells is similar [ 3 ,  7 ,  42 ]. 
However, terminal differentiation into antibody secreting plasma cells or memory 
B cells is markedly impaired when autophagy is defi cient [ 7 ,  9 ,  10 ,  42 ], although 
as with T cells, there are signifi cant differences in the details of the phenotypic 
descriptions. Following encounter with their cognate antigen, B cells may differen-
tiate into short-lived plasmablasts through T-independent stimulation (TI), or 
undergo the germinal centre reaction to produce an affi nity matured long-lived 
plasma cell or memory B cell if the antigen is T-dependent and the B cell receives 
T cell help (TD). The extremely high rates of protein synthesis demanded by the 
plasma cell are supported by extinction of B cell differentiation transcription fac-
tors, and the reciprocal expression of a secretory genetic program driven by, nota-
bly, Blimp-1 [ 50 ,  51 ]. The transcription factor XBP-1, downstream of Blimp-1, is 
important for the activation of the unfolded protein response (UPR), which helps 
adapt the cell to the metabolic stress produced by the accumulation of defective 
proteins during immunoglobulin synthesis. Following TLR stimulation  in vitro , in 
a Vav-Cre × Atg7 F/F  mouse model, which has conditional deletion of Atg7 in all 
haematopoietic cells, and in one description of the CD19-Cre × Atg5 F/F  model, 
there is inhibition of the differentiation of resting B cells into antigen-secreting 
plasmablasts following a culture period of 48 h [ 9 ,  10 ]. In the report by Pengo et al. 
of this latter phenotype however, there was no difference in the formation of 
CD138 +  antibody secreting cells (ASCs), but nonetheless double the number of 
these cells were apoptotic [ 42 ].  In vivo , there is clear evidence that the antibody 
response following immunization is impaired. However, as before there are differ-
ences in the details of the descriptions. Both reports of CD19- Cre × Atg5 F/F  mice 
describe a signifi cant impairment of the primary antibody response, both for TI and 
TD antigens [ 10 ,  42 ]. However, the equivalent Atg7 conditional knockout mouse 
has a normal primary antibody response to NP-KLH, a TD antigen [ 7 ], although 
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the secondary antibody response is severely limited. Murine memory B cells have 
a high level of expression of autophagy genes, and increased numbers of LC3 +  
punctae relative to other B cell subsets [ 7 ]. They have intrinsically lower levels of 
apoptosis than  e.g.  germinal centre B cells, and following deletion of Atg7 there is 
a highly signifi cant loss of memory B cell survival, accounting for the limitation of 
the secondary antibody response [ 7 ].  Atg7   −/−   memory B cells have evidence of 
mitochondrial dysfunction,  e.g.  increased ROS and decreased mitochondrial mem-
brane potential, fi ndings in common with  Atg7   −/−   CD8 +  memory T cells [ 47 ]. 
Treatment of  Atg7   −/−   memory B cells with the anti-oxidant N-acetylcysteine is able 
to improve cell survival  in vitro , and  in vivo  there is partial restoration of the sec-
ondary antibody response [ 7 ]. The biological relevance of autophagy in memory B 
cell survival is illustrated by the high mortality in CD19-Cre × Atg7 F/F  mice after a 
re-challenge with infl uenza following a sub-lethal dose 2 months before, compared 
with complete protection elicited in wild type controls [ 7 ]. The functions of autoph-
agy in plasma cell formation have been explored in the CD19-Cre × Atg5 F/F  mouse 
model. As has been reported in T cell autophagy defi ciency, there is expansion of 
the endoplasmic reticulum in  Atg5   −/−   ASCs generated following LPS stimulation 
[ 22 ,  42 ]. Interestingly, it has been demonstrated that there is in fact an increase in 
immunoglobulin secretion in  Atg5   −/−   ASCs generated following LPS stimulation 
[ 42 ]. The mechanism behind this fi nding is unclear, as whilst it has been attributed 
to increased  Blimp-1  expression due to enhanced ER stress, it has also been reported 
that  Blimp-1  mRNA levels are reduced in LPS treated  Atg5   −/−   B cells, albeit follow-
ing a slightly shorter period of stimulation [ 10 ]. This enhancement of immuno-
globulin synthesis does not appear to be present in a Vav-Atg7 −/−   in vitro  
differentiation model, and there is also not an apparent increase in basal immuno-
globulin levels [ 9 ,  10 ]. Impairment of  in vivo  immune function in the CD19- 
Cre × Atg5 F/F  mouse model is demonstrated by reduction in parasite specifi c IgE 
and IgG1 levels compared with wild type controls following infection with the 
intestinal parasite  H. polygyrus , and a reduction in severity of the dextran-induced 
colitis model [ 10 ].   

5     Clinical Perspectives 

 The importance of autophagy in the adaptive immune system has been demon-
strated in experimental systems, but what is its potential as a treatment target in 
human disease? 

 Activation of autophagy is an attractive goal for potentiation of the immune 
response following vaccination. The phenomenon of immune senescence, that is, 
impairment of immunity with advanced age, represents a great cause of morbidity 
and mortality in the increasingly elderly population of the developed world [ 33 ]. It 
has been demonstrated that aging is associated with decreased autophagy in CD8 +  
T cells [ 44 ], and that in mice, activation of autophagy with spermidine may offset 
the normal age-associated reduction in vaccination effi cacy [ 47 ]. 
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 Alternatively, in autoimmune disease such as systemic lupus erythematosus 
(SLE), reduction of autophagy may be the desired outcome. SLE is a systemic auto-
immune disease characterised by activation of multiple arms of the immune system, 
resulting in the production of pathogenic auto-antibodies against components of the 
nucleus [ 48 ]. SLE is associated with enhanced autophagy in T and B cells, where it 
may be acting as a survival mechanism to prevent the deletion of auto-reactive cells 
[ 2 ,  9 ,  17 ]. One of the most commonly used medications in the treatment of SLE, 
hydroxychloroquine, inhibits autophagy, and this function may be one of its thera-
peutic mechanisms [ 61 ]. Other experimental agents, such as the therapeutic peptide 
Lupuzor (P140), may also act by inhibition of autophagy [ 36 ].  

6     Conclusions 

 The realisation that autophagy is important in the function of the adaptive immune 
system has only occurred relatively recently, but already there are many studies 
exploring its role, both in lymphocyte development and homeostasis. However, it is 
also clear that whilst there is agreement in the literature in broad terms, there are also 
signifi cant discrepancies between phenotypic descriptions, often in important details. 
Whether this lies in experimental variability, or is due to fundamental differences 
between the phenotypes generated by the choice of autophagy gene deletion in 
mouse models is unknown. There remain a number of unanswered questions about 
the role that autophagy plays in lymphocytes. Firstly, what function does autophagy 
have in early lymphocyte development? In both T and B cells there is maximal acti-
vation of autophagy before surface expression of their receptors. Autophagy could 
potentially be acting as a pro-survival mechanism activated when apoptosis is threat-
ened,  e.g.  when there is failure to productively rearrange receptor genes. Secondly, 
how is autophagy regulated following receptor engagement? Finally, how can the 
metabolism associated with autophagy,  i.e.  predominantly oxidative phosphoryla-
tion, be reconciled with the glycolytic metabolism driven by mTOR signalling seen 
in activated T cells? There is therefore scope for much further work before our 
understanding of the multiple roles for autophagy in lymphocytes is complete.     
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      Autophagy in Host Defense Against Viruses                     

     Jin     Wang      and     Min     Chen   

    Abstract     The immune system employs both the adaptive and innate immune 
responses to combat viral infections. Autophagy, a cytoplasmic lysosomal degrada-
tion process, has emerged as an important mechanism in the regulation of multiple 
aspects of cellular functions in the immune system against viruses. Autophagy may 
directly contribute to the degradation of viral components. Autophagy can also pro-
mote innate immunity and facilitate the processing of viral antigens for the activa-
tion of antigen-specifi c T cells. On the other hand, some viruses have adapted to use 
autophagy machinery for replication. As an important cellular mechanism to remove 
damaged or excess protein aggregates and organelles, autophagy plays a critical role 
in the protection of lymphocytes against stress to prolong their survival, especially 
the maintenance of long-lived memory cells. Here we discuss the involvement of 
autopahgy in the regulation of immune responses against viral infections, with 
emphasis on the roles for autophagy in the protection of immunological memory.  
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  cGAMP (cGMP-AMP)    Cyclic guanosine monophosphate–adenosine 
monophosphate   

  cGAS    cGAMP synthase   
  CNS    Central nervous system   
  EBNA1    Epstein–Barr virus   
  eIF2α    Eukaryotic Initiation Factor 2α   
  ER    Endoplasmic reticulum   
  FCCP    Carbonyl cyanide p-trifl uoromethoxyphenylhydrazone   
  FOXO3a    Forkhead box O3a   
  GABARAP    Gamma-aminobutyric acid receptor-associated protein   
  GCs    Germinal centers   
  HA    Hemagglutin   
  HBV    Hepatitis B virus   
  HCV    Hepatitis C virus   
  HIF    Hypoxia Inducible Factors   
  HIV-1    Human immunodefi ciency virus-1   
  HSV    Herpes simplex virus   
  IFN    Interferon   
  IL    Interleukin   
  IRGM    Immunity-associated GTPase family M   
  LC3    Microtubule-associated protein 1 light chain 3   
  LGP2    Laboratory of Genetics and Physiology 2   
  LPS    Lipopolysaccharide   
  MAVS    Mitochondrial antiviral signaling protein   
  MDA5    Melanoma Differentiation-Associated protein 5   
  MEFs    Mouse embryonic fi broblasts   
  MeV    Measles virus   
  MHC    Major histocompatibility complex   
  miRNA    Micro RNA   
  mTOR    Mammalian target of rapamycin   
  NLRs    NOD-like receptors   
  NLRX1    Nucleotide-binding oligomerization domain, leucine rich 

repeat containing X1   
  p62/SQSTM1    Sequestosome 1   
  RIG-1    RIG-1, retinoic acid-inducible gene 1   
  RLRs    RIG-1-like receptors   
  ROS    Reactive oxygen species   
  SH3GLB1    SH3-Domain GRB2-Like Endophilin B1   
  STING    Stimulator of interferon genes   
  TCR    T cell receptor   
  TLRs    Toll-like receptors   
  TUFM    Tu translation elongation factor   
  ULK1    UNC-51-like kinase 1.   
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1         Autophagy as a Direct Degradation Mechanism 
for the Suppression of Viruses 

 Autophagy involves the sequestration of cytoplasmic components into double- 
membraned autophagosomes for lysosomal degradation. Autophagy can also serve 
as a direct degradation mechanism for the clearance of pathogens invading the cells. 
Sensing of pathogen invasion by host cells can induce autophagy. For example, 
responses of macrophages to Toll-like receptor 4 (TLR4) or TLR7 stimulation can 
induce autophagy to facilitate the removal of bacteria and viruses cite a difference 
reference [ 11 ,  75 ]. Ultrastructural studies indicate that intact HSV-1 virions can be 
targeted to autophagososmes, and that PKR-mediated autophagy can degrade intact 
HSV-1 virions and viral vesicles [ 69 ]. A role for autophagy in the clearance of 
viruses is further supported by studies using mouse models defi cient in essential 
autophagy genes [ 13 ]. It has been shown that inhibition of autophagy by deletion of 
Atg5 impairs the clearance of Sindbis virus from the central nervous system (CNS) 
and increased the fatality in mice [ 50 ]. Beclin 1 can protect against the fatal enceph-
alitis caused by Sindbis virus infection in the brain [ 39 ]. Beclin 1 also contributes to 
the inhibition of VSV infection in vivo [ 49 ]. Additionally, Atg16L-defi cient mice 
are more prone to infection by Chikungunya virus or mouse norovirus [ 5 ,  23 ]. 

 Besides direct effect on virions, autophagy may help to clear the viruses by 
degrading essential viral components. Indeed, it has been shown that interaction 
with an adaptor protein p62/SQSTM1 targets the nucleocapsid protein of Sindbis 
virus to autophagosome for degradation [ 51 ]. Although this does not lead to the 
inhibition of viral replication, such degradation inhibited neuronal cell death and 
reduced the mortality caused by Sindbis virus [ 51 ]. These studies suggest that 
autophagy can degrade the viruses or their components to control the infections. 

 Despite an important role for autophagy in antimicrobial host defense against 
pathogens, autophagy may be a culprit in the pathogenesis of some viruses. Pathogens 
have evolved to evade or exploit the autophagy machinery. For example, H5N1 infl u-
enza-induced lung damage and increased mortality in mice is observed in Atg5-
defi cient mice [ 66 ]. It has been demonstrated that liver-specifi c knockout of Atg5 
inhibited the replication of hepatitis B virus (HBV) in a HBV transgenic mouse 
model [ 72 ]. This sugests that Atg5 is important for HBV replication  in vivo . Hepatitis 
C virus also requires autophagy machinery, including Beclin 1, Atg4B, Atg5 and 
Atg12 for translation of viral RNA genome and the initiation of HCV replication 
[ 14 ]. Once HCV infection is established, the autophagy process become dispensable 
[ 14 ], indicating that some viruses have successfully adapted to use the components 
of autophagy as a integrated part of their life cycle.  

2     Autophagy in Antigen Presenting Cells for the Processing 
and Presentation of Viral Antigens 

 Besides direct degradation and clearance of pathogens, autophagy can promote viral 
antigen processing for antigen presentation by MHC class II molecules. For example, 
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the nuclear antigen 1 of the Epstein–Barr virus (EBNA1) in dendritic cells is targeted 
to autophagsome for degradation and presentation by class II MHC molecules [ 52 ]. 
Targeting such antigens to autophagosomes is important for the activation of antigen-
specifi c T cells [ 46 ,  52 ]. Although not absolutely required, this process can enhance 
the activation of virus-specifi c T cells for viral clearance. The autophagic process 
interacts with the endosomal pathways, thereby allowing the loading of endogenous 
antigens, including those from invading pathogens, to MHC class II molecules [ 46 ]. 
This may also explain why autophagy is found to promote antigen processing for the 
class II, but not class I MHC molecules, which employs the proteosomal pathway. 

 The genetic evidence supporting a role for autophagy in class II antigen presenta-
tion is shown by a study using a mouse model with dendritic cell-specifi c deletion of 
Atg5 [ 30 ]. Atg5-defi cient dendritic cells fail to elicit IFN-γ production by Th1 cells. 
Consequently, these mice display increased mortality after Herpes simplex virus 2 
infection [ 30 ]. These studies suggest autophagy promotes the presentation of endog-
enous antigen to MHC II molecules to stimulate virus-specifi c T cell responses.  

3     Regulation of Autophagy by Viruses 

 Although autophagy can restrict virus replication in the cells, viruses have evolved 
mechanisms to counteract autophagy. Kaposi’s Sarcoma-Associated Herpesvirus K7 
modulates the suppression of autophagy through Rubicon [ 37 ]. A mitochondrial 
nucleotide-binding, leucine-rich repeats (NLR)-containing protein NLRX1, forms a 
complex with another mitochondrial protein, Tu translation elongation factor 
(TUFM). The NLRX1-TUFM complex promotes autophagy through interactions 
with Atg5-Atg12 and inhibits type I IFN production [ 32 ]. Several RNA viruses, 
including Measles virus (MeV), HCV and human immunodefi ciency virus-1 (HIV- 
1), recognize a cellular protein, immunity-associated GTPase family M (IRGM) 
[ 19 ]. IRGM interacts with Atg5, Atg10, LC3 and SH3GLB1 to induce autophagy 
and increase virus production [ 19 ]. HSV-1 suppresses autophagy via its neuroviru-
lence factor ICP34.5, which dephosphorylates eIF2α and inhibits Beclin 1 in permis-
sive cells. However, genomic DNA of HSV-1 can induce autophagy in nonpermissive 
cells in a STING (stimulator of interferon genes)-dependent manner [ 61 ]. Induction 
of both type I interferon responses and autophagy may inhibit viral replication in the 
non-permissive cells. 

 Different pattern recognition receptors, including toll-like receptors (TLRs), 
NOD-like receptors (NLRs) and RIG-1-like receptors (RLRs), are used to recognize 
components of infecting viruses or bacteria. These receptors have been shown to 
induce autophagy.  TLRs . Viruses and bacteria can be sensed by pattern recognition 
receptors on the cell surface and intracellularly. Different bacterial components can 
interact with different TLRs to induce autophagy. Such recognition has been shown 
to regulate autophagy. Notably, LPS can stimulate autophagy to enhance phagocyto-
sis of bacteria in macrophages [ 75 ]. Single-stranded RNA can also stimulate TLR7 
to activate autophagy [ 11 ]. Autophagy induced by TLRs can lead to direct pathogen 
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clearance [ 75 ]. Additionally, TLRs can stimulate autophagy for better antigen pre-
sentation to induce adaptive immune responses against viruses [ 30 ].  NLRs  .  Due to 
the lack of signal peptides or transmembrane domains, NOD like receptors (NLRs) 
are likely to be exclusively located inside the cell [ 7 ]. NLRs recognize peptideogly-
can or other bacterial cell wall components. The interactions between NLRs and 
autophagy have been well established [ 62 ,  73 ]. As described above, NLRX1 increases 
autophagy through interaction with the Tu translation elongation factor (TUFM). 
This complex, in turn, interacts with the Atg5-Atg12 complex topromotes autophagy 
[ 31 ,  32 ].  RLRs . RLRs are intracellular nucleic acid sensors. Different RLRs, such as 
RIG-I, MDA5, and LGP2, can recognize RNAs bearing 5’-triphosphate (5’ppp) or 
5’-diphosphates (5’pp) associated with viral infections. Such detection triggers a sig-
naling cascade via the adaptor mitochondrial antiviral signaling protein (MAVS) that 
results in the production of type I interferons [ 17 ]. Interestingly, Atg5-defi cient 
mouse embryonic fi broblasts (MEFs) show enhanced RLR signaling, increased IFN 
production and resistance to infection by vesicular stomatitis virus [ 68 ]. This sug-
gests that autophagy counteract RLR signaling in antiviral responses. 

  Sensing of cytoplasmic DNA     Cellular DNAs are found in the nucleus or mitochon-
dria, while the presence of DNA in the cytosol usually indicates infection by viruses 
or bacteria. In response to cytoplasmic DNA, the cell can generate cyclic GMP- 
AMP (cGAMP) by cGAMP synthase (cGAS) [ 6 ]. cGAMP can bind to Stimulator 
of Interferon Genes (STING) to induce type I interferon production [ 10 ,  36 ,  76 ]. 
Such generation of a secondary messenger in the cytoplasm enables the host cells to 
mount interferon responses to DNA carried by invading pathogens. Interestingly, 
binding of cGAMP to STING can also activate Beclin 1 to induce autophagy [ 38 ]. 
During dengue virus infection, STING-dependent induction of autophagy may help 
to promote innate immune responses to viral infections [ 18 ,  53 ]. Both type I inter-
feron responses and autophagy induced by STING signaling may help to provide 
protection against pathogens that introduce DNA in the cytoplasm.   

4     Autophagy in Lymphocyte Development and Functions 

 After encountering viral infections, the immune system is capable of mounting innate 
and adaptive immune responses to combat viral infections. Autophagy has been 
shown to be important for the development or functions of different cell types involved 
in innate and adaptive systems. While autophagy can contribute to the inhibition of 
viral replication by degradation of viral components, autophagy- mediated degrada-
tion also facilitate the processing of viral components for presentation by APCs to 
activate virus-specifi c T cells. In addition, autophagy is important for the development 
of T cells. Mice with mutations in key autophagy genes in the T cell compartment 
show a signifi cant reduction in mature T cells [ 22 ,  54 ,  58 ,  74 ]. Due to an important 
role for autophagy in T cell development, the use of mouse models for studying 
autophagy defi ciency in T cells  in vivo  has been limited. Temporal deletion of 
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autophagy genes in mature T cells without affecting T cell development will be valu-
able for evaluating the function of autophagy in mature T cells, including primary and 
memory T cell responses against infections. 

 In the B cell compartment, autophagy is required for the development of B-1a 
cells [ 44 ], but dispensable for convention B cell development [ 57 ]. We found that 
B-1a cells display increased expression of multiple autophagy genes compared to 
conventional B-2 cells [ 8 ]. The mechanisms for autophagy in the maintenance of 
B-1a cells are unclear. One possibility is that autophagy is required during a critical 
step in B-1a development. Another possibility is that B-1a cells may rely on autoph-
agy to maintain their survival. Indeed, we found that Atg7 −/−  B-1a cells undergo 
increased cell death [ 8 ]. Interestingly, autophagy is not required for the development 
of conventional B-2 cells. Primary B cells and GC B cells have relatively low levels 
of autophagy compared to memory B cells [ 8 ]. 

 Immunization of B/Atg7 −/−  mice leads to the production of normal levels of pri-
mary antibodies against antigens. The affi nities and class switching of antibodies 
were normal in B/Atg7 −/−  mice. This suggests that autophagy is not essential for 
primary B cell responses. Rather, autophagy appears to be most critical for certain 
steps during B cell differentiation, such as the memory B cell stage. Autophagy is not 
required for primary B cell responses. Autophagy has also been shown to be impor-
tant for the survival of antibody secreting cells using B cell-specifi c Atg5- defi cient 
mice [ 9 ,  57 ]. Autophagy helps to sustain the ability for plasma cells in antibody 
production. Autophagy may protect plasma cells from ER stress induced by antibody 
secretion [ 57 ]. It is likely that such a function for autophagy in sustainable antibody 
production is important for the protection against virus infection. 

 Autophagy is not required for dendritic cell development [ 30 ]. However, stimula-
tion of dendritic cells or macrophages can induce autophagy that may lead to antigen 
processing and pathogen clearance [ 46 ,  52 ,  75 ]. In T cells, autophagy can be induced 
by TCR stimulation and help to maintain proper metabolic T cell functions [ 20 ,  34 , 
 58 ]. How autophagy is regulated in B cells is yet to be fully characterized. We have 
observed that autophagy in constitutively active in antigen-specifi c memory B cells 
and protect the survival of these cells [ 8 ], suggesting that autophagy is required for 
the long-term maintenance of memory B cells  in vivo .  

5     Active Autophagy in Memory B Cells 

 One of the important consequences of primary immune responses after encountering 
an infection is the establishment of long-lasting protection against the same patho-
gens. Compared to primary antibody responses, memory B cell responses are more 
rapid and are also qualitatively improved. The primary antibody response is charac-
terized by initial production of IgM antibodies. This is followed by the class switch-
ing and production of other class of antibodies, such as IgG and IgA. Secondary 
responses usually contain class-switched IgG, IgA or IgE. Moreover, the V H  and V L  
segments of antibodies also contain somatic hypermutations that increase the affi nity 
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of the antibodies to antigens. The formation and long-lasting persistence of immune 
memory cells is the basis of immunological memory. 

 Memory B cells are quiescent antigen-experienced, long-lived B cells generated 
after the primary antibody responses [ 27 ]. Memory B cells are heterozygous can be 
generated in response to both T cell–dependent and T cell–independent manners [ 43 ]. 
During T cell–dependent antigen stimulation, the interaction of follicular B cells with 
by follicular T helper cells in the germinal centers (GCs) leads to isotype class switch-
ing and somatic hypermutations in the immunoglobulin genes [ 42 ]. These antigen-
specifi c GC B cells can give rise to memory B cells. After re- exposure to the same 
antigens, memory B cells rapidly proliferate and differentiate into antibody- secreting 
plasma cells (ASCs) to produce high-affi nity antibodies that neutralize antigens. 

 We have found that genes that regulate different steps of autophagy are increased 
in memory B cells compared to other B cell subtypes [ 8 ]. In particular, ULK1, Atg14 
and Beclin 1 that are important for the initiation of autophagy, are signifi cantly 
increased in memory B cells compared to other B cell subsets. In addition, Atg7, 
Atg5, MAPLC3a, MAPLC3B and GABARAP that are required for autophagosome 
formation, are also increased in memory B cells. Both mouse and human antigen-
specifi c memory B cells display active autophagy by LC3 punctate formation 
(Fig.  1 ). Disruption of mitochondrial membrane potential with carbonyl cyanide 
p-trifl uoromethoxyphenylhydrazone (FCCP) further increases autophagy in memory 
B cells (Fig.  1a ). This suggests that cellular stress, such as mitochondrial disruption, 
can promote autophagy in memory B cells. Consistently, a microarray study show 
that Atg7 is increased in memory B cells compared to GC or naive B cells [ 3 ]. This 
suggests that the level of autophagy is increased in memory B cells.
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  Fig. 1    Autophagy in mouse and human memory B cells. ( a ) Mouse memory B cells specifi c for 
4-hydroxy-3-nitrophenylacetyl ( NP)  were incubated with or without 10 μM carbonyl cyanide 
p-trifl uoromethoxyphenylhydrazone (FCCP) for 1 h. The cells were used for immunocytochemis-
try staining of LC3. LC3 punctates in the cells were quantitated. ( b ) Human CD19 + CD27 − IgG − IgA −  
naïve B cells and H3N2 Infl uenza A hemagglutinin (HA)-specifi c CD19 + CD27 + IgG + HA +  memory 
B cells were sorted and used for immunocytochemistry staining of LC3 as in ( a )       
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   Currently, the molecular mechanisms for the increased expression of autophagy 
genes in memory B cells are unclear. Epigenetic regulation has emerged as an impor-
tant mechanism for the regulation of autophagy gene expression [ 15 ]. Investigating 
different mechanisms for epigenetic regulation, including DNA methylation in the 
promoter and enhancer regions of autophagy genes, as well as histone methylation 
and histone acetylation at the autophagy gene loci, will help to uncover the potential 
molecular mechanisms for autophagy gene expression in memory B cells. 

 In addition to epigenetic regulation, several transcription factors that active autoph-
agy under stress, including HIF-1α and FOXO3a, have been shown to be up- regulated 
in memory B cells by microarray [ 3 ]. Both the “open” chromatin structure and the 
availability of transcription factors are likely to be important for increased transcrip-
tion of autophagy genes in memory B cells. However, the expression profi le of differ-
ent transcription factors for autophagy in memory B cells will need to be systemically 
investigated. 

 In addition to the increased gene expression, memory B cells contain autophago-
somes that can be detected by immunocytochemistry staining of LC3 (Fig.  1 ), sup-
porting the conclusions that autophagy is constitutively active in memory B cells. 
Autophagy can be induced by different stimuli or stress signals. Whether there is a 
constant trigger to keep the autophagy process active in memory B cells is unknown. 
We have stimulated IgG memory B cells by surface IgG crosslinking. However, such 
stimulation did not further increase autophagy in memory B cells [ 8 ]. Our study 
therefore suggests that the activation of autophagy in memory B cells is antigen- 
independent. Consistently, it has been reported that the persistence of memory B 
cells is independent of antigens [ 41 ], indicating that antigen-receptor stimulation is 
not required for the maintenance of memory B cells. Other extrinsic factors and 
intrinsic signaling mechanisms might be responsible for the activation of autophagy 
to protect memory B cells. The signaling mechanism for constitutive autophagy in 
memory B cells will be an important area for future investigation. It may provide 
valuable insights into the design of effective approaches to stimulate autophagy in 
memory B cells to boost the effi cacy of vaccination.  

6     Memory B Cells Require Autophagy for Long-Term 
Survival and Functions 

 The immune system is able to maintain long-term memory against pathogens criti-
cal for rapid induction of immunity upon later infections, a phenomenon called 
immunological memory [ 16 ]. Vaccination has been the most widely used strategy to 
protect against viral infections by inducing virus-specifi c immunological memory. 
After the initial exposure to antigens, antigen-specifi c lymphocytes are activated 
and undergo considerable expansion. Most of these expanded lymphocytes are 
removed by programmed cell death after the infections are cleared [ 21 ,  26 ,  33 ,  45 , 
 47 ,  65 ], while some of the activated antigen-specifi c lymphocytes can survive and 
develop into memory cells [ 24 ,  28 ]. The persistence of antigen-specifi c memory 
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lymphocytes after an immune response is the cellular basis for the maintenance of 
long-term immunological memory [ 25 ,  27 ,  28 ,  43 ,  60 ,  70 ]. 

 For memory cells to successfully carry out the function of immunological mem-
ory, they must be in a poised state so that they can be readily activated after re- 
encountering antigens. Antigen-specifi c memory cells also have to survive for an 
extended period of time. Memory cells may also undergo self renew to maintain the 
colonies of antigen-specifi c memory [ 77 ]. For immunological memory to persist, 
the immune memory cells need to survive for a long period of time. The utmost 
important task for memory B cells to persist is to inhibit cell death machinery in the 
cells. We found signifi cant reduction of infl uenza hemagglutin (HA)-specifi c mem-
ory B cells after immunization (Fig.  2 ). This is likely caused by the increased cell 
death of these autophagy-defi cient memory B cells [ 8 ].

   During B cell differentiation, Bcl-2 is expressed in naïve B cells [ 67 ]. When 
developed into GC B cells, Bcl-2 mRNA is dramatically suppressed in GC B cells 
[ 29 ,  67 ]. The long-lived memory B cells re-express Bcl-2 mRNA that is higher than 
in naïve B cells and GC B cells [ 67 ]. Interestingly, it has been reported that miRNA 
responsible for the inhibition of bcl-2, including miR-15a and miR-16, are expressed 
in GC B cells but down-regulated in memory B cells [ 1 ,  4 ,  71 ]. It is known that the 
intrinsic cell death pathways involving mitochondrial disruption. We therefore exam-
ined whether the expression of anti-apoptotic Bcl-2 family members are changed in 
memory B cells. We observed that Bcl-2 was highly expressed in memory B cells, 
but signifi cantly reduced in GC B cells [ 8 ]. The repression of miRNAs targeting 
Bcl-2 in GC B cells likely contributes to increased Bcl-2 expression in memory B 
cells [ 35 ]. Transgenic expression of Bcl-2 in B cells increased the numbers of anti-
gen-specifi c memory B cells. However, it was found that the increases were predomi-
nantly in low-affi nity memory B cells [ 63 ]. Although Bcl-2 expression is correlated 
with reduced sensitivity to spontaneous cell death in GC and memory B cells, the 
precise contribution of Bcl-2 and other Bcl-2 family to the regulation of the survival 
in GC and memory B cells remained undefi ned. In addition to inhibiting apoptosis, 
Bcl-2 can also bind to Beclin 1 to inhibit autophagy [ 55 ]. How can the high levels of 
Bcl-2 and the observation of active autophagy in memory B cells be reconciled? One 
explanation is that the intracellular location of Bcl-2 might determine its functions. 

80

60

40

20

0

Spleen

H
A

-S
pe

ci
fic

 lg
G

 m
em

or
y

B
 c

el
ls

 (
x1

03
)/

sp
le

en

**** **

80

60

40

20

0

Spleen

H
A

-S
pe

ci
fic

 lg
G

 m
em

or
y

B
 c

el
ls

 (
10

3 )
/s

pl
ee

n

Lung

B/Atg7-/-

Lung

4

3

2

1

0

4

3

2

1

0

H
A

-S
pe

ci
fic

 lg
G

 m
em

or
y

B
 c

el
ls

 (
x1

03
)/

lu
ng

H
A

-S
pe

ci
fic

 lg
G

 m
em

or
y

B
 c

el
ls

 (
10

3 )
/lu

ng

**

WTB/Atg7-/-WTB/Atg7-/-WTB/Atg7-/-WT

  Fig. 2    Defective memory B cell responses to infl uenza infection in mice with B cell-specifi c dele-
tion of Atg7 (B/Atg7 −/− ). B/Atg7 −/−  or wild type mice were immunized with infl uenza intranasally. 
Two months later, IgG +  or IgA +  memory B cells in the spleen and lungs were examined       

 

Autophagy in Host Defense Against Viruses



194

Bcl-2 localized to the ER binds to Beclin 1 to inhibit autophagy, while Bcl-2 on 
mitochondria inhibits apoptosis [ 40 ]. It will be interesting to determine whether 
Bcl-2 is indeed predominantly found on the mitochondrion in memory B cells. 

 Autophagy can help to maintain cell survival by promoting energy production. In 
particular, memory T cells have been shown to engage a program of fat metabolism to 
maintain energy production that is critical for the generation or maintenance of mem-
ory T cells [ 48 ,  56 ]. Whether autophagy plays a role in the regulation of fat metabo-
lism in memory T cells is unclear. It is also unclear whether autophagy might regulate 
the metabolic process in memory B cells. Whether memory B cells might require the 
similar metabolic regulation will be very interesting for further investigation. 

 Compared to GC B cells that represent recently activated antigen-specifi c B cells, 
memory B cells express higher levels of autophagy genes [ 8 ]. Because autophagy 
has been implicated in the protection of long-lived cells, such as neurons, we tested 
whether memory B cells might be dependent on autophagy for survival. Indeed, we 
have found that incubation of memory B cells with 3-methyladenine induced rapid 
cell death in memory B cells. Moreover, Atg7-defi cient memory B cells also dis-
played accelerated cell death. This indicates that autophagy is required for the pro-
tection of memory B cell survival. 

 We determined whether reduced cell death in memory B cells is due to inhibition 
of caspase activation. As expected, the activation of caspase-3 and caspase-9 can be 
readily detected in GC B cells after  in vitro  culture for 4 to 6 h [ 8 ]. This suggests that 
caspase-dependent intrinsic apoptosis that involves caspase-9 to caspase-3 signaling 
cascade, is involved in cell death in GC B cells. However, memory B cells do not 
display caspase activation during  in vitro  culture [ 8 ]. Due to the lack of caspase acti-
vation in memory B cells, one interesting possibility is that caspase-dependent apop-
tosis might be suppressed by autophagy [ 8 ]. Surprisingly, however,  autophagy- defi cient 
memory B cells do not display detectable caspase activation during cell death. 
Moreover, cell death in autophagy-defi cient memory B cells is not affected by a pan-
caspase inhibitor. This indicates that autophagy protects memory B cells against cell 
death that is distinct from classic caspase-dependent apoptosis. 

 In the absence of autophagy, memory B cells show increased ROS production and 
membrane lipid peroxidation. This may lead to increased disruption of cellular mem-
branes, including plasma and nuclear membranes, as well as membranes of different 
organelles. Alox5-dependent lipid peroxidation is likely to be involved in such cas-
pase-independent cell death because additional deletion of Alox5 partially protected 
autophagy-defi cient memory B cells [ 8 ]. Although the precise mechanism for such a 
mechanism of cell death involving membrane lipid peroxidation is not yet elucidated, 
it is conceivable that membrane lipid peroxidation leads to the disruption of mem-
brane and the loss of organelle function requiring the intact membranes, such as loss 
of ATP production on the mitochondrial inner membranes. Additionally, loss of mem-
brane integrity may cause the leak of cell death molecules from the mitochondrion 
into the cytosol and nucleus to cause cell death. Although not yet tested in memory B 
cells, it is conceivable that cell death molecules in mitochondria, such as AIF and 
endonuclease G, will induce cell death if released from mitochondria and entering the 
nucleus.  
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7     Autophagy in T Cell-Mediated Immunity Against 
Viral Infection 

 Autophagy is important for T cell development [ 22 ,  54 ,  58 ,  74 ]. Autophagy is also 
found to be induced during T cell activation [ 20 ]. Autophagy-defi cient T cells show 
defective cell proliferation and cytokine production [ 20 ,  58 ]. While defi ciency in 
autophagy results in the decrease of mature T cells, the CD8 +  T cell frequency is 
reduced more than the CD4 +  T cells [ 54 ,  59 ,  64 ,  66 ,  74 ,  77 ]. Autophagy might play a 
more dominant in CD8 +  T cell function. Because autophagy is inducible by activation 
from the T cell antigen receptor, it is possible that autophagy plays important roles in 
the regulation of different T cell subsets during immune responses to viral infections. 
Due to an important function for autophagy in the protection of long- lived cell types, 
it is likely that autophagy also play an important role in memory T cell maintenance. 
The functions for autophagy in the protection of immunological memory by T cells 
and B cells against infections will be an important topic for future studies.  

8     Can Promoting Autophagy Improve Immunological 
Memory and the Effi cacy of Vaccination? 

 We have found that treatment with rapamycin can promote autophagy in memory B 
cells. Rapamycin can also improve the survival and function of memory B cells 
against infl uenza infection in mice [ 8 ]. Rapamycin has also been shown to increase 
the generation of memory T cells against lymphocytic choriomeningitis virus infec-
tion and improve memory T cell responses  in vivo  [ 2 ]. These studies support the 
possibility that promoting autophagy can enhance immune memory against viral 
infections. However, rapamycin potently inhibits mTOR in TORC1 complex that 
have diverse biological functions, such as inhibition of T cell proliferation and IL-2 
production in addition to promoting autophagy [ 12 ]. It might not be clinically fea-
sible to use rapamycin solely for the purpose of promoting immune memory after 
vaccination. A more specifi c autophagy inducer that increases autophagy with mini-
mum side effects of immunosuppression will be needed for clinical useful for the 
purpose of promoting immunological memory.     

   References 

    1.    Aqeilan RI, Calin GA, Croce CM (2010) miR-15a and miR-16-1 in cancer: discovery, function 
and future perspectives. Cell Death Differ 17:215–220  

    2.    Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, Bachmann MF, Larsen CP, Ahmed 
R (2009) mTOR regulates memory CD8 T-cell differentiation. Nature 460:108–112  

     3.    Bhattacharya D, Cheah MT, Franco CB, Hosen N, Pin CL, Sha WC, Weissman IL (2007) 
Transcriptional profi ling of antigen-dependent murine B cell differentiation and memory for-
mation. J Immunol 179:6808–6819  

Autophagy in Host Defense Against Viruses



196

    4.    Bonci D, Coppola V, Musumeci M, Addario A, Giuffrida R et al (2008) The miR-15a- 
miR-16-1 cluster controls prostate cancer by targeting multiple oncogenic activities. Nat Med 
14:1271–1277  

    5.    Cadwell K, Patel KK, Maloney NS, Liu TC, Ng AC, Storer CE, Head RD, Xavier R, 
Stappenbeck TS, Virgin H (2010) Virus-plus-susceptibility gene interaction determines 
Crohn’s disease gene Atg16L1 phenotypes in intestine. Cell 141:1135–1145  

    6.    Cai X, Chiu YH, Chen ZJ (2014) The cGAS-cGAMP-STING pathway of cytosolic DNA sens-
ing and signaling. Mol Cell 54:289–296  

    7.    Carneiro LA, Travassos LH (2013) The interplay between NLRs and autophagy in immunity 
and infl ammation. Front Immunol 4:361. doi:  10.3389/fi mmu.2013.00361      

                 8.    Chen M, Hong MJ, Sun H, Wang L, Shi X, Gilbert BE, Corry DB, Kheradmand F, Wang 
J (2014) Essential role for autophagy in the maintenance of immunological memory against 
infl uenza infection. Nat Med 20:503–510  

    9.    Conway KL, Kuballa P, Khor B, Zhang M, Shi HN, Virgin HW, Xavier RJ (2013) ATG5 regu-
lates plasma cell differentiation. Autophagy 9:528–537  

    10.    Dai P, Wang W, Cao H, Avogadri F, Dai L, Drexler I, Joyce JA, Li XD, Chen Z, Merghoub T, 
Shuman S, Deng L (2014) Modifi ed vaccinia virus Ankara triggers type I IFN production in 
murine conventional dendritic cells via a cGAS/STING-mediated cytosolic DNA-sensing 
pathway. PLoS Pathog 10(4):e1003989. doi:  10.1371/journal.ppat.1003989      

     11.    Delgado MA, Elmaoued RA, Davis AS, Kyei G, Deretic V (2008) Toll-like receptors control 
autophagy. EMBO J 27:1110–1121  

    12.    Delgoffe GM, Powell JD (2009) mTOR: taking cues from the immune microenvironment. 
Immunology 127:459–465  

    13.    Dong X, Levine B (2013) Autophagy and viruses: adversaries or allies? J Innate Immun 
5:480–493  

     14.    Dreux M, Gastaminza P, Wieland SF, Chisari FV (2009) The autophagy machinery is required 
to initiate hepatitis C virus replication. Proc Natl Acad Sci U S A 106:14046–14051  

    15.    Fullgrabe J, Klionsky DJ, Joseph B (2014) The return of the nucleus: transcriptional and epi-
genetic control of autophagy. Nat Rev Mol Cell Biol 15:65–74  

    16.    Gomez Lorenzo MM, Fenton MJ (2013) Immunobiology of infl uenza vaccines. Chest 
143:502–510  

    17.    Goubau D, Schlee M, Deddouche S et al (2014) Antiviral immunity via RIG-I-mediated 
recognition of RNA bearing 5’-diphosphates. Nature 514:372–375  

    18.    Green AM, Beatty PR, Hadjilaou A, Harris E (2014) Innate immunity to dengue virus infec-
tion and subversion of antiviral responses. J Mol Biol 426:1148–1160  

     19.    Gregoire IP, Richetta C, Meyniel-Schicklin L, Borel S et al (2011) IRGM is a common target 
of RNA viruses that subvert the autophagy network. PLoS Pathog 7:e1002422. doi:  10.1371/
journal.ppat.1002422      

      20.    Hubbard VM, Valdor R, Patel B, Singh R, Cuervo AM, Macian F (2010) Macroautophagy 
regulates energy metabolism during effector T cell activation. J Immunol 185:7349–7357  

    21.    Hughes P, Bouillet P, Strasser A (2006) Role of Bim and other Bcl-2 family members in auto-
immune and degenerative diseases. Curr Dir Autoimmun 9:74–94  

     22.    Jia W, He YW (2011) Temporal regulation of intracellular organelle homeostasis in T lympho-
cytes by autophagy. J Immunol 186:5313–5322  

    23.    Joubert PE, Werneke SW, de la Calle C, Guivel-Benhassine F, Giodini A, Peduto L, Levine B, 
Schwartz O, Lenschow DJ, Albert ML (2012) Chikungunya virus-induced autophagy delays 
caspase-dependent cell death. J Exp Med 209:1029–1047  

    24.    Kalia V, Sarkar S, Gourley TS, Rouse BT, Ahmed R (2006) Differentiation of memory B and 
T cells. Curr Opin Immunol 18:255–264  

    25.    Kasturi SP, Skountzou I, Albrecht RA, Koutsonanos D, Hua T, Nakaya HI et al (2011) 
Programming the magnitude and persistence of antibody responses with innate immunity. 
Nature 470:543–547  

    26.    Krammer PH, Arnold R, Lavrik IN (2007) Life and death in peripheral T cells. Nat Rev 
Immunol 7:532–542  

J. Wang and M. Chen

http://dx.doi.org/10.3389/fimmu.2013.00361
http://dx.doi.org/10.1371/journal.ppat.1003989
http://dx.doi.org/10.1371/journal.ppat.1002422
http://dx.doi.org/10.1371/journal.ppat.1002422


197

     27.    Kurosaki T, Aiba Y, Kometani K, Moriyama S, Takahashi Y (2010) Unique properties of 
memory B cells of different isotypes. Immunol Rev 237:104–116  

     28.    Lanzavecchia A, Sallusto F (2002) Progressive differentiation and selection of the fi ttest in the 
immune response. Nat Rev Immunol 2:982–987  

    29.    Lebecque S, de Bouteiller O, Arpin C, Banchereau J, Liu YJ (1997) Germinal center founder 
cells display propensity for apoptosis before onset of somatic mutation. J Exp Med 185:
563–571  

       30.    Lee HK, Mattei LM, Steinberg BE, Alberts P, Lee YH, Chervonsky A, Mizushima N, Grinstein 
S, Iwasaki A (2010) In vivo requirement for Atg5 in antigen presentation by dendritic cells. 
Immunity 32:227–239  

    31.    Lei Y, Wen H, Ting JP (2013) The NLR protein, NLRX1, and its partner, TUFM, reduce type 
I interferon, and enhance autophagy. Autophagy 9:432–433  

     32.    Lei Y, Wen H, Yu Y, Taxman DJ, Zhang L et al (2012) The mitochondrial proteins NLRX1 
and TUFM form a complex that regulates type I interferon and autophagy. Immunity 
36:933–946  

    33.    Lenardo M, Chan KM, Hornung F, McFarland H, Siegel R, Wang J, Zheng L (1999) Mature T 
lymphocyte apoptosis--immune regulation in a dynamic and unpredictable antigenic environ-
ment. Annu Rev Immunol 17:221–253  

    34.    Li C, Capan E, Zhao Y, Zhao J, Stolz D, Watkins SC, Jin S, Lu B (2006) Autophagy is induced 
in CD4+ T cells and important for the growth factor-withdrawal cell death. J Immunol 
177:5163–5168  

    35.    Li G, Zan H, Xu Z, Casali P (2013) Epigenetics of the antibody response. Trends Immunol 
34:460–470  

    36.    Li XD, Wu J, Gao D, Wang H, Sun L, Chen ZJ (2013) Pivotal roles of cGAS-cGAMP signal-
ing in antiviral defense and immune adjuvant effects. Science 341:1390–1394  

    37.    Liang Q, Chang B, Brulois KF, Castro K, Min CK, Rodgers MA, Shi M, Ge J, Feng P, Oh BH, 
Jung JU (2013) Kaposi’s sarcoma-associated herpesvirus K7 modulates Rubicon-mediated 
inhibition of autophagosome maturation. J Virol 87:12499–12503  

    38.    Liang Q, Seo GJ, Choi YJ, Kwak MJ, Ge J, Rodgers MA, Shi M, Leslie BJ, Hopfner KP, Ha 
T, Oh BH, Jung JU (2014) Crosstalk between the cGAS DNA sensor and Beclin-1 autophagy 
protein shapes innate antimicrobial immune responses. Cell Host Microbe 15:228–238  

    39.    Liang XH, Kleeman LK, Jiang HH, Gordon G, Goldman JE, Berry G, Herman B, Levine B 
(1998) Protection against fatal Sindbis virus encephalitis by beclin, a novel Bcl-2-interacting 
protein. J Virol 72:8586–8596  

    40.    Marquez RT, Xu L (2012) Bcl-2:Beclin 1 complex: multiple, mechanisms regulating autoph-
agy/apoptosis toggle switch. Am J Cancer Res 2:214–221  

    41.    Maruyama M, Lam KP, Rajewsky K (2000) Memory B-cell persistence is independent of 
persisting immunizing antigen. Nature 407:636–642  

    42.    McHeyzer-Williams LJ, McHeyzer-Williams MG (2005) Antigen-specifi c memory B cell 
development. Annu Rev Immunol 23:487–513  

     43.    McHeyzer-Williams M, Okitsu S, Wang N, McHeyzer-Williams L (2012) Molecular program-
ming of B cell memory. Nat Rev Immunol 12:24–34  

    44.    Miller BC, Zhao Z, Stephenson LM, Cadwell K, Pua HH, Lee HK, Mizushima NN, Iwasaki 
A, He YW, Swat W, Virgin HW (2008) The autophagy gene ATG5 plays an essential role in B 
lymphocyte development. Autophagy 4:309–314  

    45.    Mountz JD, Wu J, Cheng J, Zhou T (1994) Autoimmune disease. A problem of defective 
apoptosis. Arthritis Rheum 37:1415–1420  

      46.    Munz C (2009) Enhancing immunity through autophagy. Annu Rev Immunol 27:423–449  
    47.    Nagata S, Suda T (1995) Fas and Fas ligand: lpr and gld mutations. Immunol Today 

16:39–43  
    48.    O’Sullivan D, van der Windt GJ, Huang SC, Curtis JD, Chang CH, Buck MD, Qiu J, Smith 

AM, Lam WY, DiPlato LM, Hsu FF, Birnbaum MJ, Pearce EJ, Pearce EL (2014) Memory 
CD8(+) T cells use cell-intrinsic lipolysis to support the metabolic programming necessary for 
development. Immunity 41:75–88  

Autophagy in Host Defense Against Viruses



198

    49.    Orvedahl A, Alexander D, Talloczy Z, Sun Q, Wei Y, Zhang W, Burns D, Leib DA, Levine B 
(2007) HSV-1 ICP34.5 confers neurovirulence by targeting the Beclin 1 autophagy protein. 
Cell Host Microbe 1:23–35  

    50.    Orvedahl A, MacPherson S, Sumpter R Jr, Talloczy Z, Zou Z, Levine B (2010) Autophagy 
protects against sindbis virus infection of the central nervous system. Cell Host Microbe 
7:115–127  

     51.    Orvedahl A, Sumpter R Jr, Xiao G, Ng A, Zou Z, Tang Y, Narimatsu M, Gilpin C, Sun Q et al 
(2011) Image-based genome-wide siRNA screen identifi es selective autophagy factors. Nature 
480:113–117  

      52.    Paludan C, Schmid D, Landthaler M, Vockerodt M, Kube D, Tuschl T, Munz C (2005) 
Endogenous MHC class II processing of a viral nuclear antigen after autophagy. Science 
307:593–596  

    53.    Panyasrivanit M, Khakpoor A, Wikan N, Smith DR (2009) Co-localization of constituents of 
the dengue virus translation and replication machinery with amphisomes. J Gen Virol 90:
448–456  

      54.    Parekh VV, Wu L, Boyd KL et al (2013) Impaired autophagy, defective T cell homeostasis, and 
a wasting syndrome in mice with a T cell-specifi c deletion of Vps34. J Immunol 190:
5086–5101  

    55.    Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima N, Packer M, Schneider MD, 
Levine B (2005) Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 
122:927–939  

    56.    Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, Jones RG, Choi Y (2009) 
Enhancing CD8 T-cell memory by modulating fatty acid metabolism. Nature 460:103–107  

      57.    Pengo N, Scolari M, Oliva L, Milan E, Mainoldi F, Raimondi A, Fagioli C, Merlini A, Mariani 
E et al (2013) Plasma cells require autophagy for sustainable immunoglobulin production. Nat 
Immunol 14:298–305  

       58.    Pua HH, Dzhagalov I, Chuck M, Mizushima N, He YW (2007) A critical role for the autoph-
agy gene Atg5 in T cell survival and proliferation. J Exp Med 204:25–31  

    59.    Pua HH, Guo J, Komatsu M, He YW (2009) Autophagy is essential for mitochondrial clear-
ance in mature T lymphocytes. J Immunol 182:4046–4055  

    60.    Pulendran B, Ahmed R (2011) Immunological mechanisms of vaccination. Nat Immunol 
12:509–517  

    61.    Rasmussen SB, Horan KA, Holm CK, Stranks AJ, Mettenleiter TC, Simon AK, Jensen SB, 
Rixon FJ, He B, Paludan SR (2011) Activation of autophagy by alpha-herpesviruses in myeloid 
cells is mediated by cytoplasmic viral DNA through a mechanism dependent on stimulator of 
IFN genes. J Immunol 187:5268–5276  

    62.    Saitoh T, Akira S (2010) Regulation of innate immune responses by autophagy-related pro-
teins. J Cell Biol 189:925–935  

    63.    Smith KG, Light A, O’Reilly LA, Ang SM, Strasser A, Tarlinton D (2000) bcl-2 transgene 
expression inhibits apoptosis in the germinal center and reveals differences in the selection of 
memory B cells and bone marrow antibody-forming cells. J Exp Med 191:475–484  

    64.    Stephenson LM, Miller BC, Ng A, Eisenberg J, Zhao Z, Cadwell K, Graham DB, Mizushima 
NN, Xavier R, Virgin HW, Swat W (2009) Identifi cation of Atg5-dependent transcriptional 
changes and increases in mitochondrial mass in Atg5-defi cient T lymphocytes. Autophagy 
5:625–635  

    65.    Strasser A, Jost PJ, Nagata S (2009) The many roles of FAS receptor signaling in the immune 
system. Immunity 30:180–192  

     66.    Sun Y, Li C, Shu Y, Ju X, Zou Z, Wang H, Rao S, Guo F, Liu H, Nan W et al (2012) Inhibition 
of autophagy ameliorates acute lung injury caused by avian infl uenza A H5N1 infection. Sci 
Signal 5:ra16. doi:  10.1126/scisignal.2001931      

      67.    Takahashi Y, Ohta H, Takemori T (2001) Fas is required for clonal selection in germinal cen-
ters and the subsequent establishment of the memory B cell repertoire. Immunity 14:181–192  

J. Wang and M. Chen

http://dx.doi.org/10.1126/scisignal.2001931


199

    68.    Tal MC, Sasai M, Lee HK, Yordy B, Shadel GS, Iwasaki A (2009) Absence of autophagy 
results in reactive oxygen species-dependent amplifi cation of RLR signaling. Proc Natl Acad 
Sci U S A 106:2770–2775  

    69.    Talloczy Z, Virgin HW, Levine B (2006) PKR-dependent autophagic degradation of herpes 
simplex virus type 1. Autophagy 2:24–29  

    70.    Tarlinton D (2006) B-cell memory: are subsets necessary? Nat Rev Immunol 6:785–790  
    71.    Thai TH, Calado DP, Casola S, Ansel KM, Xiao C, Xue Y, Murphy A, Frendewey D, 

Valenzuela D, Kutok JL, Schmidt-Supprian M, Rajewsky N, Yancopoulos G, Rao A, Rajewsky 
K (2007) Regulation of the germinal center response by microRNA-155. Science 
316:604–608  

    72.    Tian Y, Sir D, Kuo CF, Ann DK, Ou JH (2011) Autophagy required for hepatitis B virus rep-
lication in transgenic mice. J Virol 85:13453–13456  

    73.    Travassos LH, Carneiro LA, Ramjeet M, Hussey S, Kim YG, Magalhaes JG, Yuan L, Soares 
F, Chea E, Le Bourhis L, Boneca IG, Allaoui A, Jones NL, Nunez G, Girardin SE, Philpott DJ 
(2010) Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma membrane at 
the site of bacterial entry. Nat Immunol 11:55–62  

      74.    Willinger T, Flavell RA (2012) Canonical autophagy dependent on the class III phosphoinosit-
ide- 3 kinase Vps34 is required for naive T-cell homeostasis. Proc Natl Acad Sci U S A 
109:8670–8675  

       75.    Xu Y, Jagannath C, Liu XD, Sharafkhaneh A, Kolodziejska KE, Eissa NT (2007) Toll-like 
receptor 4 is a sensor for autophagy associated with innate immunity. Immunity 27:135–144  

    76.    Zhang X, Wu J, Du F, Xu H, Sun L, Chen Z, Brautigam CA, Chen ZJ (2014) The cytosolic 
DNA sensor cGAS forms an oligomeric complex with DNA and undergoes switch-like confor-
mational changes in the activation loop. Cell Rep 6:421–430  

     77.    Zuccarino-Catania GV, Sadanand S, Weisel FJ, Tomayko MM, Meng H, Kleinstein SH, Good- 
Jacobson KL, Shlomchik MJ (2014) CD80 and PD-L2 defi ne functionally distinct memory B 
cell subsets that are independent of antibody isotype. Nat Immunol 15:631–637    

Autophagy in Host Defense Against Viruses



       

   Part II 
   Targeting Autophagy as a Novel 

Therapeutic Strategy in Infl ammation- 
Based Pathologies 



203© Springer International Publishing Switzerland 2016 
M.C. Maiuri, D. De Stefano (eds.), Autophagy Networks in Infl ammation, 
Progress in Infl ammation Research, DOI 10.1007/978-3-319-30079-5_11

      Role of Autophagy in Brain Sculpture: 
Physiological and Pathological Implications                     

     Annalisa     Nobili    ,     Virve     Cavallucci    , and     Marcello     D’Amelio    

    Abstract     The brain has the ability to change during the life rearranging itself by 
the elimination and the formation of new connections between neurons. This 
dynamic capacity is known as brain plasticity or neuroplasticity, and is associated 
with functional changes involving functional recovery after brain damage, learning, 
memory, and addiction. It is well defi ned that protein synthesis is required for neu-
roplasticity and the establishment of long-term memories, but protein degradation 
plays also a crucial role in neuronal physiology and pathology. Ubiquitin-proteasome 
system, which degrades short-lived proteins, is important in synaptic plasticity, 
learning and memory, as well as lysosome system, which involves endocytosis to 
degrade proteins, plays a role in synaptic plasticity regulating receptor traffi cking. 
The third major degradation pathway is the autophagy which degrades long-lived 
cytoplasmic proteins or damaged organelles to maintain normal cell homeostasis. 
Recent evidence suggests the involvement of autophagy in synaptic plasticity, in 
addition to its crucial role in the quality control of proteins and organelles in neu-
rons. Thus an impairment of the autophagic machinery is closely connected with the 
alteration of neuronal function and neuron ability to respond to damage. A clear 
understanding of neuronal autophagy in brain physiology and pathology could help 
to develop new pharmaceutical approaches for the treatment of neurological disor-
ders. The current Chapter will focus on the key role of autophagy in the develop-
ment and function of the central nervous system (CNS), and on the emerging 
evidence of autophagy deregulation in neurodegenerative disease and acute brain 
damage.  
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   Abbreviations 

  3-MA    3-methyladenine   
  AD    Alzheimer’s Disease   
  Akt (PKB)    Protein kinase B   
  Ambra1    Autophagy/Beclin-1 Regulator 1   
  AMPAR    α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor   
  APP    Amyloid precursor protein   
  ASD    Autism spectrum disorders   
  Atg    Autophagy-related   
  ATP    Adenosine triphosphate   
  AVs    Autophagic vacuoles   
  Aβ    β-amyloid peptide   
  Bcl-2    B-cell lymphoma 2   
  Bcl-XL    B-cell lymphoma-extra large   
  Bif-1    BAX-interacting factor-1   
  Bim    B-cell lymphoma 2 interacting mediator of cell death   
  CCI    Controlled cortical impact injury   
  CIII PI3K    Class III phosphatidylinositol 3-kinase   
  CMA    Chaperone-mediated autophagy   
  CNS    Central nervous system   
  COMT    Catechol-o-methyltransferase   
  Deptor    DEP domain containing MTOR-interacting protein   
  ER    Endoplasmic reticulum   
  FAD    Familial AD   
  Fbxo7    F-box protein 7   
  FIP200    FAK Family Kinase-Interacting Protein of 200 kDa   
  FPI    Fluid percussion injury   
  GABA A ,    γ-aminobutyric acid   
  GCEE    γ-glutamylcysteinyl ethyl ester   
  H/I    Hypoxia/ischemia   
  HCb    Hemicerebellectomy   
  HD    Huntington’s disease   
  HDAC6    Histone deacetylase 6   
  Htt    Huntingtin   
  i.c.v.    Intracerebroventricular   
  IO    Inferior olive   
  IRGM    Immune-related GTPase M   
  KO    Knockout   
  LAMP    Lysosome-associated membrane protein type   
  LC3    Microtubule-associated protein 1 light chain 3   
  LRRK2    Leucine-rich repeat kinase 2   
  LTD    Long-term depression   
  LTP    Long-term potentiation   
  MAO-B    Monoamine oxidase B   
  Mfn1    Mitofusin 1   
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  MPP+    1-methyl-4-phenylpyridinium   
  mTOR    Mammalian target of rapamycin   
  mTORC1    mTOR complex 1   
  NBR1    Neighbor Of BRCA1 Gene 1   
  Ndp52    Nuclear dot protein 52 kDa   
  NGF    Nerve growth factor   
  NMDAR    N-methyl- d -aspartate receptor   
  NPCs    Neural progenitor cells   
  NSF    N-ethylmaleimide-sensitive factor   
  p62/SQSTM1    Sequestosome 1   
  PD    Parkinson’s Disease   
  PE    Phosphatidylethanolamine   
  PI3K    Phosphatidylinositol 3-kinase   
  PI3P    Phosphatidylinositol 3-phosphate   
  PINK1    PTEN-induced putative kinase 1   
  pMCAO    Permanent middle cerebral artery occlusion   
  Pn    Pontine nuclei   
  polyQ    Polyglutamine   
  PP1    Protein phosphatase 1   
  PRAS40    Proline-rich Akt substrate of 40 kDa   
  PSD95    Postsynaptic density protein 95   
  PSEN    Presenilin   
  PTEN    Phosphatase and tensin homolog   
  Raptor    Regulatory-associated protein of mTOR   
  Rubicon    RUN and cysteine rich domain containing beclin 1 interacting protein   
  SCI    Spinal cord injury   
  SVZ    Subventricular zone   
  TBI    Traumatic brain injury   
  tMCAO    Transient middle cerebral artery occlusion   
  TrkA    Tropomyosin receptor kinase A   
  Tsc2    Tuberous sclerosis proteins   
  ULK1    UNC-51-like kinase 1   
  UVRAG    UV Radiation Resistance-Associated Gene   
  VDAC1    Voltage-dependent anion channel 1   
  VMP1    Vacuole Membrane Protein 1   
  WIPI-1    WD-repeat protein Interacting with PhosphoInositides-1   

1         Introduction 

 Autophagy is a catabolic mechanism that mediates degradation and recycling of 
cellular constituents, delivering portion of cytoplasm to the lysosomes for degrada-
tion. Autophagy is considered to be important to maintain cellular homeostasis, 
especially under nutrient deprivation or stress conditions, and to guarantee proteins 
quality control and organelles turnover. Furthermore, autophagy has been 
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implicated in various cellular processes, such as development, differentiation, age-
ing and immunity [ 77 ,  101 ,  102 ]. 

 Autophagy is highly conserved from yeast to mammals and it can be classifi ed in 
three principal types: microautophagy, chaperone-mediated autophagy (CMA) and 
macroautophagy [ 115 ]. Microautophagy leads to degradation of sequestered por-
tions of cytosol by direct invagination of lysosome membrane [ 99 ]. CMA delivers 
cytosolic protein containing a KFERQ-like motif to the lysosomal lumen via chap-
erone Hsc70 and LAMP-2A complex [ 66 ]. Macroautophagy (hereafter referred to 
as autophagy) is the well-characterised form of autophagy that leads to the forma-
tion of a double-membraned vacuole, the autophagosome, containing cytoplasmic 
material, such as macromolecules and organelles .  Autophagy requires several steps: 
induction and nucleation of phagophore (the isolation membrane), elongation of 
phagophore to constitute the autophagosome, maturation of autophagosome into 
amphisome/autolysosome by fusion with endosome/lysosome and, fi nally, degrada-
tion of membrane contents (Fig.  1 ). Autophagy is constitutively activated at a basal 
level to maintain cellular homeostasis but it can also be induced by several input 
signals, such as nutrient deprivation, change of intracellular levels of Ca 2+ , ATP and 
cAMP, hormones, protein accumulation and damaged organelles [ 136 ]. The main 
regulator of autophagy is mTOR (mammalian target of rapamycin) complex 1 
(mTORC1), a polyprotein complex that contains mTOR, Raptor, mLST8/GßL, 
Deptor and PRAS40 [ 22 ]; however the autophagy is also regulated by mTOR-inde-
pendent pathways even though the effectors involved in the autophagosome biogen-
esis are not clear [ 136 ].

   More than 30 autophagy-related (Atg) proteins have been identifi ed and charac-
terized in yeast [ 60 ,  61 ] and conserved in mammals, where additional Atg proteins 
have been identifi ed. However, less than half, the “core Atg proteins” [ 110 ,  166 ], are 

  Fig. 1    Schematic representation of mammalian autophagy pathway. Following inhibition of 
mTOR, ULK complex, composed of ULK1, Atg13, FIP200 and Atg101, is activated and starts the 
autophagosome nucleation. ULK1 also phosphorylates Ambra1, leading to the activation of 
Beclin1, a component of CIII PI3K complex (or Beclin1 complex), which consists of PI3K or 
hVps34, Beclin1 and p150. In this step, VMP1 recruits Beclin1 to the phagophore where the com-
plex is required for generating a pool of phosphatidylinositol 3-phosphate (PI3P). To expand the 
autophagosome membrane, Atg12-Atg5-Atg16L complex and LC3 ubiquitin-like conjugation 
systems are required. The Atg12-Atg5-Atg16L multimeric complex is formed by subsequent steps 
involving Atg7 and Atg10 and is also required for the effi cient function of LC3. The second system 
mediates the conjugation of LC3 to phosphatidylethanolamine (PE). LC3 is processed by Atg4, 
forming the cytosolic LC3 I. Atg7 binds LC3 I and transfers it to Atg3, which catalyses the con-
junction to the lipid PE and the conversion of LC3 I in LC3 II. The complete autophagosome fuses 
with the lysosome and cargo molecules engulfed by autophagosomes are degraded by lysosomal 
hydrolases and recycled back to the cytoplasm. The specifi city of cargo degradation is mediated by 
selective adaptor proteins, such as p62 that binds ubiquitinated residues of the target proteins or 
organelles. The steps known to be affected in neurodegenerative diseases and the action of drugs 
modulating autophagy are indicated.  AD  Alzheimer disease,  HD  Huntington disease,  PD  Parkinson 
disease. Regulators of autophagy are also indicated. 3-MA, 3-methyladenine       
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involved in autophagosome formation. These proteins can be subdivided in three 
functional groups: (1) two kinase complex, ULK complex (consisting of ULK1, 
Atg13, FIP200 and Atg101) and the class III phosphatidylinositol 3-kinase (CIII 
PI3K) complex (or Beclin1 complex, comprising PI3K or hVps34, Beclin1 and 
p150); (2) two ubiquitin-like protein conjugation systems, ATG16L1 complex 
(Atg12-Atg5-Atg16L) and LC3; (3) two transmembrane proteins, Atg9 (and associ-
ated proteins involved in its movement such as WIPI-1) and VMP1. 

 The activity of ULK complex is important in the induction step of autophagy and 
is negatively regulated by mTORC1. After autophagy induction, mTORC1 is inac-
tivated, leading to dephosphorylation of ULK1 and Atg13. This event causes the 
activation of these proteins and the consequent phosphorylation of FIP200 by 
ULK1. Recently it has been identifi ed a novel ULK complex interactor, Atg101, 
important for both the stability of Atg13 and basal phosphorylation of Atg13 and 
ULK1 [ 48 ,  98 ]. 

 Beclin1-CIII PI3K complex is required for the isolation membrane nucleation, 
generating a pool of phosphatidylinositol 3-phosphate (PI3P), which acts as plat-
form for other Atg proteins recruitment. Beclin1 interacts with several proteins, 
which are able to modulate the complex activity: Atg14L, UVRAG, Ambra1, and 
Bif-1 enhance Beclin1 complex activity; the transmembrane protein VMP1 is cru-
cial for the nucleation step, recruiting Beclin1 (and other components of the 
Beclin1 complex) to the phagophore; whereas Rubicon, the anti-apoptotic pro-
teins Bcl-2 and Bcl-XL and the pro-apoptotic protein Bim negatively regulate 
autophagy [ 136 ]. 

 Following the autophagy induction, ULK1 phosphorylates Ambra1, leading to 
the activation of Beclin1 and the translocation of the Beclin1-CIII PI3K complex 
from the microtubule network to the endoplasmic reticulum (ER), which is consid-
ered the main membrane source for the biogenesis of phagophore [ 1 ,  28 ,  44 ]. The 
fundamental contribution to the biogenesis and elongation of the phagophore from 
other organelles membrane is mediated by Atg9 [ 169 ]. 

 The elongation of the phagophore requires two ubiquitin-like protein conjuga-
tion systems. Firstly, Atg5 and Atg12 are conjugated by the ubiquitin-activating 
E1-like enzyme Atg7. In particular, Atg7 activates Atg12, which is transferred to 
Atg10, an E2-like enzyme, and then covalently linked with Atg5 ([ 105 ,  148 ]). The 
Atg12-Atg5 heterodimer binds Atg16L forming a large multimeric complex 
required for elongation of phagophore [ 103 ] and for the effi cient function of LC3. 
The second system mediates the conjugation of LC3 to phosphatidylethanolamine 
(PE) [ 41 ,  103 ]. LC3 is processed by the protease Atg4, forming the cytosolic LC3 
I. Atg7 binds LC3 I and transferred it to Atg3 (E2-like), which catalyses the con-
junction to the lipid PE and the conversion of LC3 I in LC3 II. During the expansion 
of autophagosome, LC3 II is attached both to the inner and outer membrane of this 
structure. However, until the fusion with the lysosome LC3 II is removed from the 
outer membrane, while the one in the inner membrane is degraded with the autopha-
gosome cargo [ 52 ,  59 ]. 

 Autophagy has been originally identifi ed as a non-selective process, but recent 
evidence underlines the importance of selective mechanism, specially involved in 
the quality control of proteins and organelles. Several post-translational modifi ca-
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tions have been implicated in the regulation of autophagy, one of which is the ubiq-
uitination. The residues of ubiquitin facilitate the recruitment of autophagic 
receptors and selective adaptor proteins, such as p62 (also called SQSTM1), NBR1, 
HDAC6, Nix, Ndp52, which tether the targeted substrate to core of Atg proteins, 
such LC3 [ 139 ]. 

 The autophagy mechanism has been analyzed in several tissues and although it 
occurs in all cell types and involves the same protein complexes, recent studies sug-
gest that this mechanism is tissue-specifi c regulated. In particular, autophagy plays 
a crucial role in the brain, in which it is involved as well as in stress response, in 
quality control of proteins and organelles, even in specifi c function, such as neuro-
development, differentiation, learning and memory. 

 In this Chapter we will discuss the physiological roles of autophagy in neurons 
and the pathological implications occurring when this process is dysregulated.  

2     Neuronal Autophagy 

 Neurons are highly specialized cells, composed by specifi c compartments including 
neurites (axons and dendrites), synapses and soma, in which the synthesis, transport 
and degradation processes are fi nely regulated. Moreover, mature neurons are post-
mitotic cells, which require an effi cient protein quality control system to avoid accu-
mulation of misfolded or aggregated proteins and damaged organelles that cannot 
be diluted through cell division. Autophagy is of particular importance in the syn-
aptic compartments, characterized by high-energy demand and where a fi ne control 
of proteins and organelles turnover is necessary to ensure the activity. 

 Compared to other organs (such as heart, liver, pancreas, kidney or muscle), in 
basal condition the brain shows higher level of LC3 and a low number of autopha-
gosomes [ 112 ], which do not increase even under nutrient deprivation [ 106 ]. Several 
studies demonstrated that the low presence of autophagic vesicles, analyzed as a low 
amount of LC3 II then LC3 I, depends on the fast kinetics of vesicles formation and 
degradation, that refl ects the high effi ciency of autophagosome turnover [ 8 ,  107 ].  

3     The Role of Autophagy in Neurodevelopment 
and Neurogenesis 

 The importance of autophagy in development has long been suggested by several 
studies in which autophagic structures were analyzed during embryogenesis [ 20 ,  83 ] 
and by studying mutant mice for several  Atg  genes, which have different role in the 
regulation of development. In fact, mice lacking  Atg3, Atg5, Atg7, Atg9  and 
 Atg16L1  complete the embryonic development, but die shortly after birth, suggest-
ing that the proteins encoded by these genes are not essential for embryogenesis but 
have a crucial role in the regulation of perinatal starvation [ 64 ,  68 ,  131 ,  132 ,  145 ]. 
Instead, Beclin1, Ambra1 or FIP200 defi cient mice are embryonic lethal at the 
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stage E7.5, E10–E14 and E13.5–E16, respectively [ 35 ,  37 ,  174 ]. The differences 
among  Atg  genes are not well understood. It seems possible that the role of Beclin1 
and FIP200, which interact with several factors, may be related to other function; 
alternatively, the different lethality may depend on the step in which each factor is 
involved [ 104 ]. In the latter case, Atg9 constitutes an exception because it acts in 
early phase of autophagy process but its loss causes a less severe phenotype [ 146 ]. 

 The short survival time after birth of  Atg  knockout (KO) mice prevents the study 
of the Atg proteins role, whereas the generation of conditional KO mice allowed to 
understand their function in specifi c tissues. Brain-specifi c deletion of  Atg5  and 
 Atg7  suggests that these proteins are involved in motor function and that their defi -
ciency results in the development of progressive motor and behavioural defi cits. The 
histological analysis of Atg5 conditional KO mice shows partial loss of Purkinje 
cells and neuronal inclusion bodies accumulation. Aggregates of ubiquitinated 
 proteins, which accumulate in a time-dependent manner, are also detected starting 
at embryonic day E15.5. It has been proposed that basal autophagy in Purkinje neu-
rons is necessary to ensure the correct protein turnover, avoiding aggregates forma-
tion [ 42 ]. Atg5 KO embryos also display defects in apoptotic corpse engulfment in 
photoreceptor and ganglion cell layers of the retina at E18.5 [ 123 ]. A recent work 
has also proposed that Atg5 plays a central role in developing embryonic cortex to 
ensure the formation of correct multiple layers architecture. By silencing Atg5 
expression in cortical neural progenitor cells (NPCs), it has been observed that the 
loss of Atg5 function leads to unbalanced cortical NPCs differentiation and prolif-
eration and causes the abnormal morphology of cortical neurons. Atg5 exerts its 
function in strictly cooperation with β-Catenin and both are required to regulate 
cortical NPCs differentiation and proliferation [ 87 ]. 

 Studies performed on Atg7 conditional KO mice show that the loss of this pro-
tein leads to axonal swellings, with accumulation of aberrant membrane structures 
and progressive dystrophy and degeneration of the axon terminals in Purkinje cells. 
Interestingly, these events occur much earlier than the neuronal death, suggesting 
that basal autophagy is required to regulate membrane homeostasis in the axonal 
terminals in addition to protein quality control [ 65 ]. 

 ULK1 protein regulates axon outgrowth in cerebellum granule neurons and it has 
been demonstrated that ULK1 is expressed in different neuron population during 
development and is particular abundant in developing cerebellar granular cells. The 
inactivation of ULK1 by retroviral injection of its dominant negative form demon-
strates that this kinase has a pivotal role in neurite extension/parallel fi ber formation 
[ 151 ]. Recent studies also suggest that ULK1 regulates endocytotic traffi cking of 
growth factors, that are necessary during polarized axon elongation. However is not 
well understood whether ULK1 acts infl uencing the autophagy mechanism or has a 
different function through the interaction with several proteins, for example in 
NGF-TrkA endocytosis [ 152 ,  180 ]. 

 Another example of the importance of autophagy during neurodevelopment 
comes from the studies conducted on Ambra1 protein. Ambra1 is strongly expressed 
in developing neuronal tissue starting at the embryonic day E8.5, where is detected 
in neuroepithelium. Subsequently, a massive expression is observable in the ventral 

A. Nobili et al.



211

part of the spinal cord, in the encephalic vesicles, in the neural retina, in the limbs 
and in the dorsal root ganglia (E11.5); at later stages, Ambra1 is expressed in the 
entire developing nervous system; fi nally, in postnatal brain Ambra1 is particularly 
abundant in the cortex, hippocampus and striatum. Ambra1-defi cient mice display 
defects in neural tube closure, as well as increased cell proliferation and cell death, 
that cause exencephaly and/or spina bifi da phenotypes [ 35 ]. Therefore, Ambra1 
appears to be involved in cell proliferation and survival during neurodevelopment, 
perhaps controlling the degradation of key development regulators, as demonstrated 
by the increase of ubiquitinated proteins in Ambra1-defi cient mice, or directly regu-
lating cell proliferation. 

 A central role for autophagy has recently been proposed also in adult neurogen-
esis. Ambra1 and Beclin1 are highly expressed in adult subventricular zone (SVZ) 
of the lateral ventricles, an area where new neurons are generated and then migrate 
through the rostral migratory stream to the olfactory bulb to become interneurons 
[ 100 ]. It has been demonstrated that autophagy is involved in two different mecha-
nisms in SVZ: on the one hand it sustains the pool of stem cell, on the other hand it 
enhances the survival of neuronal precursors. In fact,  Beclin1  heterozygous mice 
show a signifi cant decrease in cell division and an increase in the number of apop-
totic cells in SVZ compared to wild-type [ 171 ]. 

 Recent evidences support the idea that autophagy plays a fundamental role also in 
dendritic spine pruning during postnatal life. It has been reported an increase in spine 
density with reduced developmental spine pruning in layer V pyramidal neurons in 
postmortem temporal lobe of patients with autism spectrum disorders (ASD). These 
spine defects correlate with mTOR hyperactivation and autophagy impairment. In 
fact, Tang and colleagues, using a mTOR costitutively activated mouse model 
(Tsc2 +/−  mouse, with mutated Tsc2, a protein that indirectly inhibit mTOR) observed 
a postnatal spine pruning defects, blockage of autophagy and ASD-like behaviours. 
Interestingly, rapamacyn is able to revert these phenotypes in Tsc2 +/−  mice but not in 
Tsc2 +/− : Atg7 conditional KO double mutants, suggesting that autophagy is required 
for the correct remodelling of dendritic and spine architecture [ 147 ].  

4     The Synaptic Role of Autophagy 

 Recent evidences have suggested that autophagy plays an essential role in synaptic 
plasticity, infl uencing both pre- and post-synaptic compartments by altering the effi -
cacy of neurotransmitter release or by modifying the post-synaptic density composi-
tion (Fig.  2 ). There are two main forms of synaptic plasticity: long-term potentiation 
(LTP), where occurs a persistent increase of synaptic effi cacies in response to a 
high-frequency stimulation, and long-term depression (LTD), characterized by a 
lasting decrease in synaptic effectiveness that follows a pattern of low- frequency 
stimulation [ 4 ,  7 ]. Both LTP and LTD are considered cellular correlates of learn-
ing and memory and for this reason the study of these processes is so intriguing. 
One of the main receptors involved in synaptic transmission is the 

Role of Autophagy in Brain Sculpture: Physiological and Pathological Implications



212

Lysosome

Amphisome

Autophagosome

Synaptic vesicles
degradation

Synaptic
vesicles

AMPAR
degradation

Amphisome

Autophagosome

Endosome

Lysosome

Protein
Phosphatases

AMPAR
intemalization

AMPAR
NMDAR

Ca2+

Ca2+

  Fig. 2    Representation of autophagy role in pre- and post-synaptic compartment. In the pre- 
synaptic terminal autophagy alters the effi cacy of neurotransmitter release, leading to selective 
degradation of neurotransmitter-containing vesicles. In the post-synaptic terminal autophagy regu-
lates the degradation of AMPA receptor (AMPAR) after chemical induction of long-term depres-
sion (LTD). LTD leads to activation of the calcium ion-permeable NMDA receptor (NMDAR). A 
series of downstream intermediate signaling steps, including activation of protein phosphatases, 
cause AMPAR endocytosis and induction of LTD. Endosome vesicles containing AMPAR fuse 
with autophagosomes, forming amphisomes, that fi nally fuse with lysosomes leading degradation 
of the AMPAR       
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α-amino-3- hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), a class 
of ionotropic glutamate receptors that mediates the excitatory neurotransmission 
response. The synaptic transmission can be modulated by modifying the exposure of 
AMPARs in post-synaptic density [ 144 ] and by altering the traffi cking of AMPARs 
into and out of synapses [ 88 ,  90 ]. Increased exposure of AMPARs causes a strengthen 
of synaptic transmission and generally LTP, whereas the removal of AMPARs 
results in LTD [ 141 ,  144 ]. AMPARs are heterotetrameric complexes, composed of 
various combination of four subunits (GluA1-4) [ 47 ]. In the adult hippocampus 
GluA subunits are assembled preferably in two major subtypes, GluA1- 2, which 
represent approximately 80 % of synaptic receptors, and GluA2-4, which represent 
the remaining 20 % [ 84 ,  165 ]. Recent evidences suggest that AMPARs subunit com-
position and their interactors on synaptic membrane are able to regulate the traffi ck-
ing and the targeting of AMPARs to synaptic sites [ 19 ,  27 ,  31 ,  43 ,  56 ,  113 ,  116 ,  117 , 
 143 ,  144 ]. Moreover, several studies proposed that both GluA1 and GluA2 subunits 
have a central role in LTD [ 18 ,  73 ,  75 ,  153 ,  181 ]. Upon N-methyl- d -aspartate recep-
tor (NMDAR)-dependent chemical LTD induction, the increase of intracellular Ca 2+  
level leads to the activation of several phosphatases, including PTEN, calcineurin 
and PP1, that beyond other functions are committed to dephosphorylate GluA1 at 
Ser 845 residue, promoting its internalization [ 72 ], and PSD95 at the Ser295, which 
is responsible to the recruitment of GluA1 subunit to post-synaptic surface and to 
the stabilization of the synaptic structure [ 58 ]. The GluA2 subunit is stabilized at the 
synapses by the interaction with NSF (N-ethylmaleimide-sensitive factor), an 
ATPase that is involved in membrane fusion events [ 56 ,  74 ]. During LTD, it is pos-
sible that NSF dissociates from GluA2 and that AP2 binds an overlapping region of 
GluA2, leading to clathrin-dependent receptor internalization [ 74 ,  91 ]. Internalized 
AMPARs can be recycled back to the synapses, pooled in the endosomes as a reserve 
[ 86 ,  114 ] or targeted to lysosome for degradation [ 33 ,  75 ]. Recently it has been pro-
posed that autophagy is responsible for the regulation of neuronal activity, leading 
to the degradation of AMPARs contained in endocytic vesicle. In fact, after chemi-
cal LTD induction the number of autophagosome in dendritic shaft and spines of 
pyramidal neurons increases, together with a reduction of GluA1 subunits [ 140 ]. 
Degradation of AMPARs, and the consequent LTD stabilization, is partially recov-
ered by application of Okadaic acid and dipotassium bisperoxo (5-hydroxypyridine-
2-carboxyl) oxovanadate V, which are inhibitors of PP1 and PTEN, respectively. 
Both PP1 and PTEN regulate the phosphorylation and the activity of Akt and for this 
reason it has been suggested that chemical LTD leads to autophagy activation by 
inhibition of PI3K-Akt-mTOR pathway. Moreover, the inhibition of PI3K by wort-
mannin and the silencing of Atg7 by lentiviral shRNA infection determine a com-
plete block of LTD-induced autophagy or a partial recovery of GluA1 levels, 
respectively. It is possible that the increase of the number of autophagosomes, 
observed in dendritic shafts and spines during LTD, increases the probability of 
fusion between autophagosomes and endosomes containing GluA subunits to form 
amphisomes, determining lysosomal degradation of cargo and preventing the recep-
tors recycling in the post- synaptic site. Another interesting possibility is that after 
LTD induction autophagy acts as a selective degradation mechanism. It has been 
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reported that GABA A  (γ-aminobutyric acid) receptors, but not acetylcholine recep-
tors, are internalized and degraded selectively by autophagy in  C. elegans  neurons 
[ 128 ]. Moreover p62 protein, which is a selective adaptor protein between cargo and 
autophagosomes, has an important role in LTP and spatial memory [ 124 ] and inter-
acts directly with AMPAR subunits infl uencing their traffi cking to synaptic mem-
brane [ 51 ]. It is probable that autophagosomes merge with endosomes containing 
AMPARs by a p62-mediated mechanism.

   Other evidences suggest that autophagy has also a pre-synaptic role regulating 
neurotransmission [ 46 ]. Conditional Atg7 KO mice, in which autophagy defi ciency is 
restricted to dopaminergic neurons, show that inhibition of autophagy in pre- synaptic 
terminal alters pre-synaptic structure and neurotransmission. In particular, the absence 
of autophagy results in increased size of axon terminal, increased evoked dopamine 
release and more rapid pre-synaptic reuptake of neurotransmitter. The pre-synaptic 
role of autophagy is mTOR-regulated. In fact, acute rapamycin treatment induces a 
transient augment in the number of autolysosomes in synaptic terminals and at the 
same time reduces the number of neurotransmitter vesicles. This effect is absent in 
Atg7 conditional KO mice, indicating that the induction of autophagosome formation 
by rapamycin requires Atg7. It has been suggested that this mechanism is not specifi c 
to dopaminergic neurons. Indeed, rapamycin induces autophagosome-like structures 
also in other neurons, such as glutamatergic, GABAergic and cholinergic [ 46 ].  

5     Role of Autophagy in the CNS Diseases 

 Considering the complexity of autophagic pathway and its importance in neuronal 
function is not surprisingly that neurons are particularly sensitive to autophagy 
defects with several pathological implications. Acute and chronic neurodegenera-
tive diseases – including stroke, brain trauma, spinal cord injury, Alzheimer’s dis-
ease, Parkinson’s disease, Huntington’s disease – are characterized by mitochondria 
dysfunction and extensive neuronal cell death. Moreover, the characterization of the 
autophagic molecular machinery has been followed by abundant studies supporting 
the key role of autophagy alterations in several human disorders including the above 
cited brain diseases (Fig.  1 ).  

6     Acute Brain Damage 

6.1     Ischemic Stroke 

 Stroke is one of the main causes of mortality and long-term disability worldwide 
and the majority of cases are ischemic. Ischemic stroke occurs as a result of a tran-
sient or permanent reduction in cerebral blood fl ow, with consequent lack of oxygen 
and nutrients in ischemic areas leading to neuronal death. Cerebral ischemia results 

A. Nobili et al.



215

in severe intracellular energy stress leading to cell death by a combination of 
necrotic cell death in infarct core and apoptotic cell death in the ischemic penumbra 
[ 32 ]. In this scenario, the cellular defences against the exhaustion of energy and 
metabolic stress contribute to neuronal survival. Under stress condition, in neuronal 
cells exists a subtle balance between life and death and the ultimate fate depends on 
the cross-talk between different cellular pathways. Since autophagy is induced by 
cellular stress to enhance cell survival, and many of these stresses (including nutri-
ent deprivation and oxidative stress) occur during cerebral ischemia, in the last years 
numerous studies have been interested in disentangling the role of autophagy in 
brain ischemia. Although increased autophagy has been reported in different types 
of cerebral ischemia (including focal, global and hypoxic/ischemic injury), its role 
in neuronal death remains controversial. In fact, several works demonstrate that 
autophagy acts as a protective response after ischemic strokes, whereas other stud-
ies show that autophagy inhibition can reduce ischemic damage. 

 It has been shown that hypoxia/ischemia (H/I) induces Beclin1 expression in the 
hippocampus and cerebral cortex of neonatal rats (postnatal day 7), and that  in vivo  
pharmacological activation of autophagy by rapamycin treatment reduces necrotic 
cell death and brain injury. Moreover, the inhibition of autophagy by 3- methyladenine 
(3-MA) accelerates the progression towards necrotic cell death [ 13 ]. In addition, 
both hypoxic preconditioning and prophylactic treatment with simvastatin, which 
have neuroprotective effect when administered before the onset of H/I in neonatal 
rats, increase Beclin1 expression after H/I and reduce brain damage, suggesting a 
protective role of autophagy in the neurodegenerative process that follows neonatal 
hypoxic-ischemic insult. 

 Conversely, Koike and Colleagues described that autophagy is strongly induced 
in the hippocampus following H/I in neonatal mice (postnatal day 7), and they sug-
gested its involvement in neuronal death. In fact Atg7-defi ciency protects hippo-
campal pyramidal neurons from cell death and reduces damaged areas after H/I 
[ 63 ]. In agreement with this work, other studies suggest that autophagy can be 
implicated in ischemia-induced neuronal death. It has been demonstrated that 
autophagy activity is increased after transient focal cerebral ischemia in neonatal 
rats (postnatal day 12) mainly in the border of the lesion, and that post-ischemic 
intracerebroventricular (i.c.v.) injections of autophagy inhibitor 3-MA reduces the 
lesion volume. The activation of autophagy in the ischemic penumbra, where 
delayed cell death occurs, and the neuroprotective effect of post-ischemic autoph-
agy inhibition suggest a detrimental effect of autophagy on neuronal survival [ 121 ]. 
In agreement with these studies, permanent focal ischemia induced in the cortex of 
adult rats by permanent middle cerebral artery occlusion (pMCAO) causes an 
increase of autophagosomes, autolysosomes and LC3 conversion (from LC3-I to 
LC3-II) in cortical neurons. A single i.c.v. injection of bafi lomycin or 3-MA after 
the onset of ischemia reduces the infarct volume [ 164 ]. 

 In support of protective role of autophagy, it has been demonstrated that IRGM 
(immune-related GTPase M, IRGM1 in mouse), a protein that can regulate the sur-
vival of immune cells through autophagy, is upregulated in the ischemic side in 
pMCAO mouse model, concomitantly with a strong autophagic response [ 45 ]. 
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Notably, autophagy activation following pMCAO is almost completely lost in 
IRGM1 KO mice with an increase of infarct volume. Moreover, IRGM1-mediated 
activation of autophagy in the early phase of ischemia (within 24 h after injury) 
protects neurons from necrotic cell death in the core of lesion but promotes apopto-
sis in the penumbra [ 45 ]. 

 Furthermore, in adult rats transient middle cerebral artery occlusion (tMCAO) 
activates autophagy, and in particular mitophagy (a process involved in selective 
removal of mitochondria by autophagy) [ 79 ]. In tMCAO rapamycin attenuates 
infarct volumes and neurological defi cits after cerebral ischemia and 3-MA blocks 
this protective effect. The observation that rapamycin enhances mitophagy and 
improves mitochondrial function suggests that the selective removal of damaged 
mitochondria by autophagy can play an important protective role in ischemic brain 
injury [ 79 ]. 

 Zhang and Colleagues [ 177 ] used both pMCAO and tMCAO mouse models of 
ischemia to understand the role of autophagy in the ischemic and reperfusion 
phases. Interestingly, they observed that in the pMCAO model, the pre-treatment 
with 3-MA reduces the ischemia-induced infarct, whereas i.c.v. injection of 3-MA 
at the onset of reperfusion (tMCAO mice) signifi cantly aggravates brain injury, sug-
gesting that autophagy plays detrimental and protective roles in the ischemia and 
reperfusion phases, respectively. 

 Although autophagy is generally considered a cell survival mechanism, mas-
sive autophagy can also be associated with cell death through excessive self-diges-
tion and degradation of cellular components. Depending on the context and 
amount, autophagy may then either protect cell from death or induce cell death. In 
conclusion, the net effect of ischemic injury-induced autophagy remains contro-
versial and might depend on brain region and maturity, on severity of injury, and 
on timing of therapeutic interventions. In fact, autophagy could have dissimilar 
effects depending on stroke model and on the different phases of ischemia (early 
or late), as well as playing different roles in the core of lesion and in the penumbra 
area.  

6.2     Traumatic Brain Injury 

 Traumatic brain injury (TBI) refers to brain damage caused by an external mechani-
cal force, which can lead to permanent or temporary impairment of cognitive, phys-
ical and psychosocial functions [ 89 ]. TBI is the leading cause of mortality and 
disability in the young aged population under 45 years and represents one of the 
major causes of hospitalization nowadays: ten million hospitalizations and/or 
deaths annually are attributable to TBI worldwide [ 70 ]. TBI is a complex disease 
process causing structural damage and motor and cognitive dysfunction produced 
by both primary and secondary mechanisms. Physical trauma results in the primary 
early mechanical damage of brain tissue (including hematomas, contusions, isch-
emia, axonal injury and diffuse swelling). Primary injury can initiate secondary 
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brain damage (from minutes to months after the trauma) including alteration in 
neurotransmitter release, calcium-mediated damage, mitochondrial dysfunction, 
oxidative stress, leading to cell death, tissue damage and atrophy [ 89 ,  168 ]. Neuronal 
death in TBI is widely attributed to the apoptotic process but several studies have 
also shown an increase of autophagy after TBI. 

 In light of the heterogeneity of the clinical aspects of TBI, different animal mod-
els (principally rodents) have been developed. Among these, fl uid percussion injury 
(FPI), controlled cortical impact injury (CCI), weight drop-impact acceleration 
injury, and blast injury are widely used [ 17 ,  29 ,  30 ,  76 ,  80 ,  93 ]. 

 The use of FPI and CCI rat models has allowed to observe that autophagy is 
persistently activated after TBI [ 82 ,  178 ]. Autophagosomes accumulate early after 
TBI (1–4 h) and activation of autophagy persists for days (15–32 days). Since 
 oxygen radicals are involved in the pathogenesis of TBI and autophagy can be 
induced by mitochondrial oxidative stress, Lai and colleagues analyzed the effects 
of the antioxidant γ-glutamylcysteinyl ethyl ester (GCEE) on autophagy and neuro-
logic outcome in CCI mouse model of TBI [ 69 ]. GCEE treatment decreases the 
oxidative stress in CCI mice and, more interesting, reduces autophagy levels after 
TBI, with an improvement of cognitive performance in Morris water maze test and 
a partial reduction of histological damage. These data suggest that oxidative stress 
is involved in the neuropathology of TBI and can infl uence autophagy activity after 
acute brain injury. 

 In addition to oxidative stress, glutamate excitotoxicity also plays an important 
role in TBI. Hyperactivation of NMDARs is associated with TBI-induced neuronal 
death and excitotoxicity has been linked to autopahgy. Interestingly, it has been 
demonstrated that NMDAR subunit GluN2A (and its signalling intermediates PSD- 
95, Homer and Shank) interacts with Beclin1 in membrane rafts of rat cerebral cor-
tex neurons. FPI-induced TBI, in addition to increase the levels of GluN2A, causes 
a rapid redistribution of Beclin1 out of membrane rafts and activates autophagy 
pathway [ 6 ]. These data suggest that the release of Beclin1 (or PSD95/Shank/
Homer/Beclin1) from the GluN2B multi-protein signalling complex in response to 
TBI-induced excessive stimulation of GluN2A could be a key event involved in the 
activation of neuronal autophagy. 

 Although several studies demonstrated that autophagy is activated in different 
TBI models, its role as a protective or detrimental process remains unclear. In order 
to investigate the function of autophagy after TBI, Luo and Colleagues tested the 
effects of autophagy inhibitors in weight-drop mouse model. They observed that the 
administration of autophagy inhibitors (3-MA and bafi lomycin; single i.c.v. injec-
tion before TBI) blocks TBI-induced autophagy, attenuates TBI-induced cell death 
and brain lesions, and improves TBI-induced motor and learning defi cits [ 85 ]. 

 In conclusion, TBI causes pathophysiological responses that lead to oxidative 
stress, glutamate excitotoxicity, cell death, motor and cognitive outcome defi cits. 
In this context, autophagy has been identifi ed as part of the responses leading to 
cell injury after TBI and different compounds tested as neuroprotective in TBI have 
been shown to reduce apoptotic neuronal death as well as autophagic activity 
[ 25 ,  81 ,  161 ,  158 ,  176 ].  
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6.3     Spinal Cord Injury 

 Spinal cord injury (SCI) is a high-cost neurological disability that can leave the 
individual with severe life-lasting impairment affecting all organ systems, with 
strong impact on the patient, the family, health care service, and society. SCI refers 
to any injury, complete or incomplete, to the spinal cord causing different types of 
motor, sensory and sphincter dysfunction, as well as dystonia [ 10 ]. Extreme sports, 
high-speed transport, and traumatic accidents in general are linked with a particu-
larly high incidence of SCI, which has an annual incidence of 50 individuals per 
million population with prevalence in young adults [ 120 ,  162 ]. 

 SCI can be studied in mice and rats models, by means the hemisection of spinal 
cord at different vertebral levels. It has been observed that SCI causes a fast autoph-
agy activation at the lesion site. Specifi cally, the upregulation of autophagic markers 
starts 4 h after the lesion, with a peak at 3 days, and lasts for 21 days [ 49 ,  53 ]. The 
observed persistent increase of key proteins involved in autophagic pathway in 
degenerating axons [ 127 ] suggests that autophagy might be involved in axonal 
degeneration following traumatic injury. 

 However, the role of autophagy in SCI needs to be further investigated in order 
to understand whether this process contributes to neuronal death or represents a 
neuroprotective response.  

6.4     Remote Damage 

 Acute brain injury is characterized by two events: (1) early primary damage that 
directly causes cell death and degeneration, and (2) late secondary damage that 
induces delayed neurodegeneration through other mechanisms that are not limited 
to the lesion site but can involve remote areas. Remote neurodegeneration is a mul-
tifactorial phenomenon that develops days or months after acute damage and 
strongly affects the clinical outcome in many CNS disorders [ 156 ]. Axotomized 
neurons undergo a series of morphological changes before dying and the severity of 
remote cell death is associated to several factors, such as the type and extent of the 
primary lesion, the distance between axonal trauma and the soma, the type of con-
nectivity, and the intrinsic vulnerability of the involved circuits [ 34 ]. 

 Remote damage can be studied in animal models by means axotomy and target 
deprivation in order to analyze the morphological, biochemical, and ultrastructural 
changes that occur days to months after injury in different brain circuits. The hemi-
cerebellectomy (HCb) is a widely used model to study the mechanisms of remote 
cell death. HCb consists in the ablation of half of the cerebellum, which leads, 
because of the crossed input–output cerebellar organization, to the damage of all 
neuronal axons of the contralateral inferior olive (IO) and pontine nuclei (Pn) and to 
deprivation of nearly all cerebellar input of the contralateral cerebral cortex [ 108 , 
 156 ]. Recently, we analyzed autophagy function and kinetics during apoptotic cell 
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death in HCb-induced remote damage [ 155 ]. We demonstrated that acute brain 
lesions activate autophagy in axotomized neurons and that this event is subsequent 
to cytochrome c release from the mitochondria. Importantly, we showed that 
autophagy stimulation by the mTOR inhibitor rapamycin reduces neuronal death 
and improves functional recovery after HCb. By contrast, autophagy-impaired 
 Beclin1  heterozygous mice undergo a greater degeneration of axotomized neurons. 
These data suggest that, in remote damage induced by HCb, activation of autophagy 
in axotomized neurons acts as a reactive response that protects neurons by engulfi ng 
damaged mitochondria and neutralizing pro-apoptotic factors that can cause cell 
death [ 155 ]. In agreement with this hypothesis we recently observed that HCb alters 
mitochondrial dynamics (fusion/fi ssion) balance in axotomized neurons and that the 
neuroprotective effect of rapamycin seems to be the result of a dual role: on one 
hand the stimulation of autophagy leads to damaged mitochondria removal and on 
the other hand the enhancement of mitochondria fi ssion allows their elimination by 
mitophagy [ 14 ]. 

 Conversely, in remote damage induced by corticovascular focal lesion autophagy 
activation seems to have detrimental effects. Focal cerebral infarction can be 
induced by distal MCAO and can cause secondary degeneration of thalamus and 
delay functional recovery. After the lesion, autophagy is activated in the ipsilateral 
thalamus and its inhibition (by using  Beclin1  KO and 3-MA treatment) results in a 
decrease of neuronal loss, gliosis and apoptosis [ 167 ]. These data suggest that the 
inhibition of autophagy can attenuate the secondary thalamic damage after focal 
cerebral infarction. 

 Although it is not possible to draw clear and general conclusions on the role of 
autophagy in remote damage, because of the different responses depending on the 
type of primary lesion, several lines of evidence implicate autophagy as a patho-
physiological mechanism of remote damage and suggest that drugs targeting this 
process could be useful to reduce remote neurodegeneration.   

7     Neurodegenerative Diseases 

7.1     Alzheimer’s Disease 

 Alzheimer’s Disease (AD) is a progressive and irreversible age-related neurodegen-
erative disorder leading to cognitive, memory and behavioural impairments and rep-
resents the most cause of dementia worldwide. The main histopathological features 
of AD brains are the presence of extracellular senile plaques principally formed by 
the β-amyloid peptide (Aβ), intracellular neurofi brillary tangles constituted by 
hyperphosphorylated aggregates of the microtubule-associated protein tau, altered 
neuronal connectivity and massive neuronal loss principally in the hippocampus 
and cerebral cortex [ 15 ]. AD is primarily a sporadic pathology, with age as main 
risk factor; however, autosomal dominant familial forms are known (familial AD, 

Role of Autophagy in Brain Sculpture: Physiological and Pathological Implications



220

FAD). The fi rst mutation causing FAD has been recognized in the amyloid precur-
sor protein (APP) encoding-gene on chromosome 21 [ 40 ,  149 ]. Subsequently 
AD-related mutations in the presenilin 1 ( PSEN1 , on chromosome 14) and preseni-
lin 2 ( PSEN2 , on chromosome 1) genes have also been identifi ed [ 78 ,  142 ]. 
Pathogenic mutations in these three genes account for the majority of familial cases 
of early-onset AD and several mutations in the  APP ,  PSEN1  and  PSEN2  genes have 
been described worldwide. To note, the mutations causing early-onset autosomal 
dominat AD affect the metabolism and the stability of Aβ peptide, a proteolytic 
product of APP processing, that plays a crucial role in AD pathogenesis [ 138 ]. 

 Aβ is generated in endo-lysosomal pathway and is present in autophagosomes 
and in lysosomes. The evidence that autophagic vacuoles (AVs) contain APP and 
are enriched in β- and γ-secretase activity (responsible for amyloidogenic APP pro-
cessing with production of Aβ) implicates that AVs are active compartments for Aβ 
generation [ 172 ,  173 ] and a major source of intracellular Aβ in AD brain [ 172 ]. The 
evidence that autophagy is induced in AD comes out from the study of vulnerable 
neuronal populations before the extracellular deposition of Aβ in PS1/APP trans-
genic mouse model of AD. Moreover, dystrophic neurites strongly accumulate 
autophagosomes and other immature AVs [ 172 ], involving an impairment in the 
normal maturation of AVs to lysosomes and suggesting that a change in the autoph-
agy rate or abnormal AVs accumulation in affected AD neurons can contribute to 
Aβ deposition. However, more recently it has been demonstrated that autophagy 
stimulation by rapamycin does not alter APP metabolism and Aβ secretion, sug-
gesting that autophagy is not directly involved in APP metabolism [ 9 ]. Rather, it 
seems likely that the accumulation of APP C-terminal fragments (observable when 
lysosomal fl ux is impaired) is caused by a defect of endosome-derived APP or APP 
C-terminal fragments clearance rather than to an increase of newly generated 
autophagosomes. In addition to Aβ pathology involvement, autophagy-lysosomal 
system can also degrade both soluble tau and tau aggregates and inhibition of this 
mechanism leads to enhanced tau aggregation and cytotoxicity  [ 160 ]. The involve-
ment of autophagy in the pathogenesis of the two hallmarks of AD brain, amyloid 
plaques and neurofi brillary tangles, is confi rmed by the observation that the phar-
macological restoring of mTOR signalling with rapamycin rescues cognitive defi -
cits and ameliorates Aβ and tau pathology by increasing autophagy in the 3xTg- AD 
mouse model of AD [ 12 ]. 

 A role of autophagy in AD pathogenesis is also suggested by the evidence that 
Beclin1 levels are decreased in affected brain regions of AD patients in early stage 
of the disease [ 119 ]. However, in two different lines of APP transgenic mice (J20 
and T41 mouse models of AD) the levels of Beclin1 are not reduced at old age, 
while Beclin1 defi ciency ( Beclin1  heterozygous mice) promotes extracellular and 
intraneuronal Aβ deposition in APP transgenic mice. These data suggest that the 
overproduction of mutant APP and the development of amyloid pathology is not 
suffi cient to reduce Beclin1 expression in mice and that the reduction of Beclin1 
observed in AD brains likely occurs upstream of APP pathology [ 119 ]. The enhance-
ment of autophagic protein turnover rate and lysosomal cathepsin activities in 
TgCRND8 mouse model (by genetic deletion of cystatin B, an inhibitor of lyso-
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somal cysteine proteases) rescues autophagic-lysosomal pathology and the abnor-
mal accumulation of Aβ, ubiquitinated proteins and other autophagic substrates. 
The improvement of lysosomal function in this model reduces intraneuronal levels 
of Aβ as well as extracellular amyloid deposition, and prevents learning and mem-
ory defi cits [ 170 ]. 

 In addition to its role in the clearance of Aβ and tau in AD pathology, autophagy 
is also involved in the removal of damaged organelles. Mitochondrial abnormalities 
correlate with dystrophic neurites, dendritic branches loss and dendritic spines path-
ological alteration present in AD brains [ 2 ]. Several line of evidence demonstrate 
that Aβ damages mitochondria and the reduction of lysosomal degradative effi -
ciency can limit mitochondrial recycling. The impairment of autophagy in aging 
cells and the positive correlation between Aβ content and mitochondrial damage 
suggest that mitochondrial turnover could progressively decline with age, with con-
sequent increase of oxidative damage, accumulation of dysfunctional mitochondria 
and fi nally cell death [ 16 ]. The literature about AD and mitophagy is not very abun-
dant but several evidences, including the impairment of mitochondrial fi ssion/fusion 
events which are involved in mitochondrial elimination by autophagy, imply that an 
ineffi cient lysosomal system may compromise the elimination of damaged mito-
chondria in AD [ 134 ,  159 ].  

7.2     Parkinson’s Disease 

 Parkinson’s Disease (PD) is the second most common neurodegenerative disorder 
characterized by bradykinesia, resting tremor, rigidity, and postural instability. The 
movement defi cits principally result from the massive and selective degeneration of 
nigrostriatal dopaminergic neurons with consequent striatal dopamine defi ciency. 
Another pathological feature of PD brains is the abnormal accumulation of fi brillar 
α-synuclein protein leading to the formation of intracellular insoluble inclusions 
(Lewy bodies) and degenerating ubiquitin-positive neuronal processes (Lewy neu-
rites) in surviving neurons [ 36 ,  109 ]. Currently there is no convincing therapy to 
block or slowdown neuronal loss but only symptomatic treatments are available. 
Indeed, dopaminergic defi cit can be temporarily compensated with deep brain stim-
ulation and by treatment with dopamine agonists, dopamine precursor L-dopa, 
monoamine oxidase B (MAO-B) and catechol-o-methyltransferase (COMT) inhibi-
tors [ 21 ]. PD incidence markedly increases with age although a rare young-onset 
PD occurring before age 40 exists. PD is principally a sporadic disease (90 % of 
cases) but several PD-related genes have been identifi ed in a subset of familial 
forms of the disorder. Genetic transmission can be autosomal dominant – mutations 
in the genes encoding for α-synuclein and LRRK2 (leucine-rich repeat kinase) – or 
autosomal recessive – mutations in the genes encoding for PINK1 (PTEN-induced 
putative kinase 1), parkin and DJ-1 [ 109 ]. 

 Aging, genetic factors, and environmental exposure to pesticides and heavy 
metals are implicated in PD pathogenesis, and mitochondrial dysfunction and oxi-
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dative stress have long been associated to PD. Mitochondrial quality control 
ensures the functionality of the mitochondria during cell life and the deterioration 
of cellular mechanisms involved in mitochondria turnover has been hypothesized 
to underlie the pathogenesis of several neurodegenerative diseases, in particular PD 
[ 150 ]. Notably, among the genes related to familial forms of PD, there are two 
genes encoding for proteins involved in mitochondrial quality control. PINK1 is a 
serine/threonine kinase normally present at very low levels in healthy polarized 
mitochondria; however, when mitochondria are depolarized, full-length PINK1 
accumulates rapidly at damaged organelles, and recruits parkin from the cytosol to 
the  mitochondria. Parkin is an E3 ubiquitin ligase that catalyzes the polyubiquitina-
tion of several substrates, including the mitochondrial proteins Mfn1 (mitofusin 1) 
and VDAC1 (voltage-dependent anion channel 1), and triggers mitochondrial 
engulfment by autophagosomes and subsequent degradation through mitophagy 
[ 38 ,  39 ,  96 ,  111 ]. Interestingly, another protein linked to recessive juvenile parkin-
sonism, Fbxo7, is involved in mitochondrial maintenance regulating PINK1/par-
kin-mediated mitophagy. Fbxo7, in fact, participates in parkin recruitment to 
damaged mitochondria and Mfn1 ubiquitination [ 11 ,  179 ]. Rare cases of autosomal 
recessive PD are caused by loss-of-function mutations in the gene encoding for 
DJ-1, an ubiquitous redox- responsive cytoprotective protein. In addition to antioxi-
dant effects, DJ-1 also regulates autophagy and contributes to the maintenance of 
mitochondrial function. In fact, the loss of DJ-1, leads to mitochondrial membrane 
potential reduction, mitochondrial fragmentation, and autophagic markers accu-
mulation [ 50 ,  97 ]. Collectively, these observations implicate the failure of damaged 
mitochondria removal through mitophagy as a contributing factor in PD 
pathogenesis. 

 Aberrant accumulation of α-synuclein, the major protein in Lewy bodies, is asso-
ciated with PD pathogenesis and mutations in α-synuclein cause early-onset PD. In 
inducible α-synuclein-overexpressing cell line it has been demonstrated that 
α-synuclein can be degraded either by ubiquitin/proteasome system and autophagy 
pathway. In this  in vitro  model, in fact, α-synuclein is presents in structures with the 
morphological features of autophagic vesicles and stimulation of autophagy by 
rapamycin increases its clearance [ 163 ]. Afterwards, it has been demonstrated that 
wild-type α-synuclein is internalized and degraded in lysosomes by CMA, and that 
mutant forms of this protein (both A30P and A53T mutant) bound specifi c receptors 
on lysosomes membrane stronger than wild-type but are poorly internalized [ 24 ]. 
Thus, wild-type α-synuclein seems to be effi ciently degraded via CMA, whereas the 
degradation of mutant α-synuclein is impaired. The blockade of CMA then results 
in a compensatory activation of macroautophagy, which fails to maintain normal 
rates of protein degradation [ 24 ]. Several studies support an involvement of protea-
somal, lysosomal and autophagic pathways in PD, although there is no general con-
sensus about the main pathway responsible for α-synuclein degradation. However, 
it seems that all the three proteolytic pathways are involved in α-synuclein clearance 
[ 5 ,  24 ,  163 ]. Numerous studies have suggested a link between LRRK2 (leucine-rich 
repeat kinase 2), an important genetic contributor to PD, and aberrant autophagy. 
LRRK2 is associated with late-onset PD displaying variable pathology depending 
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on the type of mutation [ 92 ,  95 ,  175 ]. Mutated LRRK2 has been shown to induce or 
inhibit autophagy depending on specifi c mutation or cell type [ 130 ,  133 ]. 

 In conclusion, mounting evidence implicates dysfunctional autophagy and 
mitophagy in PD pathogenesis. Many gene mutations causing familial PD have 
been identifi ed and many of these alter autophagy. In addition, PD toxins (as MPP+, 
rotenone, 6-hydroxydopamine, and paraquat) also deregulate autophagy [ 26 ], high-
lighting the importance of this process in PD pathogenesis.  

7.3     Hungtinton’s Disease 

 Huntington’s disease (HD) is an autosomal dominant inherited neurodegenerative 
disorder characterized by abnormal repetitive movements called chorea, progres-
sive dementia and psychiatric manifestations. The main pathological alteration in 
HD brains is the selective neuron loss occurring in the striatum and cortex. The 
onset of symptoms is typically in the middle-age but the disorder can manifest at 
any time. HD causes death 15–20 years after the onset of neurological manifesta-
tions, and although there are treatments that can help to control choreiform move-
ments, successful therapy to block disease progression does not exist [ 157 ]. The 
mutant protein in HD results from an abnormal expansion of the trinucleotide 
sequence CAG in the fi rst exon of  huntingtin  gene, resulting in an excessive exten-
sion of variable length of the polyglutamine (polyQ) tract at the N-terminus of hun-
tingtin (Htt) protein with a toxic gain of function. The normal allele contains a 
repeated sequence of 10–35 CAG triplets. The expansion of this CAG repeat over 
35 is linked with the development of disease, and the length of polyQ tract is 
inversely correlated with the age-onset of HD [ 67 ,  129 ]. The production and accu-
mulation of misfolded Htt cause the formation of inclusion bodies in HD brain 
leading to the selective loss of striatal GABAergic neurons. 

 Different mechanisms have been suggested to contribute to the pathogenesis of 
HD, including excitotoxic injury, oxidative stress, mitochondrial dysfunction, and 
apoptosis. As autophagy is primarily responsible for maintaining normal cellular 
protein homeostasis in the CNS and HD is a neurodegenerative proteinopathy (as 
other neurodegenerative disease such as AD and PD), it is not surprising that 
autophagy has attracted the interest of scholars in the fi eld. Several lines of research 
have reported autophagy dysfunction in HD and have shown that autophagy modu-
lation could represent a potential therapeutic intervention. 

 Increased number of AVs has been reported in human HD samples and in differ-
ent experimental models. Initially it has been observed that Htt abnormally accumu-
lates in punctate cytoplasmic structures resembling endosomal-lysosomal organelles 
in HD brains [ 135 ] and that wild-type and mutant Htt associate with endosomes in 
human-derived primary fi broblasts [ 154 ]. Then, in clonal mouse striatal cell line 
transiently transfected with human Htt it has been demonstrated that both wild-type 
and mutant Htt accumulate in the cytoplasm forming vacuoles [ 57 ], which incorpo-
rate the lysosomal enzyme cathepsin D in proportion to polyQ length and have the 
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ultrastructural features of autophagosome [ 55 ]. Primary striatal neurons from trans-
genic HD mice (R6/2 mouse model expressing exon one of the human Htt gene 
carrying a CAG repeat expansion) exposed to neurotoxic concentration of dopa-
mine not only present increased cell death compared to wild-type neurons, but also 
exhibit lysosome-associated responses with the induction of autophagic granules 
and electron-dense lysosomes [ 118 ]. 

 Mutant Htt can sequester and inactivate mTOR, thus promoting autophagy in 
HD brain [ 126 ] and accumulation of the autophagic markers p62 and LC3 in the 
striatum of transgenic mouse models of HD [ 71 ]. Therefore, several studies suggest 
that dysfunctional autophagy can be involved in HD pathogenesis. However, the 
increase of autophagosomes in cellular and mouse model of HD is not accompanied 
by an increase of autophagic substrates degradation although autophagic fl ux does 
not appear to be affected [ 94 ]. In fact, in HD cells AVs form with normal or enhanced 
rates and are effectively eliminated by lysosomes but there is a defect in autophagic 
cargo recognition with the formation of “empty” autophagosome. As a result, 
despite an increase in the initiation of autophagy and the formation of AVs, aggre-
gated proteins (including Htt) and damaged mitochondria are not degraded and 
accumulate in the cytoplasm contributing to toxicity [ 94 ]. 

 Many cell types respond to autophagy blockade by upregulating CMA [ 54 ] and 
CMA results increased in cellular and mouse models of HD [ 62 ]. Htt has two puta-
tive KFERQ-like CMA-targeting motifs; the pentapeptide motif KFERQ is recog-
nized by cytosolic chaperone Hsc70 that targets the substrates to lysosomes, where 
they are bound by the lysosome-associated membrane protein type 2A (LAMP-2A), 
which mediates substrate translocation into the lysosomal lumen [ 23 ]. Notably, 
CMA-dependent degradation of Htt fragments is less effi cient for polyQ-expanded 
Htt fragments, perhaps because polyQ expansion in mutant Htt delays the transport 
across the lysosomal membrane, with consequent accumulation into the cytosol [ 62 , 
 122 ]. CMA targets selectively N-terminal fragments of Htt (while full-length 
polyQ-Htt is primarily targeted by autophagy), and specifi c targeting of N-terminal 
polyQ-Htt fragment to the CMA pathway strongly reduces the formation of cyto-
solic inclusion and improves HD phenotypes in R6/2 mice [ 3 ]. 

 As rapamycin treatment reduces aggregate formation and cell death in cells 
expressing mutant Htt [ 125 ], small molecules which enhance autophagy are able to 
reduce toxicity in HD models [ 137 ], and several mTOR-independent autophagy 
inducers increase the clearance of mutant Htt and reduce its toxicity [ 136 ], the 
manipulation of autophagy and CMA could represent a promising candidate for 
therapy development.   

8     Conclusions 

 In this Chapter we have described autophagic mechanism and its fundamental role 
in neuronal function. We have highlighted that autophagy plays a key role in the 
physiology of the central nervous system, not only as quality control mechanism but 
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also for brain development and synaptic function. The emerging evidences that 
autophagy defects are involved in common neurodegenerative diseases and that 
acute brain injuries are characterized by strong autophagic responses encourage to 
unravel the role of autophagy in brain diseases and open the possibility of future 
therapeutic approaches.     
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      Aspects of Autophagy in Infl ammatory 
Bowel Disease                     

     Ferenc     Sipos      and     Györgyi     Műzes    

    Abstract     Crohn’s disease and ulcerative colitis the main clinical phenotypes of 
infl ammatory bowel disease are polygenic immune disorders with multifactorial 
etiology. Recent genome-wide association studies have highlighted on the impor-
tance of the autophagy pathway. Thus, autophagy is now widely considered as a key 
regulator mechanism with the capacity to integrate several aspects of Crohn’s dis-
ease pathogenesis. Chronic, unchecked infl ammation has widely been suggested to 
trigger carcinogenesis. In addition, accumulating evidence indicates that the aber-
rantly altered process of autophagy is defi nitely involved in carcinogenesis, as well. 
Toll-like receptors sensing cell-derived pattern/danger-associated molecules also 
have the capacity to promote tumor development and immune escape. However, 
both TLR- and autophagy-related signals may exert tumor suppressor mechanisms 
mainly in a cell-specifi c and context-dependent manner. Though the precise impact 
of autophagy in infl ammatory bowel disease and on infl ammation (colitis)-associ-
ated cancer has not yet been clarifi ed, it may indicate a novel promising therapeutic 
aspect.  
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  CAC    Colitis-associated cancer   
  CALCOCO2/NDP52    Autophagy receptor calcium binding and coiled-coil 

domain 2   
  CAMP    Cyclic adenosine monophosphate   
  CARD    Caspase activation and recruitment domain   
  CD    Crohn’s disease   
  COX    Cyclooxygenase   
  DAMP    Damage-associated molecular pattern   
  DCs    Dendritic cells   
  DSS    Dextran sulfate sodium   
  EGFR    Epidermal growth factor receptor   
  ER    Endoplasmatic reticulum   
  FAK    Focal Adhesion Kinase   
  FIP200    FAK family kinase-interacting protein of 200 kDa   
  GI    Gastrointestinal   
  GO    Graphene oxide   
  GTP    Guanosine-5′-triphosphate   
  HMGB-1    High-mobility-group B-1   
  HSP    Heat-schock protein   
  IBD    Infl ammatory bowel disease   
  ICD    Immunogenic cell death   
  IECs    Intestinal epithelial cells   
  IFN    Interferon   
  IKK    Inhibitor of κB-kinase   
  IL    Interleukine   
  IP3    Inositol triphosphate   
  IRAKs    Interleukin-1 receptor-associated kinases   
  IRE1/XBP1    Inositol-requiring enzyme 1/X-box binding protein 1   
  IRF    Interferon regulatory factor   
  IRGM    Immunity-related GTPase family M protein   
  JNKs    c-Jun N-terminal kinases   
  LC3    Microtubule-associated protein 1A/1B-light chain 3   
  LP    Lamina propria   
  LPS    Lipopolysaccharide   
  LRR    Leucine-rich repeat   
  MAPK    Mitogen-activated protein kinases   
  MDP    N-acetyl-muramyl-peptide   
  MHC    Major histocompatibility complex   
  mTORC1    Mammalian TOR complex 1   
  MyD88    Myeloid differentiation primary response gene 88   
  NF-κB    Nuclear factor-κB   
  NLRP3    NOD-like receptor family, pyrin domain containing 3   
  NLRs    NOD-like receptors   
  NOD2    Nucleotide-binding oligomerization domain containing 

protein 2   
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  ODN    Oligodeoxynucleotide   
  PAMPs    Pathogen-associated molecular patterns   
  PARP    Poly-ADP-ribose polymerase   
  pDCs    Plasmocytoid DCs   
  PG    Prostaglandin   
  PI3K    Phosphatidylinositol-4,5-bisphosphate 3-kinase   
  PRRs    Pattern recognition receptors   
  PTPN22    Protein tyrosine phosphatase non-receptor type 22   
  RIG    Retinoic acid-inducible gene 1   
  RIP2    Receptor interacting protein 2   
  RLRs    RIG-I-like receptors   
  ROS    Reactive oxygen species   
  SNP    Single nucleotide polymorphisms   
  STAT    Signal transducer and activator of transcription   
  TCD    Tolerogenic cell death   
  TIR    Toll/interleukin-1 receptor   
  TLR    Toll-like receptor   
  TNF    Tumor necrosis factor   
  TOR    Target of rapamycin   
  TRAF    TNF-receptor-associated factor   
  TRAM    Toll-like receptor 4 adaptor protein   
  Treg    Regulatory T cells   
  TRIF    TIR-domain-containing adapter-inducing interferon-β   
  UC    Ulcerative colitis   
  UPR    Unfolded protein response   
  UVRAG    UV radiation resistance-associated gene protein.   

1         Introduction 

1.1     Infl ammatory Bowel Disease: Pathophysiological 
Background 

 Crohn’s disease (CD) and ulcerative colitis (UC), the main clinical phenotypes of 
(idiopathic, relapsing-remitting) infl ammatory bowel disease (IBD) are systemic 
disorders affecting the GI-tract with frequent extraintestinal manifestations and 
associated autoimmune conditions [ 136 ]. IBD is considered as a polygenic immune 
disorder with complex multifactor etiology. Generally, IBD is arising in susceptible 
individuals in whom upon environmental triggers a sustained disturbed, deleterious 
mucosal immune reaction is provoked towards commensal microbiota [ 79 ]. In 
chronic infl ammatory conditions, when organs with large epithelial surfaces are 
affected, like in IBD the epithelial barrier function is critical for the disease onset. 
Since the epithelium is densely inhabited by a resident microbial fl ora the role of 
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native immunity is particularly appreciated in recognising and distinguishing com-
mensal enteric bacteria from the invading ones, and thus, in maintaining tolerance 
and homeostasis [ 79 ]. Subsequently, the chronic unrestrained infl ammatory 
response that occurs in IBD is mainly driven by a desintegrated host immune regu-
latory network. In IBD development the host genetic susceptibility represents an 
important etiologic factor. In CD the genetic component is strongly indicated by 
familial aggregation, and further, by an approx. 26-fold greater population-based 
sibling risk, and an approx. 30–35 % of concordance rate in monozygotic twins [ 2 , 
 175 ]. In CD pathogenesis genome-wide association studies highlighted on certain 
earlier not really suspected biological pathways, such as autophagy [ 79 ]. Many of 
the recently identifi ed genetic risk loci in Crohn’s disease are related to various cell 
types and pathways, suggesting the involvement of fairly different aspects of host 
immune responses in the IBD phenotype [ 79 ]. Missing heritability in CD cannot be 
simply explained by genetic alterations [ 79 ]. Moreover, the fact of the worldwide 
considerable increase in disease incidence and prevalence emphasizes the impor-
tance of additional, environmental and epigenetic contributions [ 100 ,  129 ,  130 ]. 

 The interplay of genes regulating immune functions is strongly affected by the 
environment, especially gut resident microbiota. On the basis of genetic alterations 
in CD impaired sensing and handling of intracellular bacteria by the innate immu-
nity, that is closely interrelated with the autophagic and unfolded protein pathways 
seem to be the most relevant pathophysiologic features [ 185 ]. 

 Interestingly, association with epithelial barrier genes seems specifi c to UC, the 
converse of nucleotide-binding oligomerization domain containing protein 2 
(NOD2), while the autophagy genes are Crohn’s-specifi c. These observations cor-
relate with UC being confi ned to the superfi cial layers of the colon, while the trans-
mural infl ammation of CD is caused by defects in cellular innate immunity and 
bacterial handling in the deeper layers of the colonic wall [ 131 ].  

1.2     Relation of Autophagy Machinery to IBD 

 Autophagy is deeply implicated in the regulation of numerous physiologic func-
tions including cell development and differentiation, survival and senescence, and it 
also affects fundamentally the infl ammatory process, and the innate and adaptive 
arms of immune responses [ 96 ]. On a basal level intact autophagy serves constantly 
and constitutively as a critical adaptive and surveillance mechanism in maintaining 
cellular homeostasis [ 116 ]. 

 Nevertheless, autophagy is inducible in response to different cellular metabolic 
stress conditions in order to preserve cell viability. Further, autophagy is upregu-
lated in cases of protein aggregation and accumulation of misfolded proteins, i.e. 
when the structural remodeling is mandatory. In respect of innate immunity, how-
ever, autophagy plays an essential role during infections by degrading intracellular 
pathogens [ 96 ,  140 ]. By compromising cellular fi tness defective autophagy has 
been ultimately related to several chronic infl ammatory disease conditions, such as 
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IBD, like CD and cancer, neurodegeneration, and infectious disorders [ 21 ,  96 ,  116 ]. 
Generally autophagy defi ciency is closely related to accelerated tumorigenesis. In 
autophagy-incompetent cells upon induced oxidative stress cell-autonomous mech-
anisms are exhibited in forms of accumulated DNA damage and chromatin 
 instability [ 108 ]. However, infl ammatory events as a non-cell-autonomous mecha-
nism along with defective apoptosis could independently contribute to malignant 
transformation and cancer progression, partly by favouring cell necrosis [ 33 ]. 
Similar situation has been found in human IBD with high risk of malignancy, and in 
experimental cases of  Atg5  -/-  or  Atg7  -/-  mice displaying abnormalities resembling 
human IBD [ 20 ]. 

 Autophagy and stress-responsive cellular degradation pathways of intrinsic and 
extrinsic apoptosis can fundamentally alter, activate or inhibit each other via an 
extensive molecular crosstalk, and in fact, cell destiny is determined by their actual 
functional status and interplay [ 56 ]. Their crosstalk is primarily regulated by the 
current status of the ATG6/Beclin-1 complex, a Bcl-2/Bcl-xL interacting element, 
since Bcl2 is a potent autophagy inhibitor. Dissociation of this complex can be 
achieved by Toll-like receptor (TLR) adaptors (MyD88, TRIF), or activation of 
mitogen activated phosphokinase (MAPK)-JNK cascade, as well as by transloca-
tion of the damage-associated molecular pattern (DAMP) protein high-mobility- 
group B (HMGB)-1 [ 56 ,  62 ]. There is also diverse interaction between autophagy 
and the NF-kB signaling pathways through positive and negative feedback regula-
tory loops [ 112 ]. Recently, a missense mutation in the autophagy receptor calcium 
binding and coiled-coil domain 2 (CALCOCO2/NDP52) gene has been identifi ed, 
controlling also the NF-κB signaling downstream of TLRs [ 169 ]. The tumor sup-
pressor  p53  gene exerts a typical dual role in autophagy regulation, depending pri-
marily on its subcellular, nuclear or cytoplasmic distribution [ 62 ,  112 ].  

1.3     NOD-Like Receptors and Crohn’s Disease 

 NOD-like receptors (NLRs) are pattern recognition receptors (PRRs) and belong to 
the family of innate immune receptors sensing pathogen-associated molecular pat-
terns (PAMPs). NOD2 is constitutively expressed intracellularly in macrophages 
and dendritic cells, and to lesser extent in intestinal epithelial cells (IECs) and T 
cells. The centrally located motifs of NLRs are referred to NOD domains, that are 
interacted with the caspase activation and recruitment domain (CARD) ones. NOD2 
recognizes N-acetyl-muramyl-peptide (MDP), a bacterial peptidoglycan compo-
nent, and upon activation the induced receptorial conformation changes result a 
multiprotein, the infl ammasome (NLRP3). Ligation of NOD2 triggers recruitment 
of the adaptor protein RIP2 causing a tumor necrosis factor (TNF) receptor- 
associated factor (TRAF)-6-mediated ubiquitination of inhibitor of κB-kinase 
gamma (IKKγ; NEMO), and hence results in activation of downstream signaling 
pathways implicating nuclear factor-κB (NF-κB), MAPKs and proinfl ammatory 
caspases [ 76 ,  145 ]. The Crohn’s disease-associated  NOD2  genetic variants are 

Aspects of Autophagy in Infl ammatory Bowel Disease



240

located in the leucine-rich repeat (LRR) region of NOD2, i.e. in the ligand-binding 
domain of this intracellular PRR [ 70 ]. The altered amino acid sequence is related 
either to insertion resulting in a frame-shift mutation, or to non-synonymous single 
nucleotide polymorphisms (SNPs) resulting in amino acid exchanges. The more 
commonly observed genetic variants (of missense or nonsense mutations) in CD are 
the SNP8 (R702W), SNP12 (G908R), and SNP13 (L1007fsC), respectively, how-
ever a number of rare  NOD2  variants have also been discovered, being localized 
again almost exclusively to the LRR region [ 70 ,  124 ]. Upon MDP ligation the 
CD-associated “loss-of-function” NOD2 variants abrogate receptor interacting pro-
tein 2 (RIP2) binding, and so fail to activate NF-κB [ 1 ,  16 ]. Further, NOD2 is 
involved in the modulation of TLR signaling, as well. Thus, in case of CD-related 
gene polymorphisms the TLR2-induced NF-κB activation is also decreased [ 64 , 
 181 ]. On the other hand NOD2 has a pivotal role in direct antibacterial defence by 
the induced release of defensins. NOD2 -/-  mice and patients with the CD NOD2 
variants display diminished expression of antimicrobial α-defensins in Paneth cells, 
that contributes to impaired antibacterial capacity and decreased epithelial barrier 
function [ 85 ,  182 ]. In contrast to hypomorphic functions the frame-shift gene muta-
tion variant encodes a “gain-of-function” by actively suppressing interleukin-10 
(IL-10) transcription [ 121 ].  

1.4     Autophagy and Crohn’s Disease 

 The autophagy machinery in IBD represents a recently developed pathway funda-
mentally contributing to the pathogenesis [ 96 ]. Functional polymorphisms of the 
autophagy genes  ATG16L1  (T300A) and immunity-related GTPase family M pro-
tein  (IRGM;  C313T) have been found as defi nite risk factors for CD [ 60 ,  110 ,  132 , 
 144 ]. The ATG16L1 protein is widely expressed in IECs, and also in macrophages 
and lymphocytes. The ubiquitous  ATG16L1  seems to be fundamental in selective 
autophagy, i.e. in xenophagy, nonetheless its defect has only been described within 
the gut [ 81 ]. In CD patients homozygous for the risk  ATG16L1  allele the “loss-of- 
function” defi ciency due to failures of autophagosome formation results in impared 
engulfment and degradation of cytoplasmic content (microbes), defective presenta-
tion of bacterial antigens to CD4+ T cells, and further, in alterations of Paneth cell 
granule formation causing a disrupted granule exocytosis [ 20 ,  97 ,  148 ,  164 ]. 
Additionally, ATG16L1 defi cient Paneth cells in CD display a “gain-of-function” 
defect by increasing expression of infl ammatory cytokines [ 20 ,  97 ]. A coding poly-
morphism (Thr300Ala) of ATG16L1 has recently been shown to decrease selective 
autophagy resulting in altered cytokine signaling and decreased antibacterial 
defense [ 90 ]. Moreover, upon stimulation with NOD2 ligands or with lipopolysac-
charides (LPS) through TLR4, macrophages and myeloid cells with the ATG16L1 
risk variant generate high levels of reactive oxygen species (ROS), and respond 
with infl ammasome overactivation leading to enhanced IL-1β and IL-18 produc-
tion via MyD88 and TRIF-dependent activation of caspase-1 [ 97 ,  148 ,  164 ]. 
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Generally, aberrant activation of PRR signaling pathways may result critically 
severe infl ammation.  IRGM  is the only human gene representative for innate 
immunity-related GTPases, necessary for γ-interferon (IFNγ)-mediated resistance 
to intracellular pathogens [ 104 ,  105 ,  168 ]. During initiation of autophagy IRGM 
expression is essentially required for the proper clearance of bacteria. The risk 
polymorphism of  IRGM  due to the impaired protein expression can lead to func-
tional abnormalities in xenophagy [ 65 ,  132 ,  144 ]. Since IRGM is possibly regu-
lated in a cell specifi c manner the CD risk allele may cause cell specifi c 
phenotypes.  

1.5     NOD2 and Autophagy 

 Functionally NOD2 is closely associated with autophagy, and yet interacts mechan-
ically (i.e. immunoprecipitated) with ATG16L1, therefore autophagy seems to be a 
key factor in CD [ 28 ,  164 ,  170 ]. Autophagy is mainly activated due to sensors of the 
innate immunity, i.e. by PRR signaling upon recognition of PAMPs (MDP, LPS, ss/
ds RNA, methylated DNA/CpG), but it could also be induced by DAMPs (like ATP, 
ROS, and misfolded proteins), pathogen receptors (like CD46), inhibitor of NF-κB 
(IKK), JNK and HMGB proteins [ 56 ,  96 ,  97 ,  140 ]. Sensory PRR-molecules include 
TLRs, NLRs and RIG-I-like receptors (RLRs). Induction of NOD2 in dendritic and 
epithelial cells by bacterial ligands and leaving bacteria results in ATG16L1- 
dependent formation of autophagic vacuoles. However, the NOD2 variants of CD 
lack this activity, and further MDP-induced autophagy is also absent in cells with 
the ATG16L1 risk variant, suggesting that both NOD2 and ATG16L1 co-localized 
on plasma membrane are required for an optimal innate immune signaling [ 66 , 
 170 ]. In addition, a NOD2-dependent failure in autophagy-induction and conse-
quently a diminished bacterial killing was found for  Salmonella typhimurium , 
 Shigella fl exneri , and enteroadherent invasive  E. coli  (AIEC) [ 28 ,  89 ,  170 ]. The 
normal NOD2, but not the CD-associated variants recruits ATG16L1 to the plasma 
membrane preferentially at the bacterial entry side, so physiologically NOD2 is 
critical for engulfi ng invading pathogens by autophagosomes [ 28 ,  66 ]. Furthermore, 
in dendritic cells NOD2-dependent autophagy is also essential for the appropriate 
antigen processing and presentation and a subsequent induction of CD4+ T-cells 
[ 28 ]. Dendritic cells from CD patients with either NOD2 or ATG16L1 variants dis-
play a failure to translocate bacteria to lysosomes and relocate class II major histo-
compatibility complex (MHC) to cell surface, as well [ 170 ]. In intestinal dendritic 
cell-epithelial cell interactions, autophagy defi ciency leads to decreased antigen 
sampling, increased dendritic cell maturation and a more pro-infl ammatory type of 
dendritic cells [ 165 ]. When the disease-associated  ATG16L1  and  NOD2  alleles are 
present in combination, a synergistic genetic epistasis, i.e. an increase in CD sus-
ceptibility was observed, underscoring the importance of a signaling crosstalk 
regarding the infl ammasome and autophagy [ 146 ]. Monocytes of CD patients dis-
play enhanced phagocytosis associated with the presence of ATG16L1 and NOD2 
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variants [ 184 ]. Moreover, it has been demonstrated that loss of protein tyrosine 
phosphatase non-receptor type 22 (PTPN22) renders monocytes more reactive 
towards bacterial products [ 163 ], which also could be part of the pathophysiology 
of CD.  

1.6     Endoplasmic Reticulum Stress and Autophagy 

 The unfolded protein response (UPR) induced by endoplasmatic reticulum (ER) 
stress represents another pathway in IBD pathophysiology [ 77 ]. Genetically ER 
stress is associated with both forms of IBD and occurs upon excessive accumula-
tion of misfolded or unfolded proteins in the ER, leading to UPR especially in 
cells with high secretory capacity, like goblet cells and Paneth cells [ 77 ,  81 ]. UPR 
is regulated by different pathways (and related transcription factors) with the pref-
erence of the inositol-requiring enzyme 1/X-box binding protein 1 (IRE1/XBP1) 
axis [ 179 ]. Via this axis there is a conserved link between innate immunity (TLR 
and NOD signaling) and the UPR [ 179 ]. Genome-wide association studies 
revealed the role of  XBP1  SNPs in IBD-related ER-stress [ 11 ,  78 ]. Decreased or 
absent XBP1 function in the IEC compartment through IRE1 hyperactivation 
results in uncontrolled ER-stress, i.e. a proinfl ammatory overactivation, and fur-
ther in dysfunction and premature apoptotic depletion of Paneth cells, with the 
consequent impaired handling of the microbiota [ 78 ]. Under ER stress autophagy 
is induced via JNK (downstream of IRE1), which is overactivated by the hypo-
morphic XBP1 [ 37 ,  123 ]. However, even defective autophagy  per se  is able to 
provoke ER stress, especially when the ATG7 protein involved in regulation of 
autophagosome formation is also depressed [ 186 ]. Regarding PI3K there is an 
antagonistic action, since in UPR it is responsible for the activation of XBP1, but 
in the contrary autophagy is suppressed by the canonical AKT-TOR pathway 
[ 106 ,  129 ,  130 ]. In IBD, IECs presumably are affected both by impaired UPR 
signaling and aberrant autophagy, but their exact interplay needs to be further 
clarifi ed.  

1.7     Autophagy-Dependent Effects of Gut Microbiota 
on Crohn’s Disease 

 The intestinal microbiota, which normally colonize mucosal surfaces in symbiotic 
mutualism with the host is unique and quite stable over time [ 9 ]. The basic chal-
lenge for the intestinal immune recognition is the requirement of a simultaneous 
delicate balance between tolerance and responsiveness towards microbes. Several 
data suggest the existence of immune tolerance to antigens of the individual own 
bacterial fl ora, whereas its breakdown defi nitely contributes to IBD pathogenesis 
[ 53 ,  164 ]. 
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 The innate immunity ensures a primary host response to microbial invasion, 
which induces an infl ammatory process to localize the infection and prevent sys-
temic dissemination of pathogens. The key elements of this process are PRRs 
including TLRs, NLRs, RNA helicases, C-type lectin receptors, and cytosolic DNA 
sensors, which sense evolutionarily conserved PAMPs of microbiota. The detection 
of PAMPs by PRRs triggers sequential activation of intracellular signaling path-
ways resulting in induction of a wide range of cytokines and chemokines that unite 
the early host response to infection [ 45 ]. If pathogens cannot be eliminated, they 
may elicit chronic infl ammation, which may partly mediated via TLRs. Additionally, 
chronic infl ammation has long been suggested to trigger tissue tumorous transfor-
mation. Indeed, a higher incidence colitis-associated cancer (CAC) has been 
observed in IBD patients [ 45 ]. 

 In CD there is a profound and complex host defect in sensing and responding 
intestinal (lumenal and mucosal) microbiome. Accordingly, reprogramming in the 
microbial composition, i.e. a signifi cant decreased load of commensal, protective 
resident bacteria (like  Bifi dobacteria, Lactobacilli  and  Firmicutes ) along with the 
impaired immunity against the putative pathogenic (harmful) ones (such as 
 Bacteriodetes , and  Proteobacteria , including  E. coli ) provoke a deleterious infl am-
matory condition, corresponding to CD [ 166 ]. The exact nature of the distinct 
mucosal fl ora (dysbiosis), however has not yet been fully clearifi ed. 

 Specifi c strains of  E. coli  (termed AIEC) in CD affect especially the epithelial 
layer with the ability to adhere, invade and replicate in IECs, and further, a subpopu-
lation even resides and survives within macrophages, and thereby induces increased 
production of tumor necrosis factor-α [ 54 ,  89 ]. ATG16L1 and IRGM-defi cient 
autophagosomes promote the AIEC survival as well [ 89 ]. Moreover, in the presence 
of CD-associated NOD2 variants or hypomorphic XBP1 dendritic cells exhibit 
diminished intracellular bacterial killing [ 28 ]. Recently, it has been demonstrated 
that AIEC can up-regulate the levels of microRNAs (i.e.: MIR30C and MIR130A) 
in intestinal epithelial cells (IECs) to reduce autophagy [ 119 ]. Based on these data, 
it is hypothesized, that AIEC possesses the capacity to circumvent innate immune 
responses leading to activation of NF-κB [ 41 ]. 

 Epigenetic factors, such as microRNAs like MIR106B and MIR93 have been 
found to reduce levels of ATG16L1 and autophagy, hence prevent autophagy- 
dependent eradication of intracellular bacteria [ 103 ]. Thus, regarding the host inter-
actions with microbes genetic risk factors of CD functionally render pathways of 
the innate immunity to converge to a deeply impaired autophagic process.   

2     Colitis-Associated Cancer: Role of Autophagy and TLRs 

 As early, as in ancient times Hippocrates and Galenus had already realized the simi-
larity between infl ammation and cancer, and hypothesized that cancer evolved from 
infl ammatory lesions [ 171 ]. In 1863, Rudolf Virchow observed a close etiologic 
relation of chronic infl ammation to carcinogenesis, realizing that tumors possess a 
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typical “lymphoreticular infi ltrate” [ 10 ,  82 ]. The fi rst evidence of antitumoral effects 
of microbial products is dated to the beginning of the eighteenth century when 
Deider reported that infection in patients with cancer could be accompanied by the 
remission of the malignancies [ 52 ]. In the 1890s, William B. Coley, a surgeon from 
New York, observed that repeated injections of a mixture of bacterial toxins served 
as an effi cient antitumoral therapeutic agent [ 183 ]. Later, in 1943, lipopolysaccha-
ride (LPS) was discovered as the “hemorrhage-producing fraction” of the Coley’s 
lysate, accounted for its antitumoral effects [ 52 ]. After the discovery of TLRs, their 
ligands and signaling pathways, it has been found that microbe-derived factors act 
by stimulating TLR signaling and activating both the innate and adaptive immune 
responses to enhance anti-tumor immunity [ 32 ]. 

 In 2000, Hanahan and Weinberg proposed a model to defi ne the six hallmarks of 
carcinogenesis [ 61 ]. Generally infl ammation is required to fi ght microbial infec-
tions, heal wounds, and maintain tissue homeostasis, however, it could lead to can-
cer. Infl ammation, the seventh hallmark of cancer may affect all phases of tumor 
development, including tumor initiation, promotion, invasion and metastatic dis-
semination, and also evade the immune system. Infl ammation acts as a cellular 
stressor and may trigger DNA damage or genetic instability, and, further, chronic 
infl ammation can provoke genetic mutations and epigenetic mechanisms that pro-
mote malignant cell transformation [ 12 ,  91 ]. Upon infl ammation a peculiar tissue 
microenvironment is induced with the capacity to tolerate tumor cell growth and 
metastasis by altering immunoregulatory mechanism, and thus making the immune 
system incapable to destroy tumor cells [ 12 ]. 

 Accumulating evidence indicates that the modulated process of autophagy is 
defi nitely involved in carcinogenesis representing one of the distinctive functional 
characteristics (hallmarks) of cancer cells [ 101 ]. In addition, autophagy contributes 
to tumor development by supporting survival and self-renewal of cancer stem cells 
as well [ 101 ]. Nonetheless, TLRs binding cell-derived PAMP/DAMP molecules 
also have the capacity to promote carcinogenesis and immune escape. TLRs are 
usually expressed in immunocompetent cells, though several types of cancer cells 
have also been reported to display these innate immune receptors [ 188 ]. In general, 
the danger signals via PRRs are critical players in inducing innate and adaptive 
responses of immunity. On the other hand, however, both TLR- and autophagy- 
related signals may exert tumor suppressor mechanisms in a cell-specifi c and 
context- dependent manner. 

 The role of autophagy has been radically expanded, and this machinery is con-
sidered not only a fundamental eukaryotic cellular homeostatic process but as an 
integral component of immune system, as well controlling infection, infl ammation 
and immune responses [ 36 ]. Recent studies have documented that TLRs and 
autophagy are interrelated in response to PAMPs/DMAPs, furthermore there is a 
regulatory signaling cross-talk among them [ 34 ,  35 ]. 

 In chronic infl ammatory conditions, when organs with large epithelial surfaces 
are affected, like in IBD the epithelial barrier function is critical for the disease 
onset. Since the epithelium is densely inhabited by a resident microbial fl ora the 
role of native immunity is particularly appreciated in recognising and distinguishing 
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commensal enteric bacteria from the invading ones, and thus, in maintaining toler-
ance and homeostasis. Subsequently, the chronic unrestrained infl ammatory 
response that occurs in IBD is mainly driven by a desintegrated host immune regu-
latory network and, further is defi nitely responsible for the increased susceptibility 
to colorectal cancer. 

 TLRs are involved in the maintenance and functioning of the epithelial barrier 
integrity in the gut regulating the MyD88 adaptor protein. Thereby TLRs may 
 display a protective function in the control of intestinal infl ammation and 
infl ammation- associated cancer [ 8 ]. CAC are considered as typical examples of 
infl ammation-related cancers. However, tumors usually appear after several years of 
active disease, with a cumulative lifetime risk of 18–20 % in UC, and up to 8 % in 
CD [ 22 ,  40 ,  147 ]. Indeed, recent epidemiological data indicate that over 25 % of all 
cancers are related to chronic infection and other unresolved infl ammation [ 176 ]. 
Current result indicate that TLRs have a potential role in microbiota-associated gas-
trointestinal cancer metastasis through the recognition of microbiota ligands, initiat-
ing infl ammation, and promoting tumorigenesis [ 104 ,  105 ]. 

 Interestingly, IBD patients also have an increased susceptibility to other malig-
nancies, like lymphomas/leukemias, hepatocellular carcinoma suggesting that the 
local infl ammation could have not only intestinal but also systemic tumor- promoting 
effects, or the genetic alterations that affect infl ammatory and immune homeostasis 
in IBD also predispose the patients to cancer in other tissues [ 23 ,  43 ]. In IBD, the 
increased susceptibility to extraintestinal tumors could also be related to the immu-
nosuppressive treatment. However, the types of tumors increasingly found in IBD 
patients are different from those observed in transplant patients under immunosup-
pression [ 6 ,  162 ]. 

 Both intrinsic and extrinsic infl ammatory pathways are linked to carcinogenesis. 
Intrinsic infl ammation is mainly initiated by mutations leading to oncogene activa-
tion as well to inactivation of tumor suppressors. The extrinsic pathway by terms of 
infection or infl ammation increases cancer risk. Although in IBD patients infl amed 
intestinal cells have already had the colorectal cancer-related genetic abnormalities 
before developing dysplasia, in CAC genetic alterations seem only to be a second-
ary step rather than a primary cause of carcinogenesis [ 174 ]. It is likely that abnor-
malities in PRR signaling lead to dysregulated expression of genes and enzymes 
involved in cell proliferation, apoptosis, and DNA repair prior to the gene altera-
tions. Frequent alternative cycles of mucosal injury and repair in the presence of 
tumorigenic cytokines, chemokines, and prostaglandins may also predispose to 
genetic mutations, which increase cancer risk [ 88 ,  125 ]. 

 Epithelial regeneration and myofi broblast activation, two major events of wound- 
healing, are strongly infl uenced by TLR signaling. A contribution of TLR signals to 
regeneration can be found in the intestine [ 46 ,  139 ]. It has also been reported that 
TLR-mediated MyD88 signaling in macrophages of the lamina propria (LP) regu-
lates crypt stem cell differentiation and epithelial proliferation through cyclooxy-
genase (COX)- 2 and prostaglandin (PG)E2 expression [ 18 ,  139 ]. TLR4 activation 
has also been shown to induce IEC proliferation via induction of EGFR ligands [ 17 , 
 68 ], moreover, in infl ammatory circumstances the surface expression of TLR2 and 
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-4 may be enhanced leading to IECs responsiveness to their ligands [ 99 ,  142 ]. Based 
on these results, it seems that abnormal TLR signaling may induce enhanced epithe-
lial proliferation and thus may contribute to colitis-associated carcinogenesis. 

2.1     Autophagy and Malignancy 

 In tumorigenesis a typical dual-faced role of autophagy has been proposed. On one side 
it may be critical for cancer cell survival and progression, in particular under stressful 
situations, however, it may also elicit tumor death signaling pathways. Direction of 
autophagy toward cytoprotection or tumor cell suppression, thus the pro-survival or pro-
death function is context-dependent, and infl uenced by several intra- and extracellular 
factors, such as involved tissues, surrounding microenvironment, genetic background, 
and stages of tumor development, nevertheless its precise relation to cancer networks 
has not yet been fully elucidated [ 31 ,  95 ,  109 ]. Regarding cell death the involvement of 
autophagy either in apoptosis (programmed, type I death) or in non-apoptotic or necrotic 
death, and their possible interactions are rather complicated [ 101 ]. In tumor cells 
autophagy usually displays a critical, programmed pro-survival function by inhibiting 
apoptosis or suppressing necrotic death, including programmed (or regulated) cell 
necrosis of caspase-independent necroptosis, and poly-ADP-ribose polymerase 
(PARP)-mediated necrosis [ 156 ]. Howbeit, in cases of autophagy defi ciency no tumor 
suppression, but accelerated tumorigenesis can be manifestated. In case of induced oxi-
dative stress in autophagy- incompetent cells, so-called cell-autonomous mechanisms 
are exhibited in forms of accumulated DNA damage and chromatin instability [ 108 ]. 
Nonetheless, like a non- cell- autonomous mechanism infl ammatory processes along 
with defective apoptosis could also independently contribute to cancer progression, in 
part by favoring cell necrosis [ 33 ]. Similar situation has been found in human IBD with 
high risk of malignancy, and in experimental cases of atg5 -/-  or atg7 -/-  mice displaying 
infl ammatory Paneth cell abnormalities resembling human IBD [ 20 ,  21 ]. 

 In certain human cancers the  Beclin1 (ATG6)  gene, a Bcl-2/Bcl-xL interacting 
element has been found to be monoallelically lost, and confi rmed that it functions 
as a haploinsuffi cient tumor suppressor [ 4 ]. However, the suppressive function of 
Beclin1 may be tissue-specifi c, since in colorectal and gastric carcinomas even its 
higher expression has been detected [ 3 ]. In addition to Beclin1, alterations of other 
autophagy-associated genes, e.g. atg4, atg5, UVRAG, or Bax-binding protein-1 
(Bif-1) have also been detected in other cancer types, indicating that the suppression 
of tumors is attributed to different autophagy elements. Nonsense mutations of 
UVRAG, and downregulation of Bif-1 have been documented in colon and gastric 
adenocarcinomas [ 29 ,  73 ,  83 ]. Hypothetically, via excessively induced autophagy 
increased autophagic fl ux could promote non-apoptotic (programmed, type II) 
autophagic cell death, acting like a tumor suppressor [ 87 ]. Autophagy stimulates 
oncogene-induced senescense as well, providing another possible barrier against 
malignant transformation [ 187 ]. Nevertheless, there is no direct evidence regarding 
the realistic anti-tumor capacity of autophagy. 
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 In human cancers constitutive activation of the Ras- and PI3K/Akt-mTOR path-
way is a common phenomenon, and mTOR complex 1 (mTORC1) seems to be the 
main negative regulator of autophagy [ 59 ,  62 ]. The p53 gene plays a dual role (i.e. 
stimulatory or suppressive) in autophagy regulation, depending primarily on its sub-
cellular, nuclear or cytoplasmic distribution [ 26 ]. 

 Both stress-responsive cellular degradation pathways of intrinsic and extrinsic 
apoptosis and of autophagy can fundamentally affect (activate or inhibit) each other 
via an extensive molecular crosstalk, and in fact, cell death is determined by their 
actual functional status and interplay [ 56 ,  108 ]. Their crosstalk is regulated primar-
ily by the current status of the Bcl-2/Beclin1 complex, dissociation of which can be 
achieved upon activation of MAPK-JNK or translocation of the DAMP protein 
HMGB-1 [ 56 ]. NF-κB plays also a critical role in malignant transformation, and in 
the majority of different tumor cells its constitutive, chronic activation has been 
observed. There is also a complex interaction between autophagy and the NF-κB 
signaling pathways via positive and negative feedback regulatory loops [ 172 ]. The 
important autophagy selective substrate p62 acts as an adaptor protein to regulate 
NF-κB, as well [ 117 ].  

2.2     Toll-Like Receptors and Intestinal Epithelial Cells 

 In vitro data has demonstrated hyporesponsiveness of IECs to TLR ligands [ 114 , 
 126 ]. Antigen-presenting cells (APCs) in the LP also seem to be unresponsive to 
TLR ligands [ 161 ]. Under physiologic conditions, TLR3, -7, -8, and -9 are expressed 
in endosomes, or basolateral membrane (TLR5), where these TLRs are not exposed 
to pathogens unless microbiota get into the cells or invade mucosa [ 45 ]. Apical 
epithelial TLR9 activation by bacterial DNA fragments has been reported to take 
part in colonic homeostasis [ 93 ]. These fi ndings underline a unique feature of TLRs 
(and other PRRs) in IECs that establishes immune tolerance to the commensal fl ora 
of the colonic mucosal interface. 

 In addition, epithelial TLRs contribute to balancing the composition of luminal 
microorganisms by regulating the secretion of different antimicrobial peptides and 
mucosal IgA. TLR9 -/-  mice have impaired expression of cryptidin (α-defensin) com-
pared to wild type mice [ 93 ]. Signaling through TLR2, -3, and -4 have all been 
implicated with the expression of β-defensins in IECs [ 173 ,  178 ]. Several TLR sig-
naling in IECs induces B cell-activating factors leading to immunoglobulin class 
switch recombination in B cells of the LP without T cell activation, resulting in IgA 
secretion [ 155 ]. Moreover, activation of TLR3 and -4 has been found to induce 
epithelial expression of an epithelial immunoglobulin transporter (polymeric immu-
noglobulin receptor) that enhances luminal IgA secretion [ 19 ,  154 ]. 

 TLR signaling can be classifi ed into classical/canonical and alternative/nonca-
nonical pathways [ 12 ]. All TLRs, but TLR3 utilize the MyD88-dependent signaling 
pathway to induce the expression of proinfl ammatory cytokine genes [ 111 ]. TLR3 
exclusively uses the TRIF pathway [ 111 ]. The classical infl ammatory signaling 
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pathway is mainly activated through MyD88, which, in turn, recruits interleukin-1 
receptor-associated kinases (IRAKs) and TRAF-6 [ 167 ]. TRAF6 activates trans-
forming growth factor-activated kinase 1 that phosphorylates and activates the 
inhibitor of kappa light polypeptide gene enhancer in B-cells kinase (IKK) com-
plex, fi nally resulting in the release and translocation of NF-κB into the nucleus, 
thereby inducing the production of TNF-α, IL-1, and IL-6, the key mediators of 
(intestinal) proinfl ammatory responses [ 5 ,  80 ,  122 ]. However, TLR3 and some of 
the TLR4 signals utilize the TRIF adaptor molecule signaling independently of 
MyD88. This alternative pathway culminates in the activation of TRAF3 and inter-
feron regulatory factor (IRF)-3, resulting in the secretion of type I IFNs, even in the 
gut [ 128 ]. TLR4 is unique among the TLRs as it can activate two distinct signaling 
pathways: the classical pathway (through Toll-interleukin 1 receptor domain- 
containing adapter protein/TIRAP/and MyD88) and the alternative pathway (via 
TRIF and toll-like receptor 4 adaptor protein/TRAM/) [ 12 ].  

2.3     TLRs and Malignancy 

 Previous studies have indicated that certain TLRs are present in different cancers 
and cancer cell lines. In colorectal cancers TLR3, -4, -5, -7, and -8 have been found 
to be expressed [ 12 ]. Other TLRs (including TLR7-9) are expressed in human colon 
carcinoma cells HCT15, SW620 or HT29 [ 49 ,  50 ,  69 ]. 

 TLR expression in tumor cells appears to promote tumorigenesis by facilitating 
survival and migration within the tumorous microenvironment characterized by 
chronic infl ammation and PAMPs [ 135 ]. However, studies have also established 
that boostering TLRs and downstream mediators, such as type I IFNs may shift the 
balance from immunotolerance to antitumoral effects [ 138 ]. Therefore in cancer 
cells a controversial role of TLR signaling pathways has been proposed. 

 TLRs may act as tumor promoting factors especially by transmitting proinfl am-
matory, anti-apoptotic, proliferative or profi brogenic signals either in the tumor 
cells or the tumorous microenvironment. Enhancement of the signaling pathway of 
transcription factor NF-κB is one of the major mode of tumor-promoting actions of 
TLRs. TLR activation upregulates several tumorigenic infl ammatory cytokines 
(e.g.: IL-1β, TNFα, IL-6) in an NF-κB dependent manner [ 58 ,  137 ,  138 ]. TLR sig-
naling is also involved in the inhibition of apoptosis. NF-κB is considered as a rel-
evant anti-apoptotic pathway controlling the expression of anti-apoptotic genes and 
restricting the activation of pro-apoptotic pathways [ 39 ,  180 ]. 

 In colorectal cancer TLR-induced NF-κB activation has been found to facilitate 
tumor cell survival [ 46 ]. Furthermore, in the MC26 mouse colon cancer cell line 
TLR4 activation mediated resistance of tumor cells to cytotoxic T cell-mediated cell 
death, fi nally favoring tumor growth [ 69 ]. The TLR-mediated promotion of wound 
healing may also lead to cancer development. After dextran sulfate sodium (DSS)-
mediated injury, TLR2 and TLR4 activation facilitates epithelial repair via the 
MyD88-dependent pathway [ 46 ], and TLR-MyD88 signaling also regulates the 
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expression of epiregulin, which may contribute to colon cancer development [ 180 ]. 
In mice chronic infl ammation arising from the bowel was found to induce thymic 
involution and regulatory T (Treg) cell suppression [ 44 ]. These events are suggested 
to enhance infl ammation-mediated processes, and worsen IBD [ 42 ]. 

 Based on the existing connection between TLR-signaling and Treg cells [ 133 ], 
the concept that in IBD uncontrolled infl ammation weakens Treg-mediated inhibi-
tion and increases the risk for infl ammation-associated carcinogenesis may repre-
sent a realistic idea. Controversial data exist regarding the role of TLR2 in CAC. In 
a TLR2-defi cient azoxymethane (AOM)-DSS murine model increased tumor devel-
opment and higher IL-6, IL-17A and phospho-signal transducer and activator of 
transcription (STAT)-3 levels were reported [ 102 ], while no differences in CAC 
between wild-type and TLR2-defi cient AOM-DSS colitic animals were found [ 149 ]. 

 The pro-tumorigenic role of TLR4 in CAC is well established. The intestinal 
microbiota, which normally colonize mucosal surfaces in symbiotic mutualism with 
the host is unique and quite stable over time [ 9 ]. In the colon, where there is a constant 
interaction between microbiota and IECs, TLR4 deletion signifi cantly reduces infl am-
mation and tumor size in a CAC-model of AOM-DSS mice [ 47 ]. Additionally, over-
expression of the constitutively active TLR4 exhibits a higher sensitivity to CAC in a 
transgenic mouse model [ 48 ]. Other studies also support the results that both the 
deletion of the TLR4 adaptor MyD88 molecule and the depletion of TLR4 activating 
gut microbiome reduce colon cancer development [ 98 ,  141 ]. 

 The antigen-presenting capacity of tumor cells is poor, therefore antitumoral 
immune responses usually depend on professional antigen-presenting cells (APCs) 
like dendritic cells (DCs) [ 127 ]. DCs have been in the focus of cancer research for 
their ability to initiate potent antitumoral immunity. The lack of DC activation often 
resulting by inhibitory signals from cancer cells may also induce immune tolerance 
via T cell deletion or Tregs [ 127 ], and thus favors tumor progression. TLR-activated 
DCs can mediate antitumoral effects through antigen presentation, T cell activation, 
and direct cytotoxicity on tumor cells [ 38 ,  51 ]. TLR5 activation on DCs as well as 
TLR9-stimulated plasmocytoid DCs promote antitumoral immunity [ 30 ,  120 ]. 

 It is hypothesized that DC-mediated tumor cell killing triggers a more effi cient anti-
gen presentation to cytotoxic T cells, thus amplifying antitumoral responses. Activation 
of TLRs on DCs regulates T cell activation not only via MHC II and co- stimulatory 
molecules, but also through TLR-induced signals in DCs that block the suppressive 
effect of Tregs in an IL-6-dependent manner [ 133 ]. TLR8 activation, moreover, can 
directly inhibit Treg function, hence support antitumoral immunity [ 134 ]. 

 Recently, the modulatory effect of TLR5-dependent signaling was assayed in a 
mouse xenograft model of human colon cancer [ 143 ]. The lack of MyD88 or TLR5 
expression was found to promote tumor growth and inhibit necrosis [ 143 ]. On the 
contrary, however, TLR5 activation by peritumoral fl agellin treatment substantially 
increased tumor necrosis, leading to signifi cant tumor regression [ 143 ]. 

 Within the TLR family TLR9 is specifi cally stimulated upon sequence- and 
methylation-dependent DNA signaling. Self-DNA and oligonucleotides containing 
unmethylated CpG motifs are also senzed by and activate TLR9. Modifi cations in 
the structure of nucleic acids infl uence their immunomodulatory, i.e. agonistic or 
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suppressive, as well as pro- or anti-tumorigenic capacity [ 50 ,  160 ]. TLR9 activation 
by synthetic CpG-ODN agonists has also demonstrated antitumor activity in xeno-
graft models of murine colon cancer [ 63 ]. Moreover, TLR9 agonists induce type I 
IFN secretion in DCs fi nally resulting in cytotoxic DCs, activated NK cells and 
cytotoxic T cells with a remarkable antitumor immune response [ 75 ,  86 ].  

2.4     Autophagy and TLRs: A Bidirectional Communication 

2.4.1     TLRs in Regulation of Autophagy 

 The crosstalk between TLRs and autophagy leads to the activation of innate immu-
nity. A recently discovered ability of TLRs means that upon engagement almost all 
receptor prototypes are able to promote canonical form of autophagy, whereas some 
of them also stimulate LC3-associated phagocytosis [ 113 ] in innate immune cells 
like macrophages, dendritic cells, and neutrophils indicating the involvement of 
these pathways in cellular defense [ 35 ,  150 ,  159 ]. It has also been suggested that 
TLRs may have an intrinsic capability to induce autophagy [ 34 ]. Within innate 
immunity phagocytosis represents a basic protective mechanism, and TLR signal-
ing in macrophages clearly links the autophagic pathway to phagocytosis by stimu-
lation of cognate transduction signals [ 150 ]. Furthermore, autophagy now can be 
considered as an effector of TLR signaling [ 36 ]. 

 Nevertheless, in plasmocytoid DCs (pDCs) upon ligation of TLR7 no autophagy 
induction has been detected [ 92 ]. DCs display high level of basal autophagy and 
permit little or no induction of autophagy upon other immunological stimulation. 
On the other hand competing signaling pathways could also be activated and thus, 
inhibit autophagy induction [ 34 ]. 

 TLRs initiate the common NF-κB/MAPK (extracellular signal-regulated kinase/
ERK/, p38 and JNK) and the IRF3/7 signaling pathways [ 94 ]. TLR-induced autoph-
agy is mainly depend on the adaptor proteins MyD88 and TRIF [ 35 ,  157 ]. In addi-
tion, TLR signaling forces the interaction of MyD88 and TRIF with Beclin-1 and 
promotes the dissociation of Beclin-1 from the binding complex with Bcl-2 [ 94 ]. 
Furthermore, ubiquitination of Beclin-1 via TRAF6 enhanced TLR4-induced 
autophagy, while upon action of the deubiquitinating enzyme A20 the opposite pro-
cess occurred [ 157 ,  158 ]. Activation of NF-κB downstream of TLR stimulation is 
more likely an inhibitory element of autophagy regulation.  

2.4.2     Autophagy in Regulation of TLRs 

 In general autophagy exerts cytoprotective effect when cells are under any stressful 
conditions, therefore the involvement of autophagy in regulation of TLR-mediated 
proinfl ammatory responses is not surprising [ 72 ]. Autophagy mainly exerts 
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suppressive effect on the induction of infl ammatory responses [ 36 ]. As a cellular 
strategy it may infl uence infl ammation directly by the breakdown of invading 
microorganisms, and further by the degradation of the adaptor proteins MyD88 
and TRIF [ 71 ,  84 ]. Overexpression of aggregate-prone TLR adaptors may result in 
formation of large aggregates in the cytoplasm. Nonetheless, autophagy mainly has 
a suppressive effect on TLR signaling, but this action may become reversed in 
pDCs [ 72 ]. 

 Several autophagy-related proteins negatively regulate the TLR-induced signals. 
In response to LPS stimulation of TLR4 Atg16L1-defi cient macrophages produce 
large amounts of IL-1β and IL-18 via the excessive activation of caspase-1 [ 148 ]. 
Furthermore, in macrophages defective autophagy due to LC3B or Beclin1 defi -
ciency resulted in accumulation of abnormal mitochondria correlating with 
increased reactive oxygen species (ROS) production. 

 Autophagy defi nitely facilitates the sequestration of endogenous viral or self- 
antigens into autophagosomes and their delivery to MHC class II antigens resulting 
in MHC II-restricted presentation of cytoplasmic antigens to T cells [ 152 ]. However, 
it has also been found that similar to antigen presentation the autophagic machinery 
can deliver PAMPs to endosomal TLRs indicating that autophagy is not only a 
TLR-effector mechanism, but may promote recognition of PAMPs by TLRs, thus 
initiate an innate immune response, upstream of TLR action [ 92 ].   

2.5     TLRs and Autophagy in Colitis-Associated Cancer 

 Within experimental conditions CT26 colon cancer cells in mice upon treatment 
with graphene oxide (GO) displayed TLR activation and autophagy induction. GO 
phagocytosed by cancer cells led to simultaneous triggering of autophagy and 
TLR4 and TLR9 signaling pathways. Autophagy induced by GO was regulated 
via adaptors of MyD88- and TRAF6. Injection of GO to mice suppressed tumor 
progression, and further increased immunity, cell death, and autophagy in cancer 
cells [ 25 ]. 

 Unmethylated CpG-ODNs belonging to DAMPs are recognized by TLR9 
expressed mainly by immune cells, but also present on several cancer cells. 
Recently, upon proteomics analysis of different tumor cells several proteins 
(including those of the autophagic process) modulated by bacterial CpG motifs 
have been identifi ed [ 15 ]. The CpG-TLR9 pathway is known to display several 
similarities with that of autophagy. CpG-ODN was found to trigger autophagy in 
tumor cell lines from colon cancers in a TLR9-dependent manner, thus extending 
the link between TLRs and autophagy in cancer [ 14 ]. Besides the potential of 
autophagy-induced cell death autophagy promotes the MHC II-related presenta-
tion of endogenous cytosolic proteins as well, therefore in tumors bacterial CpG 
motifs could force the presentation of tumor antigens, thus facilitate antitumor 
immunity [ 153 ].   

Aspects of Autophagy in Infl ammatory Bowel Disease



252

3     Therapeutic Aspects of Autophagy 

3.1     Autophagy in IBD Therapy 

 Unquestionably, autophagy can be considered as an apparently diffi cult regulatory 
network, being in close connection with several signal transduction pathways and 
cellular programs. Principle elements of immunological autophagy include the 
direct cell-autonomous pathogen elimination, the regulation of PRRs, and infl am-
masome activation, and the cytoplasmic antigen processing for MHC presentation 
to T cells. In CD functional consequences of the underlying autophagy-related gene 
defects  (ATG16L1, IRGM, NOD2, XBP1),  in particular the inappropriate stimula-
tion of antimicrobial and infl ammasome pathways eventually result in uncontrolled 
infl ammation. Therefore, autophagy in CD is predicted as a key regulator mecha-
nism with the capacity to integrate several aspects of disease pathogenesis. 

 Theoretically the complex autophagy signaling in CD offers a promising novel 
therapeutic target, since due to its induction potentially not only the load of cytoin-
vasive bacteria, and the perturbated immune responses, but the resulting infl amma-
tory process, as well may simultaneously be reduced. Thus, autophagy boosting 
would represent an effi cient biologic manipulation, and could provide an alternative 
therapeutic option. Several candidate pathways, e.g. inhibition of mTOR, decrease 
of ER-stress, lowering of inositol triphosphate (IP3), etc. could be considered. 

 Caspase dysfunction is also known to be associated with IBD and mucosal 
infl ammation [ 13 ]. Under conditions of cellular stress in which caspase activation 
occurs, ATG16L1 T300A-mediated autophagy is particularly impaired [ 118 ]. 
Interestingly, a protective missense SNP in the amyloid-β precursor protein (APP) 
encoding gene has been shown to alter cleavage of full-length APP by aspartyl pro-
tease, suggesting that alterations of proteolytic cleavage could be a common feature 
of disease-associated SNPs [ 74 ]. Small molecule development to treat complex dis-
eases like IBD may focus on disruption of SNP-dependent protease–substrate inter-
actions, suggesting a promising strategy of therapeutic agent development in 
addition to compounds that can enhance autophagy. 

 Recently, NOD2 has been found to be a 1,25-dihydroxyvitamin-D target gene 
[ 177 ]. This observation links vitamin-D signaling to autophagy. Stimulation of 
NOD2 expression by 1,25-dihydroxyvitamin-D implies that it would boost autoph-
agy at least in part by enhancing NOD2 function. Additionally, recent work has 
shown that 1,25-dihydroxyvitamin-D-stimulated CAMP production enhanced 
autophagy in mycobacteria-infected macrophages [ 189 ]. The effects of 
1,25- dihydroxyvitamin-D-induced CAMP on autophagy may be at least partially 
independent of NOD2 function [ 177 ]. This raises the possibility that enhanced 
CAMP expression may be suffi cient to induce clearance of intracellular pathogens 
despite mutations in the NOD2 pathway common in CD. 

 Recently, the suppression of autophagy by appendicitis and appendectomy in the 
distal colon has been shown in mice [ 24 ]. It has been hypothesized that the upregu-
lation of autophagy-associated genes (i.e.: IRGM, FIP200, ATG04A) could be a 
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refl ection of complex compensatory changes that led to the pronounced autophagy 
suppression, inducing lesser antigen processing, thus leading to lesser cross- reactive 
immunity between microbes and self-antigens, fi nally ameliorating colitis. 

 On the other hand, however, much cautiousness is required regarding its pleiotro-
pic physiological repertoire, since pharmacologic autophagy modulation can initi-
ate additional biologic effects not expected in CD. Further detailed functional 
analyses of the CD-associated genetic polymorphisms are needed to explore and 
defi ne more precisely the subcellular and molecular basis of the crosstalk between 
autophagy and the innate immune axis, hopefully allowing the introduction of 
selective new therapeutic approaches into daily practice.  

3.2     Autophagy in Colitis-Associated Cancer Therapy 

 In view of immune surveillance selective, specifi c and effective eradication of can-
cer cells by a subsequent active host immune response serving as a widespread 
therapy option has still been remained unsolved. 

 Current therapies for cancer mainly are based on chemotherapeutic drugs that 
kill transformed, dividing cells or block cell division, but unfortunately these treat-
ments may also attack normal proliferating cells, including immunocompetent 
ones. However, targeted immune responses (immunotherapy) to tumors may be spe-
cifi c, thus making the possibility to avoid normal cell injury. According to therapeu-
tic vaccines killed tumor cells or tumor antigens can effi ciently induce anticancer 
immunity. 

 So far less attention has been paid on the possible subcellular and molecular 
impact of chemotherapy-induced cell death regarding induction of host immune 
responses. 

 As our knowledge regarding the biological functions of autophagy and TLRs 
increases, the cross-talk of these pathways in cancer seems to be a critical aspect. 
There is no doubt that processes of autophagy and TLR-signaling are apparently 
diffi cult regulatory networks, being in close relation with several other signal trans-
duction pathways and cellular programs. Autophagy deeply determines cell sur-
vival, thus interacts with types of cell death, such as apoptosis, necrosis, and 
necroptosis, and when it is extreme,  per se  contributes to cell destiny. Recently, 
signifi cant advances have been achieved in understanding the importance of autoph-
agy in immune responses [ 152 ]. Notably based upon the discovered bidirectional 
TLRs–autophagy and autophagy–TLRs communications, autophagy is now consid-
ered as a fully integrated element of immunity [ 35 ,  72 ]. Principle functions of 
immunological autophagy include direct elimination of pathogens, contribution to 
processing and MHC II-restricted presentation of cytoplasmic antigens, and critical 
involvement in regulation of T and B cell homeostasis, immune tolerance and 
infl ammatory signaling [ 36 ]. An infl ammatory response initiated by innate immu-
nity is essential to stimulate protective immunity, in particular in the context of 
anticancer immunosurveillance. However, excessive induction of PRR-signaling 
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and the subsequent infl ammatory environment unequivocally predispose to carcino-
genesis [ 55 ]. 

 Data regarding the role of autophagy and TLRs in carcinogenesis are rather con-
fl icting, since these pathways may be pro-tumorigenic, i.e. critical for cancer cell 
survival and progression, however, they may also be anti-tumorigenic, i.e. evoking 
tumor death. 

 Despite of their context-dependent, “dual-faced” actions both complex mecha-
nisms can be considered as possible promising though challenging therapeutic tar-
gets either in cancer treatment or prevention. Nevertheless, the exact interplay of 
autophagy and PRR-signaling within cancer network and its relation to tumor 
immunity has not yet been clarifi ed. 

 In autophagy-competent tumor cells upon response to different chemo- and 
radiotherapies increase in autophagy is often induced, representing an adaptive sur-
vival mechanism, and further, resistance to cancer treatment could also be evoked. 
Therefore it has been hypothesized that concurrent pharmacologic inhibition of 
autophagy (using e.g. lysosome-inhibitor drugs, like chloroquine, rapamycin or 
hydroxychloroquine) as an adjuvant may sensitize tumor cells to a spectrum of anti-
cancer drugs [ 26 ,  27 ,  192 ]. In case of autophagy-defi cient tumors, however, due to 
their extreme susceptibility predominantly metabolic stress and DNA-damage- 
inducing therapeutic protocols are suggested. 

 Hence, depending on the type of malignancy autophagy induction could provide 
an alternative therapeutic option as well [ 26 ,  27 ,  192 ]. For autophagy boosting sev-
eral candidate pathways (e.g. inhibition of mTOR, decrease of endoplasmatic retic-
ulum/ER/-stress, lowering of IP3, etc.) might be acknowledged. It has also been 
found that TLR-mediated signaling induced by the cell wall skeleton of Bacillus 
Calmette-Guerin has a radiosensitizing effect on colon cancer cells through the 
induction of autophagy, and thus may refl ect another therapeutic strategy in this 
type of cancer [ 190 ]. In addition, autophagy, when excessive can potentially act as 
an active cell death machinery, presumably along with inherent defects of apoptosis, 
so induction of autophagy by antitumor drugs may be considered as an effi cient 
cytotoxic manipulation [ 107 ]. 

 Recently, a new aspect of anticancer drug actions has been proved, indicating 
that premortem autophagy in tumor cells induced by optimal release of DAMP mol-
ecules is required to immunogenic cell death (ICD) following chemotherapy. 
Consequently, autophagy defi ciency signifi cantly restricted the ability of cancer 
cells to induce an adaptive anti-tumor immune response [ 115 ]. Particular DAMPs, 
like calreticulin, HMGB1, heat-schock protein (HSP)70/HSP90, and adenosine tri-
phosphate (ATP) released from tumor cells largely determine whether the cell death 
is immunogenic (ICD), and thus elicits protective immunity, or tolerogenic (TCD), 
and so contributes to tumoral progression [ 57 ]. In respect of PRR-TLRs the chap-
eron HSPs interact mainly with TLR4, and to lesser extent with TLR2, and thus 
promote engulfment of dying cells, facilitate tumor antigen processing and presen-
tation by DCs and priming of T cells. The complex intersection of autophagy and 
DAMPs is fundamentally involved in regulation of cell death and also means a criti-
cal event for evoking a subsequent tumor-specifi c immune response in cancer [ 67 ]. 
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 Thus, upon translation of basic knowledge regarding the cross-talk of autophagy 
and PRRs into practice it is reasonable to speculate that their cell and context- dependent 
modulation should provide potential therapeutic targets in cancer. In the last few years 
nanomedicine has turned into rapidly growing research area, particularly for antican-
cer applications. Several nanomedicine techniques, including lipid- based drug carriers 
have received clinical approval, and along with polymeric ones are now undergoing 
clinical evaluation [ 7 ]. Autophagy of nanoparticles deeply infl uences their fate after 
endocytosis, therefore, as a drug-carrier it could modulate their therapeutic effects 
[ 191 ]. One of the expected extensions of these promising new drug-carrier manipula-
tions is to improve their antitumoral actions in a more selective manner [ 151 ]. 

 On the other hand, however, much cautiousness is required due to the controver-
sial effects of these pathways in carcinogenesis. Furthermore, it is important to con-
sider the pleiotropic physiological repertoires, since their pharmacologic 
manipulation can initiate additional, yet unexpected biological effects. In different 
types of cancer, more detailed and precise cellular explorations are warranted to 
understand the many faces of TLRs and autophagy. Clarifying the relationship 
amongst autophagy, TLR-signaling, infl ammatory microenvironment, and immu-
nogenicity in balancing of cell fate hopefully may allow the introduction of new 
therapeutic approaches into daily practice.      
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    Abstract     Autophagy is a normal physiological process that plays a pivotal role 
for cell survival, differentiation, development, and homeostasis. Selective or not, 
canonical or non-canonical, autophagy processes are considerably more complex 
than originally thought. Depending on favourable or unfavourable cell environ-
ment conditions, the autophagy machinery will promote both cell survival and cell 
death, thus maintaining a decisive balance between manufacture of cellular com-
ponents and breakdown of damaged or superfl uous organelles and other cellular 
constituents, for example. Autophagy displays complex, still-debated, interwoven 
links with several other degradative pathways, such as apoptosis and proteasome- 
mediated systems. Among its many cellular regulatory functions that have been 
experimentally proven or that are anticipated, autophagy decisively controls 
immunity and infl ammation, and any impaired autophagy signaling can poten-
tially lead to autoimmune-related diseases. Here we review recent progresses that 
have been made in deciphering existing links between autophagy and autoimmu-
nity. We further discuss how targeting certain hot spots of autophagy processes 
with appropriate tools might infl uence the course of autoimmune diseases by con-
trolling both innate and adaptive immune responses, which are improperly oriented 
in these settings.  
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  Abbreviations 

   3-MA    3-methyladenine   
  AEP    Asparagine endopeptidase   
  APC    Antigen-presenting cell   
  ATG    Autophagy-related protein   
  BECLIN1/beclin-1    BCL-2 interacting myosin/moesin-like coiled-coil protein 1   
  CD    Crohn’s disease   
  CLIP    Class-II associated invariant chain peptide   
  CMA    Chaperone-mediated autophagy   
  CQ/HCQ    Chloroquine/hydroxychloroquine   
  DC    Dendritic cell   
  DN    Double negative   
  DRAM1    DNA damage-regulated autophagy modulator1   
  ds    Double-stranded   
  DSG    Deoxyspergualin   
  HSP    Heat shock protein   
  HSPA8/HSC70    Heat shock cognate protein of 70 KDa   
  IFN    Interferon   
  IL    Interleukin   
  IRGM    Immunity-related GTPase M   
  ITP    Immune thrombocytopenia   
  KO    Knockout   
  LAMP-2A    Lysosome-associated membrane protein-2A   
  LNC    Lymph node cells   
  LPS    Lipopolysaccharide   
  MAP1LC3/LC3    Microtubule-associated protein light chain 3   
  MHCI/II    Major histocompatibility complex class I or MHC class II   
  MIIC    Major histocompatibility complex class II compartment   
  MOA    Mode of action   
  MRL    Murphy Roths large   
  MS    Multiple sclerosis   
  mTOR    Mammalian target of rapamycin   
  NZB/W    (NZBxNZW) F1   
  PBMCs    Peripheral blood mononuclear cells   
  PC    Plasma cell   
  RA    Rheumatoid arthritis   
  ROS    Reactive oxygen species   
  SLE    Systemic lupus erythematosus   
  SQSTM1/p62    Sequestosome 1   
  TCR    T cell receptor   
  Th1/Th2    T helper type 1 and type 2   
  TLR    Toll-like receptor   
  TNF    Tumor necrosis factor   
  UPS    Ubiquitin-proteasome system.   
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1         Introduction 

 Autoimmune diseases are not considered as orphan diseases. In general they are 
even not regarded as rare since as a whole they affect millions people worldwide. As 
a result of genetic infl uence, which is mostly polygenic, or environmental and meta-
bolic factors, there is some disequilibrium regarding their incidence or severity in 
some parts of the world or in a particular group of people. It remains that in the col-
lective perception, they are viewed as a common group of diseases. It is true that it 
has been estimated that autoimmune diseases are among the top ten leading causes 
of death among women in all age groups up to 65 years. In fact, under the term auto-
immune diseases, there are more than eighty illnesses caused by autoimmunity. 
Some of them are rare, either as an entity (e.g. Crohn’s disease/CD; primary biliary 
cirrhosis, myasthenia gravis, immune thrombocytopenic purpura) or by the form 
they display in affected patients (neuropsychiatric systemic lupus erythematosus, 
ocular myasthenia gravis, psoriatic arthritis). Also some individuals may have more 
than one autoimmune disorder at the same time, which complicates the task of fol-
low- up and treatment, and makes each case unique. There is no known prevention 
for most autoimmune disorders, and in general there is no specifi c treatment. Despite 
the complexity and uniqueness of cellular and molecular pathways that are altered 
in different autoimmune conditions, investigating these mechanisms is very reward-
ing for scientists. Such studies can effectively reveal new elements and interacting 
partners of the immune system as well as unexpected abnormalities linked to auto-
immune features. These fi ndings can then inspire researchers to design novel strate-
gies of possible intervention developed to mislead and correct the defective immune 
system.  

2     Autoimmune Diseases 

 Autoimmunity does not systematically leads to autoimmune diseases. In autoim-
munity, the patient’s immune system is activated against the body’s own compo-
nents and only in certain conditions involving genetic, environmental, and hormonal 
elements, will the individual develop illness, which is often chronic, debilitating, 
and life-threatening. A large number of autoimmune diseases are recognized. They 
are said “organ-specifi c” when they are restricted to certain organs such as thyroid 
(e.g. Graves’ disease, autoimmune thyroiditis, Hashimoto’s disease), pancreas (e.g. 
type 1 diabetes in which insulin-producing beta cells are destroyed) and muscles 
(myasthenia gravis) or involve a particular tissue in different places (e.g. 
Goodpasture’s disease, which affects the basement membrane in the lung and kid-
ney). In contrast, they are classifi ed as “systemic” when they implicate a variety of 
organs and tissues in the whole body. The most emblematic representative of the 
large family of systemic autoimmune diseases is systemic lupus erythematosus 
(SLE) in which heart, joints, skin, lungs, blood vessels, liver, kidneys, and nervous 
system can be affected. In fact, between these two commonly described families, 
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there is no sharp delineation. Thus scleroderma, also known as systemic sclerosis, 
which is a chronic systemic autoimmune disease characterized by hardening of the 
skin, also affects blood vessels, muscles, and internal organs in severe forms. A 
continuing debate and a matter of controversy remain about when a disease should 
be considered autoimmune. Within the usually reported list of somewhat 80 autoim-
mune diseases that are currently described [ 36 ], very few in fact do respond to the 
strict Witebsky’s postulates formulated in 1957 and modifi ed 35 years later [ 126 ]. 
The passive transfer of T lymphocytes, which should lead to disease development in 
the recipient, is generally hardly observed. 

 According to the American Autoimmune Related Diseases Association, autoim-
mune diseases affect up to 50 million Americans. The overall cumulative prevalence 
of all autoimmune diseases is around 5 %, with about 3 % for males and 7 % for 
females [ 36 ]. There is a sexual dimorphism among autoimmune diseases with a 
well-established disequilibrium toward the female population. This female bias 
occurs in 59 % of autoimmune diseases, probably in relation with hormonal infl u-
ence and X-chromosome encoded genes. In general the onset for autoimmune dis-
eases occurs in young people (20–29 year age-group). 

 Deciphering the molecular and cellular mechanisms leading to immune toler-
ance breaking and evolution toward autoimmune disease remains a vast area of 
investigations in the scientifi c and clinical community. Nowadays, no universal sig-
nature could be identifi ed, and clues are largely lacking regarding the reasons of 
their tropism as well as on the elements triggering their initiation and maintenance. 
Relatively few is also known regarding the events governing the successive periods 
of fl ares and remission occurring in certain autoimmune diseases such as SLE. The 
multifactorial and polymorphic nature of most autoimmune diseases dramatically 
complicates their diagnosis and the treatment that can be applied to mitigate the 
symptoms. Except in very rare cases, the treatments are largely palliative and do not 
target the cause of illness. Although immense progresses have been made over the 
last decades leading to patients’ survival rates that have considerably augmented, 
innovative therapeutic solutions are still awaiting that would combine effi cacy, 
selectivity -and thus less secondary effects- and reliability. Without adapted treat-
ment, the quality-of-life can be relatively poor in autoimmune patients and decreases 
as the disease evolves (fatigue, pain, fever associated to specifi c symptoms). 
Unfortunately, the medications required to minimize symptoms and slow-down 
infl ammatory syndrome (i.e. corticosteroids, immunosuppressive drugs and tumor 
necrosis factor (TNF)-α blockers used for long-term periods) induce an alteration 
of the whole immune system leading to intestinal bleeding, kidney failure, increased 
blood pressure, insomnia, depression, psychosis, osteoporosis, muscle loss, and 
diabetes, not to mention overwhelming repetitive infection episodes and cancer 
development. In certain autoimmune diseases such as those affecting the central 
nervous system, or in anti-phospholipid syndrome that can be associated to SLE, 
the therapeutic solutions are limited, not specifi c, and unfortunately sometimes 
ineffi cient [ 9 ,  35 ,  40 ,  44 ]. Intense research is currently ongoing to develop novel 
immunomodulatory strategies based on molecular targets that are engaged in dereg-
ulated autoimmune processes and can be specifi cally re-orientated. In this context, 
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a better knowledge of cellular and molecular mechanisms that underline autoim-
mune responses and most particularly the homeostasis and regulation of autoim-
mune cells is central. Although the picture is immensely complex, studying the 
autophagic process, which is involved in the establishment and maintenance of 
immune tolerance and the proper effectiveness of the immune system, has particu-
lar importance in autoimmunity and might reveal decisive hot spots for therapeutic 
intervention.  

3     Autophagy and Its Implication in Autoimmune Diseases 

 Autophagy is a lysosome-based physiological process, which in basal conditions 
occurs at low levels to continuously degrade unwanted cytoplasmic constituents and 
generate substrates for energy production. During oxidative stress, hypoxia or nutri-
tional starvation, its level raises to allow cell survival. Autophagy represents there-
fore a major hub involved in cellular homeostasis [ 4 ,  37 ,  89 ,  111 ,  124 ]. It also plays 
a pivotal role in differentiation of many lineages, including adipocytes, erythrocytes 
and lymphocytes, and tissue remodelling [ 10 ,  62 ,  90 ,  91 ,  106 ,  117 ]. Under specifi c 
environmental conditions, however, autophagy can also mediate cell death and it is 
mechanistically important to distinguish autophagic cell death, which refers to cell 
death “by” autophagy from cell death “with” autophagy [ 58 ,  83 ,  128 ,  134 ]. Thus, 
recent studies suggest that autophagy and apoptosis processes are closely nested 
and share cross-talk between signal transduction elements. It has been shown in 
particular that certain autophagy-related (ATG) proteins play dual roles in autoph-
agy and apoptosis regulation. This is the case of ATG5 and its binding partner 
ATG12, BCL-2 interacting myosin/moesin-like coiled-coil protein 1 (BECLIN1/
beclin-1), the mammalian ortholog of yeast  Atg6/ vacuolar protein sorting (Vps)-30 
that acts during the formation of autophagosomes by interacting with the class III 
PI3K pathway, and microtubule-associated-protein light chain 3 (MAP1LC3/LC3) 
a mammalian ortholog of yeast  Atg8 , for example [ 48 ,  56 ,  71 ,  84 ]. Other forms of 
cell death are also interconnected with autophagy, such as necrosis, necroptosis 
(regulated Fas-dependent, caspase-independent non-apoptotic cell death), and 
pyroptosis (caspase-1-dependent cell death) [ 128 ]. 

 Three main types of autophagy have been identifi ed and can be distinguished by 
both their physiological functions and the mechanisms they use to deliver cytoplas-
mic cargo to lysosomes (Fig.  1a ). They are macroautophagy, microautophagy and 
chaperone-mediated autophagy or CMA [ 17 ,  27 ,  50 ,  111 ]. In fact, many more 
forms of autophagy have been described. Mention can be made, for example, of 
aggrephagy (for aggregated proteins), mitophagy (for mitochondria), ribophagy 
(for ribosomes), pexophagy (for peroxisomes), reticulophagy (for the endoplasmic 
reticulum, ER), and xenophagy (for pathogens). Thus, we now realize that while 
originally viewed as a nonselective (random) cytoplasmic degradation system, 
autophagy actually participates in a highly selective and tightly regulated process of 
substrate delivery.
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  Fig. 1    Schematic depiction of autophagic pathways. ( a ) The three main autophagy axes, macro-
autophagy, microautophagy and CMA. The process of macroautophagy is initiated with the forma-
tion of the so-called isolation membrane. This structure is elongated to engulf cytosolic materials, 
forming a characteristic double-membrane structure termed autophagosome. The latter next fuses 
with a lysosome to become an autolysosome, after which the engulfed material is degraded. The 
molecular pathways regulating autophagy are highly conserved from yeast to higher eukaryotic 
cells. In CMA, proteins carrying the pentapeptide KFERQ-like signal sequence are recognized by 
the HSPA8 chaperone, which then associates to LAMP-2A, triggering its oligomerization. This 
event permits to the targeted protein to be translocated into the lysosome lumen through a process 
that requires HSPA8. Microautophagy involves the direct sequestration of cellular components by 
the lysosome through invagination of the lysosomal membranes; ( b ) Main steps of the macroau-
tophagic process
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   Macroautophagy (commonly referred as “autophagy”, which can in some cases 
create confusion in the literature) remains the major autophagic process through its 
ability to massively entrap macromolecules and entire organelles. The latter are cap-
tured into double-membrane autophagosomes where they are degraded. It therefore 
represents an alternative mechanism of proteasomal degradation, which rather treats 
short-lived intracellular proteins, although a cross-talk that is being increasingly 
understood, has been described to occur between the ubiquitin-proteasome system 
(UPS) and macroautophagy [ 19 ,  52 ,  57 ,  69 ,  124 ]. The fusion of autophagosomes 
with lysosomes leads to the formation of autolysosomes in which engulfed cellular 
constituents -including lipid droplets and protein aggregates- are degraded by lyso-
somal glycosidases, proteases, lipases and sulfatases (Fig.  1b ). Concerning the CMA 
process, proteins containing a specifi c peptide motif biochemically related to KFERQ 
are recognized by the HSPA8/HSC70 chaperone protein prior being internalized and 
degraded in lysosomes (Fig.  1a ). By contrast, in microautophagy, cytosolic compo-
nents are directly taken up by invaginations of the lysosomal membrane (Fig.  1a ). 

 Autophagic pathways are genetically regulated by proteins belonging to the  ATG  
gene family and are well characterized in yeast and mammals [ 14 ,  55 ,  61 ,  94 ,  110 , 
 135 ]. ATG proteins are evolutionary conserved and each of them has a specifi c 
function during autophagy. It is mainly through the discovery that certain  ATG  

 ( c ) Autophagy as the major sources of peptides for presentation by MHCII 
molecules to T cells.  Abbreviations :  CMA  chaperone-mediated autophagy,  ER  endoplasmic reticu-
lum,  HLA  human leukocytes antigen,  HSPA8/HSC70  heat shock cognate protein of 70 KDa, 
 LAMP-2A  lysosome- associated membrane protein-2A,  MIIC  major histocompatibility complex 
class II compartment,  MHCII  major histocompatibility complex class II,  TCR  T cell receptor         
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genes could be associated to autoimmune syndromes that further studies have been 
generated to understand the links existing between autophagy and autoimmunity. 
Genetic analyses effectively reported that some polymorphisms in  ATG  genes might 
confer susceptibility to different autoimmune disorders. Thus genome-wide asso-
ciation studies (GWAS) performed in SLE patients identifi ed several single nucleo-
tide polymorphisms (SNPs) located on  ATG  genes, which have been associated with 
the disease occurrence [ 41 ,  113 ]. One SNP located in the intergenic region between 
 ATG5  and  PRDM1  was found to correlate with a greater expression of  ATG5  mRNA 
[ 159 ]. The genetic association between  ATG5  and susceptibility to SLE has been 
confi rmed in individual studies, but not found in others [ 43 ]. Interestingly, a recent 
meta-analysis in Asians showed strong association of SNPs on  DRAM1  with SLE 
susceptibility [ 156 ]. This gene encodes an activator of macroautophagy in response 
to p53-mediated stress signals. In patients with CD, a GWA study identifi ed 
rs2241880, mapping to the  ATG16L1  locus, as a susceptibility variant [ 34 ]. A statis-
tically signifi cant interaction with respect to CD risk between rs2241880 and the 
established  CARD15/NOD2  (nucleotide-binding oligomerization domain contain-
ing 2) susceptibility variants was shown. Interestingly there was no association 
between rs2241880 and ulcerative colitis, another closely related infl ammatory 
bowel disease. Recent data showed that  Atg16L1  mutant mice are resistant to intes-
tinal disease induced by the model bacterial pathogen  Citrobacter rodentium  [ 82 ]. 
The hyperimmune phenotype and protective effects developed in these mice were 
lost in  Atg16L1/Nod2  double-mutant mice, indicating that the susceptibility from 
 Nod2 -defi ciency is dominant over the benefi t of  Atg16L1  defi ciency. ATG16L1 is 
central in the autophagosome formation, being part of the ATG12-ATG5 complex, 
which is required for the recruitment of MAP1LC3 [ 94 ]. Removal of ATG16L1 
abrogates the ability of cells to form autophagosomes [ 130 ]. More recently it was 
described that the variant protein that contains a Thr → Ala substitution at position 
300 is highly sensitive to cleavage by caspase 3, which is activated during cell stress 
[ 105 ]. Destruction of ATG16L1 T300A  impaired autophagy and increased release of 
pro-infl ammatory cytokines TNF-α and IL-1β. Several SNPs have been described in 
association with CD, notably in the so called immunity-related GTPase family M 
( IRGM ) gene [ 30 ,  77 ]. The results indicated that autophagy gene- IRGM  polymor-
phisms confer susceptibility to CD but not ulcerative colitis, especially in Europeans. 
IRGM is a member of the interferon-inductible GTPase family conferring autopha-
gic defence against intracellular pathogens like  M. Tuberculosis . IRGM controls the 
latter by enhancing mycobacterial phagosome maturation [ 137 ]. 

 Altogether these data argue for a strong impact of autophagy elements in several 
aspects of immunity, including protection to infectious agents and control of infl am-
matory and autoimmune responses, as well as in tumorigenesis and cancer. 
Paradoxically, it is only recently that experimental studies based on cellular and 
molecular investigation shed some light on the involvement of autophagy in immu-
nity. A number of comprehensive review articles have been recently published on 
this topic with a particular emphasis on the role of autophagy in infection and 
infl ammation [ 10 ,  22 ,  23 ,  32 ,  66 ,  112 ,  123 ,  124 ]. The present review mainly focuses 
on autophagy in autoimmunity, in relation with possible manipulation of immune 
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system by small molecules and peptides in order to divert deleterious immune 
responses and at least partly restore impaired tolerance to self. 

 Innate immune responses importantly infl uence the adaptive immunity in the 
induction and regulation of autoimmune diseases. In innate immunity, autophagy 
works at different levels, notably by controlling activation and release of certain 
cytokines and chemokines [ 22 ,  23 ,  32 ,  47 ,  129 ]. Autophagy would activate the 
secretion of TNFα, interleukin (IL)-6, IL-8 and type I interferon (IFN) while it con-
trols the production of IL-1α and β (the latter by regulating infl ammasome activa-
tion and by targeting pro-IL-1β for degradation), IL-18 and type I IFN. In turn, some 
secreted cytokines infl uence autophagy. Thus, T helper type 1 (Th1) and pro- 
infl ammatory cytokines such as IFN-γ (via IRGM), TNFα, IL-1α and β, IL-23, reac-
tive oxygen species (ROS) and engagement of some TLRs (mechanisms that are 
still poorly understood) induce autophagy. TWEAK (the TNF-like weak inducer of 
apoptosis, in C2C12 myotubes), IL-2 in CD4 +  T cells, IL-6 in peripheral blood 
mononuclear cells (PBMCs) and TGF-β in hepatocarcinoma cell lines also promote 
autophagy. Conversely, Th2 and regulatory cytokines such as IL-4, IL-13 and IL-10, 
via an effect on STAT-3 or −6 pathways and the serine/threonine-protein kinase 
(AKT) pathway were found to activate mammalian target of rapamycin (mTOR), 
which inhibits the serine/threonine protein kinase ULK1 and therefore autophago-
some formation [ 33 ,  47 ]. Via its effect on cytokine secretion, particularly in antigen- 
presenting cells (APCs), autophagy represents a pivotal regulator of immune 
responses [ 10 ,  23 ,  32 ,  66 ,  106 ,  124 ,  129 ]. 

 Although not yet recognized to such a level of crucial importance in current text 
books, autophagy in fact exerts profound effects on different aspects of adaptive 
immunity. It is a major player in thymic selection of T cells, affecting also T cell 
homeostasis, repertoire and polarization, survival of B cells, immune tolerance, and 
antigen presentation. 

 The discovery that autophagy is a key regulatory element for delivering self- 
antigens to major histocompatibility complex II (MHCII) molecules has been a criti-
cal turning point [ 21 ,  116 ,  158 ]. At the time of this fi nding, it was established 
classically that MHCI molecules presented peptides from intracellular source pro-
teins to T cells while MHCII molecules presented antigenic peptides from exogenous 
and membrane proteins. The overall picture of T cell activation by MHCII peptide 
was thus considerably reconsidered and new nexus between immune response and 
cellular stress, cell metabolism, cell nutrient and cell environment were suggested and 
analysed further. Incidentally, it is interesting to note that following experiments in 
which potent macroautophagy inhibitors acting on PI 3-kinase activity, i.e. wortman-
nin, LY294002 and 3-methyladenine (3-MA) were incubated with macrophage cell 
line BMC-2 transfected with Eα52-68-eGFP (a peptide fragment issued from trans-
membrane protein I-Eα) and shown to have no effect, it was concluded that macroau-
tophagy was not a mechanism for cytoplasmic expressed proteins to gain access to the 
luminal peptide binding site of MHCII molecules [ 20 ]. At that time confl icting data 
were published, which could result from the inherent properties of the antigen that 
was studied, its half-life and intracellular (vesicular or not) traffi cking, and the type of 
APCs [ 24 ,  64 ,  116 ]. More recent data have shown that in APCs that are less proteo-
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lytically active than other cells such as macrophages, cleavage by lysosomal cysteine 
proteases – generally known as cathepsins – of  particles and proteins that fi nally reach 
autolysosomes give rise to protein fragments, which will constitute the major source 
of peptides for MHCII molecules (Fig.  1c ). Lysosomes and autolysosomes have a pH 
of 4–4.5, which is optimum for cathepsins. Thus, and of importance in the context of 
autoimmunity, MHCII molecules can bind peptides generated from endogenous anti-
gens that are generated by lysosomal proteolysis. Such endogeneous antigens can be 
from membranous, cytoplasmic (including vesicle components) or nuclear origin and 
can have traffi cked into the endo-lysosomal network via several forms of autophagy 
for subsequent processing and presentation by MHCII molecules to promote CD4 +  T 
cells priming [ 7 ,  104 ]. Interestingly, in their pioneer work, Stevanovic, Rammensee 
and coll. already demonstrated that the induction of autophagy by starvation altered 
the balance of active proteases in lysosomes [ 21 ], which as a matter of consequence, 
can change the quality of peptides that are loaded onto MHCII molecules. Over the 
last decade, the role and regulation of specifi c proteases on the liberation and process-
ing of self-antigens has been studied extensively [ 148 ,  150 ] and it was shown in par-
ticular that a distinct set of cathepsins is at work in different APCs, e.g. dendritic cells 
(DCs) and B cells [ 8 ,  81 ]. There are also multiple mechanisms (including gene up-
regulation or down-regulation governed by the environment), that are involved for 
controlling proteases activity, even in individual endosomes, and strongly affect anti-
gen presentation [ 21 ,  148 ]. Endo-lysosomal proteases are thus key players to generate 
antigens that  in fi ne  will be presented to T cells. Via a stepwise process involving 
asparagine endopeptidase (AEP) also known as legumain, cystatin C, specifi c cathep-
sins and other still unspecifi ed proteases, endo-lysosomal proteases act for processing 
the invariant (Ii) chain linked to MHCII molecule into class-II associated invariant 
chain peptide (CLIP), thus generating peptide-receptive MHCII molecules in which 
the CLIP peptide is exchanged for a high affi nity peptide by the enzyme HLA-DM 
(Fig.  1c ) prior its transport to the cell surface of APCs for display to CD4 +  T cells 
[ 107 ]. Endo-lysosomal proteases, including AEP, also act to generate epitopes that 
will be presented by functional MHCII molecules [ 15 ,  86 ,  148 ]. In the many exam-
ples of antigens that have been examined so far, stability was found to be a determin-
ing factor that infl uences antigen presentation. Furthermore because the cleavage via 
cathepsins can liberate epitopes but also destroy some others, cathepsins regulation is 
even more strategic for defi ning the fi nal panel of antigenic peptides that are 
delivered. 

 Finally, another important role of endo-lysosomal proteases in antigen- presentation 
lies to their infl uence on TLR-receptor signaling. Initially claimed while observing 
the effect of chloroquine (CQ) on TLR9 signaling [ 38 ,  85 ], it has been demonstrated 
later that endo-lysosomal proteases also activate endosomal TLRs 3, 7, and 8 [ 80 ] 
and that the mode of action was not the one proposed in the fi rst studies. In fact, 
whether for TLR9 or for endosomal TLRs, endo-lysosomal proteases would act by 
converting the receptor from a non-signaling full-length form to a shorter form 
deleted from an N-terminal region [ 26 ,  118 ]. Although the precise mechanisms that 
are behind this effect -notably considering the specifi c proteases that are involved- 
are still a continuing matter of debates, it remains that such an effect can be strategic 
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as TLR-signaling is central for DC maturation that dictates protease activity and 
consequently infl uences the quality of peptides that are presented onto MHCII mol-
ecules. These data highlight the importance of TLRs in autophagy processes in con-
junction with both innate (see above; [ 153 ]) and adaptive immunity. 

 The importance of autophagy in immunity also came from experiments per-
formed with mice or cells that have been manipulated to under-express  Atg  genes. 
Using this strategy, associated to our growing knowledge of genes that appear defec-
tive in some individuals, it has been possible to better approach the potential role of 
some ATG proteins and establish some links with human diseases [ 12 ,  45 ,  79 ]. Thus, 
using mice with a B-cell-specifi c deletion of  Atg5 , a gene implicated in the elonga-
tion of autophagosome membrane, it has been shown that in autophagy- defi cient 
B-cell progenitors the transition from the pro-B to the pre-B cell stage in the bone 
marrow was defective [ 87 ]. Studies of mice in which  Atg5  was conditionally deleted 
in B lymphocytes revealed further that this gene is essential for plasma cells (PC) 
homeostasis [ 16 ]. Class-switch did occur in these mice but antibody responses were 
strongly decreased after specifi c immunisation, parasitic infection and mucosal 
infl ammation. These data and others [ 119 ] highlight the importance of ATG5 not 
only in early B cell development but also in late B cell activation and PC differentia-
tion. Conditional deletion of essential autophagy genes  Atg5  [ 139 ],  Atg7  [ 46 ,  122 ], 
 Atg3  [ 46 ] also showed that macroautophagy is critical to the survival of peripheral T 
cells. Some  Atg  genes are important in infection setting. Thus, using mouse embry-
onic fi broblasts (MEFs) lacking human  ATG16L1  or murine  Atg7 ,  Atg9a , or  Atg14  
[ 109 ] showed the importance of ATG16L1, ATG7 and ATG16L1, but not of ATG9A 
and ATG14, in the IFN-γ-induced recruitment of the immunity-related GTPases to 
the intracellular pathogen T.  gondii . A number of examples in different forms of 
autophagy processes, including macroautophagy, CMA, and mitophagy have been 
described in which autophagy genes have been deleted or over-expressed, in some 
cases in specifi c tissues. Examples are  Pink1/parkin  knockout (KO) mice, the 
 Atg16L1  mutant and  Atg16L1/Nod2  double-mutant mice described above,  Sqstm1/
p62/A170  (encoding SQSTM1 multifunctional protein, also known as signaling 
adaptor/scaffold protein) mutant mice, conditional deletion models invalidating 
 Beclin-1  or  Vps34 , to quote just a few. Some mutations affecting binding partners of 
key elements of autophagy pathways were also introduced. Thus, deletion of the 
gene encoding lysosome-associated membrane protein- 2 (LAMP-2A) in T cells was 
shown recently to cause defi cient in vivo responses to immunization or infection 
with L.  monocytogenes  [ 147 ]. In these mice, CMA in T cells was found to be altered 
with age. It should be mentioned here that mice invalidated for HSPA8 are not via-
ble, as are  Beclin-1  KO mice that die in utero or  Atg5  KO mice that die within 24 h 
after birth due at least in part to defi cient amino acid production. 

 At this stage of our thoughts, it seems important to insist on the fact that if inves-
tigations with such mutated mice provide decisive information, it remains that in 
general much more additional observations are needed to establish direct links 
between autophagy and certain pathologies, since mutations and polymorphisms of 
the  ATG  (or Atg in mice) genes can have many indirect effects as described above. 
Consistent with these considerations, important caveats have also been warranted 
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     Table 1    List of autoimmune diseases with autophagy failures   

 Autoimmune 
diseases 

 Associated 
genes  Cellular dysfonctions  References 

 CD  ATG16L1  [ 34 ] 
 IRGM  [ 30 ,  77 ] 

 SLE  ATG5  [ 41 ,  159 ] 
 DRAM1  [ 156 ] 
 PRDM1  [ 159 ] 

 MaA increased in T cells from MRL/lpr and 
NZB/W mice and from patients: autophagic 

vacuoles over-represented (WB, EM) a  

 [ 31 ] 

 MaA deregulated in naïve CD4 + T cells from 
patients : autophagosome-associated marker 

MAP1LC3 increased (WB) 

 [ 1 ] 

 MaA hyper-activated in B cells from NZB/W 
mice and naïve B cells of patients; 

autophagosomes number increased (FACS, FM) 

 [ 13 ] 

 MaA activated in macrophages from lupus-prone 
mice and patients : ATG5, ATG12 and BECN1 

expression increased 

 [ 67 ] 

 Increased HSPA8 expression in B and T cells of 
MRL/lpr mice (WB, FACS, PCR) 

 [ 114 ] 

 Increased LAMP-2A and CTSD expression in 
B cells of MRL/lpr mice; lysosomes are defective 

in MRL/lpr mice (WB, FACS, Q-PCR, in vitro 
assay for CMA) 

 [ 78 ] 

 RA  ATG5  [ 113 ] 
 ATG7  [ 70 ] 

 BECN1  [ 70 ] 
 MaA activated in osteoclasts from patients : 

BECN1 and ATG7 expression increased (WB) 
 [ 70 ] 

 Autophagic process increased in synovial 
fi broblast : p62 and MAP1LC3 expression 

increased (WB, FM) 

 [ 49 ] 

 PM  MaA activated in muscle fi ber : MAP1LC3, 
CTSD and CTSB expression increased (WB) 

 [ 108 ] 

 MS  ATG5  [ 2 ] 
 MaA deregulated in T cells : ATG5 expression 

increased (WB, PCR) 
 [ 2 ] 

 Type 1 
diabetes 

 MaA diminished in diabetic mouse heart : 
MAP1LC3 and ATG5/12 expression reduced 

(WB, FM) 

 [ 151 ,  154 ] 

   Abbreviations  :  ATG  autophagy related-gene,  BECN1  beclin-1,  CD  Crohn’s disease  CMA  chaperone- 
mediated autophagy,  CTSB  cathepsins B,  CTSD  cathepsins D,  DRAM1  damage- regulated autophagy 
modulator,  EM  electron microscopy,  FM  fl uorescence microscopy,  HSPA8  heat shock protein A8, 
 IRGM  Immunity-related GTPase family M protein,  LAMP-2A  lysosomal- associated membrane pro-
tein 2A,  MaA  macroautophagy,  MAP1LC3  microtubule-associated protein light chain 3,  MS  multi-
ple sclerosis,  PCR  polymerase chain reaction,  PM  polymyositis,  PRDM1  positive regulatory domain 
I-binding factor 1,  RA  rheumatoid arthritis,  SLE  systemic lupus erythematosus,  WB  Western blot 
  a The method used to evaluate these changes is given in parentheses  

M. Wilhelm and S. Muller



279

regarding the interpretation of data that can be generated using RNA interference- 
based KO of  Atg  mRNAs in mammalian cell lines [ 138 ]. 

 The close relationships between autophagy and immunity reported above easily 
explain that any deregulation of autophagy machinery can affect various aspects of 
immune responses and lead to autoimmunity development [ 32 ,  72 ,  121 ]. Enhanced 
autophagy, allowing survival of self-reactive lymphocytes, can promote autoimmu-
nity. Moreover, autophagy, which produces autoantigens through intracellular pro-
tein digestion can participate in the initiation or maintenance of autoimmunity. In 
addition to SNPs and susceptibility genes, a number of studies have highlighted that 
expression of some genes related to autophagic process is modifi ed during autoim-
munity. In rheumatoid arthritis (RA), it has been shown that both  ATG7  and 
 BECLIN-1  gene expression is increased in osteoclasts from patients [ 70 ]. Atg7 
expression was found to be increased by pro-infl ammatory cytokine TNF-α, a criti-
cal element for the pathogenesis through the regulation of synovial infl ammation. 
Other studies have also demonstrated that in autoimmune demyelination syndrome 
and in multiple sclerosis (MS),  ATG5  gene expression is also signifi cantly elevated 
compared to healthy controls [ 2 ]. 

 Based on genetic evidences, potential links between autophagy and autoimmunity 
have been suggested for a decade. In general, however, experimental arguments at the 
cellular and molecular level showing a role of autophagy in the initiation and/or pro-
gression of autoimmune diseases are still scarce (Table  1 ). In SLE patients and two 
genetically unrelated mouse models of lupus, namely MRL/ lpr  and (NZBxNZW)F1 
(NZB/W) mice, we showed in a seminal report that autophagy is deregulated in T 
lymphocytes [ 31 ]. Autophagic vacuoles were found to be over- represented in T cells 
indicating that autophagy is hyperactivated. This deregulation was even more obvious 
when T cells were stimulated by chemical activators of T cell receptor (TCR)-related 
signalling pathways. The elevated autophagic compartment was not found in all T 
cells but was restricted to a subset of them. As autophagy is known to be involved in 
cell survival, these results suggest that autophagy could promote the survival of auto-
reactive T cells during the disease. A few months after our results came out, indepen-
dent studies were published describing some deregulated autophagy features in lupus 
T and B cells. Alessandri et al. [ 1 ] showed an increase of the autophagosome-associ-
ated MAP1LC3-II isoform in T cells, which mainly occurred in naïve CD4 T cells 
isolated from SLE patients. These results, which confi rm our own data, suggest that 
there is an intrinsic deregulation of autophagic activity in SLE T cells. The authors 
proposed another interpretation in concluding that SLE T cells are resistant to macro-
autophagy induction and could thus become more prone to apoptosis. They came to 
this conclusion by re- stimulating T cells with rapamycin or with autologous (pro-
autophagic) serum. It is possible, however, that SLE T cells are already at the maxi-
mum level of autophagosome loading and that re-exposure to their own serum had no 
further effect on autophagic activity. In any case, these data confi rm the pro-autopha-
gic role of SLE serum on normal T cells. Pierdominici and her colleagues also observed 
that the increase of autophagy was correlated with disease activity scores, important 
information that could be exploited in future therapeutic strategies [ 1 ,  120 ,  121 ].

   More recent studies have reinforced and extended the pioneered works described 
above. Thus, for the fi rst time, Clarke et al. [ 13 ] showed in NZB/W mice that 
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 macroautophagy activation also occurs in B cells, and more particularly in early 
developmental and transitional stages of B cell development (before disease onset). 
In patients with lupus, autophagy was also activated compared to healthy individu-
als, and again this activation occurred mainly in naïve B cells. When autophagy 
inhibitors such as 3-MA, bafi lomycin A1 or CQ were used, plasmablast differentia-
tion and survival hardly occurred. These fi ndings must be related to the overproduc-
tion of autoantibodies in the serum of lupus prone mice and patients with lupus. In 
their study, the authors confi rmed that in addition to B cells, autophagy was increased 
in T cells from lupus patients, and that in both cases, this activation could be corre-
lated to disease activity. Li et al. [ 67 ] also described convincing results demonstrat-
ing that compared to controls, autophagy was signifi cantly activated in the 
macrophages collected from an induced mouse model of lupus (BALB/c mice that 
develop a lupus-like disease after administration in Freund’s adjuvant of homolo-
gous activated lymphocyte-derived DNA) and in the PBMCs of patients with lupus. 
Adoptive transfer of  Beclin -1 KO macrophages signifi cantly ameliorates the clinical 
conditions of recipient mice (decrease of proteinuria levels, reduction of typical 
renal complex deposition, amelioration of glomerulonephritis) as well as the bio-
logical features (decrease of serum anti-dsDNA antibody levels and circulating pro-
infl ammatory cytokines IL-6 and TNF-α, as measured by ELISA). 

 A few studies have highlighted the role of autophagy in other autoimmune dis-
eases, notably in human RA [ 49 ,  70 ,  151 ] and in experimental autoimmune enceph-
alomyelitis, a model of MS [ 6 ]. Autophagy appears to be activated in osteoclasts 
from patients with RA and regulates osteoclasts differentiation [ 70 ]. This increased 
autophagic process, also found in RA synovial fi broblast compared to osteoarthritis 
synovial fi broblast by Kato et al. [ 49 ] correlates with a reduced apoptosis level in 
RA synovial tissues [ 152 ]. It was concluded from these observations that the activa-
tion of autophagy induced by overproduced TFN-α leads to the reduction of apop-
tosis in joints and more importantly causes the survival of synovial fi broblasts, 
which are responsible for the pathology. This again highlights the dual effect of 
autophagy, which is cytoprotective when it eliminates misfolded or too abundant 
cellular components, but in excess, can become deleterious and generate negative 
effects.  

4     Targeting Autophagy for Intervention in Autoimmune 
Diseases 

 A number of recent fi ndings underlined the pivotal role of macroautophagy in the 
control of muscle mass, and misregulation of autophagy has been described in 
myopathies and muscular dystrophies [ 131 ]. Information in relation to possible 
autophagy process dysfunction is scarce, however, regarding patients with fi bromy-
algia, for example, or with polymyositis [ 73 ,  143 ], a rare disease with an autoim-
mune component which is characterized by infl ammation and degeneration of the 
muscles. On the other hand, autophagy defects have been observed (or suspected) in 
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several autoimmune settings, including CD, SLE, possibly RA and MS (Table  1 ), as 
well as in infl ammatory syndromes, notably in pulmonary diseases [ 88 ]. It is 
strongly anticipated that in all these situations, modulation of autophagy, in order to 
re-establish a proper fl ux regulation in particular, might rescue alterations and 
improve the clinical status of treated patients. 

 As underlined recently [ 32 ], some molecules used for years to treat infl ammatory 
and autoimmune diseases have been found much later to target one or another type 
of autophagy processes. Nowadays, in fact, there are very few specifi c compounds 
targeting precise steps of autophagy pathways, and even a single pathway in par-
ticular [ 3 ], and quite surprisingly, the targets of some autophagy regulators that are 
widely prescribed to patients are not really known. This is the case, in particular, of 
CQ and hydroxychloroquine (HCQ) or of dexamethasone, which mode of action 
(MOA) is still being debated (see below). 

 A number of comprehensive review articles have recently exhaustively covered 
various aspects, structural and functional, of families of compounds, activators and 
inhibitors, which have been generated to modulate autophagy directly or indirectly 
[ 5 ,  11 ,  29 ,  32 ,  45 ,  125 ,  127 ,  148 ,  149 ]. Evaluated in rigorously calibrated assays 
performed both in vitro and in vivo [ 53 ,  93 ], some of these small molecules might 
prove to be relevant to modulate autoimmune diseases in appropriate settings. In the 
examples shown in the next section we will limit ourselves to a few pharmacologi-
cal regulators of autophagy with established or promising clinical effi cacy in auto-
immune diseases. 

 Before providing a short description of these selected pharmacological autoph-
agy modulators, several conceptual and practical comments should be made. Firstly, 
this fi eld of possible intervention is new (or newly rediscovered) and autophagy 
processes, which are complex and somehow confusing, are not well perceived by 
decision makers of technology companies and Big Pharmas, of course even less by 
the general public and informed users. Communication including education towards 
professionals and patients is certainly much easier when, for example, one describes 
the activity of a therapeutic antibody specifi c for a soluble molecule or a surface 
receptor that is raised in infl ammatory and autoimmune conditions. Important 
efforts of clarifi cation and simplifi cation have thus to be made as it was the cases 
some decades ago for apoptosis. 

 Secondly, it is well appreciated for a long time in the fi eld that pharmacological 
small molecules rarely exert their action on only one single target. This is the case 
of HCQ and dexamethasone, for example, and many others (see below). These 
multi-target effects can explain their strong effi cacy, but they also complicate the 
description of the said-molecule and of its safety fi le. 

 Thirdly, it is often argued that small molecules (<900–1000 daltons) and short 
peptides (<20–40 amino acid residues) will be eliminated rapidly from the body and 
therefore will have a too short period of possible action. This statement regarding 
pharmacokinetics and pharmacodynamics of molecules may be correct but if it is 
the case, there are numerous carrier systems or novel devices that increase molecule 
bioavailability and traffi cking leading to improving their effi cacy. It should be noted 
here that conversely, their low molecular mass can be an advantage when the desired 
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objective is to develop a strategy supposed to target the central nervous system, for 
example [ 44 ]. 

 Fourthly, and most importantly, solubility of small molecules and peptides 
remains a limiting factor, as it is also the case of antibodies and fusion proteins that 
are designed and produced for therapeutic purposes. This aspect has to be taken into 
consideration at the very early stage of molecule selection as in general, it cannot be 
solved easily in the downstream steps of development. 

 On the other hand, pharmacological small molecules and peptides display a 
number of advantageous properties that makes them excellent therapeutics, notably 
for autoimmune diseases. In addition to their synthesis and production that can be 
highly optimized, and in some cases remarkably simple in comparison to some 
biologics, and automatable, small molecules and peptides selected as active compo-
nents of pharmaceutical compositions are characterized by their stability and robust-
ness, easy handling, the relatively low doses that have to be administrated to patients 
and their cost, which remains reasonable with regard to most biologics. Small mol-
ecules and short peptides are not immunogenic per se, another considerable advan-
tage for treating patients with chronic autoimmune diseases [ 132 ]. 

 Finally, it must be stressed that, as it is the case for all new therapies that emerge, 
standardized and universalized animal models of the related human disease have to 
be developed -if they do not already exist-, a consensus position regarding the most 
promising modality to be tested has to be established, and formation of a  cooperative 
international network of committed clinical investigators has to be gathered to eval-
uate these new therapies in a pre-designed rigorous fashion.  

5     Existing Pharmacological Regulators of Autophagy 

 Herein, we briefl y describe the characteristics of some chemical molecules that are 
established pharmacological regulators of autophagy (Fig.  2 ) and are given to 
patients with autoimmune diseases. Further details on these and other compounds 
can be found in recent reviews and articles [ 5 ,  11 ,  29 ,  32 ,  125 ,  127 ,  140 ,  146 ].

    CQ and HCQ     These two small molecules are lipophilic weak bases that easily pass 
through the lipid cell membrane and preferentially concentrate in acidic cytoplasmic 
vesicles. As lysosomotropic agent, they raise intralysosomal pH, leading to defective 
autophagic protein degradation. CQ/HCQ may also affect peptide degradation within 
lysosomes due to the pH effect on lysosomal cathepsins and therefore the entire 
process of antigen presentation by MHC molecules in the MIIC compartment lead-
ing to activation of autoreactive T cells. HCQ is used for years in the treatment of 
infl ammatory autoimmune diseases, SLE, RA and Sjögren’s syndrome. CQ has 
been shown to reduce the severity of experimental autoimmune encephalomyelitis, 
a model for MS, and the mechanism of action that was previously known to involve 
in part regulatory T cells has been recently established in much more details [ 144 ]. 
CQ and HCQ also operate by interacting directly with TLR ligands [ 59 ]. Other char-
acteristics of CQ and derivatives, such as radiosensitising and chemosensitising 
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properties also receive attention in anti-cancer indications [ 45 ]. It should be reminded, 
however, that CQ/HCQ toxicity, in particular in the eye (cornea and macula) and in 
the occurrence of cardiomyopathies [ 142 ], remains a major break. Observed ocular 
toxicity is related to the total cumulative dose rather than the daily dose; therefore it 
becomes a serious potential problem in the cases of long-term use. A number of 
HCQ analogs and mimics have been tentatively designed that keep the molecule 
activity without secondary effects. Ongoing research should provide such safe mol-
ecules in the future.  

  Bafi lomycin A     This compound isolated from  Streptomyces  sp. is a member of the 
plecomacrolide sub-class of macrolide antibiotics. Early studies showed that at a 

  Fig. 2    Pharmacological regulators of autophagy .  A diagram illustrating possible sites of interven-
tion of pharmacological autophagy regulators. From the left to the right: rapamycin and dexa-
methasone inhibit the kinase activity of mTOR, leading to the upregulation of macroautophagy. 
Dexamethasone is also known as acting on pre-autophagosomal structure. Trehalose, the target of 
which still remains debated, is an activator of autophagy through an mTOR-independent pathway. 
Bafi lomycin A1 prevents maturation of autophagic vacuoles by inhibiting fusion between autopha-
gosomes and lysosomes. It acts by inhibiting vacuolar H+ ATPase. P140 peptide (▲), the uptake 
into B lymphocytes by clathrin-mediated endocytosis and homing into lysosomes has been dem-
onstrated after administration to mice, and DSG, both interact with HSPA8 in vitro and alter intra-
lysosomal pH. P140 provokes the accumulation of autophagy markers p62/sequestosome 1 and 
MAP1LC3-II in MRL/lpr B cells, consistent with a down-regulation of autophagic fl ux. This pep-
tide affects both CMA and macroautophagy. CQ and HCQ are lysosomotropic agents that prevent 
endosomal acidifi cation. They accumulate inside endosomes and lysosomes, leading to inhibition 
of lysosomal enzymes, which requires an acidic pH, defective fusion of endosomes and lysosomes 
and maturation of autolysosomes.  Abbreviations :  CMA  chaperone-mediated autophagy,  CQ  chlo-
roquine,  DSG  15-deoxyspergualin,  HCQ  hydroxychloroquine,  HSPA8  heat shock protein 8, 
 LAMP-2A  lysosome-associated membrane protein-2A,  MAP1LC3  microtubule-associated protein 
light chain 3,  mTOR  mammalian target of rapamycin       
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100 nM-concentration and short incubation time (1 h), in a rat hepatoma H-4-II-E 
cell line, it specifi cally acts by inhibiting the vacuolar H +  ATPase (V-ATPase) that is 
essential for acidifying lumen lysosomes and blocks the fusion of autophagosomes 
with lysosomes [ 155 ]. Used at the same or higher concentration and other settings, 
in the same cell line or other types of cell lines, effects targeted other key steps of 
the autophagy axes have been observed as summarized and analyzed by Klionsky 
et al. [ 54 ]. This in-depth analysis of published data led these authors to propose that 
at early time-points, bafi lomycin could mainly interfere with the autophagic fl ux by 
slowing the degradation of MAP1LC3-II within existing autolysosomes, while at 
later time-points, its effect on acidifi cation of lysosomes and possibly also of endo-
somes and amphisomes could impair the fusion of autophagosomes with both late 
endosomes and lysosomes as shown [ 42 ]. Altogether this sequence of events high-
lights again the fact that the pleiotropic effects of certain molecules, as a function of 
concentration, treatment time, or environment, have to be taken into account when 
mechanistic studies are performed, notably with the objective to elaborate therapeu-
tic strategies.  

  P140 peptide/Lupuzor     This 21-mer linear peptide encompassing the sequence 
131–151 of the spliceosomal U1-70 K protein and containing a phosphoserine resi-
due at position 140, was found to be safe and signifi cantly ameliorated lupus 
patients’ clinical status when administrated subcutaneously in the presence of man-
nitol as excipient [ 102 ,  103 ,  160 ]. All appropriate preclinical studies were done in 
the widely used MRL/lpr model, a mouse that develops a strong and rapid lupus 
disease. The capacity of P140 to ameliorate biological and clinical parameters in 
these mice, and to enhance their survival, was demonstrated in a robust manner [ 99 , 
 133 ]. After P140 treatment, an accumulation of autophagy markers SQSTM1 and 
MAP1LC3 was observed in MRL/lpr B cells, consistent with a down-regulation of 
autophagic fl ux [ 114 ]. CMA was also recently found to be a target of P140 and it 
was demonstrated that P140 peptide inhibitory effect on CMA is likely tied to its 
ability to interact with HSPA8 [ 115 ] and to alter the composition of HSPA8 hetero-
complexes [ 78 ]. Expression of both HSPA8 and the limiting CMA component 
LAMP-2A, which is increased in MRL/lpr B cells, is down-regulated after treating 
mice with P140 peptide. It was shown further that P140, but not the non- 
phosphorylated peptide that is not protective against disease development in mice 
[ 99 ], uses the clathrin-dependent endo-lysosomal pathway to enter into MRL/lpr B 
lymphocytes and accumulates in the lysosomal lumen where it may directly hamper 
lysosomal HSPA8 chaperoning functions, and also destabilize LAMP-2A in lyso-
somes as a result of its effect on HSP90. This dual effect may interfere with the 
endogenous (auto)antigen processing and loading to MHCII molecules and as a 
consequence, lead to the lower activation of autoreactive T cells that was previously 
shown experimentally [ 100 ,  101 ].  

 Interestingly, earlier work also indicated that ex vivo, P140 does not induce pro-
liferation of human peripheral T cells (in contrast to the non-phosphorylated form 
that does) but generates secretion of high levels of regulatory cytokine IL-10 in cell 
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cultures [ 98 ]. This observation and others generated in our own studies might indi-
cate that beside its effect on autophagy processes, P140 might also act as a so-called 
‘peptide altered ligand’ of the TCR. Our fi rst studies showed that the nominal pep-
tide 131–151 contains an epitope that is effectively recognized by CD4 +  T cells from 
MRL/lpr and NZBxW mice [ 96 ,  97 ]. The phosphate moiety introduced at position 
140 in the P140 peptide might have no effect on MHC presentation (as experimen-
tally demonstrated) but induce qualitatively different activation of T cells with 
changes in cytokine production and T cell responsiveness [ 98 ,  99 ]. Altogether, these 
considerations point out again the multi-target functions of effi cient  immunomodulator 
molecules. Thus, in the case of P140 peptide, both specifi c CD4 +  T cell clones rec-
ognizing the sequence 131–151 of U1-70 K protein and T cell clones with a broader 
specifi city for various self-components generated in autolysosomes and lysosomes 
and loaded onto MHC class II molecules in the MIIC compartment (Fig.  1c ), could 
be simultaneously involved in the mechanism of peptide action. 

  15-Deoxyspergualin (DSG)     This compound (1-amino-19-guanidino-11- -
hydroxy-4, 9, 12-triazanona-decane-10, 1–3-dione) is a synthetic analogue of sper-
gualin, a natural product of the bacterium  Bacillus laterosporus . A long list of more 
stable analogs have been designed, synthesized and evaluated over years. 15-DSG 
is a potent immunosuppressant, which showed immunosuppressive activity both 
in vitro and in vivo, affecting B lymphocytes, T lymphocytes and macrophage/
monocyte functions. It was shown to bind to the EEVD domain of HSPA8, a site 
that is apparently different from the one(s) recognized by P140 peptide [ 140 ], with 
an affi nity of approximately 4 μM, and increase its ATPase activity of 20–40 %. It 
also binds to HSP90. 15-DSG blocks the NF-κB pathway and antigen presentation, 
causing alteration in the activation of immune cells, notably monocytes, DCs and T 
cells. It also inhibits AKT activation and phosphatidylcholine synthesis [ 51 ]. DSG 
was also shown to suppress the progression of polyclonal B cell activation and lupus 
nephropathy in lupus-prone MRL/lpr mice. In patients, in an fi rst short clinical trial, 
two of three patients treated with DSG showed infectious episodes and the trial was 
interrupted [ 74 ]. Later, another phase-I/II study including a total of 21 patients was 
engaged [ 75 ]. After the fi rst DSG injection, one patient was excluded from the study 
due to renal failure. Five patients dropped out due to adverse events or serious 
adverse events including fever, leukopenia, oral candidiasis, herpes zoster or pneu-
monia. Eleven of 20 patients achieved partial (4) or complete responses (7), 8 were 
judged as treatment failures and 1 patient was not assessable. In the 12 patients who 
completed all nine cycles, proteinuria was statistically decreased and the Selena- 
SLEDAI SLE responder score was decreased from 17.6 to 11.7. These data led the 
authors to conclude that although the number of patients still remained small, the 
improvement of their clinical status, particularly their proteinuria, was encouraging, 
supporting further investigations with large cohorts. At this stage, however, and 
although some promising data were also obtained in patients with anti-neutrophil 
cytoplasmic autoantibodies-associated vasculitis and cancer conditions, careful 
studies designed to better characterize toxicity and side-effects generated by DSG 
will be determining [ 63 ].  
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   Dexamethasone      This potent immunosuppressive drug is widely used to treat many 
different infl ammatory and autoimmune conditions such as infl ammatory bowel dis-
eases (ulcerative colitis and CD), RA, SLE, chronic skin conditions (e.g. dermatitis 
 herpetiformis , pemphigus, severe psoriasis and seborrheic dermatitis). It is also 
given in severe allergic conditions and certain types of cancer. Its MOA is multiple, 
complex and still a matter of some controversies. It was found in particular that 
dexamethasone induces the expression of a gene encoding the stress response  protein 
Dig2/RTP801/REDD1 [ 95 ], and the elevation of Dig2/RTP801/REDD1, a negative 
regulator of mTOR signaling pathway, contributes to the induction of macroautoph-
agy. It should be mentioned herein that depending on the dose and the type of cells, 
the effect of dexamethasone on Dig2/RTP801/REDD1 is not equivalent (less depen-
dence at high dexamethasone dose, for example). Other dexamethasone effects were 
described. Thus, dexamethasone was shown to increase expression of several 
autophagy genes, including  ATG5 ,  MAP1LC3 ,  BECLIN1n  and  SQSTM1 , and to trig-
ger 5’ AMP-activated protein kinase-dependent mitochondrial fragmentation asso-
ciated with increased levels of dynamin-1-like protein, a GTPase that regulates 
mitochondrial fi ssion [ 145 ]. Thus, certain steps of the mitophagy axis would be 
targeted by dexamethasone as well. The anti-infl ammatory actions of dexametha-
sone are also thought to involve phospholipase A 2  inhibitory proteins, lipocortins, 
which control the biosynthesis of potent mediators of infl ammation such as prosta-
glandins and leukotrienes.  

  Rapamycine/sirolimus     This macrolide antibiotic is a safe and well-tolerated drug 
clinically used for rejection prophylaxis in renal transplantation. It is also used as 
immunosuppressant and anti-fungal agent. It forms a complex with the immunophilin 
FKBP-12 and inhibits the kinase activity of mTOR complex 1 (mTORC1), leading 
thus to autophagy induction (mTORC2 is largely resistant to rapamycin). It regulates 
mitochondrila transmembrane potential and calcium infl ux. Its potent effect on the 
development of nephritis in NZB/W mice was shown [ 76 ]. Twelve- week- old female 
NZB/W mice were treated by oral gavage for 20 weeks with rapamycin (3 mg/kg 
body weight). Rapamycin treatment markedly reduced proteinuria, improved renal 
function, decreased serum anti-dsDNA antibody levels and diminished splenomeg-
aly. Rapamycin-treated mice had near normal renal histology, with marked reduction 
in glomerular immune deposition and the infi ltration by T cells, B cells and macro-
phages. These data were reinforced by recent mechanistic fi ndings published inde-
pendently [ 141 ]. In humans, rapamycin treatment showed some benefi t in the 
treatment of nine SLE patients with refractory disease [ 28 ]. In a recent prospective 
open-label study based on 59 patients and 54 matched healthy subjects (for a total of 
274 visits), rapamycin was shown to mainly block IL-4 production and necrosis of 
double negative (DN) T cells in patients with SLE. In addition, rapamycin was found 
to enhance FoxP3 expression in CD25 + /CD4 +  T cells and expand CD25 + CD19 +  B 
cells, suggesting that mTOR activation can trigger IL-4 production and necrosis of 
DN T cells in active SLE [ 60 ]. Further investigation in large cohorts of patients with 
lupus and also in patients with other immune- mediated disorders, including type 1 
diabetes and RA are awaited for consolidating these data. If we only take into account 
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the role exerted by rapamycin on the autophagy fl ux (Fig.  2 ), and considering that 
basal autophagy seems to be activated in different subsets of lymphocytes in murine 
and human lupus (Table  1 ), rapamycin administration should not be benefi cial in 
lupus. It might even make the illness more severe. This leads us to conclude that 
rapamycin probably modulates another pathway and not autophagy as main target.  

 Recently a randomized trial was conducted to investigate the effi cacy and safety 
of rapamycin treatment in adults with chronic immune thrombocytopenia (ITP), an 
acquired autoimmune disease characterized by an autoantibody-mediated destruc-
tion and impaired platelet production [ 68 ]. Two groups of 40 patients were exam-
ined, the control one that received cyclosporine A plus prednisone and the 
experimental one that received rapamycin plus prednisone. The overall response 
was similar in both groups. However, sustained response was more pronounced in 
the experimental group than in the control group. Both groups showed similar inci-
dence of adverse events (7 % vs. 11 %). The experimental group experienced a sig-
nifi cant rise in CD4 + CD25 + CD127 low  regulatory T cells level, and there was a strong 
correlation between the levels of regulatory T cells and TGF-β after the treatment. 
From these data it was concluded that rapamycin plus low dose prednisone could 
provide a new promising option for therapy of ITP.  

6     Future Prospects and Concluding Remarks 

 The list of components described briefl y above is far to be exhaustive. Excellent 
recent review articles gave much more structural and functional details on many 
other molecules (small molecules and peptides), some of them that are already 
administrated as therapeutics and some others that are under evaluation in autoim-
mune patients or included in preclinical studies in pertinent animal models [ 25 ,  39 , 
 136 ]. The information we summarized herein underlines that most, if not all of the 
molecules, exhibit complex pleiotropic properties, and can notably infl uence differ-
ent autophagy pathways (e.g. mTOR-dependent and -independent) as well as other 
quality-control mechanisms affecting the cell live/death balance. Several widely 
used molecules can exert dual (sometimes opposite) effects on upstream and down-
stream molecular events of the autophagy axes. It should be kept in mind also that 
the large majority of these molecules have been initially evaluated in cell culture 
conditions (some are issued from cellular screens) and it has been seen that their 
MOA largely depends on the selected cell type (immortalized cell lines, primary 
cells; cancer cells or non-cancer cells), concentration, and time of exposure. As 
underlined recently [ 32 ], these considerations are fundamental to analyze the con-
clusions that can be raised with most caution. 

 Nowadays, a number of pharmaceuticals approved in the European Union and 
USA, and in regular clinical use for alternative indications, inhibit autophagy and 
may therefore be novel treatments for autoimmune diseases. Chemical drugs acting 
on autophagy and/or other pivotal cellular pathways are also often evaluated in 
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association to reinforce their effi cacy while lowering dosage to minimize deleteri-
ous side effects. Based on our increasing understanding of the physiological autoph-
agy mechanisms and of their dysfunctions in pathological settings [ 18 ,  65 ,  92 ,  120 , 
 147 ,  157 ], we dare believe that molecules that very specifi cally target key elements 
of the autophagy process will emerge and, with a minimum of side effects, will 
effi ciently modulate debilitating autoimmune diseases that today affect more than 
3 % of the general population worldwide.     
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    Abstract     Cardiovascular system is responsible of delivering all nutrients and 
 oxygen that may request the organism, and because of its importance exist an almost 
complete knowledge about how it works. However, the major incidence of diseases 
in the world are related to the cardiovascular system, for this reason is vital to detect 
the effect and causality of this type of diseases. Due to autophagy is necessary to 
maintain the structure and function of cardiac cells, this process has been deeply 
study in cardiomyocytes, cardiac fi broblast, endothelial cells and vascular smooth 
muscle cells. Optimal autophagy activity is critical to the maintenance of cardiovas-
cular homeostasis; deregulated autophagy levels contribute to development of heart 
disease. In this chapter, we discuss the relationship between autophagy networks 
and cardiovascular diseases.  
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   Abbreviations 

  7-KC    7-Ketocholesterol   
  AGEs    Advanced glycation end-products   
  AKT (PKB)    Protein kinase B   
  AMPK    AMP-activated protein kinase   
  ANF    Atrial natriuretic factor   
  Ang II    Angiotensin II   
  AT1 receptor    Angiotensin II receptor, type 1   
  AT2 receptor    Angiotensin II receptor, type 2   
  ATG    Autophagy-related gene   
  ATP    Adenosine triphosphate   
  Aβ    β-amyloid   
  Bad    Bcl-2-associated death promoter   
  BAECs    Bovine aortic endothelial cells   
  Bcl-2    B-cell lymphoma 2   
  CFs    Cardiac fi broblasts   
  CMFs    Cardiac myofi broblasts   
  Col-I    Type I collagen   
  CryAB    αB-crystallin (CryAB)   
  DOX    Doxorubicin   
  DRCM    Desmin-related cardiomyopathy   
  eIF2α    Eukaryotic Initiation Factor 2α   
  ER    Endoplasmic reticulum   
  UNEAC    Unifi car nomenclatura en ambos casos   
  HDACs    Histone deacetylases   
  HF    Heart failure   
  HFD    High Fat Diet   
  HNE    4-hydroxynonenal   
  HUVECs    Human umbilical veins endothelial cells   
  I/R    Ischemic/Reperfusion   
  IFN-γR    Interferon-γ receptor   
  IL-1β    Interleukin-1β   
  JNK    c-Jun N-terminal kinase   
  LAMP2    Lysosome-associated membrane protein 2   
  LC3    Microtubule-associated protein 1 light chain 3   
  LDL    Low-density lipoprotein   
  MAPK    Mitogen-activated protein kinases   
  MDs    Mitochondrial diseases   
  MIF    Macrophage migration inhibitory factor   
  miRNAs    MicroRNAs   
  MMPs    Matrix metalloproteinases   
  mTOR    Mammalian target of rapamycin   
  mTORC1    mTOR complex 1   
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  NADPH    Nicotinamide adenine dinucleotide phosphate   
  NO    Nitric oxide   
  OPN    Osteopontin   
  Ox-LDL    Oxidized LDL particles   
  p62/SQSTM1    Sequestosome 1   
  PDGF    Platelet-derived growth factor   
  PERK    Protein kinase RNA-like endoplasmic reticulum kinase   
  PI3K    Phosphatidylinositol 3-kinase   
  POAF    Postoperative atrial fi brillation   
  POVPC    1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine   
  PPARγ    Peroxisome proliferator-activated receptor-γ   
  ROS    Reactive oxygen species   
  Scar    Fibrous tissue formation   
  SMCs    Smooth muscle cells   
  TAC    Transverse aortic constriction   
  TFA    Trans fatty-acids   
  TFEB    Transcription factor EB   
  TGFβ1    Transforming growth factor β1   
  TNFα    Tumor necrois factor α   
  TRPV1    Transient receptor potential vanilloid subfamily 1   
  ULK1    UNC-51-like kinase 1   
  UPR    Unfolded protein response   
  VEGF    Vascular endothelial growth factor   
  VSMCs    Vascular smooth muscle cells   

1         Introduction 

 The cardiovascular system comprises the heart and blood vessels, including arter-
ies, veins, and capillaries, both systemic and pulmonary. The cardiovascular sys-
tem is a closed tubular system in which the blood is propelled by the heart. The 
heart is a mechanical pump, its main function is to propel blood throughout the 
tissues of the body, carrying nutrients and oxygen and removing carbon dioxide 
and other metabolic waste, and through the lungs, delivering carbon dioxide and 
accepting oxygen. The heart is an incredibly resilient organ, marked by approxi-
mately 2.5 billion contractions over a 70 year lifetime. As a consequence, the heart 
is a robust consumer of energy, requiring a constant supply of oxygen and meta-
bolic fuels in order to sustain contractile function. Energy reserves in the heart are 
limited, suffi cient only to support contraction for a very few seconds; as a result, 
energy must be produced continually by catabolism of a variety of energy sub-
strates [ 78 ]. The heart is a  “metabolic omnivore”, capable of metabolizing free 
fatty acids, glucose, lactate, pyruvate, ketone bodies, and amino acids. Under nor-
mal resting conditions, metabolism is mainly oxidative, with free fatty acids and 
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glucose being the major sources of energy. The preferred substrate depends on 
arterial substrate concentrations (dietary conditions), hormonal factors (mainly 
insulin), and workload. However, glycolytic ATP production through conversion 
of glucose to lactate is independent of oxygen, thus glucose is the preferred sub-
strate under hypoxic conditions such as ischemia and increased workload [ 78 ]. 
Much of cardiovascular disease centers on blood vessels, which can be affl icted by 
atherosclerotic change, calcifi cation, infl ammation, vasomotor dysfunction, hyper-
trophic thickening of the vessel walls, and more. Arteries, which carry blood from 
the left heart to the body and from the right heart to the lungs, are thick-walled, 
with a muscular contraction that helps propel blood downstream. Smaller caliber 
arteries are termed arterioles, which feed ultimately into capillaries where gas and 
small molecule exchange takes place. Conversely, veins carry blood back to the 
heart. Macroautophagy (herein referred as “autophagy”) is a catabolic process 
involved in protein degradation, replacement of organelles, and no selective degra-
dation of cytoplasmic components during stress or nutrient starvation. Autophagy 
begins with the formation of autophagosomes, a double membrane intracellular 
structure that surrounds origin reticular cytoplasmic contents and eventually fuses 
with lysosomes for load degradation. Materials degraded within these autolyso-
somes are recruited to anabolic reactions and maintain energy levels and provide 
macromolecules for the synthesis of higher order structures (nucleic acids, pro-
teins or organelles), thus maintaining cell metabolism, homeostasis, and survival 
[ 69 ]. Despite its key role in the survival, autophagy also contributes to cell death 
when activated or ineffi cient excess, as occurs during the development of organs 
and tissues or in certain disease states. Indeed, diverse studies have shown that 
autophagic fl ux contributes to the pathogenesis of cardiovascular diseases, diabe-
tes, infl ammatory disorders, infection, and cancer [ 72 ]. However, despite consider-
able evidence linking autophagic activity to heart failure (HF) progression, 
uncertainty remains regarding whether increased autophagy is an epiphenomenon 
or a causative factor.  

2     Heart 

2.1     Cardiomyocytes 

 The myocardium comprises long-lived, largely post-mitotic cardiomyocytes. 
Therefore, despite ongoing controversy regarding the regenerative capacity of 
adult heart, elucidation of cellular mechanisms underlying cardiomyocyte  function, 
viability, and cellular homeostasis has a pivotal role in the design of new 
 therapeutics in cardiovascular medicine. Autophagy is important to maintain 
 cardiomyocyte function and viability. Also, autophagy provides a critical means 
for intracellular self-renewal, energy repletion, and substrate recycling through 
degradation of  dysfunctional or misfolded proteins and aged and/or damaged 
organelles. 
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 Cardiomyocyte function and survival rely critically on the presence of basal lev-
els of autophagy [ 71 ]. In a model of controlled cardiomyocyte-specifi c Atg5 defi -
ciency, abrogation of basal autophagy provoked precipitous declines in cardiac 
structure and performance [ 106 ]. In this context where autophagic fl ux is silenced, 
pressure overload triggers rapid-onset cardiac hypertrophy, left ventricular dilation, 
and diminished cardiac output [ 106 ]. Thus, constitutive autophagy controls cardio-
myocyte size and function, and is a protective mechanism in hemodynamic stress 
[ 106 ]. Further, mutation of LAMP2 protein, characteristic of Danon disease, trig-
gers a severe and progressive cardiomyopathy, stemming from defective fusion of 
autophagosomes with lysosomes [ 82 ]. On the other hand, the long-term conse-
quences of Atg5-defi ciency in the heart includes cardiac hypertrophy and dimin-
ished cardiac output with age, resulting from accumulation of defective proteins and 
organelles [ 142 ]. Together, these facts highlight the vital housekeeping role for car-
diomyocyte autophagy as a mechanism of protein and organelle surveillance and 
quality control.  

2.2     Cardiac Fibroblasts 

 The most abundant cells in heart are cardiac fi broblasts (CFs) comprising about 
70 % of all cardiac cells. They main role is to maintain the structural integrity of the 
heart through controlled proliferation and extracellular matrix turnover [ 117 ,  153 ]. 
Most of cardiac diseases possess an infl ammatory component, so, in response to 
injury or stress, CFs or infi ltrating immune cells respond by secreting growth fac-
tors and proinfl ammatory cytokines as TGFβ1, TNFα and IL-1β and can adopt a 
specialized phenotype, the cardiac myofi broblasts (CMFs) [ 17 ,  135 ], in response to 
TGFβ1 activity. CMFs promote increased synthesis of collagen I and III, fi bronec-
tin, MMPs and fi brous tissue formation (scar) in the area of damage [ 116 ,  145 ]. 
After healing, CMFs died by apoptosis and disappear from affected area [ 115 ]. 
However, in chronic cardiac disease with infl ammatory components, both CFs and 
CMFs overreact increasing the rate of fi brotic tissue formation, increasing CMFs 
survival and perpetuating the infl ammatory-fi brogenic cascade. 

 In fi broblasts, autophagy is necessary to both normal growth and fi brotic disor-
ders [ 22 ]. There are some evidence indicating that autophagy might play a protec-
tive role for CFs. We have previously shown that the increase of autophagic fl ux in 
CFs exposed to β 2 -adrenergic stimulation reduces the deleterious effect of high 
adrenergic stimulation and correlates with an enhanced degradation of collagen [ 4 ]. 
In line with these results, the generation of mice defi cient in autophagic protein 
Beclin 1 showed an increased collagen-I deposition; interestingly TGFβ1 which is 
known to induces profi brotic phenotype also induces autophagy and thus suppress 
aberrant accumulation of Col-I [ 59 ]. On the other hand, Ghavami et al [ 36 ] showed 
that trans fatty-acids (TFA) from diverse origin diminished CMFs survival by apop-
tosis. Furthermore, TFA-induced apoptosis is dependent on the activation of autoph-
agy by TFA [ 36 ].  
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2.3     Vascular Smooth Muscle Cells 

 Vascular smooth muscle cells (VSMCs) are the main constitutive stromal cells of 
the vascular wall, assuming a variety of different structural and physiological func-
tions. Its principal function is contraction which permits regulation of vessel tone 
and diameter and thus control of blood pressure and blood fl ow distribution. VSMCs 
are a highly plastic cell type that, under different kind of stimuli, switch their phe-
notypic state from a differentiated-contractile one to a less differentiated-synthetic 
state characterized by an increased ability to proliferate, migrate and synthesize 
proteins of the extracellular matrix as collagen [ 80 ]; to a macrophage-like pheno-
type [ 2 ]; or even to an osteoblastic lineage [ 136 ]. This chameleon-like feature of 
VSMCs has been extensively studied and it is common to all cardiovascular dis-
eases where they are involved as hypertension and atherosclerosis and vascular cal-
cifi cation [ 37 ,  65 ,  88 ]. 

 Between all cardiovascular diseases, atherosclerosis is the leading cause of heart 
disease [ 14 ,  144 ]. Several immune cells as monocytes, macrophages, T cells, mast 
cells and dendritic cells among others [ 43 ] are involved in the genesis and development 
of this chronic infl ammatory disease. Activated macrophages in the vascular wall 
secrete pro-infl ammatory cytokines as IL-1β and TNFα. It is this pro- infl ammatory 
milieu that induces proliferation and migration of VSMCs from the media to the intima 
layer, where produce extracellular matrix molecules, including interstitial collagen and 
elastin, and form a fi brous cap that covers the plaque [ 76 ]. The increased VSMC con-
tent of atherosclerotic lesions is associated with increased plaque stability [ 152 ]. 

 Autophagy has been linked to several cardiovascular diseases [ 69 ,  90 ] and athero-
sclerosis is not an exemption [ 87 ]. Autophagy can be triggered by reactive oxygen 
species [ 127 ], oxidized lipoproteins [ 102 ,  103 ,  110 ], ER stress [ 164 ] and hypoxia 
[ 30 ,  131 ], all of which are found in atheroma plaque. In regard with VSMCs, autoph-
agy has been observed since long ago. A work published in 1961 by Geer et al. titled 
“ The fi ne structure of human atherosclerotic lesions ”, the authors made some inter-
esting observations about some double membrane structures containing cytoplasmic 
dense material in VSMCs present at atherosclerotic lesions which now could be 
easily recognized as autophagosomal structures [ 35 ]. In spite of this and other simi-
lar observation (see references in [ 125 ]), autophagy in VSMCs in atherosclerosis has 
not received enough attention for both, technical issues and widely used animal 
models that does not resembles human atherosclerosis as they show fewer VSMCs 
than lesion and atheroma from humans and other animal models [ 1 ,  87 ]. 

 According to stimuli triggering autophagy in atherosclerosis, VSMCs autoph-
agy can be initiated indirectly or directly by ROS. It has been shown that an 
increase in mitochondrial superoxide production as result of stimulation of cul-
tured bovine aortic VSMCs with inorganic phosphate induce autophagy; this 
increase in autophagy play a protective role inhibiting the calcifi cation of 
VSMCs [ 19 ]. Indirectly, oxidized lipids as 4-hydroxynonenal (HNE) and 
 1-palmitoyl-2-(5-oxovaleroyl)-sn- glycero- 3-phosphocholine (POVPC) are both 
accumulated at atheroma plaques  in vivo  [ 126 ] and both has been shown to 
induce autophagy in VSMCs (increased LC3-II formation) [ 50 ], in a process 
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possibly mediated by induction of ER-stress, phosphorylation of PERK and 
eIF2α of the unfolded protein response (UPR) and activation of the stress kinases 
p38 and JNK [ 41 ]. HNE is present at oxidized LDL particles (ox-LDL) together 
with the oxysterol 7-ketocholesterol (7-KC), that has been registered as a potent 
stimulator of autophagy and apoptosis in VSMCs [ 84 ]. The mechanisms by 
which 7-KC induces autophagy include the up-regulation of Nox4 expression, 
increased intracellular hydrogen peroxide levels, and inhibited autophagy-
related gene 4B (ATG4) activity, indicating that also is a ROS-mediated autoph-
agy induction [ 47 ]. This data is according to the notion that both 7-KC and HNE 
promote a protective form of autophagy triggered by ER-stress. 

 Autophagy can also be induced in VSMCs by cytokines as TNFα, osteopontin 
(OPN) and growth factors as PDGF-BB, but with despair results. Cytokines seems 
to induce mal-adaptive autophagy that ends-up with cell death by apoptosis playing 
a relevant role in atherosclerosis (TNFα) and abdominal aortic aneurysm (OPN) 
[ 55 ,  170 ]. Even both cytokines have a deleterious effect over cell survival, the 
mechanisms by they induce autophagy is different. While TNFα induces JNK and 
AKT kinases and this increase Beclin-1 expression [ 55 ], OPN stimulates autophagy 
directly through integrin/CD44 and p38 MAPK-mediated pathways in VSMCs 
[ 170 ]. The case of PDGF-BB is quite different. PDGF is known to stimulate VSMCs 
proliferation and migration during atherosclerosis course, increasing the stability of 
atheroma plaque. The phenotype switch induced by PDGF-BB is regulated by 
autophagy as cultured cells stimulated with the growth factor showed increased 
LC3-II abundance and LC3 puncta formation [ 124 ]. Likewise, inhibition of autoph-
agy with 3-methyladenine, spautin-1 or bafi lomycin inhibited the synthetic pheno-
type [ 124 ]. In this case, autophagy induction is protective as it stabilizes the fi brous 
cap that covers the plaque. On the other hand, pharmacological activation of autoph-
agy can inhibit foam cell formation derived from VMSCs. This is how, activation of 
transient receptor potential vanilloid subfamily 1 (TRPV1) or telmisartan acting 
through AT2 receptor, induce AMPK-dependent autophagy [ 73 ,  74 ]. Also, telmis-
artan increase PPARγ expression and decreased lipid droplet accumulation [ 74 ]. 

 In spite of the large knowledge regarding the development of atheroma plaques, 
and the efforts made with diverse therapies [ 14 ,  77 ], the pathophysiological mecha-
nisms of atherosclerosis still are under a deep investigation and some new theories 
and therapeutic strategies have arisen [ 76 ], and the modulation of autophagy in 
VSMCs is proposed as a new therapeutic target [ 86 ,  107 ], as it can modulate the 
phenotype switching seen in VSMCS not only in atherosclerosis but hypertension 
and vascular calcifi cation, and also improves survival of VMSCs, the latter being 
important for the stability of the plaque [ 148 ].  

2.4     Endothelial Cells 

 In 1973, was reported by Jaffe et al. the fi rst successful  in vitro  culture of human 
umbilical veins endothelial cells (HUVECs) [ 54 ], initiating explosive growth in 
research vascular biology and leading insights into angiogenesis, vasculogenesis, 
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and tumor biology [ 104 ]. Even when in 1966 Nobel Laureate Lord Adrian Florey 
considered the endothelial cell as a “sheet of nucleated cellophane” to protect the 
vascular wall [ 29 ,  56 ], the current knowledge regarding endothelial function has 
been associated with several processes that underlie its pivotal role in the vascular 
homeostasis [ 104 ,  105 ] such as constitutive, anticoagulant, and anti-infl ammatory 
functions as well as nonconstitutive, activated, thromboregulatory activities. 
Furthermore, these cells secrete angiocrines, which are able to modulate embryonic 
organogenesis, hematopoiesis, metastasis, and lung and liver regeneration. On the 
other hand, the endothelium has also been related with platelet activity, leukocyte 
adhesion and the regulation/maintenance of vascular tone in response to humoral, 
neural, and mechanical stimuli by synthesizing and releasing vasoactive substances 
such as endothelin-1 (vasoconstrictor) or a potent vasodilator substance identifi ed 
as nitric oxide (NO) [ 33 ,  53 ]. 

 The term “endothelial dysfunction” has been used to refer to several pathologi-
cal conditions, including altered anticoagulant and anti-infl ammatory properties of 
the endothelium, impaired modulation of vascular growth, and dysregulation of 
vascular remodeling [ 12 ]. However, in much of the literature this term has also been 
used to refer to an impairment of endothelium-dependent vasorelaxation caused by 
a loss of NO bioactivity in the vessel wall [ 31 ]. Several studies have shown 
 endothelial dysfunction associated with atherosclerosis, hypertension [ 114 ,  129 ] 
and diabetes type II [ 5 ,  91 ,  138 ]. Moreover, it has also been related with alterations 
in specifi c organs such as heart [ 42 ,  48 ,  68 ,  140 ], kidney [ 10 ,  11 ,  58 ] or liver [ 147 ]. 
In this context, one of the key cellular processes involved in the pathogenesis of 
some cardiovascular diseases listed above is both oxidant stress and production of 
reactive oxygen species (ROS) [ 12 ]. ROS are a family of molecules including 
molecular oxygen and its derivatives produced in all aerobic cells. Excessive pro-
duction of ROS, outstripping endogenous antioxidant defense mechanisms, has 
been implicated in processes in which they oxidize biological macromolecules, 
such as DNA, protein, carbohydrates, and lipids [ 12 ]. The main sources of ROS 
described in vascular cells include the arachidonic acid pathways enzymes lipoxy-
genase and cyclooxygenase, cytochrome p450s, NADH/NADPH oxidases, NO 
synthase, peroxidases, and the mitochondrial respiration [ 12 ]. Mitochondrial dis-
eases (MDs) are a clinically heterogeneous group of disorders characterized by 
impairment of the respiratory chain function associated both altered oxidative 
phosphorylation and oxidative stress, which are one of the key factors responsible 
for endothelial dysfunction [ 98 ,  165 ]. The interface between stress adaptation and 
cell death is important for understanding redox biology and disease pathogenesis, 
being the autophagy (or self- eating) a pivotal sensor of redox signaling at this 
switch in cellular responses [ 70 ]. 

 The functional signifi cance of autophagy in human cardiovascular disease patho-
genesis remains unclear [ 121 ]. However, the rapid advancement regarding the 
mechanisms and regulation of autophagy has placed this process at the center of 
current research in major human disorders [ 85 ]. Thus, preclinical studies have iden-
tifi ed autophagy as a process that can be activated during vascular disorders, includ-
ing ischemia–reperfusion injury of the heart and other organs, cardiomyopathy, 
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myocardial injury, and atherosclerosis [ 121 ]. In this context, autophagy plays dual 
roles in cardiovascular diseases through adaptive or maladaptive regulation. 
Physiological autophagy serves as a protective mechanism to maintain normal car-
diovascular function. However, impaired autophagy contributes to disease develop-
ment [ 90 ]. In endothelial cells has been reported that initial progression of Alzheimer 
disease and endothelial autophagy induced by vascular β-amyloid (Aβ) could be 
related with impairment of neurovascular regeneration [ 45 ]. In addition, activation 
of AMP-activated protein kinase (AMPK) by mitochondria-derived reactive oxygen 
species (ROS) is required for autophagy in cultured of bovine aortic endothelial 
cells (BAECs) [ 150 ]. Moreover, HUVECs were induced an autophagic as well as an 
apoptotic response exposed to Kringle 5 (K5), a fragment of plasminogen and 
described as potent angiogenesis inhibitor [ 108 ] in a similar way to human vascular 
endothelial cell line (EAhy926) exposed to endostatin [ 15 ]. Despite that the evi-
dence described is associated with deleterious effects of autophagy, there are reports 
related with protective roles of this process in the injury induced by advanced glyca-
tion end-products (AGEs) [ 154 ,  155 ] or associated with increased VEGF-induced 
angiogenesis in HUVEC [ 25 ]. 

 In conclusion, a better understanding of the function of autophagy and poten-
tially involves both adaptive and maladaptive outcomes in the vascular system could 
provide new therapeutic avenues for disease prevention or control.   

3     Autophagy in Cardiovascular Diseases 

3.1     Cardiac Hypertrophy 

 The heart is a highly plastic organ capable of growth or shrinkage in response to 
changes in physiological or pathological demand. The heart undergoes hypertrophy 
in response to mechanical overload, which can be induced by high blood pressure 
or a loss of myocardial tissue after myocardial infarction. Initially, the ventricular 
hypertrophy is a compensatory mechanism to decrease wall stress and to increase 
cardiac output. However, when the ventricular hypertrophy progresses, the heart 
become dilated, contractile function decline, and occur a heart failure. Indeed, this 
progressive course of disease occurs commonly in patients with hypertension or 
ischemic heart disease [ 69 ]. 

 Cardiac hypertrophy is characterized by thickening myocardium and decreasing 
in heart chamber volume. The hypertrophic growth of cardiomyocytes is initiated 
by endocrine, paracrine, and autocrine factors that stimulate a wide array of mem-
brane receptors [ 151 ]. Their activation results in the triggering of multiple cytoplas-
mic signal transduction cascades, which ultimately affects nuclear factors and the 
regulation of gene expression [ 101 ]. This produces an enhanced protein synthesis 
increasing the expression of fetal genes and forming of new sarcomeres. However, 
it is necessary a remodeling of existing cellular elements, therefore catabolic pro-
cesses like autophagy are also activated [ 151 ].  
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3.2     Basal Autophagy 

 The presence of basal levels of autophagy is necessary to maintain the structure and 
function of the cardiomyocyte. The abrogation of basal autophagy in a model of 
cardiac-specifi c Atg5 defi ciency in mice provokes cardiac hypertrophy and left ven-
tricular dilatation. Furthermore, the hearts of those mice shows disorganized sarco-
mere structure and mitochondrial misalignment, which interfere with its contractile 
function [ 106 ]. Cardiomyocyte hypertrophy is also observed when the Atg7 levels 
are reduced. The knockdown of ATG7 in rat neonatal cardiomyocytes induces the 
morphological and biochemical features of  in vitro  hypertrophy [ 106 ]. Thus, inhibi-
tion of basal autophagy provokes cardiomyocyte hypertrophy  in vivo  and  in vitro  
models.  

3.3     Adaptive or Maladaptive Autophagy 

 Several investigators have reported that a decrease in autophagy facilitates the car-
diac hypertrophy in response to hypertrophic stimulus. Models where autophagy is 
silenced, pressure overload triggers rapid-onset cardiac hypertrophy, left ventricular 
dilation and diminished cardiac output. Indeed, autophagy plays a benefi cial role in 
the heart in response to pressure overload or isoproterenol [ 106 ]. 

 The mTOR-signaling inhibitor rapamycin activates autophagy and prevents 
 cardiac hypertrophy in several models. In mice and neonatal cardiomyocytes, 
rapamycin inhibits completely the cardiac hypertrophy induces by thyroid hor-
mones [ 66 ]. Additionally, rapamycin signifi cantly decreases the level of the cardiac 
hypertrophy induced by pressure overload [ 40 ]. Rapamycin reverts changes in 
alpha-myosin heavy chain and sarcoplasmic reticulum Ca 2+  ATPase that occurs in 
cardiomyocytes hypertrophied, improving the cardiac parameters in mice with 
decompensated cardiac hypertrophy [ 89 ]. The inhibition of cardiac hypertrophy is 
also achieved with the activation of AMPK, which stimulate autophagy decreasing 
the mTORC1 signaling [ 73 ,  75 ]. 

 In contrast, other group of publications evidence that autophagy is required for 
hypertrophic growth of the myocardium. It seems paradoxical that a mechanism of 
protein degradation activates during cell growth, but the hypertrophic remodeling 
requires the processing of existing cellular elements. Cardiac-specifi c Beclin1 
 overexpression in an  in vivo  model of pressure-overload promotes rapid transition 
to cardiac failure. Conversely, diminishing the autophagic response in a Beclin1 
haploinsuffi cient mouse attenuates pathological remodeling induced by afterload 
stress [ 13 ,  171 ]. It has proposed that the maladaptative autophagy is controlled by 
Histone deacetylases (HDACs) during the pathological cardiac remodeling. 
Trichostatin A, a HDAC inhibitor, abolish the hypertrophic growth and attenuate the 
activation of the autophagy associated. Moreover, in animals with preexisting 
hypertrophy, the inhibition of HDAC reverted ventricular mass and normalized the 
ventricular  function [ 13 ]. 
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 Therefore, there are discrepancies regarding to the benefi c role of autophagy in 
cardiac hypertrophy. Such discrepancies may be attributed to differences in 
 experimental settings. For instance, autophagy is adaptive under mild cardiac hyper-
trophy, whereas it becomes maladaptive under severe pressure overload.  

3.4     Regression of Cardiac Hypertrophy 

 Hypertrophy can be reversed when the cardiac wall stress is reduced, a process 
termed regression. The reduction of hemodynamic stress, by example with antihy-
pertensive treatment, induces regression of cardiac hypertrophy and improve the 
cardiac parameters. Regression of cardiac hypertrophy is accompanied by activa-
tion of sets of genes, including those involved in protein degradation [ 32 ]. 

 Autophagy is activated in a model of hypertrophy regression where the aortic 
constriction is follow by deconstriction. The activation of autophagy in this model is 
mediated by FOXO1, which increase the expression of autophagy genes and the 
autophagosome formation [ 44 ]. Autophagy is also induced during the regression of 
cardiac hypertrophy generated by a continuous infusion of Ang II. Regression of 
cardiac hypertrophy induced by Ang II and pressure overload were attenuated in 
Atg5-defi cient mice [ 111 ]. Those fi ndings suggest that autophagy is necessary for 
regression of hypertrophy, probably to reduce the cellular components unnecessary.  

3.5     Regulation of Autophagy by MicroRNAs 

 MicroRNAs (miRNAs) are endogenous small RNA molecules, which regulate post- 
transcriptionally the expression of their target gene. Generally, miRNAs inhibit pro-
tein synthesis by either repressing the translation or triggering the degradation of 
their mRNA targets [ 28 ]. 

 Recent evidence has shown evidence that miRNAs control the autophagy activa-
tion during the cardiac hypertrophic growth. Hypertrophic conditions upregulate 
expression of miR-212 and miR-132 in cardiomyocytes. The cardio-specifi c 
 overexpression of the miR-212 and miR-132 leads to pathological hypertrophy, 
while null mice of these miRNAs are protected of pressure overload-induced heart 
failure. Both miR-212 and miR-132 target FoxO3, an anti-hypertrophic and pro-
autophagic transcription factor [ 146 ]. 

 An opposite effect is observed with miR-34a, which is reduced in a rat model of 
Ang II-induced hypertrophy. miR-34a antagonizes Ang II-stimulated hypertrophy, 
whereas inhibition of miR-34a expression aggravated Ang II-stimulated hypertrophy. 
This miRNA decreases autophagy, binding the UTR of ATG9A inhibiting its protein 
expression and its activity in autophagy [ 52 ]. A similar effect is observed with the 
downregulation of miR-30a, which aggravates pressure overload-induced cardiomyo-
cyte hypertrophy by activating autophagy through inhibition of the beclin-1 expression 
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[ 163 ]. Downregulation of miR-30 is also observed in Ang II-stimulated hypertrophy 
[ 112 ]. Therefore, the effect of miRNA in hypertrophic growth and autophagy is diver-
gent; some miRNAs have a positive effect and others a negative effect.  

3.6     Control of Autophagy by Cytokines and Its Role 
in Cardiac Hypertrophy 

 Cardiac hypertrophy is a multifactorial process where several extracellular signals 
are involved in the growth of myocardial tissue. However, a few numbers of inves-
tigations have established the contribution of infl ammatory cytokines in the cardiac 
hypertrophy and autophagy activation. Angiotensin (Ang) II, the major effector 
peptide of renin–angiotensin system, causes hypertrophy of cardiac myocytes and 
mitogenesis of cardiac fi broblasts via AT1 receptor. Ang II induces the “fetal pro-
gram” (induction of skeletal α-actin and ANF) and induces expression of the angio-
tensinogen and TGF-βI genes [ 122 ]. Indeed, TGF-β1 is necessary for Ang 
II–mediated cardiac hypertrophy [ 128 ]. On the other hand, Ang II induces vascular 
injury in part by activating innate and adaptive immunity. The treatment with the 
immunosuppressive agent cyclosporine A, protects against the Ang II–induced 
myocardial damage [ 95 ]. Moreover, Ang II-treated IFN-γR knockout mice exhib-
ited reduced cardiac hypertrophy, reduced cardiac macrophage and T-cell infi ltra-
tion, less fi brosis, and less electric remodeling independent of blood pressure 
changes [ 81 ]. Therefore, infl ammatory signals produced by lymphocytes, like IFN- γ, 
play a role in cardiac damage induced by Ang II. Unfortunately, it is unknown 
whether IFN-γ has an effect in the activation of autophagy in cardiac cells. 

 Macrophage migration inhibitory factor (MIF) is a proinfl ammatory cytokine 
expressed in several cell types, including monocytes/macrophages, vascular smooth 
muscle, and cardiomyocytes. MIF is involved in the pathogenesis of several infl am-
matory diseases, and it has shown to be cardioprotective under various pathological 
conditions, including ischaemia-reperfusion injury [ 96 ]. Recently, it has shown that 
MIF antagonizes myocardial hypertrophy and fi brosis in a model of myocardial 
hypertrophy by TAC, maintaining a redox homeostasis and attenuating the activa-
tion of hypertrophic signaling pathways [ 63 ]. Furthermore, MIF defi ciency increase 
the cardiac hypertrophy Induced by pressure overload and inhibit the autophagy. 
Rapamycin administration mitigated the exacerbated hypertrophic responses in 
MIF knockout mice, in agreement with a protective role of autophagy in cardiac 
hypertrophy pathology [ 159 ]. MIF controls the activation of autophagy, through to 
the inhibition of mTOR to protect against cardiac hypertrophic responses [ 159 ].  

3.7     Ischemic/Reperfusion Injury 

 With the pass of the years autophagy, has been become in a key factor to develop of 
ischemic heart disease, heart failure and I/R injury [ 69 ]. Since autophagy is key to 
supply of essential nutrients during ischemia, to remove damaged mitochondria and 
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to protect from apoptosis and other major injuries, but its overactivation can destroy 
essential cellular components and lead to cell death. These opposite effects of 
autophagy are considered by an important number of researchers like a double- 
edged sword [ 69 ]. 

 In 2005, Yan et al. reported the activation of autophagy in cardiomyocytes in a 
porcine model of chronic I/R. They demonstrated I/R induces an increase in cathep-
sin D expression, in conjunction with an increase in autophagic proteins beclin-1 
and LC3-II [ 160 ]. Also, it has been reported that samples from patients with dilated 
cardiomyopathy, a classical ischemic disease, there is an increase in myofi brillar 
disorganization and an evident vacuolization, in addition to an increase in lysosomal 
activity and cardiomyocytes loss [ 132 ]. 

 However, there is few evidence that related the development of I/R injury, 
autophagy and infl ammatory processes in heart. One of the most studied infl amma-
tory phenomenon related to I/R events in heart is the atherosclerosis. More than 
80 % of acute myocardial infarcts are the result of coronary atherosclerosis. This 
pathology is a chronic infl ammatory disease of arteries and involves the develop-
ment of plaques in the vessel walls. The rupture of these atherosclerotic plaques 
could produce thrombosis, myocardial infarction and death and its stability is 
mainly dependent from function and activity of two cellular lineages: macrophages 
and smooth muscle cells (SMCs) [ 21 ]. The different factors involved between 
autophagy and atherosclerosis was reviewed in [ 21 ], but its direct relationship with 
I/R injury development is still in the land of speculation. 

 Recently, Emanuel et al. determined that oxidized low-density lipoproteins 
(LDLs) and cholesterol crystals, commonly founded in lipid core of atherosclerotic 
plaques, produce lysosomal dysfunction in macrophages. Cells isolated from athero-
sclerotic plaques and culture maintained, showed alterations in lysosomal pH, pro-
teolytic capacity and morphology. In contrast, when they increased biogenesis and 
lysosomal function, through the overexpression of the lysosomal master key tran-
scription factor EB (TFEB), they observed an increase in pro-degradative response 
and protection against atherogenic lipid [ 27 ]. These results suggest that lysosomal 
 function is impaired in atherosclerosis and that induction of a lysosomal function has 
antiatherogenic effects in macrophages and are complementary within those 
described by Razani et al. who showed dysfunctional autophagy involved in plaque 
formation. In mice, the macrophage-specifi c haploinsuffi ciency of ATG5 showed an 
increase in plaques formation and therefore a crucial role in atheroprotection [ 120 ]. 

 Using transmission electron microscopy, it was observed that damage SMCs in 
experimental or human plaques presents an increase in cellular vacuolization sug-
gesting therefore an increase in autophagy [ 62 ]. Despite this observation, is not 
fully clear yet whether this autophagy protects SMCs. In these cells, has been 
reported that the autophagy inducers free cholesterol or 4-hydroxynonenal protects 
against cell death [ 50 ,  156 ] and cell death induced by statins is reduced by 
7- ketocholesterol, a recognized inducer of autophagy [ 84 ]. Protection of SMCs 
through autophagy activation might stabilize atherogenic plaque and prevent coro-
nary artery syndromes, I/R injuries and sudden death. 

 Nowadays, there still is a pending task to determinate a direct relationship 
between autophagy, infl ammation and I/R injuries.  
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3.8     Diabetic Cardiomyopathy 

 Two-thirds of the diabetic patients die from heart disease or stroke, which highlights 
the importance of understanding and treating cardiovascular complications of dia-
betes including diabetic cardiomyopathy [ 61 ]. Insulin signaling activates the PI3K- 
AKT- mTORC1 pathway not only to stimulate protein synthesis, but also to 
concurrently inhibit autophagy [ 92 ,  100 ]. It was thus hypothesized that insulin defi -
ciency (type 1 diabetes) or insulin resistance (type 2 diabetes) would increase 
autophagic activity [ 93 ]. Recent studies have demonstrated that autophagy is inhib-
ited in the heart of type 1 diabetic mice [ 154 ,  155 ,  168 ] and several forms of meta-
bolic syndrome and type 2 diabetic animal models [ 46 ,  158 ]. Specifi cally, diabetes 
reduced the protein levels of LC3-II. 

 Cardiomyocytes isolated from type 2 diabetic  db/db  mice and (High Food Diet) 
HFD-induced obese mice exhibits a blunted autophagic response [ 83 ,  130 ] suggest-
ing that the inhibition of autophagy may contribute to diabetic cardiomyopathy. 
However, some recent reports confl ict with these fi ndings. Mellor et al. reported that 
increased myocardial autophagic fl ux in fructose diet-induced type 2 diabetic mice 
resulted in pathological remodeling of the heart [ 94 ]. These results suggest that in 
type 2 diabetes, increased autophagy may serve as a compensatory response to insu-
lin resistance, because the degradation of unnecessary cellular components are 
essential for maintaining normal cellular architecture and function.  

3.9     Heart Failure 

 Heart failure is a multifactorial syndrome, which derives from a wide range of dis-
eases. Is a progressive disease characterized by adverse ventricular remodeling, 
which involves changes in the balance between protein synthesis and protein degra-
dation. The role of autophagy in heart failure is less clear, but multiple lines reveal 
that autophagy is potently induced in this pathology [ 99 ]. Evidence for autophagy 
in human heart disease emerged fi rst from tissue sample of dilated cardiomyopathy 
[ 132 ]. In a model of pressure overload induced surgically by transverse aortic con-
striction (TAC), they have reported that autophagic activity increases rapidly after 
TAC, with a peak at 72 h, and is maintained at elevated levels for at least 3–4 weeks 
[ 171 ]. The degree of autophagic activity correlates with the magnitude of hypertro-
phic growth and with the rate of transition to heart failure [ 171 ], and steady-state 
levels of autophagic fl ux correlate with heart mass [ 13 ]. Transgenic mice with 
cardiomyocyte- restricted over-expression of Beclin 1, a rate-limiting protein in the 
autophagic cascade, manifest increased autophagic activity in the setting of elevated 
afterload and a correspondingly amplifi ed pathological remodeling response, 
including ventricular dilation, systolic dysfunction, and early mortality [ 171 ]. Ultra 
structural analyses revealed numerous autophagic vacuoles containing cytoplas-
matic material and organelles that were localized within degenerated cardiomyo-
cytes. In dilated cardiomyopathy, autophagy appeared to be associated not only with 
degradation of damage intracellular organelles but also with progressive destruction 

L. García et al.



311

of cardiomyocytes [ 132 ]. Miyata and collaborators studied the hamster model of 
human dilated cardiomyopathy. In this model, heart failure develops progressively. 
Ultra structural analysis of these heart revealed that many of the cardiomyocytes 
contained autophagy vacuoles and degraded mitochondria [ 99 ]. 

 So, autophagy may facilitate hypertrophic growth and allow the sustenance of 
greater degrees of hypertrophy; this, in turn, promotes the emergence of systolic 
dysfunction and heart failure. But, complete abrogation of the catabolic response is 
similarly maladptative. Inactivation of gene coding for ATG5 triggers rapid on-set 
heart failure [ 106 ]. 

 On the other hands, the “energy crisis” of heart failure stimulates robust activa-
tion of autophagy [ 70 ]. In advanced heart failure myocardial, ATP levels drop to 
30–40 % of control [ 6 ,  137 ], which activates AMPK signaling. Recent studies show 
that AMPK can directly up-regulated autophagy by phosphorylating ULK1, an 
upstream kinase involved in autophagy initiation [ 26 ]. Moreover, fatty acid oxida-
tion and oxidative phosphorylation inevitably generate ROS. When detoxifying sys-
tem is over helmed, excessive ROS cause oxidative damage to proteins, lipids and 
organelles, which can directly activate autophagy. Activation of autophagy in this 
pathology may exacerbate the metabolic derangements characteristic of the syn-
drome. Excessive autophagy may trigger nonspecifi c degradation of essential meta-
bolic enzymes and mitochondria, contributing to the crisis of energy. Autophagic 
cell death, or programmed cell death type II, may be a signifi cant contributor to the 
pathogenesis of heart failure [ 64 ,  123 ].  

3.10     Atrial Fibrillation 

 Postoperative atrial fi brillation (POAF) is a common surgical complication. In 
patients post-coronary bypass surgery several histological abnormalities, such as 
interstitial fi brosis and vacuolization, have been described in atrial samples from 
patients developing POAF [ 34 ]. This ultrastructural remodeling has been associated 
with the establishment of a pro-arrhythmic substrate. Electron micrographs of atrial 
tissue from patients with POAF showed signifi cant accumulation of autophagic 
vesicles and lipofuscin deposits. Total protein ubiquitination was similar in the 
patients with and without POAF, but LC3B processing was markedly reduced in 
those with POAF, suggesting a selective impairment in autophagic fl ux in patients 
developing POAF. This study provides novel evidence that ultrastructural atrial 
remodeling characterized by impaired cardiac autophagy is present in patients 
developing POAF after coronary artery bypass surgery [ 34 ].  

3.11     Anti-cancer Drugs Induced Cardiomyopathy 

 Cancer chemotherapy, particularly anthracyclines, as long been associated with sig-
nifi cant cardiotoxicity [ 166 ]. Doxorubicin (DOX) is one of the most widely used 
and successful antitumor drugs, however, it is well known that is cardiotoxic [ 97 ]. 
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Although intensive investigation, the underlying mechanisms responsible for DOX- 
induced cardiotoxicity have not been completely elucidate, but the ROS production 
is considered a major culprit of cardiomyocyte damage triggered by doxorubicin 
[ 141 ]. DOX-induced cardiotoxicity may present as either acute or chronic cardio-
myopathy. The chronic cardiotoxicity is dose-dependent. In this case, the patient 
may develop dilated cardiomyopathy many years after receiving the last doxorubi-
cin treatment and may lead to cardiac dysfunction and eventually to severe heart 
failure and death [ 149 ,  162 ]. 

 In recent years a number of studies have emerged have focused on the role of 
autophagy in doxorubicin-induced cardiotoxicity [ 57 ,  79 ]. Several studies have 
shown that DOX treatment affects autophagy  in vitro  and  in vivo  [ 24 ]. Lu and col-
leagues were the fi rst to report the effects of DOX on cardiac autophagy demonstrat-
ing that DOX stimulated autophagy  in vitro  and  in vivo  [ 79 ] and four subsequent 
studies supported these fi ndings [ 16 ,  23 ,  60 ,  157 ]. However, two studies reported 
that DOX reduces autophagy [ 57 ,  133 ]. The discrepancies between studies may be 
due to a cell type specifi c effect. But the one consistency between all the studies is 
that reversal of the DOX-induced effect is benefi cial in protecting against DOX- 
induced cytotoxicity. 

 The stimulation of autophagy by DOX has been shown to involve multiple mecha-
nisms [ 24 ]. DOX induce autophagy via depletion of the transcription factor GATA4 
and Bcl-2 [ 60 ], activation of S6K1 (p70 S6 kinase 1), down-regulation of insulin sig-
naling [ 157 ], increased expression of Atg5, Atg12 and Bad [ 16 ]. It has also been 
reported that DOX-induced stimulation of autophagy involved up-regulation of several 
 atg  genes including  atg12 ,  atg7 ,  atg4  and Beclin1 and down-regulation of Bcl-2 [ 134 ]. 

 Most  in vitro  and  in vivo  studies during the past several decades have suggested 
that DOX-induced cardiac toxicity are associated with cardiomyocyte apoptosis 
but, it has not been determined how specifi cally autophagy may contribute to induc-
ing apoptosis in DOX-induced cardiotoxicity.  

3.12     Aging 

 Aging is characterized by a progressive deterioration of cells and organs. It is to a 
large extent related to macromolecular damage by mitochondria ROS mostly 
 affecting neurons and cardiomyocytes. These cells are not replaced during life. 
Continuous removal of exhausted components and replacement with newly synthe-
sized ones, ensure cellular homeostasis and delay the aging process. However, the 
rate of autophagosome formation, the maturation and the effi ciency fusion with 
lysosome as well as the proteolytic activity of lysosomes decline with age [ 18 ]. The 
inability of autophagy and other cellular degradation mechanisms to completely 
remove damaged structures results in the progressive accumulation of “garbage”, 
including cytosolic aggregates and defective mitochondria. The progress of these 
changes seems to result in enhanced oxidative stress, decreased ATP production 
and collapse of the cellular catabolic machinery, which eventually is incompatible 
with survival [ 20 ]. 
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 Studies point toward defective formation of autophagosomes being related to 
signaling-mediated deregulation of macroautophagy rather than to a primary defect 
in any of the molecular components that participate in this process. In particular, the 
effects of (age-related) oxidative stress on the insulin receptor-signaling pathway 
seem to play a critical role in decreased macroautophagy in old organisms [ 49 ]. The 
slow accumulation of lipofuscin within lysosomes depresses autophagy in the aging 
heart. The integrity of the autophagosomal-lysosomal network appears to be a criti-
cal in the progression of aging [ 119 ]. 

 Aging is a complicated pathophysiological processes accompanied with a wide 
array of biological adaptation, including progressive myocardial remodeling and 
deteriorated cardiac reserve [ 8 ,  9 ,  67 ,  161 ]. Aging is often accompanied by geomet-
ric and functional changes in the heart. Aging induces cardiac hypertrophy and 
fi brosis and decreased cardiac contractility [ 51 ]. Loss of autophagy governed by 
mTOR was demonstrated to accelerate aging [ 18 ,  38 ,  142 ,  167 ]. Levels of Beclin 1, 
Atg5 and LC3-II/LC3-I ratios are decreased in aged hearts and levels of p62 are 
increased [ 51 ]. Rapamycin reduces aging-induced cardiomyocyte contractile and 
intracellular Ca 2+  dysfunction [ 51 ].  

3.13     Genetic Diseases 

3.13.1     Desmin-Related Cardiomyopathy (DRCM) 

 DRCM is a cardiomyopathy cause by a missense mutation in the αB-crystallin 
(CryAB) gene and is characterized by accumulation of misfolded proteins. When 
Tannous et al. infected neonatal rat ventricular myocytes with virus expressing 
mutant human CryAB-R120G they observed two fold increase in autophagic activity 
[ 143 ]. The transgenic over-expression of the mutant desmin CryAB-R120G in mice 
as well as  in vitro  up-regulates p62 mRNA and protein levels which protects cardio-
myocytes from misfolded protein induced cell injury and death by maintaining 
responsive autophagosome formation and autophagy [ 169 ]. But when CryAB- 
R120G mice were crossed with Beclin 1 +/−  mice, autophagy was blunted and heart 
failure progression increased. This was associated with an acceleration of ventricular 
dysfunction and early mortality. As ATG7 induces basal autophagy [ 113 ], sustained 
ATG7 expression rescues impaired autophagy in the CryAB-R120G heart with 
decreased cardiac hypertrophy and prolonged survival suggesting autophagy activa-
tion would be a viable therapeutic strategy for ameliorating desmin-related cardio-
myopathy [ 7 ]. These fi ndings suggest that the activation of autophagy in this setting 
is benefi cial in attenuating progression of protein misfolding cardiomyopathies [ 39 ].  

3.13.2     Glycogen Storage Disease-Related Cardiomyopathy 

 Glycogen storage disease can present as hypertrophic cardiomyopathy [ 3 ,  109 ]. 
This is particularly the case for Danon disease, a condition characterized by defec-
tive autophagosome-lysosome fusion owing to a mutation in the lysosomal 
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membrane receptor Lamp2 (lysosome-associated membrane protein 2). Consequent 
accretion of unprocessed autophagosomes provokes cardiomyopathy. In a mouse 
model of Pompe disease, a disorder marked by defective metabolism of glycogen 
due to insuffi ciency of lysosomal acid alpha-glucosidase, suppression of the initia-
tion steps of autophagy by inactivating Atg7 facilitates successful enzyme replace-
ment therapy [ 118 ]. A novel Lamp2-positive dilated cardiomyopathy has also been 
reported [ 139 ]. This late-onset cardiomyopathy is characterized by increased 
autophagic vacuoles along with clinical features suggestive of Danon disease, yet 
LAMP-2 gene mutations are lacking [ 139 ].    

4     Conclusions 

 Autophagic activity has been reported in each of the diverse tissues and cell types 
that constitute the circulatory system. Abundant evidence indicates that this response 
participates in a wide range of cellular responses to both physiologic and disease- 
related events (Fig.  1 ).
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  Fig. 1    Autophagy in the cardiovascular system. Autophagic activity occurs in all cell types within 
the cardiovascular system. This activity contributes to a wide range of cellular events in normal 
physiology, growth, and development and in disease-related pathophysiology       
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   A great deal of data from preclinical models demonstrates that excessive autoph-
agy elicited by pathological stimuli, such as pressure overload or I/R, is maladaptive 
and promotes cell death. Conversely, basal levels of constitutive autophagy are 
essential to maintain proteostasis, and elimination of this means of protein quality 
control triggers rapid cell death. In other words, understanding of the context- 
dependent role of autophagic fl ux in disease promotion and disease antagonism is 
emerging. These insights follow precedents in oncology, where a similar require-
ment of fi nely tuned autophagic activation exists. Our vision for the future includes 
elucidation of the autophagic circuitry in the cardiovascular systems such that pre-
cise tuning of its actions can be accomplished for therapeutic gain. A comprehen-
sive view of myocardial autophagy will be obligatory, as strategies for suppressing 
excessive activation of pathological pathways must always be precisely regulated to 
avoid disrupting homeostatic mechanisms. Major challenges remain, but patients 
with heart disease are likely to benefi t from these efforts.     
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      Aging                     

     Eugenia     Morselli       and     Alfredo     Criollo   

    Abstract     Autophagic turnover is a cellular catabolic process in which old cyto-
plasmic proteins and organelles, that would otherwise alter cell homeostasis and 
compromise cell viability, are delivered to lysosomes and degraded. Aged cells are 
characterized by decreased autophagic activity, which has been implicated in the 
pathogenesis of age-related diseases. In this work, we discuss how impaired autoph-
agy in aged tissues leads to increased infl ammatory response and promotes age- 
related diseases. Current research is focusing on genetic and pharmacological 
induction of autophagy as a possible treatment for age-related illnesses. In this 
chapter, we will review the molecular pathways altered with aging that lead to 
inhibited autophagy and, therefore, to the development of the aforementioned dis-
eases. Knowledge of these signaling pathways will lead to the identifi cation of cel-
lular targets that can be used for the development of new pharmacological 
compounds.  
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  CKD    Chronic kidney disease   
  CR    Caloric restriction   
  CVD    Cardiovascular diseases   
  EGCG    Epigallocatechin gallate   
  ER    Endoplasmic reticulum   
  FAK    Focal adhesion kinase   
  FIP200    Family-interacting protein of 200 kD   
  FOXO    Forkhead box O   
  ICAM-1    Intercellular adhesion molecule 1   
  IFN    Interferon   
  IGF-1    Insulin-like growth factor 1   
  IGF1R    Insulin-like growth factor receptor   
  IKK    IκΒ kinase   
  IL    Interleukin   
  iNOS    Inducible nitric oxide synthase   
  IP3    1,4,5-inositol trisphosphate   
  IP 3 R    IP 3  receptor   
  IPS1    IFN-β promoter stimulator-1   
  JNK-1    c-Jun N-terminal kinase-1   
  MAP-LC3    Microtubule-associated protein 1 light chain 3   
  MCP-1    Monocyte chemoattractant protein-1   
  mTOR    Mechanistic target of Rapamycin   
  mTORC1    mTOR complex1   
  mTORC2    mTOR complex 2   
  NF-κB    Nuclear factor kappa beta   
  NLR    NOD-like receptor   
  PI(5)P    Phosphatidylinositol 5-phosphate   
  PI3K    Phosphoinositide 3-kinase   
  PINK1    PTEN-induced putative kinase   
  PKB    PtdIns3K-protein kinase B   
  PtdIns3K    Phosphatidylinositol 3 kinase   
  PTEN    Phosphatase and tensin homology   
  RIR    RIG-like receptors   
  ROS    Reactive oxygen species   
  SIRT1    Sirtuin 1   
  TNF-α    Tumor necrosis factor alpha   
  TSC    Tuberous sclerosis protein   
  ULK    unc-51 like autophagy activating kinase   
  UVRAG    UV radiation resistance-associated gene   
  VAMP8    Vesicle-associated membrane protein 8   
  VCAM-1    Vascular cell adhesion molecule 1   
  VPS    Vacuolar protein sorting   
  Vti1B    Vesicle transport through interaction with t-SNAREs homolog 1B   
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1         Introduction 

 Autophagy (from the Greek words  auto  ‘self’ and  phagein  ‘to eat’) comprises dif-
ferent processes – macroautophagy, microautophagy, and chaperone-mediated 
autophagy – that allow cells to digest their organelles through lysosomes. 
Macroautophagy, hereafter referred to as “autophagy”, is the most studied autopha-
gic process and will be the focus of this article. During autophagy, characteristic 
double-membrane vesicles called autophagosomes enclose portions of the cyto-
plasm and organelles. Each autophagosome fuses with a lysosome to form an 
autophagolysosome. Lysosomal hydrolases within the autophagolysosome then 
degrade the cytoplasmic material and this lysosomal digestion generates highly 
energetic compounds that favor cell survival in conditions of nutrient deprivation 
and represents the only mechanism through which certain cytosolic components can 
be recycled [ 64 ]. Basal levels of autophagy preserve cellular homeostasis and main-
tain quality control of essential cellular components through the elimination of 
damaged and old organelles, as well as the turnover of long-lived proteins [ 40 ,  107 ]. 

 Extensive evidence shows that formation of autophagosomes, as well as their 
elimination, declines with aging, and leads to the accumulation of altered organelles 
and membranes, further enhancing the pro-aging process [ 92 ]. This chapter will 
describe the effect of autophagy reduction during aging and how the inhibition of 
this cellular pathway promotes infl ammation and the development of age-associated 
diseases.  

2     The Autophagic Machinery 

 From a molecular point of view, the autophagic process requires different autophagy- 
related ( atg ) genes for autophagosome formation. Autophagosome assembly starts 
at phagophore assembly sites, which most likely occur at the (ER) endoplasmic 
reticulum–mitochondria contact site in mammalian cells [ 46 ]. The phagophore rep-
resents the autophagosome precursor and requires class III phosphoinositide 
3-kinase (PI3K) vacuolar protein sorting 34 (VPS34), which interacts with ATG6 
(also known as Beclin 1/BECN1), ATG14, and VPS15 (p150) to form a large mac-
romolecular complex [ 94 ]. In the early stage of autophagosome formation other 
ATG proteins are also needed, including ATG5, ATG12, ATG16, and focal adhesion 
kinase (FAK) family-interacting protein of 200 kD (FIP200). FIP200 interacts with 
ATG1 (also called unc-51 like autophagy activating kinase 1, ULK1), and the mam-
malian ortholog of ATG13 [ 121 ] to control autophagy induction [ 3 ,  135 ]. 
Interestingly, a recent published study identifi es the phosphatidylinositol 
5- phosphate (PI(5)P) as a regulator of autophagosomes biogenesis. PI(5)P acting 
through a non-canonical VPS34-independent mechanism promotes autophagosome 
formation regulating ATG5-ATG12 conjugation [ 129 ]. Elongation and expansion of 
the phagophore membrane requires two ubiquitination-like reactions. The process 
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begins with ATG12 conjugation to ATG5 by the combined action of ATG7, which 
is similar to an E1 ubiquitin-activating enzyme, and that of ATG10, which is similar 
to an E2 ubiquitin-conjugating enzyme. The ATG12–ATG5 conjugate then interacts 
non-covalently with ATG16L, oligomerizing to form a large multimeric complex. 
In the second ubiquitin-like reaction, microtubule-associated protein 1 light chain 3 
(MAP-LC3/ATG8/LC3), following cleavage at its C-terminus by proteases member 
of the ATG4 family, is conjugated to the lipid phosphatidylethanolamine by ATG7 
(E1-like) and ATG3 (E2-like) to form LC3-II, which is inserted in the membrane of 
the autophagosome. This lipid conjugation leads to the conversion of the soluble 
form of LC3 (named LC3-I) to the autophagic vesicle-associated form, LC3-II 
[ 140 ]. Once the autophagosome is formed, ATG12–ATG5–ATG16L complexes are 
released in the cytoplasm to be reused for the biogenesis of new vesicles [ 64 ]. 
Several SNARE-like proteins, such as vesicle-associated membrane protein 8 
(VAMP8) and vesicle transport through interaction with t-SNAREs homolog 1B 
(Vti1B), mediate the fusion of autophagosomes with lysosomes to create autolyso-
somes [ 49 ]. In the autolysosomes, lysosomal enzymes degrade the inner membrane 
and luminal cargo, generating new biomolecules that are fi nally recycled back to the 
cytoplasm [ 39 ].  

3     Regulation of Mammalian Autophagy 

 The best-characterized regulators of autophagy are those that modulate the pathway 
in response to nutritional changes. The mechanistic target of Rapamycin (formerly 
known as mammalian target of Rapamycin, mTOR) is a serine/threonine protein 
kinase able to sense nutritional and energetic status [ 94 ]. mTOR functions as part of 
2 distinct signaling complexes mTORC1 and mTORC2 (mTOR complex 1 and 2). 
Autophagy initiation is controlled by mTORC1; starvation conditions inhibit 
mTORC1 and promote the process of autophagy via activation of mTORC1 target 
proteins such as ATG13, ULK1, and ULK2 [ 94 ]. This mechanism is mimicked by 
Rapamycin, which inhibits mTORC1 and induces the autophagic pathway [ 88 ]. 
Nutrient deprivation also activates the energy sensor AMP-activated protein kinase 
(AMPK), inhibiting mTORC1 activity. Activation of AMPK reduces ULK1 phos-
phorylation, releases ULK1 from mTORC1 and promotes its mobilization to the 
phagophore assembly site, thus initiating the autophagic pathway [ 35 ,  61 ]. AMPK 
can also induce autophagy through TSC1/TSC2 (tuberous sclerosis complex 
1/2)-mediated mTORC1 inhibition [ 33 ,  50 ]. mTORC1 inhibits autophagy when 
growth factors are elevated, integrating different upstream signals through the class 
I Phosphatidylinositol 3 kinase (PtdIns3K)-protein kinase B (PKB, also known as 
AKT) pathway. Tyrosine kinase receptors, once activated by growth factors, undergo 
autophosphorylation and stimulate the small GTPase Ras and class I PtdIns3K. Class 
I PtdIns3K then catalyzes the production of PtdIns(3)P at the plasma membrane. 
This signal allows the recruitment and subsequent activation of AKT at the plasma 
membrane. Importantly, AKT can also phosphorylate the subunit tuberous sclerosis 
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protein (TSC) 2 of the TSC1/TSC2 complex, leading to the disruption of the het-
erodimer and promoting mTORC1 activation [ 94 ,  140 ]. Among the growth factors 
able to positively modulate mTORC1 activity, there is the insulin-like growth factor 
1 (IGF-1), which binds to the insulin-like growth factor receptor 1 (IGF1R). The 
activation of this tyrosine kinase receptor leads to AKT phosphorylation and subse-
quent inhibition of the aforementioned TSC1/TSC2 complex, which activates 
mTORC1 and inhibits autophagy [ 56 ]. Modulation of the mTORC1 pathway can 
also occur through p53, a protein involved in cellular senescence and cancer devel-
opment. p53 is activated following cellular stress responses; this signal activates 
AMPK and phosphatase and tensin homology (PTEN), a negative regulator of AKT 
[ 84 ]. Both these signals increase cellular autophagy. Interestingly, genetic and 
chemical inhibition of p53 also activates autophagy [ 114 ]. Another mechanism that 
regulates autophagy is the interaction between BECN1 and the apoptosis-related 
proteins B cell lymphoma 2 (BCL-2)-family members. In conditions of nutrient 
withdrawal c-Jun N-terminal kinase-1 (JNK-1)-mediated BCL-2 phosphorylation 
inhibits the interaction between BECN1 and BCL-2, a signal that promotes autoph-
agy [ 132 ]. BECN1 can interact with others BCL-2 family proteins such as Bcl-X L , 
and Mcl-1. The interaction suppresses BECN1 function, which is required for 
autophagosomes formation, leading to autophagy inhibition [ 32 ,  42 ,  110 ]. The 
autophagic pathway can also be induced by mechanisms independent of mTORC1 
[ 101 ]. Reductions in the intracellular level of 1,4,5-inositol trisphosphate (IP 3 ), as 
well as downregulation or chemical inhibition of the IP 3  receptor (IP 3 R), are a strong 
stimulus for autophagy induction [ 23 ]. Decreases in intracellular IP 3  lower ER Ca 2+  
uptake into the mitochondria, affecting mitochondrial respiration and upregulating 
autophagy [ 16 ]. This may not be the only process for IP 3  receptors-mediated 
autophagy; in fact, the binding of IP 3 R to BECN1 also inhibits autophagy [ 128 ]. 
Another study has shown that the stress-activated kinase, IκΒ kinase (IKK) modu-
lates autophagy in a nuclear factor kappa beta (NF-κB)-independent manner by 
activating AMPK and JNK1 [ 24 ]. Current research is focusing on highlighting the 
differences between mTORC1-dependent and mTORC1-independent autophagy, 
and the functional interactions between these two regulatory mechanisms.  

4     Autophagy and Aging 

 As aging occurs, reduced expression of  Atg  genes and proteins involved in the 
autophagic pathway decrease, diminishing basal autophagy [ 92 ,  108 ]. This reduc-
tion is characterized by decreased formation and decreased elimination of autopha-
gosomes. These processes lead to defective autophagic clearance and fi nally to the 
accumulation of altered organelles, membranes, proteins and other intracellular 
“waste” material in most tissues of aged organisms. This is linked to age-associated 
pathologies, including triglyceride accumulation, mitochondrial dysfunction, can-
cer, muscle degeneration, neurodegeneration and cardiac malfunction (Fig.  1 ) [ 9 , 
 26 ,  60 ,  67 ,  71 ,  104 ]. The ineffi cient autophagosomal turnover is not only due to 
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  Fig. 1    As aging occurs basal autophagy decreases. This correlates with mutations/deletions/decrease in 
 Atg  genes and in proteins involved in the regulation of the autophagic pathway. This reduction leads to 
chronic infl ammation, increase in intracellular ROS, defective autophagic clearance and fi nally to the 
accumulation of altered organelles, membranes, proteins, lipids and other intracellular “waste” material in 
tissues of aged organisms. This is linked to age-associated pathologies, including neurodegenerative dis-
eases, cardiovascular diseases, cancer, metabolic syndrome, sarcopenia and kidney disease. See the main 
text for further details.  ATG  autophagy-related,  BECN1  beclin 1,  ICAM-1  intercellular adhesion molecule 
1,  MCP-1  monocyte chemoattractant protein-1,  NF-κB  nuclear factor kappa beta,  NLRP3  NOD-like 
receptor protein 3,  PINK1  PTEN- induced putative kinase 1,  ROS  reactive oxygen species,  SIRT1  sirtuin 
1,  UVRAG  UV radiation resistance-associated gene,  VCAM-1  vascular cell adhesion molecule 1       
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decreased proteolytic activity of lysosomes, which undergo striking changes that 
affect hydrolase activity as cells age, such as increased volume and impaired regula-
tion of lysosomal pH [ 118 ], but is also associated with impaired autophagosome- 
lysosome fusion [ 28 ].

   These age-related changes in basal autophagy could be secondary to age-related 
changes in metabolism. Indeed, regulation of autophagy by glucagon and insulin, 
which induce and inhibit autophagy respectively, is affected by age [ 34 ]. Conditions 
that stimulate autophagy, such as caloric restriction and exercise, delay the aging 
phenotype [ 139 ], suggesting that autophagy counteracts the aging process. 
Enhancement of the autophagic pathway has shown to increase healthy life span in 
different organisms from yeasts and worms to mice and primates. For example, in 
mice, overexpression of ATG5 is suffi cient to enhance autophagy and extend lifes-
pan [ 85 ]. Conversely, deletion or loss-of-function mutations in  Atg  genes creates 
short-lived mutants in  Saccharomyces cerevisiae  and decreases the life span of 
 Caenorhabditis elegans  [ 122 ] and of the fruit fl y  Drosophila melanogaster  [ 67 , 
 106 ]. In mice, total body inactivation of  Atg  genes is lethal; however, tissue-specifi c 
deletion of  Atg  genes promotes tissue degeneration in different organs, especially 
the brain [ 2 ]. All these studies argue for a causal link between autophagy and lon-
gevity; nevertheless, few studies have evaluated if correction of the aging-associated 
defect in autophagy is suffi cient to counteract the age-related phenotype. Further 
research is required in this fi eld.  

5     Autophagy, Reactive Oxygen Species Production 
and Infl ammation 

 Infl ammation is a vital response of the organism to tissue stress, damage, and infec-
tion. It occurs in response to the loss of cellular and tissue homeostasis and contrib-
utes to host defense, tissue repair, and regulation of metabolism. During the 
infl ammatory response, pro-infl ammatory mediators, such as cytokines, chemo-
kines, and eicosanoids are produced; these factors defend the host from pathogens 
and restore cellular and tissue homeostasis. Nevertheless, when the infl ammatory 
response becomes chronic, its long-term effect is negative and is associated with 
aging and tissue degeneration [ 83 ]. Indeed, activation of the adaptive immune sys-
tem in aging leads to a pro-infl ammatory tissue phenotype, a process that has been 
named “infl ammaging” [ 7 ,  38 ]. The “infl ammasome” is a multi-protein complex 
composed by an infl ammasome sensor molecule, the NOD-like receptor (NLR), the 
adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC), 
and caspase-1. The infl ammasome is a key component of pro-infl ammatory path-
ways, and, through the activation of caspase-1, it promotes the maturation of the 
pro-infl ammatory cytokines interleukin-1β (IL-1β) and interleukin-18 (IL-18) [ 66 , 
 83 ]. Induction of autophagy counteracts infl ammasome activation and IL-1β release. 
Indeed, mice defi cient for ATG16L1, an essential component of the autophagic 
machinery, show increased production of IL-1β following pro-infl ammatory 
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stimulation [ 96 ]. However, the possible mechanisms by which autophagy controls 
infl ammasome activation are unclear. One hypothesis is that autophagy is involved 
in the removal of ubiquitinated infl ammasomes [ 102 ] and pro-IL-1β molecules [ 47 ]. 
Other studies suggest that the autophagic process inhibits infl ammasome formation 
through the removal of damaged mitochondria, a process known as mitophagy, 
thereby limiting the release of pro-infl ammatory reactive oxygen species (ROS) 
[ 143 ]. Together with a low-grade infl ammatory response, oxidative stress and ROS 
production are the hallmark of the aging process [ 117 ]. During aging, with the 
decrease in basal autophagy and mitophagy (the process of autophagy of the mito-
chondria), the clearance of mitochondria declines and dysfunctional mitochondria 
accumulate, leading to chronic oxidative stress and cellular redox state imbalance. 
Oxidative stress provokes infl ammatory responses and is associated with the patho-
genesis of several age-related diseases, including neurodegenerative diseases and 
metabolic syndrome [ 21 ,  90 ]. Further, removal of ROS-producing and/or permeabi-
lized mitochondria by the autophagic pathway prevents activation of the infl amma-
some component NLRP3, confi rming the key role of autophagy in the regulation of 
infl ammation [ 124 ]. Autophagy can mitigate infl ammatory reactions through mech-
anisms other than the anti-infl ammatory effect of mitochondria recycling. In apop-
totic cells, autophagy contributes to the cleaning of apoptotic bodies, thereby 
inhibiting pro-infl ammatory reactions [ 43 ,  68 ]. In addition, ATG12-ATG5 conju-
gates associate with the caspase recruitment domain (CARD) of RIG-like receptors 
(RLR) and IPS-1 (interferon (IFN)-β promoter stimulator-1). RLRs sense the cyto-
plasmic double-stranded RNA of RNA viruses and mediate signals to IPS-1, lead-
ing to type I INF production. Ectopic expression of ATG12 and ATG5, and therefore 
activation of the autophagic pathway, prevents RLR–mediated activation of the type 
I IFN promoter. Autophagy defi ciency affects the RLR-IPS-1 signaling pathway, 
resulting in accumulation of IPS-1 protein, which leads to the activation of IPS-1–
dependent immune responses [ 95 ]. In conclusion, since a condition of chronic 
infl ammation is characteristic of pathological aging, the anti-infl ammatory effects 
of autophagy could lead to health benefi ts.  

6     Autophagy in Age-Related Diseases 

6.1     Neurodegenerative Diseases 

 Alterations of the autophagic pathway are associated with a variety of neurodegen-
erative, age-related diseases. Parkinson’s disease is characterized by marked micro-
gliosis (activation of the microglia, cells that produce pro-infl ammatory cytokines), 
as well as increased inducible nitric oxide synthase (iNOS), which promotes ROS 
production and disrupts autophagy [ 25 ]. This disruption in autophagy/mitophagy 
leads to accumulation of damaged mitochondria and production of ROS, enhancing 
the development of the disease [ 55 ]. Indeed, brain tissue of Parkinson’s patients is 
characterized by increased numbers of damaged mitochondria [ 4 ]. Further, 
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hereditary Parkinson’s disease patients carry loss of function mutations in genes, 
such as PTEN-induced putative kinase 1 (PINK1) and Parkin, which are required 
for mitophagy [ 41 ]. Similarly, a condition of defi cient mitophagy, due to a decrease 
in the protein Parkin, characterizes the cortex of individuals affl icted with 
Alzheimer’s disease [ 91 ]. 

 Other studies in Alzheimer’s patients have reported the accumulation of neuronal 
autophagosomes and proteins in brain tissue as a result of the failure in 
autophagosome- lysosome fusion [ 17 ,  78 ,  100 ]. 

 Another mechanism involved in Alzheimer’s disease development is NLRP3- 
mediated IL-1β production in brain microglial cells, which appears to be promoted 
by fi brillary amyloid-β peptides [ 45 ,  112 ]. Although future research is required to 
confi rm this hypothesis, increased IL-1β levels do correlate with decreased autoph-
agy, which would promote an infl ammatory response and accelerate the develop-
ment of Alzheimer’s disease. 

 In this context, defective mitophagy plays a pivotal role in the development of 
Parkinson and Alzheimer’s disease, and therapeutic strategies leading to the induc-
tion of autophagy/mitophagy in neurodegenerative diseases are currently being 
tested.  

6.2     Cardiovascular Diseases 

 The incidence of cardiovascular diseases (CVD) dramatically increases with age; 
CVD is a leading cause of morbidity and mortality in older persons. Age-associated 
structural and functional changes in the cardiovascular system include excessive 
accumulation of ROS and chronic infl ammation, factors that depend on a decreased 
autophagic pathway [ 31 ,  54 ,  76 ,  113 ]. Further, disruption of lysosomal function 
contributes to the slow-down of autophagy in aged hearts [ 27 ,  30 ,  119 ]. Some of 
these effects appear to be correlated with age-associated decreases in sirtuin 1 
(SIRT1), a protein that regulates oxidative stress, infl ammation, and autophagy in 
the heart by regulating numerous other proteins, such as forkhead box Os (FOXOs), 
NF-κB, and mTOR [ 98 ,  99 ,  138 ]. SIRT1 exerts protective effects against cardiovas-
cular aging and age-related CVDs by mediating multiple signaling pathways; thus, 
up-regulation or activation of SIRT1 has emerged as a promising avenue to retard 
aging and treat age-related CVD through upregulation of autophagy. Aging also 
causes arterial endothelial dysfunction that increases the risk of CVD. Older humans 
and rodents show arterial endothelial dysfunction, measured through arterial 
endothelium- dependent dilatation, increased oxidative stress and infl ammation, 
which is associated with decreased expression of autophagy markers in arterial 
endothelial cells. Interestingly, in mouse models treatment with a pro-autophagic 
agent restores expression of autophagy markers and pro-infl ammatory cytokines 
[ 65 ]. Once again, autophagy-enhancing strategies appear to have therapeutic effi -
cacy for ameliorating age-associated arterial dysfunction and thus for the prevention 
of CVD.  
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6.3     Cancer 

 Several oncosuppressors stimulate autophagic fl ow, while oncoproteins inhibit it. 
This suggests that autophagy may prevent oncogenesis (reviewed in Morselli et al. 
[ 74 ]), and that the age-associated decline in autophagy contributes to malignancy. 
Nonetheless, it is still not completely clear how age-related autophagy defects con-
tribute to tumor initiation. As previously mentioned, one function of the autophagic 
process is the maintenance of cellular homeostasis through the continuous recycling 
of old/damaged proteins and organelles. This process declines with aging and leads 
to the accumulation of harmful metabolic end products, oxidized proteins, and dam-
aged organelles, such as mitochondria. Age-associated autophagy disruption 
induces damage in chromosomal DNA, leading to genomic instability and tumor 
development [ 37 ]. Further, autophagy inhibition enhances pro-infl ammatory 
responses, which promote tumor development [ 126 ]. As previously mentioned, 
oncogenes tend to inhibit, while tumor suppressors activate autophagy, suggesting 
that autophagy needs to be down regulated for cancer proliferation [ 74 ]. For exam-
ple, the inhibitory BCL-2/BECN1 interaction is an important mechanism in autoph-
agy regulation, and the expression balance between the two proteins regulates 
autophagy induction. Monoallelic deletion of BECN1, and therefore autophagy 
inhibition, is associated with higher tumor frequency in multiple tissues, and mice 
with heterozygous deletion of BECN1 show increased susceptibility to tumors. In 
cancer patients, increased BECN1 expression is considered a good outcome, 
whereas enhanced BCL-2 expression is linked with poor prognosis [ 77 ,  137 ]. 
Although there are discrepancies based on the tissue analyzed, expression level of 
BECN1 seems to decline with age in brain and liver [ 22 ,  70 ,  103 ,  136 ]. Moreover, 
with aging, BECN1 protein can accumulate in non-functional, insoluble protein 
aggregates and thus be unable to trigger autophagy [ 103 ]. In addition to  Becn1 , 
genetic deletions or mutations in other autophagy-associated genes including UV 
radiation resistance-associated gene ( Uvrag ),  Atg2b ,  Atg5 ,  Atg9b , and  Atg12  are 
observed in different types of cancers, confi rming that autophagy inhibition exacer-
bates cancer development [ 57 ,  58 ]. Further, lung specifi c inactivation of  Atg5  pro-
motes the early phases of lung cancer, which correlates with enhanced infi ltration 
by FOXP3(+) regulatory T cells. Depletion of these regulatory T cells inhibits this 
process, suggesting that autophagy defi ciency modifi es the tumor microenviron-
ment and promotes oncogenesis [ 86 ,  87 ]. Interestingly, autophagy defi ciency 
reduces the progression from adenoma to adenocarcinoma, fi nally improving the 
survival of tumor-bearing mice, thus suggesting a dual role of autophagy in cancer 
[ 86 ]. Work from the group of Eileen White support the idea of autophagy as a 
“double-edged sword” in cancer [ 134 ]. Through activation of the autophagic 
response, tumor cells can survive in stress conditions, limiting damage and main-
taining cellular viability [ 133 ]. Indeed, Karsli-Uzunbas and colleagues show that 
acute autophagy inhibition in mice bearing RAS-driven non-small lung cell cancer, 
blocks tumor growth and promotes tumor cell death through increased p53 activity 
[ 59 ]. Modulation of autophagy is now considered a therapeutical strategy against 
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cancer. Current work relates to determining time points, stage and type of cancers in 
which induction or inhibition of autophagy can be benefi cial.  

6.4     Metabolic Syndrome 

 As we age and autophagy decreases, abnormal accumulation of dysfunctional mito-
chondria and lipids leads to oxidative stress and infl ammation, and increases the risk 
of developing the metabolic syndrome, a condition characterized by central (vis-
ceral) obesity, insulin resistance, impaired glucose tolerance or overt diabetes, 
hypertension, dyslipidemia and cardiovascular complications [ 19 ,  29 ,  141 ]. The 
decline in autophagic activity, and in particular of lipophagy (autophagic degrada-
tion of intracellular lipid), contributes to intracellular accumulation and expansion 
of lipid droplets and increased infl ammation [ 108 ]. This mechanism represents a 
possible feedback loop for the perpetuation of the age related-metabolic syndrome 
[ 108 ]. Other studies have shown that metabolic stress can trigger infl ammation 
through NLRP3 infl ammasomes in adipose tissues, leading to age-associated meta-
bolic syndrome and decreased autophagy [ 127 ]. Aging also promotes oxidative 
stress-related NF-κB activation in metabolic tissues, vascular systems, neurons, and 
glial cells, thus promoting metabolic syndrome and metabolic syndrome-related 
neural diseases [ 15 ]. Minamino et al. proposed that p53 represents one link between 
aging and abnormal metabolism [ 73 ]. p53 expression increases with aging and is 
upregulated in adipose tissue and endothelial cells when mice are fed a high-calorie 
diet [ 1 ,  73 ,  142 ]. These alterations trigger infl ammatory responses and stimulate 
cytokines production leading to insulin resistance. Consistently, Minamino et al. 
found that p53 defi ciency, which is known to promote autophagy [ 114 ], lowered 
infl ammation and improved insulin sensitivity in genetic obese mice and in mice fed 
a high-calorie diet [ 73 ]. Overall, these studies show that activation of the autophagic 
pathway, using different approaches, can prevent or delay the development of age- 
induced metabolic syndrome.  

6.5     Sarcopenia 

 Sarcopenia is defi ned as the age-related loss of muscle mass and function. This 
impairment is driven by age-related chronic, low-grade infl ammation that is pro-
moted by interleukin 6, C-reactive protein and tumor necrosis factor alpha (TNF-α), 
factors which affect vascular and mitochondrial function [ 115 ]. Indeed, muscle 
aging slows mitochondrial turnover and decreases mitochondrial activity, myocyte 
homeostasis and autophagy [ 72 ]. Old skeletal myocytes are characterized by intra-
lysosomal accumulation of lipofuscin, a non-degradable pigment that promotes 
lysosomal and mitochondrial impairment leading to ROS production [ 116 ]. 
Increased ROS production accelerates lipofuscinogenesis, which diminishes 
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lysosomal degradative capacity by preventing lysosomal enzymes from targeting 
and recycling functional autophagosomes, compromising the autophagic/mitophagic 
response [ 14 ,  120 ]. With increase in age, marked changes in hormone production, 
metabolism, and action occur. The development of age-related sarcopenia repre-
sents one of the effects of the changes in endocrine factor levels [ 97 ]. Recent 
research has shown that treatment with testosterone, which declines with aging 
because of a decreased basal hypothalamic-pituitary-gonadal response, combats 
sarcopenia in humans by repression of NF-κB, the expression of which is increased 
in studies of age-related systemic infl ammation [ 125 ]. Interestingly, NF-κB activa-
tion inhibits autophagy in Ewing’s sarcoma cancer cells [ 123 ], suggesting that a 
mechanism of NF-κB-mediated autophagy inhibition might occur in age-related 
sarcopenia as well. Further, reduced testosterone production in aged rat Leydig cells 
is associated with decreased autophagic activity [ 69 ]. Thyroid hormone levels also 
decrease with aging [ 82 ], thus promoting sarcopenia. This effect could be due to 
decreased autophagic processes since this hormone has been shown to stimulate 
autophagy; however, further research is needed to confi rm this hypothesis.  

6.6     Age-Associated Kidney Disease 

 As they age, most healthy individuals show a progressive decline in renal function 
[ 12 ,  20 ], as well as increased amounts of glomerular, vascular and interstitial scar-
ring in the renal tissue [ 93 ]. Age represents a risk factor for the development of 
chronic kidney disease (CKD), which might lead to the development of diabetic 
nephropathy [ 51 ]. Individuals with CKD have enlarged kidneys with disintegrated 
cristae; as with other age-related diseases, these features are associated with 
increased mitochondrial oxidative stress [ 63 ]. Studies in 24 month-old mice, 
designed to determine the molecular mechanisms leading to the onset and/or pro-
gression of CKD, showed that decreased expression of SIRT1 in the kidneys is 
associated with morphological and functional alteration of the mitochondria. 
Caloric restriction (CR) stimulates the autophagic process and improves age- 
associated alterations seen in the mitochondria [ 63 ]. Kume et al. showed that this 
effect is dependent on SIRT1, since CR in Sirt1 +/−  mice failed to attenuate the age- 
associated alterations in the kidney. Importantly, these effects are dependent on the 
induction of the autophagic process, identifying CR- and SIRT1-enhanced autoph-
agy in aged tissue of mammals as a therapeutic target for age-associated kidney 
damage. SIRT1 is also involved in the control of the infl ammatory process, which, 
as already mentioned, is one of the pivotal mechanisms for the initiation and pro-
gression of age-related diseases. In a model of diabetic neuropathy, Kitada et al. 
[ 62 ] found that decreased expression of SIRT1 in the kidneys of obese, diabetic 
Wistar rats correlated with enhanced acetylation of NF-κB and increased expression 
of infl ammation-related genes (intercellular adhesion molecule 1 ( Icam - 1 ), vascular 
cell adhesion molecule 1 ( Vcam - 1 ) and monocyte chemoattractant protein-1 
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( Mcp -  1 )). Notably, CR reversed this effect through the restoration of SIRT1 protein 
levels and autophagy [ 62 ]. These studies show that SIRT1-mediated autophagy 
regulation, which is altered in kidneys by age, is essential in the CR-mediated pro-
tection of aged kidneys [ 63 ]. In podocytes, levels of constitutive autophagy are 
higher than other body tissues. Hartleben et al. demonstrated that mice carrying a 
podocyte- specifi c deletion of  Atg5 , which abrogates the autophagic process, have 
increased ER and oxidative stress, which ultimately leads to irreversible podocyte 
injury and loss, and development of glomerulopathy and glomerulosclerosis [ 48 ]. 
This study showed that constitutive autophagy is required to maintain podocyte 
integrity. Since autophagy decreases with aging, stimulation of the autophagic pro-
cess to maintain the high constitutive levels characteristic of this cell type, appears 
to be an important protective and therapeutical mechanism against podocyte aging 
and glomerular injury.   

7     Anti-aging Dietary Habits 

 CR is the only dietary habit that has been showed to retard aging in different animal 
models such as yeast, worms, fl ies rodents and non-human primates [ 13 ]. CR is also 
a potent inducer of autophagy in virtually all species, including mammals [ 11 ,  63 ]. 
Consistent with the notion of slowed aging, CR signifi cantly attenuates age-related 
increases of pro-infl ammatory markers, such as pro-infl ammatory cytokines and 
NF-κB, and, consequently, the onset of age-associated pathologies; including 
obesity- associated diseases, cancer and brain atrophy [ 8 ]. Multiple studies confi rm 
that activation of the protein AMPK mediates these effects and that responsiveness 
to AMPK decreases with aging [ 89 ]. CR activates AMPK, which regulates path-
ways such as (i) autophagy, through ULK1 and SIRT1, (ii) infl ammation, through 
inhibition of the NF-κB signaling, and (iii) oxidative stress, through stimulation of 
FOXO3 [ 36 ,  62 ,  111 ]. Importantly, inhibition of NF-κB, as well as activation of 
FOXO3, is also a pro-autophagic signal [ 18 ,  131 ]. These fi ndings indicate that the 
benefi cial effects of CR, through the stimulation of different signaling pathways, 
converge into the fi nal effect on autophagy induction. Consistent with the idea that 
an increased autophagic response is required for the benefi cial health effects of CR, 
our own study shows that inhibition of the autophagic pathway using siRNA target-
ing  Becn1  suppresses CR-related benefi cial outcomes [ 75 ]. Some of the effects of 
CR are mimicked by the polyphenol resveratrol (3,5,4′-trihydroxystilbene), the 
most studied anti-aging phytochemical [ 81 ]. Resveratrol is a small molecule present 
in many plants such as grapes, as well as red wine [ 44 ], peanuts [ 130 ], cocoa [ 52 ] 
and various berries [ 80 ]. Resveratrol was discovered nearly 20 years ago, when it 
was proposed as responsible for the positive effects of red wine on health. Since that 
time, resveratrol has been linked to a myriad of physiological benefi ts, such as pro-
tection against age-related illnesses, cardiovascular disease, cancer and diabetes [ 6 ]. 
Resveratrol and the CR mechanism of autophagy partially overlap. For instance, 
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resveratrol lowers pro-infl ammatory markers via inhibition of the NF-κB signaling 
pathway and increases plasma antioxidant capacity [ 10 ]. Further, resveratrol indi-
rectly activates SIRT1, mediating the anti-aging effect [ 79 ]. Through SIRT1 activa-
tion, resveratrol also induces autophagy, leading to cytoprotective and anti-aging 
effects. These physiological benefi ts are lost when essential autophagy modulators 
are genetically or pharmacologically inactivated, indicating once again that autoph-
agy is required for resveratrol-mediated pro-health effects [ 75 ]. Other anti-aging 
phytochemicals of interest include: curcumin, epigallocatechin gallate (EGCG, 
contained in green tea), caffeine, quercetin (a fl avonoid widely distributed in nature), 
epicatechin (a fl avonoid found in cocoa, tea and grapes). All these compounds have 
been shown to have anti-aging effects, lower infl ammatory markers and induce 
autophagy [ 5 ,  10 ,  53 ,  105 ,  109 ]. Although research still needs to confi rm this 
hypothesis, it is tempting to speculate that autophagy is required for the anti-aging/
physiological benefi ts of these compounds.  

8     Conclusions 

 Autophagy declines with aging in a great variety of tissues; however, it is still 
unknown if this decrease occurs through similar signaling pathways in all the dif-
ferent tissues of our body. Studies have shown that inhibition of the autophagic 
pathway promotes the accumulation of altered protein and organelles in the cell, 
alters cellular homeostasis, promotes accumulation of ROS and stimulates an 
infl ammatory response, fi nally leading to the development of a broad range of 
age-associated pathologies, including neurodegeneration, cancer, sarcopenia, 
renal failure and cardiovascular diseases. The tissue-specifi c mechanisms that 
underlie these mechanisms are currently being investigated to identify specifi c 
targets and treatments. Further, even though the causal link between autophagy 
and longevity has been confi rmed in different studies, it is unknown if upregula-
tion of the autophagic pathway is suffi cient to counteract the age-related pheno-
type and protect against age- related diseases. Although current research indicates 
that upregulation of the autophagic pathway might be a therapeutic approach for 
the treatment of certain age-related diseases, disease and organ-specifi c pathways 
for the modulation of autophagy must be more precisely identifi ed. These studies 
will allow the development of novel therapeutic interventions against age-related 
disorders.     
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      Pathophysiologic Role of Autophagy 
in Human Airways                     

     Valentina     Sica     and     Valentina     Izzo    

    Abstract     Lung diseases are among the most common and widespread disorders 
worldwide. They refer to many different pathological conditions affecting the 
 pulmonary system in acute or chronic forms, such as asthma, chronic obstructive 
pulmonary disease, infections, cystic fi brosis, lung cancer and many other breath 
complications. Environmental, epigenetic and genetic co-factors are responsible for 
these pathologies that can lead to respiratory failure, and, even, ultimately death. 
Increasing evidences have highlighted the implication of the autophagic pathways 
in the pathogenesis of lung diseases and, in some cases, the deregulated molecular 
mechanisms underlying autophagy may be considered as potential new therapeutic 
targets. This chapter summarizes recent advances in understanding the pathophysi-
ological functions of autophagy and its possible roles in the causation and/or pre-
vention of human lung diseases.  
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  ALT-E    Alternaria-associated asthma   
  ARDS    Acute respiratory distress syndrome   
  Atg    Autophagy-related   
  ATP    Adenosine triphosphate   
  Bcl-2    B-cell lymphoma 2   
  BMP    Bone morphogenetic protein   
  BMPR2    BMP receptor type-II   
  BRAF    B-Raf proto-oncogene   
  CAV-1    Caveolin-1   
  CD274    Cluster of differentiation 274 (known as Programmed death- 

ligand 1, PD-L1 or B7 homolog 1, B7-H1)   
  CF    Cystic Fibrosis   
  CFTR    Cystic Fibrosis Transmembrane Conductance Regulator   
  COPD    Chronic obstructive pulmonary disease   
  CRC    Murine colorectal carcinoma   
  CS    Cigarette smoke   
  ECM    Extracellular matrix   
  EGFR    Epidermal growth factor receptor   
  Egr-1    Early growth response protein 1   
  EMT    Epithelial-to-mesenchymal transition   
  ER    Endoplasmic Reticulum   
  F508del-CFTR    Deletion of phenylalanine in position 508 of the CFTR   
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  LPS    Lipopolysaccharide   
  MCC    Mucociliary clearance   
  MMP    Matrix metalloproteinases   
  mTOR    Mammalian target of rapamycin   
  MUC5AC    Mucin 5AC   
  MyD88    Myeloid differentiation primary response gene 88   
  NK    Natural killer   

V. Sica and V. Izzo



347

  NO    Nitric oxide   
  NSCLC    Human non-small cell lung carcinoma   
  OFD1    Oral facial digital syndrome   
  p62/SQSTM1    Sequestosome 1   
  PAH    Pulmonary arterial hypertension   
  PARK2    Parkin RBR E3 ubiquitin protein ligase   
  PASMCs    Pulmonary artery smooth muscle cells   
  PH    Pulmonary hypertension   
  PI3K    Class III-phosphoinositide 3-kinase   
  PINK    PTEN-induced putative kinase   
  PTEN    Phosphatase and tensin homolog   
  ROS    Reactive oxygen species   
  Rtp801    Known as Redd1 (regulated in development and DNA damage 

responses 1)   
  SIRT6    Sirtuin 6   
  SNPs    Single Nucleotide Polymorphisms   
  STK11 (LKB1)    Serine/threonine kinase 11   
  TFEB    Transcription factor EB   
  TG2    Transglutaminase type 2   
  TGF-β1    Transforming growth factor-β1   
  Th    T helper   
  TLR4    Toll-like receptor 4   
  TSC    Tuberous sclerosis complex   
  WHO    World Health Organization   
  α-SMA    Smooth muscle-α actin   

1         Introduction 

 Lung diseases are some of the most common medical conditions in the world. The 
lung has the principal aim to mediate gas exchange [ 60 ]. For this reason, the lung can 
be subjected to several insults, belonging to the environment (inspiration of foreign 
matter, particles, smoke), reactive oxygen species (ROS) production,  biological 
 origins (e.g., viruses, bacteria), changes in O 2  tension, and mechanical stresses 
(e.g., mechanical ventilation). It is possible to discriminate between  diseases 
 affecting: (I) the airways (asthma, chronic obstructive pulmonary disease, chronic 
bronchitis, emphysema, acute bronchitis and cystic fi brosis); (II) the interstitium 
(sarcoidosis, idiopathic pulmonary fi brosis, autoimmune diseases, pneumonias and 
pulmonary edemas); (III) the blood vessels (pulmonary embolism and  hypertension); 
the pleura (pleural effusion, pneumothorax and mesothelioma); (IV) the chest wall 
(obesity hypoventilation syndrome and neuromuscular disorders). The development 
of lung diseases can be associated to both acute and chronic exposure to such insults. 
However, in most conditions, a favouring genetic is necessary [ 60 ]. Yet, the lung has 
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various inducible defence mechanisms to protect itself. First, constitutive and 
 inducible stress protein and antioxidant defences; second, innate immune responses; 
third, pro- and anti-apoptotic mechanisms [ 84 ,  85 ,  103 ]. Several studies have 
recently pinpointed the emerging role of macroautophagy (more often and hereby 
referred to as autophagy) in lung homeostasis and diseases. Autophagy is a catabolic 
process that involves the sequential sequestration of cytoplasmic material within 
double-membraned vesicles (autophagosomes), the fusion of autophagosomes with 
lysosomes, and the degradation of autophagosomal cargoes (as well as of structural 
autophagosomal components) by lysosomal hydrolases [ 26 ]. Autophagy is mediated 
by a genetically encoded, evolutionary conserved machinery that is connected to 
most, if not all, major biochemical processes of the cell, including core metabolic 
circuitries as well as signal transduction pathways initiated by plasma membrane 
receptors [ 18 ]. Basically, autophagy responds to three major organismal needs: (1) it 
preserves cellular homeostasis in physiological conditions; (2) it plays a key role in 
cellular adaptation to stressful stimuli; and (3) it participates in the communication 
of states of the danger to the whole organism [ 21 ]. Indeed, autophagy continuously 
operates to mediate the disposal of potentially dangerous structures that may other-
wise accumulate in the cytoplasm as a consequence of normal cellular activities, like 
old (and damaged) organelles or protein aggregates [ 64 ]. Moreover, the autophagic 
fl ux is highly responsive to situations in which intracellular or extracellular homeo-
stasis is perturbed, which generally involves either an increased offer of autophagic 
substrates (as it occurs in the course of viral infection) or an increased need for 
autophagic functions or products (as it occurs in response to nutrient deprivation) 
[ 90 ]. In both these settings, profi cient autophagic responses are required for the opti-
mal adaptation of cells to stress, as demonstrated in experiments involving pharma-
cological inhibitors of autophagy or the depletion of essential components of the 
autophagic machinery [ 46 ]. Finally, autophagy is required for cells experiencing 
so-called “oncogenic stress” (i.e., the boost of cellular functions driven by activating 
mutations in one oncogene or loss- of- function mutation in one tumor suppressor 
gene) to become senescent (a cell- intrinsic oncosuppressive mechanism) while 
secreting immunostimulatory cytokines and expressing on their surface ligands for 
activatory natural killer (NK)-cell receptors (hence triggering a cell-extrinsic mecha-
nism of tumor suppression) [ 55 ]. Along similar lines, cancer cells succumbing to a 
peculiar form of apoptosis known as “immunogenic cell death” are able to recruit 
antigen-presenting cells and hence trigger an adaptive immune response only if they 
secrete ATP as they die, a process that requires profi cient autophagic responses [ 42 , 
 45 ]. It should be noted that autophagy has also been causally implicated in some 
instances of cell death, especially in lower organisms like  Drosophila melanogaster  
[ 13 ,  17 ]. However, in mammals autophagy mainly mediates robust cytoprotective 
functions, and – when cellular homeostasis is irremediably compromised – contributes 
to the maintenance of organismal homeostasis by playing a role in danger signalling. 
In line with this notion, defects in the autophagic machinery have been associated 
with a wide panel of human pathologies, including (but not limited to) malignant 
diseases, neurodegenerative disorders, as well as cardiovascular, renal and  pulmonary 
conditions [ 86 ]. An accurate description of the autophagy pathway and its role in 
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immunity and infl ammation has been provided in several previous  chapters of this 
book; therefore, here we will focus on the impact of autophagic in the  etiology and 
treatment of human pulmonary diseases.  

2     Acute Lung Injury 

 Acute lung injury (ALI) and the acute respiratory distress syndrome (ARDS) 
describe clinical syndromes of acute respiratory failure with substantial morbidity 
and mortality. ALI is characterised by acute infl ammation that causes disruption of 
the lung endothelial and epithelial barriers. The ALI cellular features include loss of 
alveolar–capillary membrane integrity, excessive transepithelial neutrophil migra-
tion, and release of pro-infl ammatory, cytotoxic mediators. The treatment of ALI is 
predominantly based on ventilatory strategies [ 35 ]. However, prolonged exposure to 
high oxygen therapy (hyperoxia) can result in lung injury [ 7 ]. Few studies are pres-
ent in the literature concerning the role of autophagy in ALI, even so these works 
support the hypothesis that activation of autophagy has a protective role in this dis-
ease. It has been demonstrated that prolonged hyperoxia, which causes characteris-
tic lung injury in mice, induced the increase of LC3II expression. Moreover, in 
pulmonary epithelial cells, the genetic depletion of LC3 sentitizes the cells to 
hyperoxia- induced cell death suggesting that LC3 activation confers cytoprotection 
in oxygen-dependent cytotoxicity [ 93 ]. Besides, the involvement of mitophagy has 
also been identifi ed. The ability to resist hyperoxia is proportional to PTEN-induced 
putative kinase 1 (PINK1) expression. In fact, the  Pink1   −/−   mice were more suscep-
tible to hyperoxia when compared to wild-type mice. Furthermore, genetic deletion 
of PINK1 or PINK1 silencing in the lung endothelium cells increased susceptibility 
to hyperoxia  via  alterations in autophagy/mitophagy, proteasome activation, apop-
tosis and oxidant generation [ 108 ].  

3     Chronic Obstructive Pulmonary Disease (COPD) 

 Chronic obstructive pulmonary disease (COPD) is a chronic infl ammatory lung 
 disease that causes breathing diffi culty, cough, sputum production and dyspnoea. 
Emphysema and chronic bronchitis can contribute to COPD development. 
Emphysema is a condition resulting from a severe damage of air sacs (the alveoli). 
Chronic bronchitis is due to infl ammation of the lining of the bronchial tubes. The 
lung damage that leads to COPD is caused by long-term exposure to irritating gases 
or particulate matter, most often from cigarette smoke (CS), air pollution or work-
place exposure to dust, smoke or fumes. However, a genetic susceptibility to the 
disease should be considered as an important cofactor. Patients with COPD present 
increased risk of developing other pathologies, such as heart disease or lung cancer 
[ 53 ]. Multiple molecular mechanisms, not fully understood, participate to the 
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COPD evolution and, among others, the involvement of the autophagic pathway has 
been pointed out [ 3 ,  86 ]. In lung tissue from COPD patients, an increase of autopha-
gic vacuoles as well as several autophagy markers (LC3, ATG4, ATG5/12, ATG7) 
expression has been detected [ 8 ]. These evidences are perhaps a result of defective 
autophagic fl ux. To corroborate this hypothesis, an increased accumulation of p62 
and ubiquitinated proteins and a decreased expression levels of sirtuin 6 (SIRT6) 
have been evaluated in lung homogenates from COPD patients [ 92 ]. Kuwano and 
colleagues hypothesize that the insuffi cient autophagic clearance is involved in the 
accelerated cell senescence observed in COPD [ 16 ,  92 ]. The CS induces mitochon-
drial damage, accompanied by increased ROS production  in vitro . The CS-induced 
mitophagy was inhibited by PINK1 and PARK2 knockdown, resulting in enhanced 
mitochondrial ROS production. Moreover, a decreased expression of PARK2 in 
COPD lungs compared with non-COPD lungs has been detected, suggesting that 
insuffi cient mitophagy is a part of the pathogenic sequence and cellular senescence 
of COPD [ 32 ]. In addition, a defective xenophagy has been observed in alveolar 
macrophages of smokers, suggesting that the deregulation of this selective process 
may contribute to recurrent infections [ 65 ]. In contrast, other fi ndings indicate that 
autophagy has an opposite role in COPD favouring the pathological environment. It 
has been shown that Rtp801 (also known as Redd1) expression is increased in 
human emphysematous lungs and in lungs of mice exposed to CS, whereas Rtp801 
knockout mice were protected against acute CS-induced lung injury. Rtp801 inhib-
its mammalian target of rapamycin (mTOR), by stabilizing the TSC1-TSC2 inhibi-
tory complex. The inhibition of mTOR is linked to autophagy induction, but Rtp801 
expression enhances oxidative stress-dependent cell death, amplifying the develop-
ment of CS-induced lung injury [ 105 ]. Furthermore, the higher expression of 
autophagy proteins has been linked to lung epithelial cell death, airway dysfunction 
and emphysema in response to CS. Genetic depletion of LC3B  in vivo  ( Map1lc3B   −/−   
mice) suppressed cell death and emphysematous airspace enlargement during 
chronic CS exposure compared to the wild type mice [ 9 ]. More recently, the same 
group demonstrated that mitophagy regulates necroptosis, which contributes to the 
COPD pathogenesis. Mice defi cient for  Pink1  were protected against mitochondrial 
dysfunction, airspace enlargement and mucociliary clearance (MCC) disruption 
during CS exposure [ 63 ]. Interestingly, they identifi ed the contribution of a novel 
selective autophagy-dependent pathway that regulates cilia length, “ciliophagy”, in 
the COPD pathophysiological evolution. Exposure to CS reduced cilia length and 
autophagy-impaired ( Beclin 1   +/−   or  Map1lc3B   −/−  ) mice resisted to the CS-induced 
cilia shortening  via  a mechanism involving histone deacetylase 6 (HDAC6) [ 48 ]. 
Accordingly, it has been shown that autophagy negatively regulate ciliogenesis by 
the degradation of the essential ciliary protein IFT20 [ 70 ]. Conversely, Hedgehog 
(HH) signalling from primary cilia promotes autophagy [ 70 ] and autophagy pro-
motes ciliogenesis by degrading OFD1 (oral facial digital syndrome) at centriolar 
satellites [ 95 ]. Further studies are necessary to clarify the dual relationship between 
these processes [ 101 ]. In conclusion, these studies illustrate that the contribution of 
autophagy in COPD pathophysiology is complex and show a context-specifi c role 
depending on the cell type and tissue as well as on the different stimuli involved.  
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4     Interstitial Lung Disease (ILD) 

 Interstitial lung disease (ILD) is a general category that includes all lung diseases 
affecting the interstitium, the tissue and space that extends throughout both lungs. 
Among them the most common are Sarcoidosis and Idiopathic pulmonary fi brosis 
(IPF). Sarcoidosis is a systemic infl ammatory disease caused by persistent reaction 
toward a stimulus (virus or antigens) that continues even when it is physiologically 
cleared from the body. Lung interstitium fi brosis is the fi rst symptom in patients 
with Sarcoidosis. Conversely, IPF is characterized by specifi c fi brosis at interstitial 
level due to the increased extracellular matrix (ECM) protein deposition and hyper 
activation of myofi broblasts [ 10 ]. 

 Recently, reduced LC3II expression and p62 accumulation has been found in 
lung tissue from IPF patients [ 72 ]. The reduced expression of the transcription fac-
tor FoxO3a in IPF fi broblasts could be the cause for the reduction in the levels of 
LC3 protein as the expression of this latter is positively stimulated by FoxO3a [ 30 ]. 

 Furthermore, in fi broblast of IPF patients, decreased expression in Beclin-1 pro-
tein and increased expression of the anti-apoptotic protein Bcl-2 have been found, 
confi rming a defect in the autophagy pathway at different level [ 81 ]. Moreover, 
fi broblastic foci (FF), that are the starting point for fi brogenesis, are enriched in 
ubiquitinated proteins and p62, confi rming the insuffi cient autophagy at the basis of 
IPF pathogenesis [ 3 ]. 

 Autophagy inhibition is able to induce acceleration of epithelial cell senescence 
and fi broblast to myofi broblast differentiation (FMD), which have a critical role in 
IPF development [ 3 ]. Transforming growth factor-β1 (TGF-β1) is one of the essen-
tial mediators of fi brosis since it stimulates fi broblasts to produce fi bronectin and 
the smooth muscle-α actin (α-SMA), which is a myofi broblast marker. Autophagy 
has been associated to fi brosis through TGF-β1. In fact, genetic deletion of LC3 or 
Beclin 1 increases TGF-β1 activity as well as  in vivo  treatment with Rapamycin can 
protect from fi brosis [ 72 ]. TGF-β1 expression seems to be dependent on IL-17A, a 
proinfl ammatory cytokine involved in chronic infl ammation and autoimmune dis-
ease. Blocking IL-17A might reduce the progression of fi brosis promoting the 
autophagic degradation of collagen [ 61 ]. 

 Recently, lacking of matrix metalloproteinases-19 (MMP-19) has been associ-
ated with exacerbated fi brosis in the hyperplastic alveolar epithelium of IPF lungs 
[ 106 ]. Additionally, MMP-19-defi cient mice exhibit diminished Atg4c protein 
expression, demonstrating a direct correlation between these two pathways [ 33 ]. 
Similar evidences from an independent group corroborate the role of autophagy in 
promoting FMD. In fact, Atg4b-defi cient mice exhibited reduction in autophagic 
activity in lungs, collagen accumulation and increased protein levels of the myofi -
broblast biomarker α-SMA [ 6 ]. 

 Pharmacological treatment with the alkaloid Barberine has been proposed for 
IPF monitoring because of its capacity to inhibit the activation of mTOR and to 
increase the expression of LC3 and Beclin 1 in an bleomycin  in vivo  model of 
airway- fi brosis [ 11 ]. Furthermore, the multiple tyrosine kinase inhibitor Nintedanib 
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has recently been approved for the treatment of IPS for its anti-fi brotic effect. It has 
been shown that Nintedanib is able to reduce the expression of ECM proteins, fi bro-
nectin and collagen as well as to induce a Beclin 1 dependent, ATG7 independent 
autophagy [ 76 ].  

5     Asthma 

 Asthma is a chronic respiratory disease affecting 300 million people worldwide. 
Asthma manifests through several symptoms including wheezing, breathlessness, 
and chest tightness. Asthmatic airways are characterized by chronic infl ammation, 
eosinophil infi ltration, epithelial fi brosis, mucus hyperproduction, and goblet cell 
hyperplasia [ 20 ]. 

 It is considered as chronic allergic infl ammatory disease, mostly mediated by a 
Th2 response, but an initial Th1-type immune response seems to be the trigger for 
the subsequent Th2-type response [ 82 ]. Thus, Th2 hyperactivation leads to persis-
tent airway infl ammation and the occurring of asthma phenotype [ 38 ]. 

 Emerging evidences suggest that activation of autophagy is associated with 
reduced lung function in asthmatic patients. In particular electron microscopy anal-
ysis of fi broblast and epithelial cells from asthmatic patients showed increased 
autophagic hallmarks “such as double membrane autophagosomes” compared to 
healthy patients [ 75 ]. Unfortunately, at present, the role of autophagy in asthma is 
still unclear. 

 A recent study demonstrated that two Single Nucleotide Polymorphisms (SNPs), 
namely rs12201458 and rs510432 were associated with childhood asthma. In par-
ticular rs510432 localises at the promoter of ATG5 gene and could increase its 
expression in nasal epithelium of acute asthmatics compared to stable asthmatics 
and non-asthmatic patients [ 58 ]. Another intronic SNP variant (rs12212740) in 
ATG5 gene was also shown to be associated with pre-bronchodilator forced expira-
tory volume in 1 second (FEV1) in asthmatic patients [ 75 ]. 

 ATG5 is an essential player in the initiation of autophagy, but its role in asthma 
pathogenesis is controversial. On one hand ATG5 could help viral elimination 
through the activation of Xenophagy, and on the other hand it negatively regulates 
the antiviral properties of type I interferon (IFN) inhibiting innate anti-virus immune 
responses [ 36 ,  90 ]. Together with these fi ndings, lungs from conditional  Atg7  
knockout mice manifest hyper-responsiveness to cholinergic stimuli, which is a 
common sign of asthma and chronic infl ammatory diseases [ 31 ]. Asthma severity 
has been directly correlated with the level of autophagic response in the sputum 
granulocytes, peripheral blood cells and peripheral blood eosinophils of severe and 
non-severe asthmatic patients [ 5 ]. 

 Autophagy is also involved in the maintenance of intracellular ROS homeostasis, 
and it has been well established that oxidative stress is associated with asthma so 
that exhaled levels of hydrogen peroxide (H 2 O 2 ) and nitric oxide (NO) are currently 
used as predictors of asthma severity [ 68 ]. 
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 Chronic asthma is characterized by excessive ECM deposition and proliferation 
of myofi broblasts, leading to fi brosis in the airway wall [ 79 ]. The accumulation of 
fi brotic tissue is mostly due to the production of collagen A1 and fi bronectin by the 
primary human airway smooth muscle through a mechanism autophagy-dependent 
that involves the TGFβ1. This response is reverted by the silencing of the major key 
autophagy-inducing gene Atg5 and Atg7 [ 104 ]. 

 As already mentioned, asthma is a pathology mostly driven by Th2-type cyto-
kines. Among them, IL-13 is extensively produced in activated CD4 +  Th2 lympho-
cytes and is overexpressed in the airway epithelium of asthmatic patients [ 47 ]. Here, 
IL-13 is thought to be responsible for epithelial hypertrophy, mucus hypersecretion, 
adventitial fi brosis and goblet cell hyperplasia [ 111 ]. It directly induces hypersecre-
tion of mucin 5AC, oligomeric mucus/gel forming (MUC5AC) in airway epithelial 
cell and oxidant stress through a mechanism that is autophagy-dependent, as dem-
onstrated  in vitro  by depletion of ATG5 or ATG14 in primary human tracheal- 
bronchial epithelial cells [ 15 ]. 

 Autophagy might be involved in the pathophysiology of Alternaria (ALT-E)-
associated asthma. ALT-E is an outdoor allergen able to activate autophagy, which 
in turn stimulates epithelial cells to release IL-18 [ 67 ]. This latter when produced is 
able to stimulate Th2 differentiation from naïve CD4 +  T-cells and IFN–γ production 
by Th1 cells. IL-18 level in serum of asthmatic patients might refl ect the degree of 
disease exacerbation [ 94 ].  

6     Cystic Fibrosis (CF) 

 Cystic Fibrosis (CF) is one of the most common lethal genetic diseases in Caucasian 
population. It is an autosomal recessive disease caused by mutation in the Cystic 
Fibrosis Transmembrane Conductance Regulator (CFTR) gene. Approximately 1 
out of 20 Caucasians are carriers for mutation in this gene. Up to date over 2000 
types of different mutations have been discovered and classifi ed according to the 
degree of functional CFTR protein (  http://www.genet.sickkids.on.ca/StatisticsPage.
html    ; [ 27 ]). Among these, the most common one is the F508del-CFTR. Approximately 
90 % of CF patients have at least one F508del-CFTR allele, and about 70 % are 
homozygous for it. 

 The CFTR channel is located at the apical surface of epithelial cells and it is 
deputized to move out Cl  −   from the cell. Na +  passes through the membranes pas-
sively, increasing the movement of water by osmosis. Loss of functional CFTR 
expression is thought to alter this homeostatic balance through the epithelial layer, 
leading to net volume depletion of mucus, increased viscosity, and ineffective bacte-
rial clearance [ 43 ,  78 ]. Recurrent pulmonary infections in turn induce an increased 
infl ammatory response and signalling, thus starting a vicious cycle of mucus reten-
tion, infection, and infl ammation. Since the CFTR is localized in many organs, CF 
symptoms could go from malabsorption at pancreatic level and gastrointestinal 
obstruction to male infertility and liver disease. Nevertheless, the main cause of 
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death remains persistent and untreatable pulmonary  Pseudomonas aeruginosa  
infection. 

 Several recent studies have demonstrated an impairment of autophagy in CF. In 
fact, in epithelial cells, mutated/unfunctional CFTR causes increased ROS 
 production with consequent increase in tissue transglutaminase type 2 (TG2) levels. 
TG2, in turn, leads to crosslinking of several targets including Beclin 1 [ 54 ,  57 ]. 
Beclin 1 interactome displaces from the Endoplasmic Reticulum (ER) leading to the 
sequestration of class III-phosphoinositide 3-kinase (PI3K) complex, accumulation 
of p62 with consequent inhibition of autophagosomes formation. The resulting 
accumulation of aggresomes leads to proteasome overload and may promote the 
accumulation of mutated CFTR in intracellular aggregates [ 54 ]. Restoration of 
Beclin 1 activity, depletion of p62 by genetic manipulation or treatment with 
autophagy- stimulatory proteostasis regulators, such as cystamine, functionally res-
cue the CFTR mutated protein at the apical surface of epithelial cells both  in vitro  
and  in vivo  [ 54 ]. 

 Heme oxygenases are enzymes involved in the catabolism of the heme ring to 
generate carbon monoxide, biliverdin-IXα, and ferrous iron. The inducible isoform 
Heme oxygenase-1 (HO-1) is activated in response to stress such as oxidative stress, 
hypoxia, heavy metals exposure and cytokines. HO-1, together with its enzymatic 
products, is able to inhibit apoptosis and related cell death pathways, conferring tis-
sue protection in case of lung or vascular injury [ 66 ]. HO-1 could represent the link 
between CF and impaired autophagy since its expression is increased in human 
bronchial CF cells. This increase has been associated either to the reduction of 
apoptosis/injury during  P. aeruginosa  challenge either to the expression of infl am-
matory mediators [ 109 ]. Other evidences suggesting the cytoprotective role of 
HO-1 in CF showed that Lipopolysaccharide (LPS)-challenged CF macrophages 
fail to compartmentalize HO-1 to the cell surface and this mechanism seems to be 
dependent on the reduction in Caveolin-1 (CAV-1) expression [ 107 ]. In fact, when 
HO-1 localises at the plasma membrane, is able to form a complex with CAV-1, 
which in turn binds and detaches MyD88 from its complex with TLR4 thus termi-
nating the cell death signal [ 99 ]. 

 Autophagic clearance of bacteria (so-called Xenophagy) could also be impaired 
in case of disease, inducing increased bacterial infection that is one of the most 
frequent injuries in CF patients [ 90 ]. In fact it has been demonstrated that 
 Burkholderia cenocepacia  has the capacity to survive in F508del-CFTR macro-
phages since immediately after the engulfment, the bacteria resides on LC3-positive 
vacuoles that appear as arrested autophagosomes [ 98 ]. This capacity is directly cor-
related to the levels of p62, so that its depletion leads not only to a decreased bacte-
rial survival in macrophages but also to the release of Beclin 1 from aggresomes 
allowing its recruitment to the  B. cenocepacia  vacuole and bacterial clearance via 
autophagy [ 2 ].  B. cenocepacia  represents a serious threat for CF patients since the 
infection results in persistent lung infl ammation and the bacteria are resistant to 
most of all available antibiotics [ 1 ]. 

 Similar fi ndings showed that pharmacological or molecular inhibition of autoph-
agy reduces the clearance of intracellular  Pseudomonas aeruginosa  in vitro [ 37 ]. 
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Treatment of CF mice with the mTOR inhibitor Rapamycin decreases bacterial 
 burden in the lungs and drastically reduces signs of lung infl ammation [ 1 ]. 

 In a normal situation, autophagy can help not only removing polyubiquitinated 
protein but also controlling bacteria clearance; for these reasons novel strategies 
aimed at restoring autophagy are emerging as promising therapeutic approaches for 
CF patients [ 56 ].  

7     Alpha-1-Antitrypsin Defi ciency (AATD) 

 AATD is a hereditary disorder characterized by a low serum level of alpha-1- antitrypsin 
(AAT), a 52 kDa serine protease inhibitor, member of the serpin family [ 29 ]. AAT is 
essentially synthetized in the liver and secreted into the bloodstream, where it controls 
tissue degradation by the enzyme neutrophil elastase. The defi ciency in AAT is associ-
ated with liver and lung disease due to the loss of anti-infl ammatory and antiproteo-
lytic functions. The majority of patients with AAT defi ciency are homozygotes for a 
missense mutation (“PiZ mutation”: lysine replaces glutamic acid at position 342) that 
alters protein folding. Mutant AAT molecules polymerize and aggregate in the ER of 
hepatocytes, forming large intrahepatocytic globules, the characteristic features of this 
disease. The proteasome is responsible for degrading the soluble form of ATT by 
means of ER-associated degradation while autophagy is involved in disposal of insol-
uble ATT polymers and aggregates [ 74 ]. In fact, a signifi cant accumulation of autoph-
agic vacuoles was found  in vitro  and  in vivo  in liver cells from AATD patients as well 
as in PiZ mouse model [ 96 ,  97 ]. Whereas in absence of autophagy the degradation of 
AAT was retarded [ 39 ]. Moreover, it has been demonstrated that the stimulation of 
autophagy by carbamazepine or rapamycin treatment or by liver-directed gene transfer 
of transcription factor EB (TFEB), a gene regulating lysosomal function and autoph-
agy [ 89 ], reduce the hepatic amount of AAT as well as the hepatic fi brosis in mice 
expressing mutant AAT [ 28 ,  41 ,  71 ]. Although these results should be corroborated, 
altogether indicate that autophagy exerts a protective role in AATD and open a real 
possibility to treat AATD with pro- autophagic molecules.  

8     Pulmonary Hypertension (PH) 

 Pulmonary hypertension (PH) was fi rst identifi ed in 1891 by Ernst von Romberg. 
PH is a severe and progressive disease that consists in increased blood pressure of 
lung vasculature and, often, can be a complication of chronic lung disease [ 88 ]. 

 Since 2008 the pathology has been classifi ed, by the World Health Organization 
(WHO), in fi ve groups on the basis of mechanisms underlying the pathogenesis of 
the multiple types of PH. 

 The role of autophagy in pulmonary hypertension has mainly been described in 
correlation with pulmonary arterial hypertension (PAH), WHO Group I. 
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 Little is known about the aetiology of PH, one of the most frequent genetic muta-
tions causing idiopathic inherited form of PH is found in the gene encoding bone 
morphogenetic protein (BMP) receptor type-II (BMPR2). 

 In PAH, the pulmonary artery smooth muscle cells (PASMCs) proliferate 
 excessively and are resistant to apoptosis. Chloroquine, a known inhibitor of 
autophagy fl ux, has been described as a drug preventing experimental PAH 
 progression. The induction of PAH, by monocrotaline, in rat is associated with 
increased autophagy and decreased BMPR2 protein expression. The inhibition of 
autophagy by chloroquine ameliorates the level of BMPR2, inhibits the  proliferation 
and stimulates apoptosis of rat PASMCs [ 52 ]. A recent publication [ 50 ] confi rms 
that the inhibition of autophagy, by overexpressing mTOR, is a promising 
 therapeutic strategy against PAH. 

 However, the role of autophagy in PH is still unclear and controversial, in fact, 
its protective role has been described in the initial phase of the pathogenesis of 
PH. Histochemical analysis of samples obtained from human PH lungs and mouse 
exposed to chronic hypoxia, showed an increase in the lipidated form of LC3 and in 
Egr-1, which regulates LC3 expression. Moreover,  LC3   −/−   or  Egr-1   −/−  , but not 
 Beclin 1   +/−   mice are more susceptible to PH and  in vitro  LC3 knockdown cells 
showed an increase of hypoxic cell proliferation, suggesting a role for LC3 in the 
adaptation during vascular remodelling under hypoxia [ 49 ].  

9     Autophagy in the Etiology of Lung Cancer 

 In most organs, including the lung, autophagy robustly counteracts malignant trans-
formation,  i.e. , the conversion of a healthy cell into a (pre-)neoplastic cell, and sev-
eral mechanisms related to the ability of autophagy to preserve cellular or organismal 
homeostasis account for such a pronounced oncosuppressive activity [ 19 ]. Indeed, 
besides being required for oncogene-induced senescence and anticancer immuno-
surveillance (see above) [ 112 ], autophagy promotes the maintenance of genomic 
integrity by multiple mechanisms [ 25 ]. First, it mediates the degradation of damaged 
mitochondria, which are prone to overproduce genotoxic ROS and other redox active 
entities of endogenous and exogenous origin [ 22 ]. Second, profi cient autophagic 
responses appear to be required for optimal DNA damage responses [ 59 ]. Third, 
autophagy is involved in the disposal of potentially oncogenic retrotransposons and 
micronuclei [ 80 ]. Moreover, autophagy generally mediates anti- infl ammatory 
effects, and chronic infl ammation is known to accelerate oncogenesis (at least in 
some tissues, including the lung) [ 14 ]. Finally, it has been proposed that autophagy 
is required for the preservation of normal tissue architecture, in particular at the level 
of the stem-cell compartment [ 23 ]. Although little is known on the deregulation of 
stem cells in pulmonary carcinogenesis, it cannot be excluded that autophagic 
defects may promote malignant transformation in the lung also via this mechanism 
[ 69 ]. Conversely, the ability of autophagy to preserve genomic and redox homeosta-
sis seems very relevant in the context of lung tumorigenesis, which in a signifi cant 
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proportion of cases is associated with tobacco smoking or exposure to environmen-
tal nanoparticles like asbestos crystals [ 65 ]. Indeed, the oncogenic effects of both 
smoking and asbestos have been linked to their ability to cause ROS overgeneration 
along with genetic/genomic defects and chronic infl ammatory responses [ 12 ]. All 
these effects are limited, at least to some extent, by profi cient autophagic responses. 

 Irrespective of the precise mechanisms whereby autophagy counteracts malig-
nant transformation in the lung, various genetic interventions aimed at specifi cally 
disabling autophagy in the lungs have been shown to promote malignant transfor-
mation driven by several oncogenes, including mutated B-Raf proto-oncogene, ser-
ine/threonine kinase ( BRAF ) [ 91 ], epidermal growth factor receptor ( EGFR ) [ 100 ], 
Kirsten rat sarcoma viral oncogene homolog ( KRAS ) [ 24 ,  77 ]. Intriguingly enough, 
in one of these models, accelerated oncogenesis caused by the lung-specifi c inacti-
vation of ATG5 was linked to increased tumor-infi ltration by immunosuppressive 
CD4 + CD25 + FOXP3 +  regulatory T cells [ 77 ]. Moreover, the concomitant bi-allelic 
inactivation of serine/threonine kinase 11 (STK11, best known as LKB1) and phos-
phatase and tensin homolog (PTEN), two tumor suppressor genes that inhibit 
autophagy [ 34 ,  87 ], has been shown to cause the formation of pulmonary squamous 
cell carcinomas that express high levels of the immunosuppressive molecule CD274 
(best known as PD-L1) [ 102 ]. These latter observations strongly corroborate the 
notion that autophagy mediates not only cell-intrinsic, but also cell-extrinsic 
oncosuppression. 

9.1     Autophagy in the Progression of Lung Cancer 

 The capacity of autophagy to preserve cellular homeostasis is benefi cial to healthy 
cells, but also benefi cial to transformed cells. This implies that autophagy often (but 
not always) promotes tumor progression, i.e., the growth and evolution of a trans-
formed cells into an ever more malignant cancer [ 62 ]. Indeed, malignant cells are 
often exposed to relatively adverse microenvironmental conditions, including a 
shortage of nutrients and oxygen (especially in poorly vascularized tumor areas), 
and autophagy is instrumental for these cells (as it is for their non-transformed 
counterparts) to cope with stress and proliferate. Along similar lines, the ability of 
autophagy to preserve stemness is benefi cial for the host when it preserves normal 
tissue architecture, but detrimental when it sustains the malignant stem-cell com-
partment. Finally, autophagy supports the survival of malignant cells in key step of 
tumor progression, the so-called “epithelial-to-mesenchymal transition” (EMT). In 
this context, epithelial cancer cells “initially growing  in situ ” physically detach 
from ECM and become able to colonize surrounding tissues as well as distant 
organs. The EMT is required for all malignancies to become locally and distantly 
invasive, and critically relies on profi cient autophagic responses [ 4 ]. In the presence 
of autophagic defects or pharmacological inhibitors of autophagy, indeed, malig-
nant cells undergoing the EMT and detaching from the ECM, succumb to a form of 
regulated cell death often referred to as “anoikis” [ 73 ]. 
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 Corroborating these observations, the genetic and/or pharmacological inhibition 
of the autophagic machinery in established tumors has been shown to accelerate 
disease progression in various models of pulmonary oncogenesis, including (but not 
limited to)  BRAF - and  KRAS -driven tumorigenesis [ 24 ,  77 ,  91 ].  

9.2     Autophagy in the Treatment of Lung Cancer 

 Autophagy provides malignant cells with an increased resistance to various pertur-
bations of homeostasis, including the lack of nutrient and oxygen that cancer cells 
normally experience in poorly vascularized tumor areas, as well as the presence of 
xenobiotics like chemotherapeutic agents and physical stress conditions like irradia-
tion. An abundant amount of literature demonstrates indeed that chemical inhibitors 
of autophagy as well as genetic interventions that compromise autophagic responses 
accelerate (rather than inhibit) the demise of malignant cells exposed to a wide 
panel of chemotherapeutics or to irradiation, both  in vitro  and  in vivo . These obser-
vations provided a strong rationale to the development of combinatorial therapeutic 
strategies involving chemo- or radiotherapy given in combination with an inhibitor 
of autophagy [ 19 ]. 

 Clinical grade highly specifi c chemical inhibitors of autophagy, however, have 
not yet been developed, and currently available molecules that can be used in the 
clinic, like chloroquine (a widely employed antimalarial agent) often operate as 
lysosomal inhibitors, i.e., they target several processes other than autophagy [ 83 ]. 
Moreover, concerns have been raised that inhibiting autophagy at the whole-body 
level may  de facto  favor malignant transformation in healthy tissues, refl ecting the 
prominent oncosuppressive functions of autophagy in physiological conditions 
[ 51 ]. Finally, recent data highlight the differential role of autophagy in cancer ther-
apy in immunocompromised  versus  immunocompetent hosts [ 44 ]. In this setting, 
the response to radiotherapy of human non-small cell lung carcinoma (NSCLC) or 
murine colorectal carcinoma (CRC) cells xenografted in nude mice was signifi -
cantly improved when cells were rendered autophagy-defi cient by the stable deple-
tion of ATG5 or Beclin 1 [ 44 ]. However, when murine CRC cells were implanted in 
immunocompetent syngeneic mice, the stable knockdown of ATG5 compromised 
the therapeutic activity of irradiation, a defect that could be restored (at least in part) 
by the intratumoral administration of a chemical inhibitor of extracellular ATPases 
[ 44 ]. These fi ndings demonstrate that inhibiting autophagy in immunocompetent 
hosts may prevent the elicitation of a therapeutically relevant immune response 
against dying cancer cells. 

 In summary, although autophagy generally (but not always) promote the pro-
gression of pulmonary malignancies and increases the resistance of lung cancer 
cells to chemo- and radiotherapeutic regimens, additional experiments are required 
to understand whether combinatorial treatments involving autophagy inhibitors 
constitute a clinically viable approach against pulmonary neoplasms. Similarly, fur-
ther work is needed to clarify whether biomarkers of autophagy such as the expres-
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sion levels of Beclin 1 or the lipidation of LC3 have a positive or negative prognostic/
predictive value in patients with lung cancer, as preliminary results are rather con-
troversial [ 40 ,  110 ].   

10     Conclusions 

 Abundant evidences indicate that autophagy actively participates in a wide range of 
cellular responses to both physiologic- and pathologic-related events in the diverse 
tissues and cell types that constitute the lung system. Nevertheless, much is yet to 
be learnt about its biological relevance, functional targets, and role in development 
and disease. As described in this chapter, lungs are the fi rst line of defence against 
several insults and associated diseases are growing both in number and chronicisa-
tion. A clear deregulation of the autophagic machinery has been highlighted in most 
of the lung diseases, suggesting that this process mainly exerts a defensive role. 
However, in some pathological contexts, it has been reported that the activation of 
the autophagic process contributes to damage. As a consequence, a detailed knowl-
edge of the molecular mechanisms at the basis of autophagy in lung pathologies is 
required for the development of novel diagnostic tools and promising therapeutic 
strategies.     
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      Autophagy and Liver Diseases                     
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and     Salvatore     Cuzzocrea   

    Abstract     Autophagy is a mechanism involved in cellular homeostasis under basal and 
stressed conditions delivering cytoplasmic content to the lysosomes for degradation to 
macronutrients. Autophagy provides essential components (amino acids, lipids and 
carbohydrates) needed to meet the cell’s energy necessities, and it also regulates energy 
supply by controlling the number, quality, and dynamics of the mitochondria. Lastly, 
autophagy also modulates the levels of enzymes in metabolic pathways. It is generally 
recognised that autophagy plays a role in the hepatic lipid metabolism. It is not surpris-
ing that dysregulation of autophagy has been connected with liver-specifi c disorders 
such as fatty liver, non-alcoholic  steatohepatitis and hepatocellular carcinoma. However, 
controversy of the exact role of autophagy in the lipid metabolism exists: some publica-
tions report a lipolytic function of autophagy, whereas others claim a lipogenic func-
tion. This chapter aims to give an update of the present knowledge (last 5 years) on 
 autophagy in the hepatic lipid metabolism, hepatic insulin resistance, steatohepatitis 
and hepatic fi brogenesis. An improved understanding of the autophagic process should 
lead to potentially innovative therapies with direct relevance to surgical diseases.  

   Abbreviations 

  A-1ATD    Alpha-1 antitrypsin defi ciency   
  AASLD    American Association for the Study of Liver Diseases   
  ACC    Acetyl-CoA carboxylase   
  ADH    Alcohol dehydrogenase   
  ALD    Alcoholic liver disease   
  ALT    Alanine aminotransferase   
  AST    Aspartate aminotransferase   
  ATZ    z mutation of alpha-1-antitrypsin   
  CDKs    Cyclin-dependent kinases   
  CDT    Carbohydrate defi cient transferrin   
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  CKD    Chronic kidney disease   
  CPT-1    Carnitine palmitoyltransferase 1   
  CVD    Cardiovascular disease   
  CYP2E1    Cytochrome P450 2E1   
  DIC    Disseminated intravascular coagulopathy   
  EC    Endothelial cells   
  GGT    Gamma glutamyl transferase   
  HCC    Hepatocellular carcinoma   
  HCV    Hepatitis C virus   
  HMGB1    High mobility group box 1   
  HSPs    Heat shock proteins   
  I/R    Ischemia-reperfusion   
  IL-1    Interleukin-1   
  IL-12    Interleukin-12   
  INF-γ    Interferon-γ   
  KC    Kupffer cells   
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  MAPK    Mitogen-activated protein kinase   
  miRNAs    MicroRNAs   
  MPT    Mitochondrial permeability transition   
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  NAE    NEDD8-activating enzyme   
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  NASH    Nonalcoholic steatohepatitis   
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  PAS    Phagophore assembly site   
  PL    Phospholipid   
  ROS    Reactive oxygen species   
  SNAREs    NSF attachment protein receptors   
  Spred protein    Sprouty-related protein with Ena/vasodilator-stimulated phospho-

protein homology-1 domain   
  TAG    Triacylglycerol   
  TNF-α    Tumour necrosis factor-α   
  TPN    Total parenteral nutrition   
  TTP    Tumor progression   
  VLDL    Very low-density lipoprotein   

1         Introduction 

1.1     Steatosis 

 Steatosis is a cellular pathology due to the accumulation of intracellular triglycer-
ides, which involves a series of damage up to necrosis of the cell. It suggests an 
impairment of the physiological processes of synthesis and elimination of 
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triglycerides. Additional lipid accumulates in vesicles that dislocate the cytoplasm. 
When the vesicles are suffi cient large to distort the nucleus, the condition is known 
as macrovesicular steatosis. Macrovesicular steatosis is the most common form of 
fatty deterioration and may be initiated by overfl ow of lipids due to obesity, obstruc-
tive sleep apnoea (OSA), insulin resistance, or most important to alcoholism. An 
unbalanced diet may also cause the recruitment of fat from adipocytes and create a 
local surplus in the liver where the majority of lipid metabolism happens. On the 
other hand, tetracyclines, Reye’s syndrome, and hepatitis C can cause the onset of 
microvesicular steatosis characterized, in contrast to the macrovesicular steatosis, by 
small intracytoplasmic fat vacuoles (called liposomes), which accumulate in the cell. 
Organs most affected are the kidney cortex, striated muscle, myocardial muscle 
fi bres of the heart, intestines and liver. This organ is particularly sensitive to the stea-
totic processes not only because it is involved in the metabolism of lipids but it is also 
responsible for the inactivation of numerous toxic substances and, fi nally, liver has a 
circulation principally venous (therefore constantly close to a situation of hypoxia).  

1.2     Fatty Liver Disease (FLD) 

 The standard adult human liver may have up to 5 % of its mass as lipid. But if it 
makes up more than 5–10 % of the organ’s weight, it can be considered a fatty liver 
disease. The total of fatty acid in the liver depends on the balance between the pro-
cesses of distribution and elimination. In several patients, fatty liver may be attended 
by hepatic infl ammation and liver cell death (steatohepatitis). 

 Potential pathophysiologic mechanisms for fatty liver include the following:

•    Diminished mitochondrial fatty acid beta-oxidation  
•   Augmented endogenous fatty acid synthesis or improved delivery of fatty acids 

to the liver  
•   Lacking incorporation or export of triglycerides as very low-density lipoprotein 

(VLDL)    

 This process is modifi ed if too much fat is in the liver [ 56 ]. While liver com-
monly repairs itself by reconstruction new liver cells when the old ones are dam-
aged, when, there’s repeated injury to the liver, perpetual scarring takes place, called 
cirrhosis. 

 Fatty liver disease is typically asymptomatic. It may experience fatigue or vague 
abdominal discomfort. Liver may become slightly puffed-up, and doctor can per-
ceive this during a physical exam. Excess fat can cause liver infl ammation. If liver 
becomes infl amed, may have a poor hungriness, weight loss, abdominal pain, weak-
ness, and misunderstanding. 

 One of the condition most frequently related with fatty liver disease is metabolic 
syndrome. This includes carrying the analysis of type II diabetes, obesity, or 
hypertriglyceridemia. 

 Other factors, such as drugs (e.g., amiodarone, tamoxifen, methotrexate), meta-
bolic aberrations (e.g., galactosemia, glycogen storage diseases, homocystinuria, 
and tyrosinemia), alimentary status (e.g., overnutrition, severe malnourishment, 
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total parenteral nutrition [TPN], or starvation diet), or additional health problems 
(e.g., celiac sprue and Wilson disease) may contribute to fatty liver disease. 

 Blood tests may be used to control if the liver is working properly. A liver biopsy, 
where a small sample of tissue is removed with a long needle or through a small 
incision, can be used to check fatty liver. Laboratory irregularities include eleva-
tions of the SGOT (serum glutamic-oxaloacetic transaminase) and SGPT (serum 
glutamic pyruvic transaminase). In many cases the alkaline phosphatase will be 
expressively elevated due to cholestasis produced by the fatty infi ltration. Fatty liver 
is frequently reversible if recognized and preserved. There may be some long-term 
predisposition toward other types of liver problems depending on how long and how 
severe the fatty liver disorder was. If left untreated, there is a high risk of death for 
both the mother and baby. Severe liver damage that may require a liver transplant 
can occur in the mother if the condition is not recognized early. 

 There are two main types of fatty liver disease: alcoholic liver disease (ALD), 
nonalcoholic fatty liver disease (NAFLD). Moreover, when the fat builds up abun-
dant, it will cause the liver to swell. If the original cause is not from alcohol, it’s 
called nonalcoholic steatohepatitis (NASH). Last, acute fatty liver of pregnancy, a 
rare, but serious form of fatty liver that starts late in gestation.  

1.3     Alcoholic Liver Disease (ALD) 

 ALD is the most predominant cause of progressive liver disease in Europe, but 
 mortality due to alcoholic cirrhosis distinct out from non-alcoholic cirrhosis is not 
easy to determine. It represents a spectrum of liver pathology that starts with fatty 
liver alteration, which is present in almost all heavy alcohol drinkers and is usually 
asymptomatic. The mechanism of alcohol-induced hepatotoxicity encompasses 
interactions between the direct toxic effects of alcohol and its metabolites on differ-
ent cell types in the liver, induction of reactive oxygen species (ROS) as well as 
up-regulation of the infl ammatory cascade and other cell-specifi c effects in the liver 
[ 124 ]. Clinical assortment of ALD includes steatosis in the presence or absence of 
infl ammation (in this second case it’s called steatohepatitis), leading to cirrhosis and 
an increased risk of hepatocellular carcinoma (HCC) [ 180 ]. Twenty percent to 40 % 
of alcoholics progress into fi brosis, 10–20 % eventually development to cirrhosis, 
and 1–2 % of cirrhotics are diagnosed with hepatocellular carcinoma every year 
[ 134 ,  156 ]. Fatty liver develops in approximately 90 % of individuals who drink 
more than 60 g alcohol/day. This disorder is completely reversible after 4–6 weeks 
of abstinence, even if fi brosis has already developed. 

 Recent studies designated that alcohol consumption increases the percentage of 
reduced nicotinamide adenine dinucleotide/oxidized nicotinamide adenine dinucle-
otide in hepatocytes, which disturbs mitochondrial β-oxidation of fatty acids [ 8 ]. 
Alcohol can directly (via acetaldehyde) or indirectly (via regulation of multiple 
factors) up-regulate the expression of SREBP-1c and down-regulate the expression 
of PPAR-α, which results in the development of alcoholic fatty liver. Alcohol 
 exposure also inhibits AMPK and subsequently increases acetyl-CoA carboxylase 
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(ACC) activity but diminutions carnitine palmitoyltransferase 1 (CPT-1) activity, 
leading to an increase in fatty acid synthesis and a decrease in fatty acid β-oxidation. 
Moreover, alcohol consumption can also modify many factors, including HIF-1, 
C3, C1qa, PKCε, and iNOS, that subsequently contribute to the development of 
fatty liver [ 152 ]. 

 An initial step in evaluating patients with ALD is the documentation of heavy 
alcohol ingesting. In its early stages, ALD is a taciturn disease that can only be 
detected by laboratory analysis including aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), mean corpuscular volume, carbohydrate defi cient 
transferrin (CDT), and gamma glutamyl transferase (GGT). This last is extremely 
sensitive and is the most commonly used test to evaluate prolonged alcoholism, 
but CDT is more specifi c for detecting daily ethanol ingestion. AST and ALT can 
be elevated with a typical AST:ALT ratio >1.0, although this is not highly spe-
cifi c for ALD [ 9 ,  60 ]. Moreover, patients with early ALD can show stigmata of 
alcohol abuse such as bilateral parotid gland hypertrophy, muscle wasting, mal-
nutrition, Dupuytren’s sign, and signs of peripheral neuropathy. In patients with 
cirrhosis, most physical fi ndings are not specifi c of the etiology. However, some 
signs such as gynecomastia and extensive spider angiomas may be more fre-
quently seen in those with alcohol as the main cause of liver disease [ 113 ]. Liver 
biopsy remains the key standard diagnostic modality for identifying and staging 
liver fi brosis; however, it has its own limitations, including expense, sampling 
errors, and inter-observer variability, which could lead to understating of cirrho-
sis [ 11 ]. The keystone of ALD management at any stage is abstinence from alco-
hol. Development in fatty liver histology can occur as early as 2 weeks following 
cessation of alcohol use, while continuous alcohol consumption has been shown 
to increase portal pressure and worsen complication of portal hypertension, 
including variceal bleeding [ 33 ,  102 ]. A careful assessment of the nutritional 
status of these patients is signifi cant and proper nutrition should be emphasized. 
Addressing vitamins and trace minerals defi ciencies (e.g. vitamin A, vitamin D, 
thiamine, folate, pyridoxine, and zinc) while maintaining a daily intake of 1.2–
1.5 g of protein/kg and 35–40 kcal/kg is recommended by the American 
Association for the Study of Liver Diseases (AASLD) in order to increase nitro-
gen balance [ 125 ]. Pharmacological agents can complement psychosocial treat-
ments for alcoholism. Disulfi ram, an inhibitor of acetaldehyde dehydrogenase 
that leads to an unpleasant reaction when alcohol is consumed, has been tradi-
tionally used in alcoholics. However, its use in ALD has been hindered by poten-
tial hepatotoxicity. Naltrexone (opioid receptor antagonist), acamprosate 
(glutamatergic receptor modulator), and topiramate (anticonvulsant) have also 
demonstrated effi cacy in management of alcoholism, but they have not been 
assessed in patients with end stage liver disease and are consequently not recom-
mended in patients with ALD. Baclofen, a GABA receptor agonist, is a promis-
ing agent for cumulative abstinence rates in alcoholic individuals and has 
demonstrated both  effi cacy and safety in patients with alcoholic cirrhosis [ 46 ]. In 
add-on to the general ALD therapeutic measures outlined earlier, patients with 
alcoholic cirrhosis necessitate treatment for cirrhosis-specifi c complications 
while evaluating their candidacy for liver transplantation [ 121 ].  
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1.4     Non-alcoholic Fatty Liver Disease (NAFLD) 

 NAFLD is the most common analysis in subjects with altered aminotransferases in 
the western world [ 26 ]. NAFLD is defi ned as any excessive fat accumulation in the 
liver with more than 5 % of hepatocytes containing observable intracellular triglyc-
erides or steatosis affecting at least 5 % of the liver volume or weight in patients 
consuming less than 30 g (three units) of alcohol per day for men and less than 20 g 
(two units) of alcohol per day for women, where one unit of alcohol (10 g) is defi ned 
as one glass of beer (25 cL), one glass of wine (20 cL) or one glass of whisky (3 cL) 
[ 114 ,  143 ]. It begins with simple hepatocyte steatosis, and progresses to nonalco-
holic steatohepatitis (NASH), fi brosis of the hepatocytes, and liver cirrhosis, which 
can additional progress to HCC [ 1 ]. The prevalence of NAFLD is different among 
men and women, and it increases with age, occurring in less than 20 % of persons 
younger than 20 years of age, and in more than 40 % of those over the age of 60 
[ 40 ]. Obesity, type 2 DM, and hyperlipidemia are simultaneous conditions fre-
quently linked with NAFLD. The reported prevalence of obesity in several series of 
patients with NASH varied between 30 and 100 %, the prevalence of type 2 DM 
varied between 10 and 75 %, and prevalence of hyperlipidemia varied between 20 
and 92 %. Some kids with NASH have type 1 diabetes [ 24 ,  39 ]. A key focus of the 
NAFLD-related chronic diseases during the last 10 years has complicated chronic 
liver disease, cardiovascular disease (CVD) and T2DM; e.g., a recent meta-analysis 
showed that NAFLD increased overall mortality by 57 % mainly from liver-related 
and CVD causes, and increased risk of incident T2DM by approximately twofold. 
Additionally, and even more lately, cumulative attention has also focused on 
NAFLD-related chronic kidney disease (CKD) and an additional recent meta- 
analysis reported that NAFLD was connected with an approximate twofold 
increased risk of CKD. While there is also emerging suggestion that NAFLD is 
linked to other chronic diseases, such as sleep apnea, colorectal cancers, osteoporo-
sis, psoriasis and various endocrinopathies [ 15 ]. The pathogenesis of NAFLD is 
intricate and while its exact mechanism remains essentially unknown, different 
genetic factors and/or environmental elements appear to infl uence it. The “two-hit 
hypothesis” of NASH, initially explained by Day and James suggests that lipid 
accumulation in the liver (fi rst hit) is followed by a sequence of oxidative and hepa-
totoxic progressions (second hit), caused by a mechanism not yet known. Some 
factors such as genetics, epigenetic mechanisms as well as environmental elements, 
seems to promote hepatocyte fat statement and insulin resistance, both of which 
further lead to the secondary pathologic events, such as oxidative stress, lipid per-
oxidation, improved infl ammatory responses, hepatic fi brosis and apoptosis. Other 
causes such as lipotoxicity, endotoxemia, and adipocytokines or additional infl am-
matory signals released from fat-infi ltrated hepatocytes and adipose tissue, may 
encourage oxidative stress in the liver and stimulating the progression of NAFLD to 
NASH [ 45 ]. Routine modifi cation to achieve weight loss and promote fi tness has 
conventionally been the cornerstone of management in NASH, with dietetic advice 
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frequently focused on the need for low fat and restricted calorie content. Recent data 
suggest that lessening in body weight of 7 % or greater is related with reduction in 
hepatic infl ammation and steatosis. Additionally, a growing body of evidence sup-
ports the hypothesis that a diet high in macronutrients such as monounsaturated 
fatty acids (MUFAs) and omega-3 (n-3), and low in carbohydrates such as fructose, 
can improve NAFLD independent of weight loss. Demarcating the benefi ts of spe-
cifi c dietary macronutrients and foods is imperative in order to give patients a sense 
of regulator over their disease and an aptitude to maintain a healthy and stimulating 
diet that may also increase hepatic and metabolic outcomes. Some of dietary com-
ponents that have shown a potential benefi ts for NAFLD/NASH and metabolic dis-
ease, are oily fi sh, coffee, nuts, tea, red wine, avocado and olive oil [ 55 ]. There is no 
proven pharmacologic treatment for NAFLD, it is critically signifi cant to fi nd 
dietary lines to the prevention, reduction, or reversal of hepatic steatosis, and its 
progression to steatohepatitis.  

1.5     Nonalcoholic Steatohepatitis (NASH) 

 NASH was fi rst coined by Dr. Ludwig 3 decades ago and represents a part of a wide 
spectrum of non-alcoholic fatty liver disease (NAFLD), which ranges from simple 
steatosis and steatohepatitis to progressive fi brosis and cirrhosis [ 103 ]. The patho-
genetic processes of NASH and its evolution are multifactorial and are inclined by 
both environmental and genetic factors [ 78 ,  137 ]. Hepatic steatosis, is a common 
condition characterized by the accumulation of triglyceride-fi lled vacuoles inside 
the hepatocyte cytoplasm. Although it is considered a relatively benign situation, 
the fact that it serves as a necessary precursor lesion to NASH, insinuates that a fatty 
liver is subject to injury to which a normal liver is not. Insulin resistance is the only 
metabolic syndrome consistently associated with NASH [ 89 ]. Steatosis in NASH is 
typically macrovesicular and infl ammation of steatohepatitis is principally lobular, 
however intense portal infl ammation with interface movement is more potent in 
other causes like virus, autoimmune or drug-induced hepatitis [ 31 ]. Nonspecifi c 
constitutional signs of weakness fatigue and disease precede in a third of NASH 
patients [ 6 ]. Despite similarities the patients of NASH are mostly asymptomatic 
whereas patients of alcoholic hepatitis are always symptomatic [ 34 ]. NASH due to 
drugs nucleoside analogs antimitotic agents or tetracyclines can present intensely 
with rapid onset of fulminant hepatic failure. Hepatomegaly (75 %) and spleno-
megaly (25 %) are the most usual signs in NASH patients. Presence of ascites and 
spider angiomata, indicates improvement of cirrhosis [ 71 ]. Pharmacological inter-
ventions for NAFLD/NASH patients are aimed to treat underlying MS components 
(e.g., obesity, diabetes, hypertension, and dyslipidemia) as well as liver dysfunction 
itself. Many experimental studies have investigated several drugs and supplements, 
but researchers have not yet recognized a completely safe and effective treatment 
that can be recommended for NASH management [ 7 ,  166 ].  
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1.6     Acute Fatty Liver of Pregnancy (AFLP) 

 AFLP was fi rst explained in 1940 by Sheehan. Is a rare but serious condition with a 
frequency of approximately 1 per 10,000 deliveries, and it typically occurs during 
the third trimester between the 30th and 38th week of gestation. It may be connected 
with “jaundice” (skin and whites of the eyes take on a yellowish color due to an 
increase of bilirubin in the blood) and liver failure. Left untreated, there is a high 
risk of death for both the mother and baby [ 12 ,  67 ]. The etiology of this disorder has 
not yet fully elucidated; however, abnormal fetal mitochondrial β-oxidation of fatty 
acids has been reported to be involved as a foundation of this condition in the mother 
[ 68 ]. In particular, a fetal defect of long-chain 3-hydroxyl coenzyme A dehydroge-
nase (LCHAD) due to genetic mutation has been reported to contribute the disease 
[ 127 ]. The diagnosis of AFLP can be challenging because the initial clinical appear-
ance may be nonspecifi c but general fatigue, vomiting, headache, hypoglycemia, 
and lactic acidosis can be detected. Although important aminotransferases is esti-
mated, the severity of liver dysfunction is not always replicated by the degree of 
elevation. Alkaline phosphatase is frequently elevated. Other results such as leuko-
cytosis, thrombocytopenia, disseminated intravascular coagulopathy (DIC), abnor-
mal prothrombin time, partial thromboplastin time, and normal fi brinogen can 
happen [ 14 ,  17 ,  61 ]. Ketonuria and proteinuria can exist. Elevated blood urea nitro-
gen and creatinine indicate renal defi ciency. Low serum albumin and hypoglycemia 
can happen. Uric acid and ammonia levels can be augmented. Hyperuricemia can be 
an early pointer and develop before hyperbilirubinemia [ 63 ,  86 ]. These symptoms 
are based on the occurrence of microvesicular fat deposition in organs. In women 
with AFLP, fat content can range from 13 to 19 %. Liver biopsy is superfl uous for 
the diagnosis and should be evaded in cases with bleeding tendencies; however, in 
some circumstances, it is helpful if it is the early stage of the disease or the symp-
toms and laboratory data show mild irregularities. The histology includes microve-
sicular steatosis, principally in the third zone of the liver and cytoplasmic ballooning 
[ 115 ]. Early analysis and prompt delivery are indispensable in AFLP. Severe thera-
peutic support is necessary for both maternal and fetal existence and plasmapheresis 
and liver transplantation should be contemplated in some severe cases. Although 
AFLP does not have a tendency to recur in subsequent pregnancies in most cases, 
since the recurrence rate is higher in cases with genetic mutation in LCHAD, close 
follow up is necessary for the groups [ 68 ,  145 ].   

2     Autophagy and Steatosis 

 As previously described the most accredited hypotheses for the development of 
steatosis concern a decreased mitochondrial fatty acid beta-oxidation an increased 
endogenous fatty acid synthesis and an enhanced delivery of fatty acids to the liver 
and a defi cient incorporation or export of triglycerides as VLDL. 
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 Autophagy is a cytoprotective pathway for clearance of damaged proapoptotic 
cellular components following multiple forms of stress as well as mitochondrial 
damage and excessive enlargement of lipid droplets (LDs). Recent studies have 
demonstrated that pharmacological upregulation of autophagy decreases hepatotox-
icity and steatosis in a model of fatty liver disease [ 159 ]. Moreover it has clearly 
been demonstrated that the selective autophagic clearance of damaged mitochon-
dria (mitophagy) and excessive LDs (lipophagy) in hepatocytes of chronic ethanol- 
treated rats may be a prosurvival mechanism for prevention of hepatocytes apoptosis 
and progression of hepatic steatosis [ 43 ]. Understanding of these mechanisms can 
bring accelerative new therapeutic modalities to recover the disease outcome. While 
enhancing autophagy via general autophagy-inducing agents, such as rapamycin, 
has led to the decrease of cellular injury in ethanol intoxication and in other sce-
narios but this approach may have limitations. Specifi c improvement of selective 
autophagy relevant to particular settings may be the decisive choice for a better 
control of individual disease processes [ 37 ,  38 ]. However, upcoming studies are 
needed before autophagy activation can be used as a global treatment against this 
disease, because, for example, upregulation of the autophagic process in hepatic 
stellate cells has been shown to favour their activation and consequently initiate 
liver fi brosis [ 159 ]. 

2.1     Mitophagy 

 Mitophagy is a form of discriminatory autophagy specifi c for degradation of 
injured mitochondria in the lysosome [ 91 ]. Alcohol metabolism occurs mainly in 
the liver and alcohol is metabolized by both oxidative and non-oxidative path-
ways. Oxidative pathways are the predominant mechanism for alcohol metabo-
lism. The most usual pathway for oxidative metabolism in the liver is catalysed by 
alcohol dehydrogenase (ADH), which metabolizes alcohol into acetaldehyde. 
Alcohol can also be oxidized into acetaldehyde by Cytochrome P450 2E1 
(CYP2E1) and catalase [ 20 ]. Acetaldehyde is a very reactive metabolite that forms 
adducts with other macromolecules [ 178 ]. Proteins adducted by acetaldehyde 
have different function, which occasionally results in loss of activity, moreover 
metabolism of alcohol by CYP2E1 results in production of ROS, both indications 
of liver injury [ 21 ,  144 ,  152 ]. Mitophagy protects against alcohol-induced liver 
injury and steatosis by selectively removing injured mitochondria, because it 
serves to maintain a healthy population of mitochondria, which prevents cell death 
by reducing oxidative stress and preserving respiratory chain function as well as 
mitochondrial bioenergetics for effi cient energy production as well as prevent 
lipid accumulation in the liver by maintaining a healthy population of mitochon-
dria capable of performing β-oxidation [ 170 ]. Consequently, targeting removal of 
damaged mitochondria may be a successful therapeutic option for blocking pro-
gression of liver disease.  
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2.2     Lipophagy 

 Lipophagy was initially described in hepatocytes, which become a major site of 
excessive lipid growth in obesity and the metabolic syndrome [ 108 ,  139 ]. LDs are 
encompassed of a core containing primarily triacylglycerol (TAG) and sterol esters 
surrounded by a phospholipid (PL) monolayer. Lipophagy is a discriminatory form 
of autophagy, but the mechanism by which LDs are recognized as substrate and how 
the relative amounts of lipids targeted for degradation are regulated by nutritional 
status is unknown. Studies to date have begun to reveal a number of disparate func-
tions for lipophagy in cellular physiology and pathophysiology. The most noticeable 
function for lipophagy is as a regulator of cellular lipid content [ 98 ]. In this context, 
removing stored lipid droplets is most pertinent for protecting host cells from injury, 
whereas degrading long-lived proteins would be signifi cant for other scenarios, such 
as nutrient deprivation [ 37 ,  38 ]. Lipophagy is ubiquitous as it functions in other cells 
that do not store lipids in as large quantities as hepatocytes including fi broblasts, 
neurons and stellate cells [ 77 ,  149 ]. One of the most common interrogations remains 
as to how autophagy targets LDs and how lipophagy is selectively regulated in 
answer to environmental stimuli. Possible candidates to mediate LD targeting are 
the soluble NSF attachment protein receptors (SNAREs) [ 10 ]. Long implicated in 
LD fusion, SNAREs have recently been designated to mediate autophagosome bio-
genesis [ 119 ,  122 ]. Another possibility is LC3, which is a protein critical for 
autophagosome membrane formation [ 150 ]. The fi nding that LC3 associates with 
LDs in the apparent absence of an autophagosomal membrane suggests that this 
protein may function in LD recognition [ 117 ]. In conclusion the existence of lipo-
phagy suggests that compromised autophagy may be a fundamental mechanism of 
disorders of lipid metabolism such as obesity and the metabolic syndrome. Individual 
variation in autophagic role may determine the development or outcome from these 
human diseases. Lipophagy, as well as mitophagy, has the potential to serve as a 
signifi cant therapeutic target for the management of these disorders [ 98 ].   

3     Liver Cancer 

 Liver cancer is the third leading cause of cancer mortality worldwide, with an 
annual death toll of approximately 700,000. In contrast to the decreasing mortality 
rates, liver cancer incidence and overall mortality have signifi cantly increased in the 
United States over the past 20 years [ 44 ]. The liver can be affected by mature pri-
mary liver cancer, which arises in the liver (HCC and cholangiocarcinoma), or met-
astatic cancer to the liver from a distant primary site [ 73 ]. 

 The most common type of adult primary liver cancer is HCC, which is usually 
discovered late in the disease course and generally has poor prognosis, accounting 
for approximately 75 % of all primary liver cancers [ 73 ]. HCC is a cancer formed by 
liver cells, hepatocytes; another type of cancer formed in the hepatocytes is the 
hepatoblastoma, specifi cally formed by immature liver cell [ 90 ]. 
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 The leading cause of liver cancer is cirrhosis due to hepatitis B, hepatitis C, or 
alcohol. In 2013, 300,000 deaths from liver cancer were due to hepatitis B, 343,000 
to hepatitis C and 92,000 to alcohol ([ 51 ] Mortality and Causes of Death 
Collaborators 2015). Less common causes include hereditary hemochromatosis, 
autoimmune hepatitis, alpha1-antitrypsin defi ciency, and Wilson’s disease. There is 
different evidence showing that the virus of hepatitis B and C can directly elicit 
oncogenic effects or contribute to enhanced risk of hepatocellular transformation in 
cooperation with the hyperproliferative response induced by chronic infl ammation. 
Therefore, an infl ammatory and proliferative tissue microenvironment could repre-
sent an important target of hepatocarcinogenesis [ 35 ]. 

 Epidemiologically, around 748,300 new cases of HCC were diagnosed in 2008, and 
695,900 patients died of the disease [ 49 ]. HCC occurrence starts to rise from the age 
of 40 years and reaches a peak at around 70 years. In men, it is the fi fth most frequently 
diagnosed cancer worldwide, while in women represents a low percentage positioning 
HCC as the seventh most commonly diagnosed cancer [ 73 ]. The incidence of HCC 
largely varies according to the geographic area, although it is usually higher in devel-
oping countries than in developed countries, such as the United States, as a result of 
hepatitis C virus (HCV) infection and NASH [ 2 ]. East and Southeast Asia, as well as 
middle and West Africa, have the highest rates of HCC, whereas the rates are low in 
south-central and western Asia and northern and eastern Europe. The global temporal 
trend of HCC incidence is not consistent. While the age-adjusted incidence rate of 
HCC has been decreasing in a few cities in China and Japan, where the main cause of 
HCC is HBV and HCV, respectively [ 154 ,  155 ], national registries show that the over-
all incidence of HCC increased, even in United States, between 1992 and 2008 [ 3 ]. 

 Traditionally, the curative treatment of liver cancer has involved either surgical 
resection, liver transplantation, or local ablation, whereas transarterial tumor embo-
lization has been used for palliative treatment. Drug treatment for the more advanced 
stages of liver cancer has been attempted in the form of conventional chemotherapy 
in numerous usually uncontrolled clinical trials over the past 50 years [ 128 ]. 

3.1     Molecular Mechanism of Hepatocarcinogenesis 

 The pathophysiology of HCC is not clearly understood. Hepatocarcinogenesis is a 
complex process associated with accumulation of genetic and epigenetic changes 
that occur during initiation, promotion, and progression of the disease. Cellular 
events are often accompanied by increasing of several factors that infl uence the 
survival of cancerous cells by suppressing apoptosis and regulating cell cycle [ 4 ]. 

3.1.1     Wnt/β-Catenin Pathway 

 The Wnt signaling pathway is a highly conserved pathway involved in homeostasis, 
cell proliferation, differentiation, motility, and apoptosis [ 123 ]. It was shown to be 
deregulated in a number of cancers, including HCC [ 57 ]. In most cases, either the 
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inactivation of the tumor suppressor gene adenomatous polyposis coli or mutation 
of the proto-oncogene β-catenin and the activation of Wnt signaling was observed. 
This pathway is involved in HCC arising from HBV/HCV infections and alcoholic 
liver cirrhosis [ 157 ]. Therefore, targeted inactivation of Wnt pathway is a potential 
therapy for cancer.  

3.1.2     p53 Pathway 

 In about half of all human tumors, the tumor suppressor TP53 gene is inactivated 
by a single point mutation [ 52 ]. In the remaining cancers, p53 is expressed at 
 normal levels but the p53 signaling that leads to cell cycle arrest and subsequent 
apoptosis is defective [ 58 ]. In general, cellular levels of p53 are low; however, in 
response to intracellular and extracellular stress signals, p53 expression is 
 up-regulated [ 64 ]. 

 Several studies have reported that p53 mutations and inactivation play a critical 
role in liver cancer. For example, in a clinical study of 16 Chinese patients with 
HCC, 8 had a point mutation at the third base position of codon 249. Moreover, the 
G → T transversion in seven HCC DNA samples and the G → C transversion in the 
other HCC were consistent with mutations caused by AFB1 in mutagenesis experi-
ments, and no mutations were found in exons 5, 6, or 8 or in the remainder of exon 
7 [ 85 ]. In a case-control study, serum hepatitis B surface antigen and liver AFB1- 
DNA adducts were found to be signifi cantly elevated in HCC samples compared 
with controls [ 66 ]. Thus, detection of mutant p53 in plasma serves as a potential 
biomarker for AFB1 exposure and presence of HCC.  

3.1.3     pRb Pathway 

 The tumor suppressor retinoblastoma protein pRb1 is a major cellular barrier to 
cancer development [ 42 ]. It controls cell cycle progression via repression of the E2F 
transcription factor family of proteins. The activity of cyclin-dependent kinases 
(CDKs) correlates with the onset of pRb phosphorylation and G1/S cell cycle transi-
tion [ 106 ]. Up to 16 possible CDK phosphorylation sites exist on pRb, and multiple 
CDKs can phosphorylate pRb with some site specifi city [ 42 ]. 

 Several studies have demonstrated that the pRb pathway is harshly disrupted in 
HCC patients. When pRb expression was examined in 25 patients with HBV- 
induced HCC using histochemical staining, it was found that pRb expression was 
altered in eight patients. Another study examined the expression of pRb, cyclin D1, 
and p16 in 47 HCC specimens and found that 38 of them had been inactivated in 
either pRb or p16 expression, whereas cyclin D1 was overexpressed in only fi ve 
samples [ 132 ]. This disruption in the pRb pathway in HCC was similar to that 
observed in various cancers, demonstrating that pRb is a critical player in 
carcinogenesis.  
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3.1.4     Mitogen-Activated Protein Kinase Pathway (MAPK) 

 The intracellular MAPK family has fi ve MAPK subgroups. MAPKs were impli-
cated in diverse cellular processes such as cell survival, differentiation, adhesion, 
and proliferation [ 171 ]. 

 Proteins of HBV, HCV, and hepatitis E virus modulate MAPK signaling by tar-
geting multiple phases of the signaling pathway [ 179 ]. In human HCC, the expres-
sion levels of Spred protein (Sprouty-related protein with Ena/vasodilator-stimulated 
phosphoprotein homology-1 domain), an inhibitor of the Ras/Raf-1/ERK pathway, 
are deregulated [ 140 ]. Forced expression of Spred caused inhibition of ERK activa-
tion  in vivo  and  in vitro , resulting in reduced proliferation of cancer cells 2 and 9. 
This fi nding suggests that Spred and the correlation between MAPK-ERK could 
serve as a therapeutic target for human HCC.  

3.1.5     Ras Pathway 

 Human ras proteins H-Ras, N-Ras, K-ras4A, and K-Ras4B are small GTP-binding 
proteins that function as molecular switches to infl uence cell growth, differentiation 
and apoptosis [ 25 ]. Activation of Ras and expression of Ras pathway proteins such 
as p21 were also reported in solid tumors [ 16 ] as well as in cell lines [ 96 ]. However, 
in a recent study, it was reported that RASSF1A and NORE1A, members of the 
RASSF family of Ras inhibitors, are inactivated in human HCC, demonstrating the 
role for Ras pathway in liver cancer [ 96 ]  

3.1.6     Stress Response Signaling 

 Heat shock proteins (HSPs) are important players in cellular stress response. Under 
stress conditions, they undergo phosphorylation and/or dephosphorylation. A study 
conducted with 48 clinical specimens, HCC progression was found to be associated 
with the decrease in serine phosphorylation of HSP27 [ 104 ]. In another study, sev-
eral members of the HSP family were found to be associated with the presence of 
HCC [ 177 ].  

3.1.7     Vascular Endothelial Growth Factor and Transforming 
Growth Factor-β Pathways 

 Vascular endothelial growth factor (VEGF) and fi broblast growth factor (TGF) can 
play an important role in liver cancer development [ 13 ]. It was reported recently that 
infl ammation is associated with cancer and cytokines are involved in promoting 
cancer development and progression, especially during infection with HV [ 141 ]. In 
particular, Th2 cytokines are induced and Th1 cytokines decreased in metastases. 
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Therefore, the modulation of cytokines and the use infl ammatory cytokines inhibi-
tors might be critical in alleviating HCC progression; in fact, a recent study showed 
that the use of inhibitors of VEGF and TGF-β prevented the development of HCC 
in rat liver [ 142 ].  

3.1.8     Crucial Role of Autophagy in Liver Cancer 

 Autophagy refers to a process in which cellular organelles and macromolecules are 
degraded for recycling of bioenergetics components [ 116 ]. The autophagic process 
includes a series of steps, including initiation, elongation and expansion of the 
phagophore assembly site (PAS), phagophore, formation and maturation of double- 
membrane vesicle termed autophagosome, and autophagosomes subsequently fuse 
with lysosomes to form autolysosomes for degradation [ 174 ]. This process is regu-
lated by Atgs through different signaling pathways [ 47 ]. 

 With the identifi cation of Atgs, especially the design of various mouse models 
with Atg deletion liver specifi c, has been revealed the importance of autophagy in 
liver physiology and pathology, e.g., clearing misfolded proteins, nutrient and 
energy-metabolism in hepatocytes lipid and alcohol metabolism, regulating selec-
tive organelle degradation, and HV infection [ 36 ,  168 ]. 

 Basically, in the mammalian cells the Atg proteins form several important func-
tional groups in control of autophagosome formation: the ULK1 complex, consisting 
of the serine/threonine kinase ULK1, Atg13, focal adhesion kinase family interact-
ing protein of 200 kDa (FIP200) and Atg101, controls the induction or initiation of 
autophagy for the formation of phagophore and is negatively regulated by mechanis-
tic target of rapamycin (mTOR). The Beclin 1-class III PI3K complex controls the 
nucleation step of autophagosome formation. Subsequently, the two ubiquitin-like 
conjugation systems (the Atg12–Atg5 system and the LC3 system) mediate the elon-
gation stage, leading to the formation of a complete autophagosome [ 117 ,  174 ]. 

 One key function of autophagy is known to clear intracellular protein aggregates 
and works together with the ubiquitin–proteasome system to continue intracellular 
protein homeostasis [ 80 ,  109 ]. Defi ciency of Atg7 in mouse liver causes marked accu-
mulation of polyubiquitinated proteins and deformed mitochondria, as well as an 
increased number of peroxisomes and lipid droplets in hepatocytes [ 83 ]. Then, autoph-
agy plays a signifi cant role in protein homeostasis in normal liver [ 81 ]. Moreover, the 
homozygous z mutation of alpha-1-antitrypsin (ATZ) can result in protein misfolding 
and causes pulmonary emphysema, chronic liver infl ammation and HCC [ 130 ]. 

 It is well know that liver starvation can cause the largest proportion of protein 
loss. For example, wild type mice lose 25–40 % of their liver protein in the fi rst 48 h 
of fasting [ 120 ]. Interestingly, the protein levels in the liver tissue of the liver- 
specifi c Atg7-defi cient mice failed to exhibit similar protein loss, suggesting that 
autophagy plays a critical role in protein degradation in the liver. As a result, there 
was a transient increase of amino acid levels in the liver tissue and blood after 24 h 
of fasting in the wild type mice, but not in Atg7-defi cient mice [ 47 ]. 
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 As above, several studies have indicated the crucial role of autophagy in liver 
diseases; the deregulation of autophagy is often associated with HV, NAFLD, alco-
holic liver disease, fi brosis, cirrhosis, and HCC [ 87 ,  136 ]. Newly, many investiga-
tors have proposed that tumor cells rely on autophagy for survival in HCC, although 
it is still controversial whether autophagy serves as an anti-cancer or pro-cancer 
mechanism [ 28 ,  100 ]. 

 First, autophagy acts as a tumor-suppression mechanism inhibiting  infl ammation, 
to prevent tumor cell necrosis, clearance of the scaffold protein p62/SQSTM1 and 
promotion of genomic stability. As a result, animals with deletion of Atgs are at 
high risk of developing tumors [ 95 ,  169 ]. Second, autophagy may act as a pro- 
survival mechanism to protect cancer cells from various forms of cellular stress. 
Therefore, inhibition of autophagy may sensitize cancer cells to chemotherapeutic 
agents in cancer treatment [ 172 ]. Recent studies are struggling to reveal the com-
plex paradoxical role of autophagy in cancer development as well as in cancer ther-
apy [ 90 ].    

4     Autophagy as an Anti-cancer Target 

4.1     Beclin 1 

 The fi rst relation between autophagy and cancer development was established with 
the fi nding that Beclin 1 inhibits tumorigenesis [ 99 ]. It is found that Beclin 1 is usu-
ally monoallelically deleted in many human cancers such as prostate and ovarian 
cancers [ 160 ]. Additional studies showed that homozygous Beclin 1 knockout mice 
are embryonic lethal while Beclin 1 +/−  mutant mice develop high incidence of spon-
taneous tumors including HCC [ 160 ]. Other studies showed that Beclin 1 +/−  mutant 
increases the frequency of spontaneous malignancies and accelerates the develop-
ment of HBV-induced premalignant injury, together with the increasing of cellular 
proliferation and reduced autophagy  in vivo  [ 165 ]. This means that autophagy can 
exert a mechanistic purpose in tumor suppression.  

4.2     Atg5 and Atg7 

 A mouse model with long-term systemic mosaic deletion of Atg5 demonstrated 
development of benign liver adenomas, thus clearly suggesting a  tumor-suppressive 
function of autophagy. Temporarily, swollen mitochondria, oxidative stress and 
genomic damage responses were also detected in the hepatic tumor cells. The 
similar phenotype, such as enlarged mitochondria and a large number of peroxi-
somes, had also been observed in liver-specifi c Atg7 −/−  mice developing liver 
tumors [ 27 ].  
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4.3     p62 

 Mammalian sequestosome 1 (p62/SQSTM1) is a multifunctional ubiquitin-binding 
scaffolding protein that serves multiple cellular functions in bone metabolism, obe-
sity, caspase activation, inclusion body formation, and tumorigenesis [ 76 ,  88 ]. A 
recent study showing that p62 is a selective autophagic substrate, which shows the 
signifi cant role of p62 in the process of autophagy [ 88 ]. The low level of p62 accu-
mulation, caused by autophagy degradation, could benefi t the liver [ 82 ]. Furthermore, 
human HCC is associated with p62 accumulation in MDBs, and heterozygous muta-
tion of Beclin1 displays p62 accumulation with liver tumorigenesis suggesting that 
autophagy defects may play an important role in HCC pathogenesis [ 82 ,  112 ]. Tumor 
size in mice with liver-specifi c knockouts of Atg7 is clearly reduced in combination 
with p62 knockout [ 153 ]. These results suggested that p62 accumulation caused by 
autophagy defi ciency contributes to tumor progression. Importantly, sustained p62 
expression caused by autophagy defects contributed to liver tumorigenesis is via 
NF-κB regulation and gene expression [ 112 ]. In addition, aggregates positive for p62 
and KEAP1 are often detected in human cancers including HCC, and induction of 
NRF2 target genes has also been observed in most of these tumors. In mice, liver-
specifi c Atg7 knockout develop hepatocellular adenoma with excess p62 accumula-
tion followed by NRF2 activation [ 69 ]. However, it is intriguing that high expression 
of Nrf2 promotes tumor cell growth; one option is that activation of Nrf2 could stim-
ulate cell-cycle progression and modulate the G1-S transition by regulation of p21 
and pRb phosphorylation [ 69 ]. Together, understanding the cellular functions of 
p62–KEAP1–NRF2 pathways provide a new understanding into the development of 
liver cancer and support the anti-cancer function of autophagy in HCC. 

4.3.1     Autophagy Induction for Liver Cancer Prevention 

 Cancer cells can commandeer autophagy to limit infl ammation, tissue damage and 
genome instability, which can promote cancer initiation, suggesting that stimulation of 
autophagy, may be helpful for cancer prevention [ 153 ]. In mice, p62 knockout partly 
rescue the tumor development [ 112 ,  153 ], proposing that p62 may be a valuable target 
for cancer prevention and treatment. In addition, the activated hepatic autophagy level 
in Alpha-1 Antitrypsin Defi ciency (A-1ATD) patients can suppress liver infl ammation 
and carcinogenesis [ 131 ]. Furthermore, the increased autophagy level induced by car-
bamazepine treatment reduces the Alpha-1 Antitrypsin load and alleviates the associ-
ated hepatic fi brosis and hepatic hydroxyproline concentration as well as the cancer 
risk in mice [ 59 ]. A recent in vitro model [ 62 ] demonstrate that Sedanolide suppressed 
J5 cell viability by inducing autophagy, by regulating PI3K, p53 and NF-κB autoph-
agy-associated signaling pathways. This suggests that enhancement of autophagy may 
be an effective advance for prevention of liver disease including cancer.    
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5     Autophagy as a Pro-cancer Mechanism 

 There is important evidences demonstrated that autophagy constitutes an important 
pro-survival mechanism in response to cellular stress [ 169 ]. For example, hypoxia 
can enhance the chemoresistance of HCC cells  in vitro  via induction of autophagy 
[ 151 ]. In addition, in hypoxic tumor regions, autophagosomes are most prominent 
and Beclin 1 deletion results in tumor cell death specifi cally in these hypoxic regions 
[ 32 ]. Supplementary, inhibition of autophagy which repairs hepatoma cell sensitiv-
ity to chemotherapy, suggests that autophagy plays a pro-survival role in chemo-
therapeutic agent-induced cell death [ 151 ]. HCC cells treated with AS-6 (a synthetic 
derivative of ascochlorin, -O-carboxymethylascochlorin) induce ER stress and acti-
vate autophagic response characterized by increased expression of Beclin 1, Atg5, 
and LC3-II as well as autophagosome formation [ 75 ]. 

5.1     High Basal Autophagy Is Required for Liver Cancer 
Development 

 The basal autophagy in normal cells is induced by stress in the process of 
tumorigenesis. In many cancer cells, such as pancreatic cancer, the elevated 
basal autophagy is required for continued cell growth [ 175 ]. Similarly, Ras-
driven tumorigenesis risen in elevated basal autophagy level; In their study, 
autophagy is found to be required to maintain the pool of functional mitochon-
dria required to support growth of Ras-driven tumors, based on the observations 
that deletion of Atg5 or Atg7 can suppress Ras-driven tumorigenesis  in vivo  
[ 54 ]. Moreover, these observations may not be limited to Ras. The role of 
autophagy in tumorigenesis is also supported by a recent study using FIP200 (an 
Atg17 homolog of yeast) knockout mice in which mammary cancer growth was 
impaired by inactivation of FIP200 [ 167 ]. Notably, deletion of Atg5 or Atg7 in 
the mice only causes hepatoma formation without progression to HCC [ 153 ], 
which suggests that autophagy could be required to support the growth of 
aggressive cancers.   

6     Autophagy Like Liver Cancer Therapy 

 As autophagy acts a dual role in the initiation and development of liver cancer, 
many researches have evaluated its mechanisms and applications to HCC treatment. 
Increasing evidence supports the fact that autophagy also contributes to tumor cell 
responses to therapies and changing environmental stimuli.  
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7     Autophagy Inducer 

7.1     Rapamycin and Its Analogues 

 One central cascade in autophagy as well as in liver cancer, including HCC, is the 
PI3K/Akt/mTOR pathway that regulates cell growth, angiogenesis, proliferation, 
and apoptosis [ 138 ]. This pathway is activated in 15–41 % of HCCs, and mTOR 
inhibitors showed anti-tumor activity in HCC [ 148 ]. Rapamycin and its derivatives 
such as everolimus (RAD001, 40-O-(2-hydroxyethyl)) showed anti-tumor activity 
in preclinical studies of HCC [ 148 ]. Rapamycin (sirolimus), an mTOR kinase inhib-
itor which had been widely used as an autophagy inducer showed anti-proliferative 
and anti-angiogenesis activities [ 65 ]. Temsirolimus (CCI-779) a derivative of 
Rapamycin also showed therapeutic effects on Recurrent Glioblastoma Multiforme. 
Radiographic improvement was observed in 36 % of Temsirolimus-treated patients, 
and was associated with signifi cantly longer time to tumor progression (TTP) 
(Median 2.3 months) [ 126 ]. So, Rapamycin and its analogues have been used as 
cancer therapeutic agents and induction of autophagy is believed to be part of the 
underlying mechanisms for its therapeutic effects [ 18 ]  

7.2     Tyrosine Kinase Inhibitors 

 Tyrosine kinases play signifi cant roles in tumor progression and the inhibitors of 
tyrosine kinases have been developed for cancer therapy [ 5 ]. Sorafenib, a multi- 
tyrosine- kinase inhibitor in combination with a HDAC inhibitor SAHA showed 
improvement of cancer cell death by induction of autophagy in liver cancer and 
pancreatic one [ 110 ]. However, doxorubicin-induced autophagic cell death was 
suppressed by sorafenib which can facilitate cell cycle progression, increased sur-
vival, and reduced autophagy in HCC cells. Anyway, the possible antagonistic 
effects in the combination of sorafenib and DOX which enhances anti-cancer effi -
cacy need further consideration [ 107 ].  

7.3     Others 

 NPC-16, a novel naphthalimide-polyamine conjugate can stimulate autophagy and 
apoptosis in liver cancer cells and demonstrate that mTOR signal pathway was 
involved in NPC-16-mediated autophagy [ 173 ]. Also berberine, a quaternary 
ammonium salt from the protoberberine group of isoquinolinealkaloids, is derived 
from Coptidisrhizoma, can induce autophagic cell death in HCC cells through inhi-
bition of the mTOR-signaling pathway by suppressing the activity of Akt and up- 
regulating P38MAPK signaling [ 164 ]. Furthermore, MLN4924, a potent and 
selective small molecule NEDD8-activating enzyme (NAE) inhibitor, can suppress 
the outgrowth of liver cancer cells  in vitro  and  in vivo  by induction of autophagy 
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which was attributed to the inhibition of mTOR activity due to Deptor (a mTOR 
binding protein) accumulation [ 105 ]. 

 A recent study showed that cannabinoids (Δ9-THC) and its agonist (JWH-015) 
reduced the growth of HCC subcutaneous xenografts via autophagy induction by 
inhibition of the Akt–mTORC1 axis and AMPK stimulation [ 161 ]. This result also 
demonstrated that Δ9-THC and the agonist JWH-015 promote HCC death via 
autophagy stimulation [ 162 ,  163 ]. As a novel anti-tumor agent, fangchinoline can 
induce autophagy, and the transcriptional activity of p53 is required for the initia-
tion of autophagy. Senstrin2 but not DRAM is involved in fangchinoline-induced 
autophagy in hepatoma cells suggesting that fangchinoline induces autophagic cell 
death via p53/sestrin2/AMPK signaling in human HCC cells [ 162 ,  163 ].   

8     Autophagy Inhibitors 

8.1     Chloroquine (CQ) and Hydroxychloroquine (HCQ) 

 CQ and HCQ, which belong to the 4-aminoquinoline class, are originally used in the 
treatment of malaria and in autoimmune disorders [ 74 ]. These agents have been com-
monly used as autophagy inhibitors via suppression of the lysosomal catalytic function 
through neutralization of the lysosomal pH [ 133 ]. There are many reports showing the 
sensitizing effect of CQ or HCQ on cell death induced by various cancer therapeutic 
agents both in vivo and in vitro. For example inhibition of autophagy by CQ further 
enhanced the oxaliplatin-induced apoptotic cell death and the sensitivity to chemo-
therapy in HCC cell, suggesting that autophagy may play an important role in releasing 
the oxaliplatin resistance in liver cancer cells [ 41 ]. Similarly, Ding et al. demonstrated 
that suppression of autophagy using CQ enhanced cell death is induced by oxaliplatin 
in Huh7 and SMMC-7721 cell lines Hence the combination of oxaliplatin with CQ can 
lead to more pronounced tumor suppression in liver cancer xenografts [ 37 ,  38 ]. 

 Moreover, it has been show that the combination of CQ with sorafenib produced 
more tumor suppression in HCC both in cell line and mice [ 146 ]. Further, co- 
administration of sorafenib and CQ signifi cantly suppressed tumor growth com-
pared to sorafenib alone in liver xenograft tumors in mice. At present, there are 25 
ongoing clinical trials using CQ/HCQ alone or in combination with other drugs in 
cancer via targeting autophagy. However, so far no clinical trials targeting liver 
cancer and autophagy have been recruited and further work is needed to utilize CQ/
HCQ as a therapeutic strategy in treatment of liver cancer [ 28 ].  

8.2     siRNA 

 siRNA is a natural process through which a targeted gene is silenced with high 
specifi city and selectivity [ 135 ]. The role of siRNA in autophagy inhibition by 
knockdown of specifi c Atg genes as well as in cancer treatment has been described. 
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For instance, Chen et al. showed that autophagy level could be inhibited by knock-
ing down of Beclin 1, which results in an enhanced cell death in HCC cell line [ 23 ]. 
In addition, siRNA silencing of Atg5 and Beclin 1 partially blocked the autophagy 
that improved cell death response upon MLN4924 treatment in HepG2 cells [ 105 ]. 
Moreover, inhibition of autophagy by siRNA silencing of Beclin 1 also enhanced 
melatonin-induced cell death in H22 cell; these data suggest that melatonin may 
activate a protective autophagic reaction to protect H22 cells from death, and inhibi-
tion of autophagy by siRNA may enhance the anti-tumor effect of melatonin [ 97 ]. 
Taken together, autophagy inhibition by siRNA of specifi c Atg genes enhanced the 
chemotherapy agent-induced cell death, although it remains to be cleared whether 
autophagy inhibition using the siRNA approach truly affects the effi cacy of treat-
ment of liver cancer.  

8.3     MicroRNAs 

 MicroRNAs (miRNAs) are small, non-coding endogenous RNAs ~ 22 nucleotides 
(nt) in length that may play the critical role for regulation of cell death, such as 
apoptosis and autophagy by targeting multiple genes and pathways [ 50 ]. Moreover, 
accumulated evidence also demonstrates that administration of miRNAs (miR-26a) 
results in inhibition of cancer cell proliferation, induction of tumor-specifi c apopto-
sis in a mouse model of HCC [ 84 ]. Furthermore, many miRNAs, such as, miR-101, 
miR-30a, miR-34a, miR-204, and miR-375, identifi ed as the inhibitors of autoph-
agy are down regulated or lost in cancer [ 28 ]. Therefore, inhibiting autophagy by 
miRNAs has been an emerging focus via limiting therapeutic resistance for liver 
cancer therapy. miR-375, for instance, effectively inhibited hypoxia-induced 
autophagy by direct targeting of ATG7 in HCC cells [ 22 ], suggesting the possibility 
of utilizing miR-375 for autophagy modulation in HCC therapy.   

9     Hepatic Ischemia-Reperfusion Injury and Autophagy 

 Ischemia-reperfusion (I/R) injury is an important cause of liver damage during sur-
gical procedures such as hepatic resection and liver transplantation. I/R injury is a 
biphasic phenomenon whereby cellular damage due to hypoxia and lack of biome-
chanical stimulus is accentuated upon restoration of oxygen delivery and shear 
stress [ 129 ]. I/R injury is a complex phenomenon involving intracellular injury pro-
cesses and also an injurious infl ammatory response. The signaling events contribut-
ing to local hepatocellular damage are diverse and complex and involve the 
interaction between hepatocytes, sinusoidal endothelial cells, Kupffer cells (KC), as 
well as infi ltrating neutrophils, macrophages and platelets [ 118 ]. During the isch-
emic period, the lack of energetic substrate interferes with active transmembrane 
transport, producing edema in KC and endothelial cells (EC). Several relevant 
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factors and mediators such as nitric oxide (NO) are involved in the ischemic injury 
of the liver the loss of the delicate equilibrium between NO and endothelin induces 
vasoconstriction and narrowing of the sinusoidal lumen, compromising leukocyte 
fl ow and inducing accumulation, adherence, and extravasation of leukocytes in both 
hepatic sinusoids and postsinusoidal venules. The increase in contact between leu-
kocytes and EC promotes leukotaxis, and the trapped leukocytes interfere with the 
fl ow of blood through the sinusoidal capillaries [ 53 ]. Also, platelets play an impor-
tant role in hepatic I/R injury, synthesizing and release several factors that intervene 
in liver transplant and hepatic regeneration; in fact, platelets activate neutrophils for 
ROS generation, further contributing to the amplifi cation of the neutrophil response 
[ 93 ]. On reperfusion of the ischemic liver, the collapse of the microcirculation 
maintains areas of ischemic liver parenchyma and, in addition to the microcircula-
tory failure, the activation of KC and neutrophils leads to the synthesis of infl amma-
tory cytokines, further aggravating the severity of the ischemic injury. Concomitantly, 
KC suffer from a profound activation process that is promoted by neighbor hepatic 
cells-released damage-associated molecular patterns and KC activation signifi -
cantly increase their release of ROS and pro-infl ammatory cytokines, including 
tumour necrosis factor-α (TNF-α), interleukin-1 (IL-1), interferon-γ (INF-γ) and 
interleukin-12 (IL-12) [ 92 ]. When the liver is subjected to an ischemic insult, the 
alterations induced by oxidative stress can exceed the compensatory capacity of the 
liver, producing cell death. The exact mechanism of cell death in hepatic I/R injury 
remains unclear; apoptosis of hepatic cells is one of the possible pathway [ 158 ], but, 
on the other hand, other groups oppose the view that the majority of cells undergo 
apoptosis in response to either warm or cold I/R injury, believing that necrosis is the 
main form of cell death [ 111 ]. As a consequence of the incipient amount of uncov-
ered molecular mechanisms responsible for hepatic I/R injury, a variety of new 
therapeutic strategies have been developed [ 70 ,  72 ]. An important new pathway is 
autophagy, because was demonstrated the induction of autophagy is associated with 
attenuation of I/R injury [ 48 ]. Autophagy is involved in various physiological pro-
cesses, such as liver diseases, but also I/R injury [ 136 ]. Autophagy is an intracellu-
lar self-digesting pathway responsible for removal of long-lived proteins, damaged 
organelles, and malformed proteins during biosynthesis by lysosomes. Autophagy 
is found in normal and diseased liver. Although depending on the type of ischemia, 
warm and/or cold, the dynamic process of liver I/R results mainly in adenosine tri-
phosphate depletion and in production of ROS, leads to both, a local ischemic insult 
and an acute infl ammatory-mediated reperfusion injury, and results fi nally in cell 
death. This process can induce liver dysfunction and can increase patient morbidity 
and mortality after liver surgery and hemorrhagic shock [ 29 ,  30 ]. In liver ischemia 
reperfusion injury, autophagy mainly has a prosurvival activity allowing the cell for 
coping with nutrient starvation and anoxia. As the fi rst known role of autophagy is 
its action during nutrient starvation, studies on autophagy and liver diseases have 
rapidly focused on liver ischemia/reperfusion. The physiological role of autophagy 
in nutrient and energy metabolism in hepatocytes has been reviewed elsewhere 
[ 176 ]; it is now clear that macroautophagy in the liver is important for the balance 
of energy and nutrients for basic cell functions, the removal of misfolded proteins 
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resulting from genetic mutations or pathophysiological stimulations, and the turn-
over of major subcellular organelles such as mitochondria, endoplasmic reticulum, 
and peroxisomes under both normal and pathophysiological conditions. Also, stim-
ulation of autophagy through nutrient depletion and overexpression of Beclin-1 
inhibits mitochondrial permeability transition (MPT)-dependent hepatocyte necro-
sis and apoptosis and enhances ATP recovery after reoxygenation [ 79 ]. So, increas-
ing autophagy might ameliorate liver damage and restore mitochondrial function 
after I/R [ 162 ,  163 ]. The nuclear protein high mobility group box 1 (HMGB1) is an 
important infl ammatory mediator involved in the pathogenesis of liver ischemia/
reperfusion (I/R) injury. Strategies aimed at preventing its release from stressed or 
damaged cells may be benefi cial in preventing infl ammation after I/R. The mecha-
nism of action of new drugs appears to involve its ability to sequester HMGB1 
inside the nucleus of redox-stressed hepatocytes and to modulate liver I/R-induced 
autophagy [ 19 ]. Many studies showed that PPARγ activation is associated with 
autophagy in the liver, so stimulation of PPARγ in adult mice resulted in increased 
autophagy; this suggest that hepatoprotective effects of PPARγ may be related to 
induction of autophagy [ 147 ]. Despite very similar protocols, results of studies per-
formed in mice, assessing the impact of autophagy on liver I/R injury, are highly 
controversial. The mechanism of hepatic I/R has not been clarifi ed due to its com-
plexity, but increasing evidence shows that the production of ROS and infl ammatory 
cytokines are key factors in inducing liver damage; it was demonstrated that there is 
a relationship between attenuation of hepatic ischemia reperfusion-induced apopto-
sis and autophagy via the ROS/MAPK pathway in mice and the reduction of infl am-
matory cytokines [ 94 ]. In other studies, increase of hepatocellular autophagy results 
as a stress stimulus to hepatocytes. Moreover, the stress response of hepatocytes 
may be involved in their degeneration process [ 101 ]. Whether autophagy protects 
from or promotes liver injury following warm and/or cold I-R remains to be 
elucidated.     
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