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Preface

Autophagy is a fundamental biological process that enables cells to adjust
cytoplasmic mass, quality and organization through capture and autodigestion of
their cytoplasmic components. Autophagic targets range in size and complexity
from individual long-lived macromolecules to whole organelles and microbial
invaders. The principal role of this ubiquitous eukaryotic homeostatic mechanism
is to ensure cell survival under adverse conditions, including nutrient absence,
growth factor withdrawal, accumulation of toxic protein aggregates, and faulty
organelles (e.g., leaky mitochondria), or infection by intracellular pathogens. The
physiologic and pathophysiologic roles of autophagy (and defects in autophagy) are
vast, encompassing cancer, neurodegeneration, metabolic diseases, aging, and (as
of more recently) immunity. The immunological roles of autophagy fall into two
broad categories, including: (1) effects on the control of general homeostasis in
immune cells that parallel its roles in other cell types in the body, and; (2) effects
on specialized functions of immune cells or other cellular targets of infection that
enable the host to effectively deal with microbes or microbial products.

In this volume, experts in autophagy provide overviews and more detailed
dissections of the basic molecular and cellular mechanisms of autophagy (chapter by
Yang and Klionsky), the signaling cascades that control these processes (chapter by
Codogno and colleagues), and the fundamental and applied physiological roles of
autophagy (chapter by Mizushima). The role of autophagy in cellular homeostasis
as it relates to immunity is covered in two chapters; Pua and He describe the role of
autophagy in lymphocyte homeostasis and Espert and Biard-Piechaczyk describe
the effects of HIV on lymphocyte cell death through autophagy. These chapters
provide contrasting examples of how autophagy can be used to normally adjust
lymphocyte populations or be misdirected by a potent virus to deplete certain types
of immune cells. A similar theme of “pros and co s” is seen in the chapters that
comprise the bulk of this volume, covering what is likely to be the most ancient
specialized immune function of autophagy: the direct elimination of intracellular
microbes. In the chapters by Orvedahl and Levine, Deretic and colleagues, Huang
and Brumell, Yoshimori and Amano, and Sabauste, autophagy is revealed in its
primordial immune form of an innate, cell-autonomous defense against the microbes
that manage to erode into or specifically invade the interior of the eukaryotic cell.
The chapters by Kirkegaard, Orvedahl and Levine, and Campoy and Colombo
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reveal the flip side of these relationships, addressing specialized adaptations that
successful intracellular pathogens have evolved to deal with autophagy as an anti-
microbial mechanism. Moreover, the broad role of autophagy as a cell-autonomous
innate immunity mechanism that is deeply engrained in the eukaryotic cell is
evidenced by its role in plants, as discussed in the chapter by Dinesh-Kumar and
colleagues. Lastly, the chapters by Tal and Iwasaki, Gannagé and Miinz, and Virgin
and colleagues cover some of the most intriguing immunological applications of
autophagy, including: (1) the ability of autophagosomes to capture cytosolic microbial
products for presentation to the lumenally-oriented innate immunity receptors such
as Toll-like receptors (Tal and Iwasaki), thus activating innate immunity; (2) a
similar topological inversion function of autophagy in antigen presentation, whereby
microbial antigens expressed in the cytosol of the host cell can be processed and
loaded onto lumen-facing MHC II molecules for proper presentation to T cells
(Gannagé and Miinz), thereby functioning in adaptive immunity as well as in thymic
T-cell selection; and (3) the role of autophagy genes as their function relates to
specialized aspects of highly differentiated cells in the context of understanding
inflammatory disorders such as Crohn’s disease (Virgin and colleagues).

The chapters in the book describe an increasingly complex set of interactions
that are beginning to be unraveled between the autophagy pathway, infectious dis-
eases, and immunity. In its most primal form, autophagy may be a universal defense
mechanism by which individual eukaryotic cells (or unicellular organisms) protect
themselves in a cell-autonomous fashion by “eating” the microbes that attack them.
With the evolution of metazoan organisms, the autophagy pathway has likely been
utilized to enable such organisms to develop a more complex immune system. Not
only is autophagy a primordial defense mechanism, it is also a pathway that shapes
the dynamics of immune cell populations, that contributes to immunological toler-
ance and the control of inflammation, and that links pathogen recognition to the
activation of innate and adaptive immunity. And—based upon the pace of new
discoveries in this area—this list may just be the tip of the iceberg. Hopefully, this
volume of Current Topics in Microbiology and Immunology will stimulate investi-
gators to delve even deeper into this exciting field.

Dallas, TX, USA Beth Levine
Osaka, Japan Tamotsu Yoshimori
Albuquerque, NM, USA Vojo Deretic
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An Overview of the Molecular Mechanism
of Autophagy

Zhifen Yang and Daniel J. Klionsky
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Abstract Autophagy is a highly conserved cellular degradation process in which
portions of cytosol and organelles are sequestered into a double-membrane vesicle,
an autophagosome, and delivered into a degradative organelle, the vacuole/lysosome,
for breakdown and eventual recycling of the resulting macromolecules. This process
relieves the cell from various stress conditions. Autophagy plays a critical role during
cellular development and differentiation, functions in tumor suppression, and may
be linked to life span extension. Autophagy also has diverse roles in innate and
adaptive immunity, such as resistance to pathogen invasion. Substantial progress
has been made in the identification of many autophagy-related (ATG) genes that
are essential to drive this cellular process, including both selective and nonselective
types of autophagy. Identification of the ATG genes in yeast, and the finding of
orthologs in other organisms, reveals the conservation of the autophagic machinery
in all eukaryotes. Here, we summarize our current knowledge about the machinery
and molecular mechanism of autophagy.

Z. Yang and D.J. Klionsky (D<)

Life Sciences Institute and Departments of Molecular, Cellular and Developmental
Biology and Biological Chemistry, University of Michigan,
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B. Levine et al. (eds.), Autophagy in Infection and Immunity, 1
Current Topics in Microbiology and Immunology 335,
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2 Z. Yang and D.J. Klionsky

1 Introduction

Autophagy, “self-eating” at the subcellular level, has gained tremendous attention
in the past few years, and our knowledge concerning the mechanism of autophagy
has expanded dramatically (Yorimitsu and Klionsky 2005b). There are three major
types of autophagy in eukaryotic cells—macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA)—and they are mechanistically different
from each other (Klionsky 2005; Massey et al. 2004). Both macro- and microautophagy
involve dynamic membrane rearrangement to engulf portions of the cytoplasm, and
they have the capacity for the sequestration of large structures, such as entire
organelles. Microautophagy involves the direct engulfment of cytoplasm at the
lysosome surface by invagination, protrusion, and septation of the lysosome membrane.
In contrast, during macroautophagy, portions of cytoplasm are sequestered into a de
novo-formed double-membrane vesicle termed an autophagosome. Subsequently,
the completed autophagosome fuses with the lysosome/vacuole and the inner single-
membrane vesicle is released into the lumen. In either case, the membrane of the
resulting autophagic body is lysed to allow the contents to be broken down, and the
resulting macromolecules are transported back into the cytosol through membrane
permeases for reuse. In contrast, CMA does not involve a similar type of membrane
rearrangement; instead, it translocates unfolded, soluble proteins directly across the
limiting membrane of the lysosome.

In this chapter, we will focus on macroautophagy, hereafter referred to as
autophagy. Autophagy is an evolutionarily conserved process that occurs ubiqui-
tously in all eukaryotic cells (Reggiori and Klionsky 2002) and has many physio-
logical roles. Autophagy is active at a basal level for the turnover of long-lived
proteins and also for the removal of superfluous or damaged organelles. This latter
function might provide a connection to autophagy’s proposed role in life span extension
(Levine and Klionsky 2004). On the other hand, autophagy is induced as a cellular
response to various stress conditions, such as nutrient limitation, heat, and oxidative
stress. Autophagy also plays a role in cellular development and differentiation
(Levine and Klionsky 2004). Moreover, autophagy is implicated in a wide range of
diseases (Huang and Klionsky 2007; Mizushima et al. 2008; Shintani and Klionsky
2004a), including cancer and neurodegenerative disorders such as Alzheimer’,
Parkinson” and Huntington’ diseases. In addition, autophagy has diverse roles in
innate and adaptive immunity (Levine and Deretic 2007). For example, autophagy
can eliminate invasive pathogens, including viruses, parasites and bacteria;
autophagy also promotes MHC class II presentation of microbial (and self) antigens.
Finally, in the absence of apoptosis, autophagy may participate in a type of programmed
cell death (type II) that is distinct from apoptosis, although the physiological relevance
of the former is not clear (Levine and Yuan 2005).

The morphology of autophagy was first identified in mammalian cells in the
1950s, and extensive morphological and pharmacological studies defined the basic steps
of this process. Subsequent work in various fungi starting in the 1990s allowed the
identification of individual molecular components that participate in autophagy.
To date, there are 31 autophagy-related (ATG) genes (Huang and Klionsky 2007;
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Klionsky et al. 2003). The ATG genes were discovered from genetic screens for
mutants that affected protein turnover (nonspecific autophagy), peroxisome degra-
dation (pexophagy) and delivery of a resident vacuolar hydrolase (the cytoplasm to
vacuole targeting (Cvt) pathway). Although the Cvt, pexophagy, and autophagy
pathways are morphologically and mechanistically similar and share most of the
Atg components, they differ in several aspects (Fig. 1). Autophagy and pexophagy
are degradative, whereas the Cvt pathway is biosynthetic. Autophagy is generally
considered nonselective, whereas pexophagy and the Cvt pathway are highly selective.
The Cvt pathway is used to deliver two resident vacuolar hydrolases, aminopeptidase

Plasma membrane

Starvation Autophagosome

il

Autophagy
[

Cytosol

2 permease
Phagophore

Qo
O S I
e

PrApe1

Vacuole

Cvt vesicle

Fig. 1 Schematic overview of autophagy and the Cvt pathway in yeast. Both pathways involve the
engulfment of cargos within distinct double-membrane vesicles, which are thought to originate from
the phagophore assembly site (PAS). The Cvt pathway is biosynthetic and is used for the delivery
of two resident vacuolar hydrolases, aminopeptidase I (Apel), and a-mannosidase (Ams1), and it
occurs under vegetative conditions. The Cvt vesicle is approximately 140-160 nm in diameter and
appears to closely enwrap the specific cargo, the Cvt complex (consisting of prApel and the Atg19
receptor), and exclude bulk cytoplasm. In contrast, autophagy is degradative and is induced by
inactivation of Tor kinase upon nutrient starvation. The autophagosome, which is 300-900 nm in
diameter, sequesters cytoplasm, including organelles, and can also specifically sequester the Cvt
complex. Once completed, the double-membrane vesicles dock and fuse with the vacuole, and
release the inner single-membrane vesicles (autophagic or Cvt body) into the lumen. Subsequently,
these vesicles are broken down, allowing the maturation of prApel and the degradation of cyto-
plasm, with recycling of the resulting macromolecules through vacuolar permeases. This figure is
modified from Fig. 1 of Yorimitsu and Klionsky (2005b)
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I (Apel) and o-mannosidase (Amsl) (Hutchins and Klionsky 2001; Scott et al.
1997). A double-membrane vesicle that sequesters these two proteins is termed a
Cvt vesicle; this is relatively consistent in size but significantly smaller than the
autophagosome, being 140-160 nm in diameter compared to 300-900 nm for the
autophagosome (Baba et al. 1997). Similarly, the vesicle formed during pexophagy,
the pexophagosome, is also larger than the Cvt vesicle in order to accommodate its
specific cargos, peroxisomes (Hutchins et al. 1999). In contrast to the autophago-
some, both the Cvt vesicle and pexophagosome appear to closely enwrap the cargo
and exclude bulk cytoplasm.

These dynamic pathways can be broken down into a series of steps (Fig. 2),
including induction, cargo recognition and packaging, vesicle nucleation, vesicle
expansion and completion, Atg protein cycling, vesicle fusion with the vacuole/

Induction | Atg1, 11, 13,
17, 20, 24, 29, 31

9®
Cargo recognition
and packaging
Cycling Atgl1, 19

Atg1, 2,9, 11,
13, 18, 28, 27

Vesicle

nucleation %o R(/eﬁ)éczllzng
Atgs, 14, @
Vps15, 34

/ Lysosome/Vacuole

breakdown
Atg15

Vesicle completion
Atg5, 7, 8,9,
10, 11,12, 16

Fig. 2 Schematic representation of autophagy and autophagy-related pathways. These dynamic
pathways can be broken down into a series of steps including induction, cargo recognition and
packaging, vesicle nucleation, vesicle expansion and completion, Atg protein cycling, vesicle
fusion with the vacuole/lysosome, vesicle breakdown and recycling of the resulting macromole-
cules. The Atg proteins can be classified into several different groups according to their functions
at the different steps of the pathway. The Atgl complex may act at multiple steps of the pathway,
including induction and Atg protein cycling. During the vesicle formation process, several Atg
proteins are involved in cycling between the peripheral sites and the PAS. PAS, phagophore assem-
bly site; thought to be the organizing site for phagophore formation. This figure is modified from
Fig. 2 of Huang and Klionsky (2007)
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lysosome, vesicle breakdown, and recycling of the resulting macromolecules
(Huang and Klionsky 2007). Thus, the Atg proteins can be classified into several
different groups according to their functions at the different steps of the pathway.
Many orthologs of the ATG gene products have also been identified and studied in
higher eukaryotes, such as worms, insects, plants and mammals, and they have
essentially similar roles as those in yeast (Xie and Klionsky 2007; Yorimitsu and
Klionsky 2005b). Continued investigation of functions of the ATG gene products in
yeast will greatly expand our understanding of autophagy. In this chapter, we will
mainly discuss the molecular machinery of autophagy, with an emphasis on yeast.

2 Molecular Mechanism of Autophagy

2.1 Induction and Regulation of Autophagy

Insufficient autophagy can be deleterious (Komatsu et al. 2007a; Kuma et al. 2004),
but excessive levels may also be harmful. Accordingly, autophagy is a tightly
regulated process in all eukaryotes. The induction and regulation of autophagy have
been studied extensively in yeast, mammalian cells and Drosophila. Several signaling
pathways, as summarized in the following, are involved in the control of autophagy.

TORCI. The protein target of rapamycin, Tor, plays a major regulatory role in
autophagy induction (Carrera 2004). Tor forms two functionally distinct protein
complexes, Tor complex 1 and 2 (TORC1 and TORC2) (Loewith et al. 2002), and
TORCI has the primary role in regulating autophagy. Under nutrient-rich condi-
tions, TORC1 is active and inhibits autophagy, whereas TORC1 is inhibited upon nutrient
deprivation, allowing an increase in autophagic activity (Noda and Ohsumi 1998).

In yeast, TORC1 acts on autophagy in two ways (Klionsky 2005). First, TORC1
regulates the Atgl-Atgl3—Atgl7 kinase complex (Fig. 3a). The formation of this
ternary complex correlates with an increase in autophagic activity. Atgl, a serine/
threonine kinase, is one of the key Atg proteins required for both autophagy and the
Cvt pathway (Matsuura et al. 1997). Based on yeast two-hybrid data and affinity
isolation, Atgl is found to be in a complex with Atgl3 and Atgl7 (Kamada et al.
2000; Kabeya et al. 2005). The observation that Atgl7 interacts with Atgl3 in the
absence of Atgl but not vice versa suggests that Atgl3 mediates the interaction
between Atgl and Atgl7. TORCI regulates (directly or indirectly) the Atgl3 phos-
phorylation state. Under nutrient-rich conditions, Atgl3 is highly phosphorylated,
and has a lower affinity for Atgl and Atgl7. Upon the inactivation of TORCI1 by
rapamycin or nutrient deprivation, Atgl3 is rapidly and partially dephosphorylated,
leading to a higher affinity for Atgl and Atgl7. The identities of the phosphatase(s)
that control Atgl3 phosphorylation are currently unknown. The interaction of Atgl
with hypophosphorylated Atgl3 and Atgl7 allows the activation of Atgl kinase
activity. Loss of interaction between Atgl and Atgl3 or between Atgl3 and Atgl7
leads to a decrease in Atgl kinase activity and decreased autophagy. The kinase



a OO® () Starvation

1
© o

l Nutrients

Cvt pathway

b
@ @& 9
® \
\/Amophagy
c Growth
e © factor e o
o * Amino Acids (Insulin/IGF) ® @ o

A/
| !
i = i | ]
<_> Insulin

receptor
M1 recep

. —

| €D

Low energy \ l Atg1 Drosophila
Low ATP
Atg ‘_/
Class Il
PtdIns3K \ l

@
Autophagy

Fig. 3a—c Regulation of autophagy induction in yeast and mammalian cells. a Regulatory
complex for autophagy induction in yeast. In yeast, autophagy is mainly a starvation response, and
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phosphorylated, and this hyperphosphorylated Atgl3 has a lower affinity for Atgl and Atgl7.
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activity of Atgl is essential for both autophagy and the Cvt pathway, although a
higher level of kinase activity appears to be needed for the Cvt pathway (Kamada
et al. 2000; Kabeya et al. 2005; Cheong et al. 2008; Abeliovich et al. 2003). It is
possible that the kinase activity of Atgl is critical to the magnitude of autophagy
but not its initiation (Nair and Klionsky 2005). The downstream substrate of Atgl
kinase is unclear, and it is still a matter of debate as to whether Atgl primarily acts
on autophagy through its kinase activity or through a structural role during
autophagic complex formation. However, one role of the Atgl-Atgl3-Atgl7 ter-
nary complex is thought to be that of regulating the switch between autophagy and
the Cvt pathway in response to environmental changes.

Homologs of Atgl are involved in autophagy in various multicellular organisms
such as Dictyostelium discoideum (Otto et al. 2004), Drosophila melanogaster
(Scottetal. 2004), C. elegans (Melendez et al. 2003), Arabidopsis thaliana (Hanaoka
et al. 2002), and mammals (Yan et al. 1998, 1999). In Drosophila, Atgl activity is

<<

Fig. 3 (continued) Upon inactivation of TORCI by nutrient starvation, Atgl3 is rapidly and
partially dephosphorylated, leading to a higher affinity for Atgl and Atgl7. The formation of the
Atgl-Atgl3-Atgl7 ternary complex allows the activation of Atgl kinase activity, which may
regulate the switch between autophagy and the Cvt pathway in response to environmental
changes. The function of additional components of the putative complex depicted here, including
Atg20, Atg24, Atg29, Atg31 and Vac8, are not known. Atgl1 may function in part as a scaffold
protein. This figure is modified from Fig. 2 of Yorimitsu and Klionsky (2005b) b Multiple nutri-
ent-sensing kinase signaling pathways converge on autophagy in yeast. TORCI plays a major role
in the regulation of autophagy. Ras is active under nutrient-rich conditions and allows the activa-
tion of PKA, which inhibits autophagy. The PKA and Sch9 signaling pathways cooperatively
regulate the induction of autophagy in parallel with Tor, although Sch9 is also a direct substrate
of TORCI. The elF2a kinase signaling pathway positively regulates autophagy, and Gen2 might
be another target of TORC1. Snfl and Pho85 are additional positive and negative regulatory com-
ponents, respectively, of autophagy in yeast. ¢ Regulation of autophagy in mammalian cells. mTor
activation depends on several inputs, including nutrients (amino acids), energy (ATP) and growth
factor (insulin/IGF). In response to insulin receptor stimulation, a class I phosphoinositide 3-kinase
(PtdIns3K) is activated and generates PtdIns(3,4)P, and PtdIns(3,4,5)P, at the plasma membrane,
and the latter two activate 3-phosphoinositide-dependent protein kinase 1 (PDK1) and protein
kinase B (PKB)/Akt. PKB phosphorylates and inhibits the GTPase-activating protein complex
TSC1-TSC2, leading to the stabilization of Rheb-GTP, which stimulates mTor, causing inhibition
of autophagy. PTEN, a 3’-phosphoinositide phosphatase, antagonizes PKB and has a stimulatory
effect on autophagy. Both mTor and PDKI1 stimulate p70S6 kinase (p70S6K). In one model,
under nutrient-rich conditions, activation of S6K directly stimulates autophagy, or it is stimulated
indirectly through inhibition of PtdIns3K, allowing a basal level of autophagy for homeostatic
purposes. Under starvation conditions, inhibition of mTor prevents further activation of S6K,
which limits and prevents excessive autophagy. Both ATP and amino acid deprivation result in
mTor inactivation independent of the insulin signaling pathway. Amino acids activate mTor via
inhibition of the TSC1-TSC2 complex or are sensed by mTor directly. Energy stress causes activa-
tion of the LKB1-AMPK pathway, which inhibits mTor by activating TSC1-TSC2. AMPK phosphor-
ylates and stabilizes p27, a cyclin-kinase inhibitor, leading to activation of autophagy. An antiapoptotic
protein, Bcl-2, associates with Beclin 1, the mammalian homolog of Atg6, and inhibits a class III
PtdIns3K complex, whereas the latter serves a stimulatory role in autophagy. Also shown is the
notion that Atgl overexpression negatively feeds back on Tor activity in Drosophila
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modulated by TORCI1 as in yeast, because the induction of autophagy that results
from the overexpression of Atgl is suppressed when the TORC1 signaling pathway
is impaired (Scott et al. 2007). Normally, a feedback mechanism may occur in
which Atgl downregulates Tor activity, resulting in a further activation of Atgl and
a further increase in autophagy (Fig. 3c). Because these studies are based on over-
expressed Atgl, however, the physiological significance is not clear at present. In
mammals, the uncoordinated 51-like kinases 1 and 2 (Ulk1 and Ulk2) appear to be
the functionally equivalent mammalian homologs of yeast Atgl. Knockdown of
ULK] inhibits the induction of autophagy by rapamycin treatment, indicating that
Ulk1 functions downstream of mTOR in autophagy regulation (Chan et al. 2007).
In contrast to the result in Drosophila, overexpression of ULKI or ULK2 sup-
presses autophagy. Furthermore, moderate expression of kinase-dead ULK mutants
also efficiently suppresses autophagy, indicating that kinase activity of the Ulk
proteins is critical during this process (Hara et al. 2008). FIP200 is a recently identi-
fied Ulk-interacting protein that is required for autophagy (Hara et al. 2008). Ulk
and FIP200 function together and form a complex that is essential during an early
step in autophagosome formation; FIP200 is thus thought to be a counterpart of
yeast Atgl7. Further identification and analysis of a functional homolog of
mammalian Atgl3 might help to clarify the functional relationship between the yeast
and mammalian Atgl complex.

Second, TORCI1 acts through its downstream effectors to control autophagy.
Several, but not all, TORCI readouts, including autophagy, are regulated through
protein phosphatase type 2A (PP2A) and/or 2A-related protein phosphatase (Sit4)
(De Virgilio and Loewith 2006). PP2A and Sit4 are in distinct complexes containing
Tap42. Under nutrient-rich conditions, Tap42 is phosphorylated and tightly associates
with PP2A and Sit4. Starvation or rapamycin treatment causes dephosphorylation
and dissociation of Tap42 or a change in conformation, resulting in the activation of
Sit4. TORC1 may directly phosphorylate Tap42, or it may indirectly regulate Tap42
via Tip41. Upon the inactivation of TORCI, Tip41 is dephosphorylated and has a
high affinity for Tap42, resulting in the inhibition of the latter. One report suggests
that Tap42 does not transmit the signal from TORC1 to regulate autophagy (Kamada
et al. 2000). However, more recent data indicate a role for Tap42 in the negative
regulation of this process (Yorimitsu et al. 2009).

The conserved Tor protein in mammalian cells (mTor) also senses nutrient status
and modulates autophagy, but the mechanism of regulation is more complex than
in fungi, which are not responsive to hormones. As shown in Fig. 3c, the regulatory
cascade upstream of mTor includes an insulin receptor, insulin-receptor substrates
1 and 2, class I phosphoinositide 3-kinase (PtdIns3K), 3-phosphoinositide-dependent
protein kinase 1 (PDK1), and protein kinase B (PKB)/Akt (Meijer and Codogno
2006). mTor activity is controlled by the heterodimer TSC1-TSC2, which acts as a
GTPase-activating protein (GAP) for the GTPase Rheb. The GDP-bound form of
Rheb inhibits mTor, whereas the GTP-bound form stimulates the enzyme. PKB
phosphorylates and inhibits the TSC1-TSC2 complex, leading to the activation of
mTor signaling. PTEN, a 3’-phosphoinositide phosphatase, antagonizes PKB, and
has a stimulatory effect on autophagy (Arico et al. 2001). The best characterized
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signaling pathway, located downstream of mTor, includes components such as
ribosomal subunit S6 kinase (p70S6K). In one model, S6K exerts a negative feed-
back on mTor signaling by phosphorylating IRS1 to downregulate insulin signaling,
leading to a decline in PtdIns(3,4,5)P,, an inhibitor of autophagy; this feedback regu-
lation may ensure a basal level of autophagy even under nutrient-rich conditions
(Klionsky et al. 2005).

Ras/cAMP-dependent protein kinase A (PKA). In addition to TORCI, the Ras/
PKA signaling pathway also regulates autophagy from yeast to mammals
(Budovskaya et al. 2004; Furuta et al. 2004; Mavrakis et al. 2006; Schmelzle et al.
2004; Yorimitsu et al. 2007). Under nutrient-rich conditions in yeast, two redundant
small GTPases (Rasl and Ras2) are activated, and stimulate adenylyl cyclase to
produce cAMP. cAMP binds to the PKA regulatory subunit (Bcyl) and allows its
dissociation from the three PKA catalytic subunits (Tpk1, Tpk2, and Tpk3), resulting
in the activation of PKA (Thevelein and de Winde 1999). Constitutive activation of
PKA through a dominant hyperactive allele of RAS2, RAS2¢V, or deletion of
BCYI prevents the induction of autophagy by nutrient starvation or rapamycin,
whereas inactivation of PKA by a dominant negative allele of RAS2, RAS29%%4,
induces autophagy under rich conditions without rapamycin (Budovskaya et al.
2004; Schmelzle et al. 2004). Thus, in addition to TORCI1, Ras/PKA is another
negative regulator of autophagy (Fig. 3b). Among the Atg proteins, Atgl, Atgl3,
Atgl8 and Atg21 contain PKA phosphorylation sites. However, it is still unclear
whether the phosphorylation of these Atg proteins by PKA has any functional link
to autophagy (Budovskaya et al. 2005).

Sch9 is a homolog of mammalian PKB or p70S6 kinase (Urban et al. 2007).
A recent report shows that PKA and Sch9 signaling pathways cooperatively regulate
the induction of autophagy (Yorimitsu et al. 2007). Simultaneous inactivation of
PKA and Sch9 triggers the induction of autophagy under rich conditions independ-
ent of effects on TORC1, whereas further inactivation of TORC1 causes an additive
effect. These observations suggest a model wherein PKA, Sch9, and TORCI, at
least in part, regulate autophagy in parallel (Fig. 3b). This model is supported by
the finding that TORC1 and Ras/PKA function as two parallel pathways that inde-
pendently act in regulating cell growth (Zurita-Martinez and Cardenas 2005).
However, Sch9 is a direct substrate of TORC1 (Urban et al. 2007); furthermore, it
is also suggested that TORCI transmits signals through the Ras/PKA pathway to
its downstream targets (Schmelzle et al. 2004). Therefore, the connection between
PKA, Sch9, and TORC1 with regard to their effects in autophagy regulation is still
not clear.

elF20 kinase signaling and GCN4 general control. In response to amino acid
starvation, budding yeast initiates a general amino acid control to induce the tran-
scription of numerous genes. Central to this response is Gen4, a master transcriptional
activator of gene expression (Hinnebusch 2005). Gen4 synthesis is mainly regulated
at the translational level. Derepression of GCN4 mRNA translation requires a
protein kinase, Gen2, whose only known substrate is the o subunit of translation
initiation factor 2 (elF2). The elF2a kinase signaling pathway is also involved in
the regulation of autophagy from yeast to mammals (Fig. 3b) (Talloczy et al. 2002).
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Upon the loss of Gen2 or Gen4, or in the presence of the e[F2a nonphosphorylat-
able mutant SUI2-S51A, autophagic activity is impaired. Intriguingly, TORCI is
implicated in the elF2a kinase signaling pathway because rapamycin activates
Gcen2, at least in part, through dephosphorylation of Ser577 (Kubota et al. 2003).
Thus, Gen2 might be another target of TORCI.

Other signaling pathways controlling autophagy. Snfl, the closest yeast
homolog of the mammalian AMP-activated protein kinase, and Pho85, a cyclin-
dependent kinase (CDK), antagonistically control autophagy in yeast (Fig. 3b)
(Wang et al. 2001b). Snfl, which is activated upon glucose depletion to allow tran-
scription of glucose-repressed genes, is required for starvation-induced autophagy.
Pho85, which has multiple functions through associations with its ten different
cyclins (Pcls), is a negative regulator of autophagy, although the functions of the
various Pcl proteins and the pathways that they regulate are currently unknown
(Carroll and O’Shea 2002).

In mammalian cells, AMPK is also required for autophagy (Meley et al. 20006).
During energy stress, AMP accumulation causes activation of the LKB1-AMPK
pathway, which inhibits mTor by activating TSC1/TSC2 (Hoyer-Hansen and
Jaattela 2007). Furthermore, AMPK phosphorylates p27, a cyclin-kinase inhibitor,
thereby stabilizing p27, whereas ectopic expression of wild-type or a stabilized p27
mutant induces autophagy (Liang et al. 2007).

2.2 The Cvt Pathway and Other Selective Types of Autophagy

Although autophagy is generally considered to be a nonselective pathway for the
degradation of bulk cytoplasmic components, recent findings indicate that there are
many types of selective autophagy in both yeast and higher eukaryotes. In yeast,
even bulk autophagy can be selective; cytosolic acetaldehyde dehydrogenase, Ald6,
is preferentially sequestered into autophagosomes relative to other cytosolic proteins
(Onodera and Ohsumi 2004). Several organelles are selectively degraded through
autophagy. For example, the selective degradation of mitochondria is termed mitophagy
(Kim et al. 2007). This type of selective process is thought to play a crucial role in
mitochondrial homeostasis; however, the mechanism underlying mitophagy remains
unclear. The use of electron microscopy to observe mitochondrial degradation indicates
that mitophagy occurs both selectively and nonselectively. A recent report dem-
onstrates that mature ribosomes are rapidly degraded by autophagy in yeast through
a process termed ribophagy. This degradation involves a type of selective autophagy
in that it specifically requires catalytic activity of the Ubp3/Bre5 ubiquitin protease
(Kraft et al. 2008).

In fungi such as Saccharomyces cerevisiae, Pichia pastoris, Hansenula polymorpha,
and Yarrowia lipolytica, peroxisomes are selectively engulfed and degraded through
two morphologically distinct autophagic degradation processes, micro- and mac-
ropexophagy (Gunkel et al. 1999; Hutchins and Klionsky 2001; Sakai et al. 2006;
Tuttle et al. 1993; Veenhuis et al. 1983). When fungi grow on specific carbon
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sources, such as oleic acid or methanol, peroxisome proliferation is induced to
adapt to the new physiological conditions that require peroxisome metabolism.
When peroxisome proliferation becomes unnecessary and peroxisomes become
superfluous (as occurs after shifting to a preferred carbon source such as glucose),
peroxisomes are rapidly and specifically degraded. The two main modes of pexophagy,
micro- and macropexophagy share most of the molecular components with nonspe-
cific autophagy. However, the presence of Pex14 at the peroxisomal membrane is
necessary for the specific recognition of the organelle by the macropexophagy
machinery (Bellu et al. 2001). A specificity factor, Atgl1, which is required for the
Cvt pathway, is also essential for the selective transport of peroxisomes to the vacuole
(Kim et al. 2001). A recently identified pexophagy-specific protein, PpAtg30,
functions as a peroxisome receptor through interactions with PpPex3, PpPex14,
PpAtgl1, and PpAtgl7 to deliver peroxisomes to the site for pexophagosome for-
mation (Farre et al. 2008). Furthermore, a fully functional actin cytoskeleton is
required for selective autophagy, including the Cvt pathway and pexophagy, but not
for nonselective autophagy (Reggiori et al. 2005a).

The Cvt pathway is a unique type of specific autophagy. The mechanism of the
selective recognition and packaging of prApel has been relatively well clarified
(Fig. 4). The Apel protein is synthesized in the cytoplasm as a precursor form
(prApel) (Klionsky et al. 1992). After synthesis, prApel assembles into a dodecamer
(Kim et al. 1997), which is further packaged into a larger oligomeric structure
called the Apel complex (Shintani et al. 2002). The prApel propeptide contains
vacuolar targeting information (Martinez et al. 1997; Oda et al. 1996). In addition,
the propeptide also mediates the interaction between prApel and its receptor
protein, Atgl9, to form the Cvt complex in the cytosol (Scott et al. 2001). Another
Cvt cargo, Amsl, also binds Atg19 via a site that is distinct from the prApel binding
site and is concentrated at the Cvt complex (Shintani et al. 2002). The Cvt complex
is subsequently enwrapped by a double membrane that forms a Cvt vesicle. The Cvt
complex can be also sequestered within autophagosomes, depending on the nutrient
conditions (Baba et al. 1997), but this still occurs through a selective process that
involves Atg19.

Atgl1 subsequently associates with Atgl9, acting like an adapter or tethering
protein to bring the Cvt complex to the phagophore assembly site (PAS), a potential
site for the formation of the Cvt vesicle and autophagosome. Several lines of evidence
support the idea that Atgl1 assembles with the Cvt complex before targeting to the
PAS (Yorimitsu and Klionsky 2005a). However, how Atgl1 guides the Cvt complex
to the PAS is still unclear. A C-terminal coiled-coil domain of Atgl1 is critical for
interaction with the C terminus of Atgl9, whereas the N-terminal and/or central
coiled-coil domains contain information necessary for the Cvt complex to be targeted
to the PAS (Yorimitsu and Klionsky 2005a). Besides Atgl9, Atgl1 has several other
interacting partners, including Atgl, Atg9, Atgl7, Atg20, and itself (Chang and
Huang 2007; He et al. 2006; Yorimitsu and Klionsky 2005a). Atg9, the only character-
ized transmembrane protein that is required for sequestering vesicle formation, interacts
with Atgl1 independent of Atgl or Atgl9, suggesting that there are distinct and multiple
populations of Atgl1 within the cell. Atgl1 homo-oligomerization may allow various
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Fig. 4 Temporal order of action of cargo recognition, packaging and sequestration in the Cvt
pathway. A selective type of autophagy, the Cvt pathway, specifically transports the vacuolar
hydrolases precursor Apel and Amsl into the vacuole. Precursor Apel is synthesized in the
cytosol, assembled into a dodecamer, and then further packaged into a larger oligomeric structure,
called the Apel complex. Atgl9 binds to the propeptide of prApel to form the Cvt complex in the
cytosol; Amsl is also incorporated into this complex via binding to Atgl9. Atgl1 subsequently
associates with Atgl9, acting as an adapter to bring the Cvt complex to the phagophore assembly
site or PAS, a potential site for Cvt vesicle formation. The PAS may organize the formation of the
sequestering vesicle, or it may literally become the sequestering vesicle as shown. Atgl1 assembles
with the Cvt complex before targeting to the PAS, and it forms a homodimer or homo-oligomer
at the PAS, although it is not clear whether this self-interaction occurs before or after the arrival
at this site. Several Atg components, including Atg8, are recruited to the PAS independent of
Atgll. Atg8 is conjugated into Atg8—PE for subsequent vesicle formation. Atg8—PE interacts
with Atgl9, and allows the correct incorporation of the Cvt complex into the forming vesicle.
Atg19 is delivered into the vacuole together with the cargo proteins and degraded there. The scaffold
protein Atgl 1, however, dissociates from the Cvt complex before vesicle completion, although the
exact timing and mechanism of its release remain to be resolved. This figure is modified from Fig. 3
of Yorimitsu and Klionsky (2005b)
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Atgl1 populations, along with its various interacting partners, to be delivered to the
PAS (Yorimitsu and Klionsky 2005a). A point mutation (H192L) in Atg9 disrupts the
interaction with Atgl1, preventing movement of Atg9 to the PAS and blocking the Cvt
pathway, but not bulk autophagy (He et al. 2006), in agreement with the finding that
Atgl1 is not required for nonspecific autophagy (Kim et al. 2001).

After the arrival of the Atgl1-Atgl9-cargo complex at the PAS, Atgl9 interacts
with Atg8—PE to allow the transfer of the Atgl19-cargo complex to the forming Cvt
vesicle (or autophagosome); interaction between these two proteins may ensure the
incorporation of the Cvt complex into the Cvt vesicle (Shintani et al. 2002). Unlike
most receptors that recycle between donor and acceptor membranes, Atg19 is deliv-
ered into the vacuole together with the cargo proteins and degraded there. The
scaffold protein Atgl1, however, does not appear to remain associated with the Cvt
complex; rather, it is thought to be released from Atgl9 after delivery to the PAS
and to dissociate from the complex before vesicle formation (Kim et al. 2001).
It remains unknown whether there is a role for Atgll during the process of Cvt
vesicle completion, and the exact timing and mechanism of its release remain to be
resolved. However, disassembly of the homo-oligomerized Atgll requires the
Atgl-Atgl13—Atgl7 kinase complex (Yorimitsu and Klionsky 2005a).

Increasing evidence indicates that selective autophagy also occurs in mammals.
For example, the p62/SQSTMI1/sequestosome protein preferentially recognizes
polyubiquitinated protein aggregates and connects these with the autophagic
machinery through interaction with the Atg8 mammalian homolog, LC3 (Bjgrkay
et al. 2005; Komatsu et al. 2007b). Thus, p62 could function as a receptor protein
similar to Atgl9 to link polyubiquitinated proteins to autophagosomes. Another
recent example of selective autophagy is seen with the clearance of mitochondria
and ribosomes during reticulocyte maturation (Kundu et al. 2008). In this case,
Ulk1 plays a critical role in selective autophagy, but is not essential for the induction
of starvation-induced bulk autophagy. Selectivity is also seen with the degradation
of peroxisomes in mammalian cells (Iwata et al. 2006). Finally, some pathogens are
selectively targeted by autophagy, such as Mycobacterium tuberculosis and
Streptococcus pyogenes (Gutierrez et al. 2004; Nakagawa et al. 2004). It is important
to note, however, that other microbes (including bacteria and viruses) regulate
autophagy for their own survival (Nakagawa et al. 2004; Ogawa et al. 2005; Orvedahl
and Levine 2008). Shigella, an invasive bacteria, is able to escape autophagy by
secreting IcsB on the bacterial surface. The IcsB protein interacts with VirG, which
prevents the latter from binding Atg5 and triggering specific autophagic sequestra-
tion (Ogawa et al. 2005).

2.3 Phosphatidylinositol 3-Kinase Complex

The class III phosphatidylinositol 3-kinase (PtdIns3K) is known to participate in
various membrane trafficking events. Vps34 is the only PtdIns3K in yeast, and it
forms at least two distinct complexes, complex I and II (Fig. 5). Each complex
contains three common components, Vps34, Vps15, and Vps30/Atg6 (Kihara et al.



14 Z. Yang and D.J. Klionsky

PtdIns3K PtdIns3K
complex | complex Il

Vps30
(Atgé)

PN TRy

Autophagy Vps pathway
and Cvt pathway

Fig. 5 Two phosphatidylinositol 3-kinase (PtdIns3K) complexes in yeast. Each complex contains
three common components, Vps15, Vps34, and Vps30/Atg6. Vps34 is the PtdIns3K enzyme, and
Vpsl5 is thought to be a regulatory component; the function of Vps30/Atg6 is not known. In addi-
tion, each complex contains another specific component, Atg14 (complex I) or Vps38 (complex II),
which is thought to act as a connector between Vps30 and Vps15-Vps34. Complex I functions in
autophagy and the Cvt pathway, whereas complex II acts in the Vps pathway, including the CPY
and MVB pathways. This figure is modified from Fig. 5a of Yorimitsu and Klionsky (2005b)

2001). The function of Vps34 is dependent on a serine/threonine kinase, Vpsl5,
which is required for Vps34 membrane association and activity (Stack et al. 1995).
The role of Vps30/Atg6 within these PtdIns3K complexes is not well understood.
These three common proteins are involved in autophagy, the Cvt pathway and the
sorting of carboxypeptidase Y (CPY), which is normally transported from the late
Golgi to the vacuole through the CPY pathway. In addition, each complex contains
another specific component, Atgl4 (complex I) or Vps38 (complex II), which is
thought to act as a connector between Vps30 and Vps15-Vps34. The region con-
taining the coiled-coil domains I and II within the N-terminal half of Atgl4 is
responsible for the interaction between Vps34 and Vps30/Atg6. Loss of Atgl4d
disrupts complex I and causes a defect only in autophagy and the Cvt pathway,
whereas Vps38 deletion disrupts complex II and blocks only the CPY pathway. The
association of Atgl4 or Vps38 confers functional specificity on the two PtdIns3K
complexes by targeting Vps34 to distinct compartments, thus regulating different
protein trafficking events. Vps15-Vps34 complexed with Vps30 and Atgl4 local-
izes to the PAS, and functions in autophagy and the Cvt pathway; Vps15-Vps34
complexed with Vps30 and Vps38 localizes to endosomes, and functions in the
CPY pathway (Obara et al. 2006).

PtdIns3K is a lipid kinase and the kinase activity of Vps34 is essential for
autophagy and the Cvt pathway. One possible role of PtdIns3K is to produce
PtdIns(3)P at the PAS to recruit PtdIns(3)P-binding proteins, which in turn recruit
additional downstream effectors to the PAS. PtdIns(3)P is bound by proteins that
have specific binding sites, such as the PX (phox homology) domain and the FYVE



An Overview of the Molecular Mechanism of Autophagy 15

(for conserved in Fabl, YOTB, Vacl, and EEA1) zinc finger domain (Ellson et al.
2002; Stenmark et al. 2002). Two PX domain-containing proteins, Atg20 and
Atg24, bind to PtdIns(3)P (Nice et al. 2002). These proteins are essential only for
the Cvt pathway, not bulk autophagy. Their functional PX domains are necessary
for membrane localization to the PAS and the endosome, which in turn depend on
PtdIns3K complexes I and II, respectively. The role of endosomal localization is
unknown since the CPY pathway is normal in the absence of Atg20 or Atg24;
however, the endosomal localization is not necessary for Cvt transport. Atg20 and
Atg24 interact with each other, and Atg24 and possibly Atg20 interact with Atgl7
(Nice et al. 2002). In addition, Atg20 interacts with Atgl1 (Yorimitsu and Klionsky
2005a). Thus, the Atg20—Atg24 complex might be part of the Atgl kinase complex.
Atgl8 and Atg21 are also PtdIns(3)P-binding proteins, although neither of them
contain known phosphoinositide-binding domains. Both proteins are recruited
to the PAS in a manner dependent on PtdIns3K complex I (Guan et al. 2001;
Stromhaug et al. 2004). Atgl8 is needed for the correct movement of Atg9, but the
function of Atg21 is not known.

In contrast to yeast, there are two types of PtdIns3K in mammalian cells: class I
and class III PtdIns3K. Mammalian class III PtdIns3K, hVps34—similar to yeast
Vps34—generates PtdIns(3)P, and plays a stimulatory role in autophagy (Fig. 3c). It
forms a complex with its regulator, p150, the homolog of Vpsl15, and its accessory
protein Beclin 1, the homolog of Vps30/Atg6 (Liang et al. 1999; Panaretou et al.
1997). Class I PtdIns3K uses PtdIns(4,5)P, as substrate to yield PtdIns(3,4,5)P.. It
functions at the plasma membrane and acts through an insulin signaling cascade to
activate mTOR and PKB; hence it has an inhibitory effect on autophagy (Jacinto and
Hall 2003). A major pathway by which amino acids control mTor is not mediated
through class I PtdIns3K but instead through activation of the class III PtdIns3K,
hVps34 (Nobukuni et al. 2005). Thus, hVps34 might also have an inhibitory effect
on autophagy in mammalian cells. The specific function of PtdIns(3)P in mamma-
lian cells has not yet been clarified, but it could function similar to that in yeast.
Moreover, the effectors of PtdIns(3)P are also not clear. Atg20 and Atg24 do not
have mammalian homologs. Atgl8 has a human homolog and binds to PtdIns(3)P,
but its role in autophagy has not yet been elucidated (Jeffries et al. 2004).

2.4 Two Ubiquitin-Like Protein Conjugation Systems

There are two protein conjugation systems that function in selective and nonselec-
tive autophagy, and they include the ubiquitin-like proteins Atgl2 and Atg8 (Fig. 6)
(Ohsumi 2001). Both conjugation systems are evolutionarily conserved from yeast
to humans. Although Atgl2 and Atg8 do not have apparent sequence homology
with ubiquitin, each of them contains a ubiquitin fold at the C terminus, based on
the crystal structures of Atgl2 and Atg8 homologs from plants and mammals,
respectively (Paz et al. 2000; Suzuki et al. 2005).
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Fig. 6 Two ubiquitin-like protein conjugation systems. The conjugation of Atgl2 to Atg5 starts
with activation by Atg7, which is homologous to the E1 ubiquitin-activating enzyme. Atg7 hydro-
lyzes ATP, resulting in the activation of Atgl2 via the formation of a thioester bond between the
C-terminal glycine of Atgl2 and the active site cysteine of Atg7; subsequently, the activated
Atg12 is transferred to the active site cysteine of Atgl0, an E2-like enzyme, which catalyzes the
conjugation of Atgl2 to Atg5 through the formation of an isopeptide bond between the activated
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Atgl2 is covalently attached to Atg5 through an isopeptide bond between a
C-terminal glycine of Atgl2 and an internal lysine residue of Atg5. The conjuga-
tion reaction is catalyzed by two additional proteins, Atg7 and Atgl0 (Mizushima
et al. 1998a). Atg7 is homologous to the E1 ubiquitin-activating enzyme, Ubal, in
the ATP-binding region and the active cysteine residue, but not in terms of its over-
all structure (Tanida et al. 1999). Atgl0 functions as an E2 ubiquitin-conjugating
enzyme, although Atgl0 shows no homology to the E2 enzymes that participate in
the ubiquitin system (Shintani et al. 1999). As occurs during ubiquitination, Atg7
hydrolyzes ATP, resulting in the activation of Atgl2 via the formation of a high-
energy thioester bond between the C-terminal glycine of Atgl2 and the active
cysteine 507 of Atg7; subsequently, the activated Atgl2 is directly transferred to
the active cysteine 133 of Atgl0 to form an Atgl2—Atg10 thioester; finally, Atgl12
is transferred to the target protein Atg5 to form the final conjugate. Atg5 is further
bound noncovalently to another coiled-coil protein, Atgl6, to form an Atgl2—
Atg5—Atgl6 multimeric structure through homo-oligomerization of Atgl6. This
multimer has a molecular mass of approximately 350 kDa in yeast, and is predicted
to represent a tetramer of the Atgl2—Atg5—Atgl6 complex. This is functionally
essential for autophagy (Kuma et al. 2002). The Atgl6 complex has recently been
shown to specify the site of LC3 lipidation for membrane biogenesis in mammalian
autophagy (Fujita et al. 2008).

A second ubiquitin-like protein, Atg8, is conjugated to a membrane lipid, phos-
phatidylethanolamine (PE) (Ichimura et al. 2000). The C-terminal arginine 117
residue of newly synthesized Atg8 is initially proteolytically cleaved by a cysteine
protease, Atg4, exposing a glycine (Kirisako et al. 2000). The glycine is then bound
to the active cysteine 507 of Atg7, the same El-like enzyme used in the Atgl2—
Atg5 conjugation system. The activated Atg8 is then transferred to another E2-like
enzyme (Atg3) at the active cysteine 234 residue via a thioester bond. The region
around cysteine 234 of Atg3 shows partial homology to the corresponding region
surrounding cysteine 133 of Atgl0. Eventually, Atg8 is conjugated to PE through
an amide bond between the C-terminal glycine and the amino group of PE.
Atg8—PE is tightly associated with membranes, being an integral membrane pro-
tein. An in vitro reconstitution of the Atg8—PE conjugation process, using purified
Atg7, Atg3, and Atg8AR (Atg8 lacking the last arginine residue), demonstrates that
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Fig. 6 (continued) glycine of Atgl2 and an internal lysine residue of Atg5. Atgl2—AtgS5 is
finally assembled with Atgl6. Atgl6 forms a tetramer to allow the formation of an Atgl2—
Atg5—Atg16 multimeric structure. The conjugation of Atg8—PE starts with the cleavage of the
C-terminal arginine of Atg8 by the protease Atg4. The exposed glycine of Atg8 is then bound to
the active site cysteine of the same El-like enzyme, Atg7. The activated Atg8 is then transferred
to another E2-like enzyme, Atg3. Eventually, Atg3 catalyzes the conjugation of Atg8 to form
Atg8—PE. The Atgl2—Atg5 conjugate might function as an E3, ubiquitin ligase-like enzyme,
to promote Atg8—PE conjugation. Both the Atgl2—Atg5—Atg16 complex and Atg8—PE local-
ize to the PAS to facilitate vesicle formation. The Atg8—PE that resides on the outer face of the
sequestering vesicle is released from the membrane by a second Atg4-dependent cleavage.
This figure is modified from Fig. 4 of Yorimitsu and Klionsky (2005b)
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Atg7 and Atg3 are minimal catalysts (Ichimura et al. 2004). Unlike the Atgl2—
Atg5 conjugate, Atg8—PE conjugation is a reversible process in which Atg4 liber-
ates Atg8 from its target lipid. The liberated Atg8 is recycled and used in another
conjugation reaction to allow efficient progression of autophagy and the Cvt path-
way (Kirisako et al. 2000).

Both the Atgl2 and the Atg8 conjugation systems are evolutionarily conserved.
The mammalian homologs for each component of the yeast Atgl2—Atg5 conjuga-
tion systems (Atg5, Atg7, Atgl0, and Atgl2) have been characterized, and they
function in a similar manner to their counterparts in yeast (Mizushima et al. 1998b;
Mizushima et al. 2002; Tanida et al. 1999). There is also a mammalian Atgl6-like
protein, Atgl6L, which forms an approximately 800 kDa protein complex with the
Atgl2—Atg5 conjugate, again mediated by the homo-oligomerization of Atgl6L
(Mizushima et al. 2003). There are at least four mammalian Atg8 homologs, MAP1LC3,
GATE16, GABARAP and Atg8L. All proteins possess a conserved glycine residue
near their C terminus and are conjugated to PE in the same manner as occurs in
yeast via the catalysts Atg4, Atg7, and Atg3 (Hemelaar et al. 2003; Kabeya et al.
2000, 2004; Tanida et al. 2002, 2003, 2006). Among them, LC3 is most abundant
in autophagosomal membranes and is well established as a marker to monitor the
autophagosome and autophagic activity.

During autophagosome formation, both the Atgl2—Atg5—Atgl6 complex and
the Atg8—PE conjugate localize at the PAS (Kim et al. 2002; Suzuki et al. 2001).
Electron microscopy analysis clearly shows that these two conjugates decorate the
expanding phagophore (Kabeya et al. 2000; Kirisako et al. 1999; Mizushima et al.
2001, 2003). The Atgl2—Atg5—Atgl6 complex is mainly localized on the outer
side of the phagophore and released into the cytosol before or after autophagosome
completion. These observations suggest that the Atgl2—Atg5—Atgl6 complex
might serve as a coat component to drive the expansion and/or curvature of the
membrane leaflet during autophagosome formation. Recent data, however, indicate
that the Atgl2—Atg5 conjugate might function as an E3, ubiquitin ligase, for
Atg8—PE conjugation (Fig. 6), although it is not essential for the latter process to
occur (Hanada et al. 2007). In contrast, Atg8—PE displays an apparently sym-
metrical distribution on both sides of the phagophore. The Atg8—PE that resides on
the surface that becomes the outer face of the sequestering vesicle is released from
the membrane by a second Atg4-dependent cleavage, whereas the inner population
remains inside the vesicle and is delivered into the vacuole/lysosome, where it is
degraded (Huang et al. 2000; Kabeya et al. 2000; Kirisako et al. 1999). Accordingly,
Atg8—PE is another scaffold candidate to drive membrane expansion and vesicle
completion. Upon autophagy induction, Atg8 protein levels increase, and this is
needed to accommodate the larger-sized autophagosome relative to the Cvt vesicle.
A quantitative correlation between the amount of Atg8 and the size of the sequestering
vesicle has recently been determined (Xie et al. 2008). Atg8 is also suggested to act
during the expansion of the autophagosomal membrane by mediating membrane
tethering and hemifusion (Nakatogawa et al. 2007), although the physiological
significance of this activity is not yet known.
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2.5 Atg9 and Its Cycling Systems

One of the intriguing questions concerning autophagy is the source of the lipid that
is used for autophagosome formation and the mechanism used for lipid movement
to the site of autophagosome assembly. Atg9 is an integral membrane protein and is
thought to be a “membrane carrier” during the assembly process (He et al. 2006;
Noda et al. 2000). Unlike most other Atg proteins, which primarily display single
punctate localization at the PAS, Atg9 localizes to multiple punctate structures,
including the PAS (Reggiori et al. 2005b; Reggiori et al. 2004a). The cycling of Atg9
between the PAS and the non-PAS punctate structures is essential for autophago-
some formation. Potentially, membrane could be delivered to the PAS through this
shuttling process. In yeast, several Atg9 non-PAS puncta are found to localize adja-
cent to or at the surface of mitochondria (Reggiori et al. 2005b). It is still unclear,
however, whether Atg9 is an integral component of the mitochondrial outer mem-
brane or the membrane component of an organelle or other structure associated with
mitochondria. Moreover, a population of the Atg9 peripheral pool does not colocal-
ize with either the PAS or mitochondria, but rather is dispersed throughout the
cytosol. This portion of Atg9 is thought to be associated with membranes in the
process of trafficking between the PAS and the membrane donor sites.

The anterograde movement of Atg9 to the PAS involves several Atg proteins
(Fig. 7). In the absence of Atgl1, the transport of Atg9 to the PAS is blocked (He
et al. 2006; Shintani and Klionsky 2004b). The efficient anterograde movement of
Atg9 to the PAS also involves Atg23 and Atg27, which form a cycling unit with
Atg9 (Legakis et al. 2007; Yen et al. 2007). Atg23 is a peripheral membrane protein,
whereas Atg27 is a type I transmembrane protein. Both of these proteins are
required for the Cvt pathway and efficient autophagy. Similar to Atg9, they localize
to the PAS and several other punctate structures. Current evidence suggests that
Atg9, Atg23 and Atg27 are in a heterotrimeric complex, and travel together to the
PAS. Based on fluorescence microscopy, the anterograde transport of these three
proteins is largely interdependent. In the absence of Atg23 or Atg27, Atg9 is at
multiple punctate sites other than the PAS, whereas Atg23 is dispersed throughout
the cytosol without either Atg9 or Atg27.

The actin cytoskeleton also participates in Atg9 anterograde movement (He et al.
2006). Disruption of the actin cytoskeleton prevents correct targeting of Atg9 to the
PAS. Moreover, an actin-related protein, Arp2, interacts with Atg9 and directly regu-
lates the dynamics of Atg9 PAS targeting (Monastyrska et al. 2008). Arp2 is one
subunit of the Arp2/3 complex, the nucleation factor of branched actin filaments.
Thus, one model is that Atgl1 acts as an adaptor between the cargo (Atg9 and actin),
while the Arp2/3 complex provides the force to push the cargo (Atg9 and its associ-
ated membrane) away from the membrane donor and toward the forming autophago-
some (He et al. 2006; Monastyrska et al. 2008; Monastyrska et al. 2000).

The retrieval of Atg9 from the PAS back to the peripheral, non-PAS sites depends
on the Atgl-Atgl13 kinase complex, Atg2, Atgl8, and the PtdIns3K complex I (Fig. 7);
the absence of any of these proteins results in the accumulation of Atg9 at the PAS
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Fig. 7 Cycling of Atg9. In yeast, Atg9 cycles between the PAS and non-PAS punctate structures
(peripheral sites), some of which are found to localize adjacent to or at the surface of mitochondria.
The efficient anterograde movement of Atg9 to the PAS requires Atgl1, Atg23, Atg27, and the
actin cytoskeletion. Atg9, Atg23, and Atg27 are in a heterotrimeric complex, and their movement
to the PAS is interdependent. Atgll acts as a potential adaptor between Atg9 and actin, and
between Atg9 and the Arp2/3 complex, while the latter may provide the force to push the cargo
(Atg9 and its associated membrane) away from the peripheral sites and toward the PAS. The ret-
rograde transport of Atg9 from the PAS back to the peripheral sites depends on the Atgl-Atgl3
kinase complex, Atg2, Atgl8, and the PtdIns3K complex I. The Atgl-Atgl3 complex promotes
the association of Atg2 and the PtdIns(3)P binding protein Atgl8 with Atg9, and the formation of
this ternary complex initiates Atg9 retrieval for another round of membrane delivery

(Reggiori et al. 2004a). Similarly, the retrieval of Atg23 and Atg27 requires the
Atgl-Atgl3 complex; however, only Atg23 retrieval needs a high level of Atgl
kinase activity (Legakis et al. 2007; Yen et al. 2007). Atg2 and Atgl8 are two inter-
acting peripheral membrane proteins (Suzuki et al. 2007). They can both interact
with Atg9, and the interaction of Atgl8 with Atg9 requires Atg2 and Atgl (Reggiori
et al. 2004a; Wang et al. 2001a). The PAS localization of Atg2 and Atgl8 depends
on each other, Atgl, Atgl3, Atg9, and the PtdIns3K complex I. Atg18 can bind two
phosphoinositides, PtdIns(3)P, and PtdIns(3,5)P,, but only the former is essential for
autophagy (Stromhaug et al. 2004). One model is that once the Atgl—Atgl3 complex
and Atg9 are recruited to the PAS separately, Atgl—Atg13 promotes Atg9 interaction
with Atg2 and Atgl8, and the formation of this ternary complex allows Atg9 to be
released for another round of membrane delivery (Reggiori et al. 2004a).

Recent studies on mammalian Atg9 (mAtg9) have revealed that mAtg9 resides in
a juxtanuclear region corresponding to the trans-Golgi network (TGN) and late
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endosomes (Young et al. 2006). Starvation triggers the distribution of mAtg9 from the
TGN to a dispersed peripheral endosomal pool, and knockdown of Ulkl, the mam-
malian ortholog of Atgl, restricts mAtg9 to the TGN. These observations lead to the
idea that mAtg9 traffics between the TGN and late endosomes, and that, potentially,
membranes are delivered from the TGN to the forming autophagosomes.

2.6 De Novo Vesicle Formation

Unlike most other intracellular trafficking processes, autophagy undergoes de novo
formation of double-membrane vesicles. This is a de novo process in that the
sequestering vesicles do not bud from a pre-existing organelle. Instead, these vesicles
are thought to form through the expansion of a membrane core of unknown origin,
termed the phagophore (Mizushima et al. 2001; Noda et al. 2002; Seglen et al.
1990). Figure 8 shows a hypothetical model for de novo vesicle formation. The
proposed site for vesicle formation is the phagophore assembly site (Kim et al.
2002; Suzuki et al. 2001). In yeast, the PAS is a perivacuolar site and is defined in
part as the site where almost all of the Atg proteins reside, at least transiently
(Suzuki et al. 2001). The PAS can be also defined as a hybrid of the phagophore
and its associated Atg proteins (Xie and Klionsky 2007). In mammalian cells, colo-
calization of the Atg proteins has also been observed, although a comprehensive
study has been lacking (Yamada et al. 2005; Young et al. 20006). In these observa-
tions, cells lack a single specialized site for autophagosome formation that is simi-
lar to the yeast PAS, and instead display multiple sites of Atg protein colocalization,
possibly corresponding to multiple PAS.

Understanding the nature of the PAS is a key to studying this novel type of
membrane-forming process. However, the PAS is poorly characterized. Although
the role of the PAS is not fully understood, one model suggests that the PAS serves
to facilitate the nucleation and/or expansion of the phagophore, the precursor of the
autophagosome, through recruitment of Atg proteins (Mizushima et al. 2001;
Suzuki et al. 2007). In addition, membrane has to be delivered to the phagophore;
although the origin of this membrane is also not clear, it appears to include the early
secretory pathway and, in yeast, the mitochondria (Reggiori et al. 2004b, 2005b).

A recent systematic analysis demonstrated that the Atg proteins depend on each
other for PAS recruitment (Cheong et al. 2008; Kawamata et al. 2008; Suzuki et al.
2007). In particular, Atgll and Atgl7 act as scaffold proteins for PAS assembly,
meaning that they may be the initial factors responsible for subsequent recruitment
of the remaining Atg proteins. Atgl1 is essential for PAS organization under veg-
etative conditions, whereas Atgl7 (and associated proteins) plays a critical role
during starvation. In cells lacking both Atgll and Atgl7, there is a complete
absence of PAS localization of other Atg proteins. Starvation-induced PAS assembly,
however, requires more than Atgl7. In addition to the Atgl-Atgl3—Atgl7 ternary
complex, Atgl7 also interacts with two autophagy-specific proteins, Atg29 and
Atg31 (Kawamata et al. 2008). Cells lacking Atgl1 and any of the components in
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Fig. 8 Schematic depiction of double-membrane vesicle formation. The PAS serves to facilitate the
nucleation and/or expansion of the phagophore, the precursor of the autophagosome, through recruit-
ment of Atg proteins. Atg9 and the PtdIns3K complex I are recruited relatively early to the PAS, and
act in membrane nucleation. Atg9 cycles between peripheral sites and the PAS; potentially, Atg9
cycling delivers lipids to the expanding membrane. The Atgl2—Atg5—Atgl6 complex and the
Atg8—PE conjugate, components of the vesicle-forming machinery, are subsequently recruited to the
PAS, and mediate the expansion of the sequestering vesicle. The Atg12—Atg5—Atg16 complex may
in part behave like a coat or may function as an E3 ubiquitin ligase-like enzyme, whereas Atg8—PE
acts in the elongation of the vesicle as a structural component. Before or immediately after the
autophagosome is completed, most of the Atg components, including the putative coat proteins, dis-
sociate from the vesicle; the portion of Atg8&—PE on the outer surface of the vesicle is normally
cleaved off by the Atg4 protease. Finally, the sequestering vesicle can fuse with the vacuole

the Atgl7 complex display essentially the same phenotype as the arglIA atgl7A
double mutant, suggesting that these two complexes function as a PAS-organization
center to induce the ordered recruitment of Atg proteins (Cheong et al. 2008;
Kawamata et al. 2008). Although Atgl kinase activity is not essential for PAS
recruitment of other Atg proteins, it might play a role in disassembly of the PAS or
the dissociation of Atg proteins from the PAS. A dynamic process of Atg protein
cycling is thought to be critical to proper autophagosome expansion (Cheong et al.
2008). This concept fits with the idea that Atgl kinase activity is related to the size
of the sequestering vesicle (Noda et al. 2002).

Among the remaining Atg proteins, Atg9 is recruited relatively early to the PAS,
and this also requires the function of the PtdIns3K complex I. Atg9 and the PtdIns3K
complex I may play some role in membrane nucleation and facilitating the subse-
quent recruitment of certain Atg components, including the Atgl2—Atg5—Atgl6
complex and the Atg8—PE conjugate. In their absence, these two conjugates can be
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formed, but they become completely diffuse in the cytosol without any punctate
localization. The PAS localization of Atg8—PE depends on the Atgl2—Atg5—
Atgl6 complex (Suzuki et al. 2001).

As mentioned above, before or immediately after the autophagosome is com-
pleted, most of the Atg components dissociate from the vesicle. The sequestering
vesicle must be completed before fusion with the vacuole. The Atgl2—Atg5—
Atgl6 complex may in part behave like a coat to prevent premature fusion; the
portion of Atg8—PE on the outer surface of the vesicle might also play such a role.
Atg8—PE is normally cleaved off by the Atg4 protease prior to vesicle fusion.
Furthermore, there may be certain unknown factors that can sense the completion
of the double-membrane vesicle and trigger the disassembly of the vesicle-forming
machinery. Atgl is one possible candidate because it functions at later stages in the
vesicle-forming process, such as Atg9 retrieval and Atgll release from the PAS,
and its kinase activity has been also suggested to play a role in the disassembly of
the PAS or the dissociation of Atg proteins from the PAS (Cheong et al. 2008;
Reggiori et al. 2004a; Yorimitsu and Klionsky 2005a).

2.7 Vesicle Docking and Fusion with the Vacuole

Once the double-membrane vesicle is formed, it is targeted to the vacuole for the
fusion process. Molecular genetic studies have indicated that the machinery involved
in homotypic vacuole fusion is also essential for the fusion of autophagosomes and
Cvt vesicles with the vacuole (Fig. 9). This machinery includes the SNARE proteins
Vam3, Vam7, Vtil and Ykt6, the NSF Sec18, the a-SNAP Sec17, the Rab GTPase
Ypt7 and the class C Vps/HOPS complex; the two recently characterized proteins
Monl and Cczl are also part of the fusion machinery (Klionsky 2005; Wang and
Klionsky 2003). Monl and Cczl form a complex and are critical for the Ypt7-
dependent tethering/docking stage leading to the subsequent formation of the
SNARE complex (Wang et al. 2003). The class C Vps/HOPS complex functions in
concert with Ypt7 during the tethering/docking stage (Wang and Klionsky 2003).
After fusion, the autophagosome inner single-membrane vesicle is released inside
the vacuole lumen, which is termed the autophagic body.

In mammalian cells, maturation of autophagosomes includes several fusion
events with vesicles originating from early and late endosomes, as well as lysosomes.
Fusion with endosomes to become amphisomes allows convergence of the endocytic
and autophagic pathways; subsequent fusion of autophagosomes or amphisomes
with lysosomes generates autolysosomes (Berg et al. 1998; Tooze et al. 1990).
In some cases where it is not possible to distinguish the precise nature of the com-
partment, the term “autophagic vacuoles” is used to cover all three autophagic
structures: autophagosomes, amphisomes, and autolysosomes. Mammalian Vtilb is
involved in the fusion of autophagsomes with multivesicular endosomes (Atlashkin
et al. 2003), and the Rab GTPase Rab7 plays a role in the fusion with lysosomes
(Jager et al. 2004).
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Fig. 9 Vesicle docking and fusion with the vacuole. The SNARE proteins Vam3, Vam7, Vtil, and
Ykt6 function in various membrane fusion events, including the process of autophagosome fusion
with the vacuole. Also shown are the Mon1-Ccz1 complex and the class C Vps/HOPS complex,
which function in concert at the Ypt7-dependent tethering/docking stage. This figure is modified
from Fig. 7 of Klionsky (2005)

2.8 Vesicle Breakdown and Recycling of the Resulting
Macromolecules

Upon release into the vacuole, the single-membrane subvacuolar vesicle, the
autophagic or Cvt body, is broken down inside the vacuolar lumen. This process
depends on proper vacuole function (including vacuolar acidification) and the
activity of vacuolar resident hydrolases (including Pep4 and Prbl). In addition to
these factors, Atgl5, a putative lipase, is also implicated at this step and seems
likely to function directly in the intravacuolar lysis of the autophagic/Cvt body
(Epple et al. 2001; Teter et al. 2001). Atgl5 contains a lipase active-site motif, and
mutations in the corresponding active site eliminate its function. Atgl5 is targeted
to the vacuolar lumen via the multivesicular body (MVB) pathway (Epple et al.
2003). Atgl5 seems to function as a general lipase because it is also involved in the
disintegration of intravacuolar MVB vesicles.

The main purpose of autophagy is to degrade cytoplasm and recycle the resulting
macromolecules for the synthesis of essential components to overcome various
stress conditions. Accordingly, the resulting macromolecules must be released back
to the cytosol for reuse; however, little is known about this process. Atg22, a puta-
tive amino acid effluxer on the vacuolar membrane, has been found to play such
role in mediating the efflux of leucine and other amino acids resulting from
autophagic degradation (Yang et al. 2006). In addition, Avt3 and Avt4 seem to be
part of the same family of permeases (Russnak et al. 2001). Upon elimination of all
three partially redundant vacuolar effluxers, cells rapidly lose viability under star-
vation conditions, whereas supplementation with leucine partially restores viability.
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Although a mammalian homolog of Atg22 has not been identified, homologs of
Avt3 and Avt4 have been characterized as SLC36A1/LYAAT-1 (lysosomal amino
acid transporter 1) (Sagne et al. 2001), and SLC36A4/LYAAT-2, respectively. How
autophagy contributes to the recycling of other macromolecules, such as carbohy-
drate or lipids, remains unknown.

3 Conclusion

As a conserved cellular degradative pathway in eukaryotes, autophagy protects cells dur-
ing various types of stress. Defects in autophagy have been linked to human diseases,
indicating its crucial physiological significance. Autophagy involves dynamic membrane
rearrangement for sequestration of cytoplasm and its delivery into the vacuole/lysosome.
Significant breakthroughs in understanding the molecular mechanism of autophagy have
been achieved from studies in yeast and other model systems. Currently, analyses of
autophagy, pexophagy and the Cvt pathway in fungi have identified 31 A7G genes, cor-
responding to the unique molecular machinery that drives these pathways. However, the
fundamental biochemical questions that concern the functions of Atg proteins still need
to be resolved, especially those related to sequestering vesicle formation, such as the
ordered vesicle assembly process and the origin of the lipid membrane. In addition, as
more examples of selective types of autophagy emerge, continued studies on the specific
nature of autophagy are becoming increasingly important. Yeast remains a powerful sys-
tem to address these questions. Further studies of autophagy-related pathways will facili-
tate our understanding of the molecular mechanism and regulation of these pathways, and
may allow the practical use of autophagy for therapeutic purposes.
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Abstract Macroautophagy is a vacuolar degradation pathway that terminates in
the lysosomal compartment. Macroautophagy is a multistep process involving: (1)
signaling events that occur upstream of the molecular machinery of autophagy; (2)
molecular machinery involved in the formation of the autophagosome, the initial
multimembrane-bound compartment formed in the autophagic pathway; and (3)
maturation of autophagosomes, which acquire acidic and degradative capacities.
In this chapter we summarize what is known about the regulation of the different
steps involved in autophagy, and we also discuss how macroautophagy can be manipu-
lated using drugs or genetic approaches that affect macroautophagy signaling,
and the subsequent formation and maturation of the autophagosomes. Modulating
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autophagy offers a promising new therapeutic approach to human diseases that
involve macroautophagy.

Abbreviations

3-MA 3-Methyladenine

4E-BP1 Eukaryotic translational initiation factor 4E-binding protein 1
AMPK AMP-activated protein kinase

ATG Autophagy-related

DAP kinase Death-associated protein kinase

DRAM Damage-regulated autophagy modulator
DRP-1 Death-associated related protein kinase 1
elF2a Eukaryotic initiation factor 2 alpha

ERK Extracellular signal-regulated protein kinase
FDA Food and drug administration

JNK c-Jun N-terminal kinase

LC3 Light chain 3

MAPK Mitogen-activated protein kinase

(m)TOR (Mammalian) target of rapamycin

PE Phosphatidyl ethanolamine

PERK Protein kinase R-like endoplasmic reticulum kinase
PI3K Phosphatidylinositol 3-phosphate kinase

PKR Double-stranded RNA-activated protein kinase
Rheb Ras homolog enriched in brain

ROS Reactive oxygen species

SNARE Soluble NSF attachment protein receptors
TSC Tuberous sclerosis complex

1 Introduction

Macroautophagy (referred to as “autophagy” below) is a mechanism conserved
among eukaryotic cells that starts with the formation of a multimembrane-bound
vacuole, known as an autophagosome, which ultimately fuses with the lysosomal
compartment to degrade the sequestered material (Klionsky 2007; Levine and
Klionsky 2004; Mizushima et al. 2008; Ohsumi 2001). The seminal discovery of
ATG (autophagy-related) genes, originally in yeast and then in multicellular organisms,
constituted an important breakthrough in our understanding of how autophagosomes
are formed, and of the importance of autophagy in cell physiology and in human
diseases (see the chapters by Yang and Klionsky and by Mizushima in this volume).
However, it is absolutely essential to find out how autophagy is regulated if we are
to grasp how it changes in response to stress, including infection. The intricacy of



Macroautophagy Signaling and Regulation 35

the regulation of autophagy and apoptosis suggests that there is a subtle dialog between
these two processes that determines the fate of the cell (Codogno and Meijer 2005;
Gozuacik and Kimchi 2007; Levine and Yuan 2005; Maiuri et al. 2007¢).

In this chapter, we divide the regulation of autophagy into three successive levels
(Fig. 1), even though the boundaries between them are not clear-cut. The first level
of regulation is defined as the signaling pathways that terminate upstream of the
Atg machinery. Archetypal examples of this first level of regulation are signaling
pathways that terminate at mMTOR (Meijer and Codogno 2006), but other signaling
pathways with targets within the molecular machinery that have not yet been identi-
fied also fall into this category. Many growth factors and cytokines modulate
autophagy at this level (Deretic 2006; Lum et al. 2005). The immunosuppressor
rapamycin triggers autophagy by interfering with mTOR activity (Meijer and
Codogno 2006). The second level of regulation involves modulating the Atg
machinery by protein-protein interactions or modulating Atg activity by signaling
molecules (Maiuri et al. 2007a; Pattingre and Levine 2006; Scherz-Shouval and
Elazar 2007). The Beclin 1/Bcl-2 interaction (Erlich et al. 2007; Maiuri et al.
2007b; Pattingre et al. 2005) and the modification of Atg4 by reactive oxygen
species fall within this category (Scherz-Shouval et al. 2007). The third level of
regulation involves the late stage of autophagy (maturation and fusion with the
lysosomal compartment) (Eskelinen 2005). Blockade during the late stage of
autophagy is a hallmark of Alzheimer’s disease (Yu et al. 2005), and of a rare
cardiomyopathy known as Danon disease (Nishino et al. 2000; Tanaka et al. 2000).
A given autophagy modulator may target more than one levels of autophagy; for
example, starvation triggers autophagy by targeting both levels 1 and 2 (Pattingre
et al. 2008). We do not yet know whether starvation can also modulate level 3.

As will be discussed in greater detail in subsequent chapters, pathogens are also
able to interfere with all levels of autophagy. Herpes simplex virus 1 (HSV-1)
blocks autophagy by interfering with levels 1 and 2 (Orvedahl and Levine 2008).
Listeria monocytogenes, Shigella, and some other bacteria evade sequestration by
manipulating level 1 and/or level 2 (Birmingham et al. 2008; Levine and Deretic
2007; Ogawa et al. 2005). Some bacteria, such as Legionella pneumophila and
Coxiella burnetii, block autophagy at level 3, allowing them to avoid being trapped
in the lysosome and escape degradation (Romano et al. 2007; Swanson 2006).
Poliovirus probably manipulates both levels 2 and 3 to stimulate autophagy to its
own benefit (Taylor and Kirkegaard 2008).

The division of autophagy into the three levels that we propose in this chapter is
also important from a functional point of view. Autophagy performs two nonexclusive
tasks: it sequesters cytoplasmic material and it degrades it (Mizushima 2005).
In some contexts, the sequestration function is the most important, for example
when harmful compounds are segregated from the cytoplasm (Komatsu et al. 2007;
Rubinsztein 2006). The second purpose of autophagy is to degrade materials
sequestered in the lysosomal compartment. The importance of this second function
is illustrated by starvation-induced autophagy, which provides amino acids and
fatty acids to maintain metabolism and ATP levels when extracellular nutrients are
in short supply (Kuma et al. 2004; Lum et al. 2005). These two functions imply
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critical regulations at levels 2 and 3, respectively. It is clear that a dysfunction at
level 3 will have a greater adverse effect when ATP levels and metabolism are
compromised. Level 1 is important in situations in which autophagy is stimulated,
but basal autophagy is probably also finely regulated by signaling pathways,
although the mechanisms involved in this are poorly defined.

In this chapter, we will describe the three levels of regulation of the autophagic
pathway as shown in Fig. I, and then discuss possible ways of manipulating
autophagy at these different levels of regulation.

2 Signaling Pathways

Autophagy is known to be induced by a wide variety of stimuli (e.g., nutrient and
growth factor depletion, hypoxia, drug and radiation treatment). Many signaling
pathways and second messengers have been shown to regulate the activity of the
Atg machinery involved in the formation of autophagosomes. This constitutes level 1
of autophagy regulation. Many of these pathways converge on the evolutionarily
conserved kinase TOR (target of rapamycin). However, other autophagy signaling
pathways act independently of TOR, especially in mammalian cells (e.g., the inosi-
tol phosphate pathway). Moreover, in mammalian cells, it is not clear how these
signaling pathways impinge on the molecular machinery of autophagy. The aim of
this section is to give an overview of the autophagy signaling that regulates the
biogenesis of autophagosomes. Readers can consult recent reviews dedicated to the
signaling of autophagy to obtain a more detailed description of this aspect of
autophagy (Codogno and Meijer 2005; Gozuacik and Kimchi 2007).

2.1 TOR-Dependent Signaling Pathways

The kinase TOR is a major evolutionarily conserved sensor in the autophagy signaling
pathway in eukaryotes, but it also regulates many other aspects of cell function,
including transcription, translation, cell size and cytoskeletal organization
(Schmelzle and Hall 2000). In mammals, mTOR can be included in two different
complexes (Schmelzle and Hall 2000), mTORCI1 and mTORC?2. Although these
two TOR complexes share common components, they display distinct cellular
functions and phosphorylate different downstream substrates (Jacinto et al. 2004;
Loewith et al. 2002). The activity of mTORCI is regulated via the integration of
many signals, including growth factors, insulin, nutrients, energy availability, and
cell stressors such as hypoxia, osmotic stress, reactive oxygen species and viral
infection (Corradetti and Guan 2006). mTORCI is the only known target of the
drug rapamycin, and is required for signaling to S6K and 4E-BP1. mTORCI has
recently been shown to consist of four proteins: mTOR, mLSTS8 (also known as
GBL), proline-rich PKB/Akt substrate 40-kDa (PRAS40), and raptor (regulatory
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associated protein of mMTOR), and it plays a major role in controlling translation and
cell growth in response to nutrients. The adaptor protein mLST8 is common to both
mTOR complexes. Raptor binds mTOR, S6K and 4EBP1 and facilitates mTOR
phosphorylation of these molecules; but whether raptor enhances or represses
mTOR kinase activity remains unclear (Hara et al. 2002; Kim et al. 2002). Unlike
mTORC1, mTORC2 has some functions that cannot be inhibited by rapamycin,
including the control of actin cytoskeleton dynamics (Jacinto et al. 2004; Loewith
etal. 2002). The mTORC2 complex consists of mMTOR, mLST8, mammalian stress-
activated protein kinase-interacting protein 1 (mSinl), and rictor (for rapamycin-
insensitive companion of mTOR) (Sarbassov et al. 2004).

2.1.1 mTORC1

To date, the signaling pathway including Class I PI3K/PKB and mTORCI1 is the
autophagy-regulating pathway that has undergone the most investigation. Class I
PI3K enzymes phosphorylate PtdIns4P and PtdIns(4,5)P, to produce PtdIns(3,4)P,
and PtdIns(3,4,5)P,, which bind to Akt (also known as protein kinase B: PKB)
(Brazil and Hemmings 2001). PKB is responsible for activating mTOR via tuberous
sclerosis complex 1/2 (TSC1/2), GTPase-activating proteins, and Rheb, a GTPase
protein (Fig. 2). When this pathway is activated by challenging receptors that
recruit class I PI3K or by expressing a constitutive active form of PKB, this has an
inhibitory effect on autophagy (Arico et al. 2001). The phosphatase PTEN, which
hydrolyzes PtdIns(3,4,5)P,, has a stimulatory effect on autophagy by abolishing
class I PI3K/PKB inhibition (Meijer and Codogno 2004). The mTORC1 complex
is also inhibited by AMP-activated kinase (AMPK), which reflects the energy status
of the cell (see Sect. 2.1.3.).

Growth factors activate the class I PI3K/Akt/mTOR pathway and consequently
inhibit autophagy. Historically, awareness that macroautophagic sequestration is
controlled via transduction pathways emerged from pioneering studies of the effect of
insulin, glucagon, and glucocorticosteroids on liver proteolysis (Deter and De Duve
1967; Hopgood et al. 1981; Mortimore and Ward 1976). In addition to the negative
effect of insulin on liver protein degradation, various growth promoting factors and
serum suppress autophagic proteolysis in many mammalian cell types (Blommaart
et al. 1997b). In the absence of growth factors, cells are unable to take up nutrients
from the extracellular medium. In this context, mTOR is inhibited and autophagy
has been shown to rescue cells from death by maintaining ATP levels in starved
cells (Lum et al. 2005). However, this autophagy-mediated survival mechanism is
self-limiting, and persistent growth factor deprivation leads to cell death within a
few weeks. This is probably due to severe degradation of essential organelles and
macromolecules induced by the prolonged stimulation of autophagy.

Amino acids are the final products of the autophagic pathway, and so it is not
surprising that they are able to negatively regulate autophagy and that this capacity
is conserved from yeast to humans. Conversely, it has long been known that amino
acid deprivation stimulates autophagy (Poso et al. 1982). However, the mechanism
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Fig. 2 Roles of the two mTOR complexes in the regulation of autophagy. mTOR exists in two
different complexes, mMTORC1 and mTORC2. Mammalian TORC1 (mTORCI) is composed of
mLST8 (GBL) and raptor. It is sensitive to rapamycin, and immediately regulates autophagy in
response to cellular stress. The mTOR signaling pathway can receive input from growth factors
via class I PI3K, which activates Akt. In turn, Akt activates mTORC]1 via the inhibition of TSC1/
TSC2. The energy sensor AMPK (AMP-activated kinase), which is activated when the AMP/ATP
ratio increases, inactivates mTORC1 by activating TSC2. Calcium signaling can also inhibit
mTORCI by activating AMPK. Atgl Ser/Thr protein kinase functions downstream of mTORCI,
but it also exercises negative feedback control over mTOR. The rapamycin-insensitive complex
mTORC?2 is composed of mTOR, mLST8 (GBL) and rictor; it seems to be implicated in the
long-term regulation of autophagy by activating Akt, which inhibits FOXO3. FOXO3 is known to
increase the transcription of several Atg genes, such as ATG8/LC3 or ATG12. Molecules shown in
gray correspond to autophagy-activating molecules, and those shown in black to autophagy-
inhibiting molecules

by which amino acids control mTOR and inhibit autophagy is still a matter of
debate (Gulati and Thomas 2007; Meijer and Codogno 20006). It has been proposed
that the GTPase Rheb, which has GTPase activity controlled by the GTPase-
activating protein TSC2, may integrate amino acid signaling upstream of mTOR
(Sarbassov et al. 2005). Amino acids may also act at the level of the mTORCI
complex by controlling the stability of the mTOR/raptor complex (Hara et al. 2002;
Kim et al. 2002). The stability of this complex is increased in cells starved of amino
acids, and is correlated with the inhibition of mTOR-dependent signaling. In mam-
mals, amino acids have recently been shown to mediate mTOR/raptor-dependent
signaling by activating class III PI3K (Byfield et al. 2005; Nobukuni et al. 2005).
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This signaling pathway is dependent on the increase in intracellular Ca** and the
direct binding of Ca*/calmodulin to the class III PI3K/mTORCI1 complex (Gulati
et al. 2008). Nevertheless, in Drosophila, class III PI3K does not act upstream of
TOR, suggesting that we must be cautious regarding the impact of amino acids in
activating the different regulating complexes of autophagy (Juhasz et al. 2008).

2.1.2 mTORC2

Much less is known about the upstream regulation and function of TORC2 than
for TORCI. The rictor protein directs the specificity of mMTORC2 towards Akt and
the FoxO3 transcription factor, and away from S6K and 4EBP1 (Guertin et al.
2006; Sarbassov et al. 2005). Akt/PKB activation blocks FoxO3 activation and
autophagy, and this effect is not prevented by rapamycin (Mammucari et al. 2007).
It therefore seems likely that decreased PI3K/Akt signaling activates autophagy
not only through mTORCI1 but also, albeit more slowly, via a transcription-
dependent mechanism involving FoxO3 (Zhao et al. 2007). Indeed, in vivo in
skeletal muscle, activated FoxO3 increases the transcription of two autophagy-
related genes, LC3 and Bnip3 (a BH3-only protein), leading to the induction of
autophagosome formation (Mammucari et al. 2007; Mammucari et al. 2008).
Inhibition of rictor causes the translocation of FoxO3 to the nucleus and induces
autophagy. In fact, FoxO3 regulates both the ubiquitin proteasome and autophagy
systems during muscle atrophy.

2.1.3 AMPK

Apart from being an autophagy sensor, mMTOR can also sense changes in the cellular
energy via AMPK. Activation of AMPK inhibits mTOR-dependent signaling by
interfering with the activity of GTPase Rheb, and with protein synthesis (Meijer
and Codogno 2004). This is consistent with the switching off of ATP-dependent
processes (Hardie 2004) during periods of energy crisis. In starved cells, when the
AMP/ATP ratio increases, the binding of AMP to AMPK promotes its activation by
the AMPK kinase LKB1 (Corradetti et al. 2004; Shaw et al. 2004). Moreover, Ca**/
calmodulin-dependent kinase kinase 3 (CaMKK-[3) has been identified as being an
AMPK kinase (Hawley et al. 2005; Woods et al. 2005). The activity of AMPK is
required for autophagy to be induced in response to starvation in mammalian cells
(Meley et al. 2006) and in yeast (Wang et al. 2001) in a TORC1-dependent manner.
Moreover, autophagy induction is also dependent on the inhibition of mMTORCI1 by
AMPK in non starved cells in response to an increase in free cytosolic Ca** (Hoyer-
Hansen et al. 2007). In this setting, the activation of AMPK and stimulation of
autophagy are dependent on CaMKK-f. The induction of autophagy through
AMPK activation probably also occurs in other settings, such as hypoxia
(Degenhardt et al. 2006; Laderoute et al. 2006). AMPK is probably a general regu-
lator of autophagy upstream of mTOR (Hoyer-Hansen and Jaattela 2007; Meijer
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and Codogno 2007). Another potential candidate of autophagy regulation down-
stream of AMPK is elongation factor-2 kinase (eEF-2 kinase), which controls the
rate of peptide elongation (Hait et al. 2006). Activation of eEF-2 kinase increases
autophagy and slows protein translation (Wu et al. 2006). The activity of eEF-2
kinase is regulated by mTOR, S6K, and AMPK (Browne et al. 2004; Browne and
Proud 2002). During periods of ATP depletion, AMPK is activated and eEF-2
kinase is phosphorylated (Browne et al. 2004), leading to a balance between the
inhibition of peptide elongation and the induction of autophagy. How eEF-2 kinase
impinges on the molecular machinery of autophagy remains to be elucidated.
Autophagy is activated by AMPK in a p53-dependent manner (Feng et al. 2005).
However, the cytoplasmic form of p53 has been shown to have an inhibitory effect
on autophagy (Tasdemir et al. 2008), suggesting that activation of autophagy by
P53 depends on its transactivating effect on genes such as DRAM (see Sect. 4.2.5)
(Crighton et al. 2006).

2.1.4 Downstream Targets of mTOR

The transcriptional factor FoxO3 acts downstream of mTORC?2, as discussed above.
The major downstream targets of mTORCI1 are the Atgl Ser/Thr protein kinase
complex, S6 kinase (S6K) and 4E-BP1. The 4E-BP1 protein is an inhibitor of protein
translation, but it is not related to autophagy. The Atgl complex regulates various
steps in autophagosome formation, but its physiological target remains to be identified
(Nair and Klionsky 2005; Stephan and Herman 2006). It has been suggested that
S6K, a kinase that phosphorylates ribosomal protein S6, may regulate autophagy.
In Drosophila, S6K has been shown to contribute to stimulating autophagy, although
it is not mandatory for its initiation (Scott et al. 2004). It has been suggested that in
mammalian cells, SOK may contribute to the basal activity of autophagy via its feed-
back inhibition of the class I PI3K-dependent insulin signaling pathway (Klionsky
et al. 2005). However, a recent study has shown that the rate of autophagy was not
altered in the striated muscles in S6K-deficient mice (Mieulet et al. 2007), and so
further studies are needed to clarify the role of S6K in autophagy.

2.2 mTOR-Independent Pathways

After LiCl treatment, autophagy is induced via the inhibition of inositol monophos-
phatase independently of mTOR inhibition (Sarkar et al. 2005). The depletion of
free inositol and reduced levels of myo-inositol-1,4,5-phosphate (IP,) stimulate
autophagy. According to these findings, inhibition of the endoplasmic reticulum
(ER) IP, receptor stimulates autophagy (Criollo et al. 2007). Interestingly, enhancing
the level of IP, inhibits the autophagy induced by nutrient depletion. IP, is a Ca**-
mobilizing second messenger that releases Ca®* from the ER, and in this way may
control autophagy as described above (Hoyer-Hansen et al. 2007). These findings
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suggest that inositol and IP, may regulate autophagy either via a signaling pathway
parallel to mTOR, or by impinging on the molecular machinery of autophagy
downstream of mTOR.

2.3 Other Pathways

In this section, we will summarize some of the other signaling pathways that have
been shown to regulate autophagy in mammalian cells. Some of these signaling
pathways engage in crosstalk with mTOR signaling, such as e[F2a kinases, sphin-
golipids or NF-kB, whereas the final target of other pathways remains to be
identified or are independent of mTOR.

2.3.1 elF2a Kinases

A relationship between autophagy and e[F2a phosphorylation has been shown during
starvation in Saccharomyces cerevisiae and during starvation and viral infection in
mammalian cells (Tall6czy et al. 2002). The eIF2a kinases are a family of evolutionarily
conserved serine/threonine kinases that regulate stress-induced translational arrest. In
yeast, GCN2, the yeast elF2a kinase, targets the elF2oa-regulated transcriptional
transactivator, GCN4, and induces autophagy in response to starvation (Tall6czy et al.
2002). In mammals, there are four distinct elF2a kinases, GCN2, PKR, PERK, and
HRI, which are activated by amino acid starvation, viral infection, ER stress, and
heme depletion, respectively (Garcia et al. 2007). Thus, it is possible that various
stress conditions, including ER stress and viral infection, that activate eIF2a kinases
may have the ability to induce autophagy in mammalian cells.

23.1.1 PERK

Accumulation of misfolded proteins in the ER activates PERK (protein kinase
R-like endoplasmic reticulum kinase), which phosphorylates e[F2a.. During aggregate-
prone protein accumulation, PERK/eIF2a. phosphorylation stimulates autophagy
by upregulating Atgl2, and probably also by activating the Atg5—-Atgl2—-Atgl6
complex (Kouroku et al. 2007). The accumulation of misfolded proteins by
autophagy default leads to neurodegenerative disorders in mouse models (Hara et al.
2006; Komatsu et al. 2006). In contrast with protein aggregate-induced autophagy,
rapamycin-induced autophagy and starvation-induced autophagy are not mediated
by the PERK/eIF2a pathway. This shows that eI[F2a phosphorylation does not
modulate all types of stress-induced autophagy (Yorimitsu and Klionsky 2007).
More recently, PERK-dependent regulation has been shown to induce autophagy in
human glioblastoma cells, and to lead to cell death via c-Jun N-terminal kinase
(JNK) activation (Park et al. 2008). However, treatment of PERK-deficient cells
with thapsigargin, an ER stressor, induces the activation of autophagy in a manner



Macroautophagy Signaling and Regulation 43

similar to that produced in wild-type cells (Ogata et al. 2006). Therefore, it is not
clearly established which signaling pathway from the ER is involved in autophagy
induced by ER stress.

2.3.1.2 PKR

Double-stranded RNA-dependent protein kinase (PKR), whose gene expression is
upregulated by type I IFNs, is a key player in the antiviral action of interferon.
When activated, PKR phosphorylates elF2a,, which blocks translation, leading to
the shutoff of protein synthesis, and thereby inhibits viral replication. Not surprisingly,
a wide variety of viruses have evolved strategies to counteract this (Kirkegaard et al.
2004). PKR has been shown to promote autophagy during both viral infection and
starvation, although the mechanism is still unclear (Tall6éczy et al. 2002; Tall6czy
et al. 2006). Herpes simplex virus is unable to trigger autophagy in PKR” and Ser-51
nonphosphorylable mutant eIF2a murine embryonic fibroblasts. Furthermore, PKR
and elF2a Ser-51-dependent autophagy processes are both antagonized by the herpes
simplex virus neurovirulence protein, [CP34.5. Thus, autophagy is a novel evolutionarily
conserved function of the PKR pathway targeted by viral virulence gene products.

23.1.3 GCN2

In yeast, GCN2-dependent phosphorylation of elF2a is necessary for the effective
translation of mRNAs encoding Gcen4, a transcriptional activator of several
autophagy genes, which is stimulated by nutrient starvation (Natarajan et al. 2001).
Starvation-induced autophagy depends on the activity of Gen2, which can be
rescued by PKR in GCN2-disrupted yeast (Talléczy et al. 2002). Interestingly, in
GCN2-disrupted yeast, it is possible to induce autophagy by adding rapamycin,
suggesting that GCN2 is not a downstream target of mTORCI.

2.3.2 MAP Kinases

The mitogen-activated (MAP) kinases are involved both in the induction of autophagy
(level 1) and in the maturation of the autophagosome (level 3). In this section, we will
discuss the relationship between MAP kinases and the induction of autophagy. We
will define the role of MAP kinases in autophagosome maturation in Sect. 4.3.

2.32.1 p3gMARK

The involvement of p38MAPX in the control of autophagy seems to be cell-type dependent.
In cultured rat hepatocytes and in flow-through perfused rat liver, amino acid-induced
cell swelling caused by Na*-dependent concentrative transport of certain amino acids
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inhibits autophagy independently of mTOR by activating p38MAPX (Haussinger et al.
1999). Similarly, blockade of p38MAPK signaling induces an autophagic response in
colorectal cancer cells (Comes et al. 2007). In contrast, the accumulation of glial fibrillary
acidic protein (GFAP) aggregates induces the activation of p38 and subsequently
mTOR-dependent autophagy in Alexander disease, a rare, fatal neurological disorder
(Tang et al. 2008). Finally, in murine myotubes, p38™4PX is not involved in the regula-
tion of autophagy by amino acids (Tassa et al. 2003).

2.3.2.2 Extracellular Signal-Regulated Kinases

Activation of extracellular signal-regulated kinases (ERK1/2) has been shown to
activate autophagy in different cell types. In response to neurotoxins, the activation
of ERK stimulates autophagy in neurons (Zhu et al. 2003). In human colon cancer
cells, amino acid starvation activates the ERK1/2 signaling pathway by promoting
the phosphorylation of Raf-1, which reduces its kinase activity towards MEK1/2,
the upstream kinase activators of ERK1/2, and thereby triggers autophagy (Pattingre
et al. 2003a). Accordingly, soyasaponins induce ERK1/2-dependent autophagy in
the same cell types, suggesting that the regulation of autophagy by ERK1/2 is not
limited to that which occurs during nutrient starvation in intestinal cells. In MCF7
breast cancer cells, TNFa causes an increase of ERK1/2 activity, and subsequent
induction of autophagy (Sivaprasad and Basu 2008).

2.3.2.3 c¢-Jun N-Terminal Kinases

In mouse fibroblasts, autophagy and cell death are dependent on the activation of INK,
and on the transcriptional activity of c-Jun (Yu et al. 2004). Whether the transcrip-
tional activity of c-Jun is required to regulate autophagy remains to be carefully
investigated. Indeed, the cytoplasmic target of JNK has been shown to control
autophagy independently of the transcriptional activity of c-Jun (see Sect. 3).

2.3.3 Protein Kinases C

Protein kinases C (PKC) comprise a family of serine/threonine kinases that are
involved in the transduction of signals for cell proliferation, differentiation, apop-
tosis, and angiogenesis. Two members of the PKC family have been recently
involved in autophagy regulation. PKCS constitutively suppresses autophagy
through the induction of tissue transglutaminase (TG2) in pancreatic cancer cells
(Akar et al. 2007). Conversely, inhibition of Ca*-dependent PKCt prevents ER
stress-induced autophagy (Sakaki et al. 2008). It seems that PKCrt activation is
necessary for autophagy in response to ER stress, but not in response to amino acid
starvation (Sakaki et al. 2008).
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2.3.4 DAP Kinases

The death-associated protein kinase (DAPk) family contains three closely related
serine/threonine kinases, known as DAPk, ZIPk, and DRP-1 (Gozuacik and Kimchi
2006). These three kinases may form multiprotein complexes that are able to induce
apoptotic or autophagic cell death in response to various cellular stresses. It seems
that the most studied member of the family, DAPK, is able to induce an autophagic
cell death that is involved in its tumor suppressor activity. Interestingly, DRP-1
modulates both starvation-induced and IFN-induced autophagy (Inbal et al. 2002),
whereas DAPk does not (Gozuacik and Kimchi 2007). Furthermore, DRP-1 is
anchored in the autophagosome membrane, and may be involved in the formation
of this vacuole (Inbal et al. 2002).

2.3.5 Heterotrimeric G Proteins

Previous studies have shown that a cytoplasmic heterotrimeric G,, protein regulates
autophagy in the human colon cancer HT-29 cell line (Ogier-Denis et al. 1995).
Autophagy is stimulated when GDP is bound to the G_,, protein (Ogier-Denis et al.
1996). It is not surprising that G_-interacting protein (GAIP), a regulator of G proteins
that activates the hydrolysis of GTP by the G _, protein, has been shown to increase
the rate of autophagy (De Vries et al. 2000b; Ogier-Denis et al. 1997b). The phos-
phorylation of GAIP, which stimulates its GTPase activity and therefore the
autophagic pathway, is dependent upon the activity of ERK1/2 (Pattingre et al.
2003a). Another G-protein regulator, AGS3 (Activator of G protein Signaling 3),
which has been shown to interact with the GDP-bound form of G ,, (De Vries et al.
2000a; Takesono et al. 1999) is involved in the control over an early step in
autophagy prior to the formation of the autophagosome (Pattingre et al. 2003b).
Interestingly, G, is also crucial to the antiautophagic action of insulin in mouse
hepatocytes (Gohla et al. 2007). G_,, is associated with the autophagosomal mem-
brane in starvation-induced autophagy, and relocates to the plasma membrane in
response to insulin stimulation (Gohla et al. 2007). G proteins are also implicated
in autophagy and, at least in this cellular model, they have an antiautophagic role.

2.3.6 NF-«xB

In cells without activated NF-kB, TNFa upregulates the expression of Beclin 1 and
induces autophagy. These processes are dependent on reactive oxygen species (ROS)
(Djavaheri-Mergny et al. 2006). NF-kB is an antiautophagic factor and protects cells
against the action of TNFa. It has also been shown that autophagy degrades I-kB,
the inhibitor of NF-xkB (Xiao 2007). NF-xB is then activated and inhibits
autophagy. This seems to be a regulatory feedback mechanism that prevents a
burst of autophagy and autophagic cell death (Xiao 2007). We will discuss the role
of ROS during autophagosome formation in Sect. 3.3.1.
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2.3.7 Sphingolipids

Sphingolipids, such as ceramide and sphingosine- 1-phosphate, are involved in various
cellular processes, and particularly in apoptosis (Ogretmen and Hannun 2004;
Spiegel and Milstien 2003). Ceramide is a pro-apoptotic signal, and sphingosine-1-
phosphate modulates the apoptotic effect of ceramide. Both ceramide and sphingosine-
1-phosphate are able to stimulate autophagy (Daido et al. 2004; Lavieu et al. 2007).
However, their mechanisms of action are not well known. Ceramide-induced
autophagy is characterized by the inhibition of Akt/PKB upstream of mTOR
(Scarlatti et al. 2004). Sphingosine kinase 1 overexpression has no effect on Akt/
PKB, but sphingosine-1-phosphate does seem to inhibit mTOR independently of
class I PI3K (Lavieu et al. 2006).

3 Autophagosome Formation

Autophagy begins with the formation of a pre-autophagosomal sequestering cistern
that subsequently gives rise to an isolation membrane or phagophore (Fengsrud et al.
2004; Suzuki and Ohsumi 2007). A class III PI3K complex containing Atg6/Beclin
1 mediates the initial nucleation of the isolation membrane. The precise origin of
the membrane is still not fully understood. Atg5 has been shown to localize to the
membranes of nascent phagophores, where its conjugation to Atgl2 is involved in
the expansion of the isolation membrane. This Atg5/Atgl2 complex is required for
the binding to the phagophore of Atg8/LC3 after it has been conjugated with
phosphatidylethanolamine. This membrane then elongates to form the autophago-
some, which is a double membrane-bound structure in the 0.5—1.5 pm range in mam-
malian cells. So far, 31 Atg proteins have been identified and characterized. Eighteen
of these Atg proteins, Atgl-Atgl0, Atgl2-Atgl4, Atgl6-Atgl8, Atg29, and Atg31,
play roles in autophagosome formation (Suzuki and Ohsumi 2007). In this section,
we will not attempt to provide a detailed description of the functions of all Atg
proteins; instead, we will focus on the steps that can be regulated, and on the different
regulatory mechanisms (protein-protein interactions, post-translational modifications,
transcriptional regulation, and cytoskeleton). Readers can consult recent comprehen-
sive reviews of the role of Atg proteins in the formation of autophagosomes (Suzuki
and Ohsumi 2007; Xie and Klionsky 2007; Yoshimori and Noda 2008), as well as the
chapter by Yang and Klionsky in this volume.

3.1 Atgl and Its Partners

In yeast, autophagosomes are generated at a specific site near the vacuolar membrane,
known as the preautophagosomal structure (PAS), where the Atgl complex is
recruited (Suzuki and Ohsumi 2007; Xie and Klionsky 2007). The Atgl Ser/Thr protein
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kinase is contained in a dynamic protein complex with Atgl7, Atgl1/Cvt9, Atgl3,
and Vac8, the composition of which depends upon the phosphorylation status of
Atgl and Atgl3 (Pattingre et al. 2008). The Atgl complex functions downstream
of TOR (see Sect. 2), and TOR signaling controls the Atgl—Atgl3 interaction via
the phosphorylation level of Atgl3 (Klionsky 2005). Under nutrient-rich conditions,
in which Atgl and Atgl3 are highly phosphorylated, Atgl interacts with Atgl7 and
Atg11/Cvt9, and Atgl3 is associated with Vac8. In response to starvation, dephos-
phorylated Atgl3 interacts with Atgl and with other partners, resulting in Atgl7-
dependent autophagy. Similarly, rapamycin promotes the dephosphorylation of
Atg13 and the activation of Atgl. In addition, other Atgs have been found to interact
with the Atgl complex at the PAS (Suzuki and Ohsumi 2007).

Homologs of Atgl have been found in multicellular organisms and plants, and
their function in autophagy is conserved (Klionsky et al. 2003). However, the
precise role of the Atgl complex during the formation of the autophagosome in
metazoans is not known, in part because several components of the Atgl complex
are not evolutionarily conserved (Atgll, Atgl3, Atgl7), and in part because the
physiological target of the kinase activity of Atgl remains to be identified. In mam-
mals, two Atgl homologs, Ulkl and Ulk2, localize on the elongating isolation
membrane under starvation conditions, and the kinase activity of Ulkl and 2 is
required to stimulate autophagy (Chan et al. 2007; Hara et al. 2008). FIP200 (a
200-kDa focal adhesion kinase family interacting protein) is a recently discovered
mammalian autophagic factor which interacts with Ulkl and 2, and is required for
their phosphorylation (Hara et al. 2008). Interestingly, it has been proposed that
FIP200 could be a counterpart of Atgl7 in yeast (Hara et al. 2008). Ulk1 and 2 are
downstream of mTORCI, and negatively feedback to it. A recent study in
Drosophila demonstrates that dAtgl is required to stimulate autophagy, and that it
exercises negative feedback control on dTOR (Scott et al. 2007). Interestingly, cells
with a high level of Atgl-dependent autophagy are eliminated by apoptosis,
suggesting that the Atgl-dependent regulation of autophagy is important in order
to keep autophagy in a range compatible with cell survival.

3.2 Atg6/Beclin 1

In yeast, Atg6 forms two complexes with the class III phosphatidylinositol 3-kinase
(Vps34) and its regulatory factor Vps15. Complex I includes Atgl4, whereas complex
IT contains Vps38, and both these proteins act as connectors between Atgb and
VPs34/Vps15. Complex I regulates autophagy, and complex 11 is required for vacuolar
protein sorting of carboxypeptidase Y (Kihara et al. 2001b). Among the Atg
proteins, Atgb6 is relatively unique in that it is not “autophagy-specific.” Beclin 1,
the mammalian ortholog of Atg6, shares 24.4% identity with Atg6 in yeast. The
interaction between Beclin 1 and Vps34 is conserved in mammals, and the Beclin
1/hVps34 complex is also able to bind to different partners (see below). Mammalian
homologs of Atgl4 and Vps38 have been recently identified (reviewed in Longetti
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and Tooze 2009). Interestingly, in Atg6-defective yeast, Beclin 1 is only able to
restore the autophagy function of this mutant, suggesting that Beclin 1 does not
regulate other lysosomal trafficking pathways (Furuya et al. 2005).

Beclin 1 was discovered in a two-hybrid screen as a Bcl-2-interacting protein
(Liang et al. 1998). The Beclin 1/hVps34 complex contributes to autophagosome
formation by allowing other Atg proteins to relocate to the pre-autophagosomal
structure. Endogenous Beclin 1 localizes to the TGN (trans-Golgi network), the
mitochondria, the perinuclear membrane and the endoplasmic reticulum (ER)
(Kihara et al. 2001a; Pattingre et al. 2005). The Beclin 1/hVps34 interaction (and,
as a result, autophagic levels) can be modulated. Beclin 1 is part of a multimolecular
complex and acts as a platform, recruiting activators or repressors of Beclin 1/hVps34-
dependent autophagy. Beclin 1 also has tumor-suppressive activity in breast cancer
cells. Sequence and structural studies indicate that Beclin 1 has a Bcl-2-binding
domain (BBD), a central coiled-coil domain (CCD), an evolutionarily conserved
domain (ECD), as well as a BH3-only domain and a nuclear export signal (Furuya
et al. 2005; see Fig. 3). This last domain is responsible for transporting Beclin 1
from the nucleus to the cytosol, and it is only the cytosolic form that regulates
autophagy (Liang et al. 2001). The ECD is essential for Vps34 binding (Furuya et
al. 2005). It has been shown recently that Beclin 1 forms a large homo-oligomer,
which may contribute to its own regulation (Ku et al. 2008).

3.2.1 Negative Regulators

In addition to their key role in the regulation of apoptosis, the Bcl-2 family proteins
have recently been shown to be negative regulators of autophagy (Liang et al. 1998;
Pattingre et al. 2005; Shimizu et al. 2004). The Bcl-2 family proteins, Bcl-2,
Bcl-xL, and Bcl-w, and to a lesser extent Mcl-1, interact with Beclin 1 and interfere
with the complex formation between Vps34 and Beclin 1 (Erlich et al. 2007; Liang
et al. 1998). However, Beclin 1 does not interact with the pro-apoptotic proteins of
the same family, such as Bax (Liang et al. 1998). Bcl-2 proteins do not directly
compete with Vps34 for binding to Beclin 1, since they bind to the Bcl-2 binding
domain of Beclin 1, whereas Vps34 is thought to bind to its EC domain. JNK has
recently been identified as the kinase responsible for the phosphorylation of Bcl-2
during nutrient starvation (Wei et al, 2008) or ceramide treatment (Pattingre et al.,
2009). Phosphorylation of Bcl-2 occurs in the ER and leads to decreased interac-
tion between Bcl-2 and Beclin 1, which in turn stimulates autophagy. Conversely,
under nutrient-rich conditions, when autophagy is inhibited, Bcl-2 is not phosphor-
ylated and it interacts strongly with Beclin 1. Recently, a BH3 domain that forms an
amphipathic helix was identified in the Beclin 1 sequence from amino acids 108 to
127 (Oberstein et al. 2007). BH3-only proteins, including Bad and Bim, disrupt the
Beclin 1-Bcl-2 (or Bcel-xL) complex and stimulate autophagy (Maiuri et al. 2007b;
Oberstein et al. 2007).

Several viral proteins can also block the Beclin 1/Vps34 interaction. y-Herpes-
viruses, including murine y-herpesvirus 68, Kaposi’s sarcoma-associated herpesvirus,
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Fig. 3 Beclin 1 and its partners. A Schematic representation of the domains of human Beclin 1.
Beclin 1 has a Bcl-2 binding domain (BBD, amino acids 88-150), a coiled coil domain (CCD,
amino acids 150-244), and an evolutionarily conserved domain (ECD, amino acids 244-337).
A BH3-only domain (BH3, amino acids 108-127) is present within the BBD, and a nuclear export
signal (NES) is located between amino acids 180 and 190. B Beclin 1 functions as a platform for the
formation of the complex. Bcl-2 proteins interact with the BBD of Beclin 1, UVRAG and nPIST
with the CCD, and Vps34 with the ECD. The interaction between Beclin 1 and Vps34 is reinforced
by UVRAG, associated with Bif-1 (activators), which upregulates autophagy. AMBRA, VMP1 and
nPIST interact with Beclin 1 to stimulate autophagy (activators), whereas Beclin 1 is inhibited by
Bcl-2, Bel-xL, v-Bcl-2 and ICP34.5, which are all inhibitors of autophagy (repressors)

herpesvirus saimiri and rhesus rhadinovirus, encode viral homologs of Bcl-2
(v-Bcl-2) (Liang et al. 2008). These homologs can bind to Beclin 1 with much
higher affinity than cellular Bcl-2, and the binding affinity seems to correlate
directly with antiautophagic activity. It is interesting to note that these v-Bcl-2 do
not have the phosphorylation sites of Bcl-2. This means that their binding to Beclin
1 cannot be modulated, and they constitutively block autophagy. ICP34.5 is a herpes
simplex virus type 1 neurovirulence protein that is also able to bind to Beclin 1 and
to inhibit autophagy, but it has no homology with Bcl-2 and does not bind to Beclin
1 through its Bcl-2-binding domain (Orvedahl et al. 2007). A mutant virus containing
a Beclin 1-binding-deficient form of ICP34.5 fails to inhibit autophagy in neurons,
and is highly neuroattenuated in mice (Orvedahl et al. 2007). Thus, Beclin 1 is
targeted by several viruses to downregulate autophagy and confer pathogenicity.
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3.2.2 Positive Regulators

Several proteins have been recently discovered to be active components of the
pro-autophagic multimolecular complex. The UV irradiation resistance-associated
gene protein (UVRAG) is a positive regulator of the Beclin 1-Vps34 complex
(Liang et al. 2006, 2007). UVRAG and Beclin 1 interact directly through their
coiled-coil domain by forming an o-helical bundled structure. The coiled-coil
domain of Beclin 1 interacts with another protein, nPIST, which also positively
regulates autophagy (Yue et al. 2002). Bax-interacting factor 1 (Bif-1) interacts
with Beclin 1 through UVRAG via its SH3 domain and increases autophagosome
biogenesis (Takahashi et al. 2007). During nutrient deprivation, Bif-1 accumulates
in autophagosomes, where it colocalizes with LC3, Atg5, and Atg9. The activating
molecule in Beclin 1-regulated autophagy (AMBRAI) positively regulates
autophagy and inhibits cell proliferation (Fimia et al. 2007). Downregulation of
AMBRAI by small interfering RNA (siRNA) reduces Beclin 1-mediated
autophagy levels in a manner consistent with a decrease in the association of
Vps34 with Beclin 1. AMBRAL is unique to vertebrates, and is mainly expressed
in the brain, where it plays an essential role during development (Cecconi et al.
2007). Vacuole membrane protein 1 (VMP1) is a recently discovered transmem-
brane protein that triggers autophagosome formation in mammalian cells (Ropolo
et al. 2007). VMP1 interacts with Beclin 1 through its hydrophilic C-terminal
region, named the Atg domain. VMP1 also colocalizes with LC3. It has recently
been shown that the small GTPase Rab5, previously known to be a regulator of
early endocytosis, also interacts with and activates Vps34 in the Beclin 1-Vps34
complex, and thereby positively regulates autophagosome formation (Ravikumar
et al. 2008). Rab5, Beclin 1 or Vps34 inhibition leads to decreased Atg5/Atgl2
conjugation, suggesting that Rab5 acts at the autophagosome precursor stage
(Ravikumar et al. 2008).

3.3 Post-translational Modifications of Atg Proteins

Post-translational protein modifications can regulate the activity of Atg proteins in
the autophagic pathway as described below. The ubiquitin-like conjugations of
Atgl2 to Atg5 and of Atg8/LC3 to the polar head of PE are fundamental to the
formation of autophagosomes (Ohsumi 2001). The oxidation of a cysteine residue
near the catalytic site of Atg4 is important in regulating its effect on Atg8/LC3
(Scherz-Shouval et al. 2007). Other post-translational modifications that modulate
the activity of Atg proteins, such as acetylation or ubiquitination, are now emerging
(Baxter et al. 2005; Lee et al. 2008). Moreover, proteolytic cleavage may regulate
the function of Atg proteins in the autophagic pathway, but also may unmask new
functions of these proteins (Codogno and Meijer 2006). The discovery that the
calpain-dependent cleavage of Atg5 generates an amino-terminal pro-apoptotic
fragment is a promising lead in this new field (Yousefi et al. 2006).
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3.3.1 Ubiquitin-Like Conjugated Systems

Two ubiquitin-like systems act sequentially in the expansion and completion of
autophagosome formation. The first involves the conjugation of Atgl2 to AtgS,
which occurs constitutively soon after the individual proteins have been synthesized.
Atgl2 is activated by Atg7, a homolog of E1 enzyme, and then conjugated to Atg5
by Atgl0 (E2-like enzyme). The second system involves the conjugation of Atg8/
LC3 to phosphatidyl ethanolamine (PE), a component of the phospholipid bilayer,
in a reaction that requires both Atg7 (El-like) and Atg3 (E2-like). Atg5/Atgl2
interact with Atgl6L, which is a coiled-coil protein, to form an approximately 800
kDa complex through the homo-oligomerization of Atgl6L (Mizushima et al.
2003). This complex is specifically present on isolation membranes, and is never
present on mature autophagosomes. The membrane localization of Atgl6L complex
determines the site of LC3 lipidation. The Atgl6L complex is a new type of E3-like
enzyme that functions as a scaffold for LC3 lipidation on the isolation membrane
(Fujita et al. 2008). The Rab small GTPases Rab33A and Rab33B, initially localized
in the Golgi, specifically interact with Atg16L in a GTP-dependent manner without
affecting the integrity of the Atg5-12/Atgl16L complex (Itoh et al. 2008). Moreover,
Rab33B also modulates autophagosome formation. One possible function of Rab33 may
be to recruit the Atg5—12/Atgl16L complex to the surfaces of membrane structures.

3.3.2 Atg4 and ROS

Reactive oxygen species (ROS) have been shown to regulate starvation-induced
autophagy by regulating the activity of Atg4 (Scherz-Shouval et al. 2007). The
protein kinase Atg4 cleaves the C terminus of Atg8/LC3 as a prerequisite for its
conjugation to PE on the autophagosomal membrane. Atg4 also cleaves conjugated
Atg8 and removes it from the mature autophagosome for recycling. ROS released
from the mitochondria inhibit Atg4 by oxidation. Indeed, one cysteine residue
located near the catalytic site of Atg4 is redox regulated. Once Atg4 has been inac-
tivated, its substrate Atg8 can be conjugated to autophagosomes. Because ROS are
short-lived molecules, it has been hypothesized that oxidation occurs only close to
the mitochondria (Scherz-Shouval and Elazar 2007). Further away from the mito-
chondria, Atg4 will be active and therefore cleave Atg8 from the autophagosomal
membrane for recycling.

3.3.3 Atg Acetylation

It has been shown recently that Sirtl, a mammalian deacetylase belonging to the
sirtuin family, is necessary for autophagy (Lee et al. 2008). Sirtl interacts directly
with several Atg proteins, such as Atg5, Atg7, and Atg8, and deacetylates them.
These proteins were acetylated under normal conditions, and acetylation levels
were reduced by Sirtl during starvation. A lack of Sirtl inhibits autophagosome
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formation during starvation and leads to increased levels of p62. In Drosophila
melanogaster; the activity of a second deacetylase, histone deacetylase 6 (HDAC®6),
a microtubule-associated deacetylase, has been linked to compensatory autophagy
induced when the proteasome has been impaired (Pandey et al. 2007).

3.4 Transcriptional Regulation of Atg Proteins

Forced expression of Atgl leads to excessive autophagy and triggers apoptosis
(Scott et al. 2007). Interestingly, activation of the transcription factor E2F1, which
is frequently required for apoptosis, is also involved in the expression of some
genes related to the autophagic pathway (Polager et al. 2008). Activation of E2F1
by 4-hydroxytamoxifen upregulates the expression of LC3, Atgl, Atg5, and DRAM
in U20S cells containing an inducible E2F1. Moreover, E2F1 has been shown to
be linked to the promoter of Beclin 1, even if the effect of E2F1 on Beclin 1 is not
still clear (Weinmann et al. 2001). However, this finding supports the proposal that
autophagy may be regulated at the transcriptional level. The expression of Atg5 has
been shown to be increased during autophagic cell death in bax/bak™ MEFs
(Shimizu et al. 2004). Recent studies have provided evidence that the expression of
some Atg proteins and of proteins related to autophagy is increased during muscle
wasting (see Sect. 2.1.2) (Mammucari et al. 2007). This emerging aspect of the
regulation of autophagy will probably yield important information about the impact
of autophagy on cell homeostasis.

3.5 The Cytoskeleton

Cytoskeletal elements are involved at both levels 2 and 3 of autophagy regulation.
Previous studies based on the inhibition of autophagy following the disruption of
the network of cytokeratin intermediate filaments by okadaic acid (Blankson et al.
1995) suggested that this class of filaments could be involved in the formation of
autophagosomes.

Recent studies have reported that disruption of microtubules not only slows down the
maturation of autophagosomes (see Sect. 4) but also decreases the formation of
autophagosomes (Fass et al. 2006; Kochl et al. 2006). These results suggest that
microtubules may be implicated in the biogenesis of autophagosomes. One intriguing
possibility is that the microtubule network may form a boundary preventing the
undesirable fusion between phagophores and autophagosomes (Fass et al. 2006).

Cytochalasin B and D, which induce the depolymerization of microfilaments,
were reported to reduce the formation of autophagosomes (Aplin et al. 1992). More
recently, upregulation of F-actin polymerization has been reported during TRAIL-
mediated autophagy (Han et al. 2008). Along with these observations, some elements
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of the autophagy machinery have been shown to interact with the actin cytoskeleton
(Monastyrska et al. 2008).

4 Maturation Step

The maturation of autophagosomes is important in situations in which cells need to
degrade their autophagic cargo to avoid nutrient and ATP depletion (e.g., during
starvation-induced autophagy), to circumvent parasitic effects (accumulation of bacteria
in the autophagosome for persistent infection), and also to prevent the accumulation
of toxic compounds in autophagic compartments (generation of AP peptide in
Alzheimer’s disease). Blockade of the flux or excessive flux could both have
adverse consequences for cell homeostasis. It is commonly assumed that excessive
flux could be associated with self-destruction of the cell by self-digestion, but we
can also envisage that excessive flux could buffer the lysosomal pH as a result of
massive fusion with autophagosomes that have a neutral lumen pH. In any case,
regulation of the maturation of autophagosomes (i.e., of the flux into the lysosomal
compartment) is an important decision for cells in response to stress situations.

4.1 Morphology and Definition of Late Stages of Autophagy

Autophagosomes in yeast fuse with the vacuole to deliver autophagic bodies into
the vacuolar lumen. Autophagic cargos become accessible to vacuolar hydrolysis
after the breakdown of the membranes of the autophagic bodies by the lipase Atgl5
(Epple et al. 2001; Teter et al. 2001). This scenario exists in mammalian cells,
but the autophagosome can also merge with endocytic compartments (both early
and late endosomes are competent at fusing with autophagosomes). Seglen has
coined the evocative term “amphisome”—from the Greek amphi (both) plus soma
(body)—for this unique structure (reviewed in Fengsrud et al. 2004) that has
acquired acidic and degradative properties. Amphisomes correspond to intermediate
autophagic vacuoles or AVi/d (AVi initial autophagic vacuoles are autophagosomes,
and AVd degradative autophagic vacuoles are lysosomes; see Eskelinen 2005;
Fengsrud et al. 2004 for an insightful discussion of the terminology of autophagic
compartments). Fusion with lysosomes is the final fate of amphisomes.

4.2 Regulation of the Maturation Events

The maturation of autophagosomes depends on molecules that allow the autophago-
somes to fuse with the vesicular compartments of the vacuolar system (endosomes,
lysosomes). The late stage of autophagy is also dependent on molecules that regulate
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the acidification of the autophagic compartments and molecules that are involved
in recycling of degraded material from the lysosomal compartment.

4.2.1 SNAREs

SNARE:S (soluble NSF attachment protein receptors) are basic elements required
for intracellular membrane fusion (Gurkan et al. 2007; Rothman and Wieland
1996). Depending on their role in vesicular transport, SNARESs are divided into two
groups: vesicle (v-SNAREs) and target SNARESs (t-SNARES). In yeast, the vacu-
olar t-SNAREs Vam3 (Darsow et al. 1997) and Vtil (Ishihara et al. 2001), are
needed to complete the fusion between the autophagosome and the vacuole. The
mammalian homolog of i: Vtil, Vtilb, may be involved in the late stages of
autophagy, because the maturation of autophagic vacuoles is delayed in hepatocytes
isolated from mice in which Vtilb has been deleted (Atlashkin et al. 2003).

4.2.2 Rab Proteins

Rab proteins are a family of monomeric GTPases necessary for vesicular transport
along the exo/endocytic pathway (see for review Zerial and McBride 2001). The most
compelling evidence that a Rab protein plays a role in the autophagic pathway is with
Rab7. In yeast, the fusion of the autophagosome with the vacuole is dependent upon
a Rab7 homolog, Ypt7 (Kirisako et al. 1999). In mammalian cells, Colombo and
coworkers (Gutierrez et al. 2004), and Eskelinen and coworkers (Jager et al. 2004)
have shown that Rab7 is required for the maturation of autophagosomes. However, a
functional Rab7 is not mandatory for the fusion with endocytic compartments to
occur. Interestingly, a functional Rab11 is required for the fusion of autophagosome
and multivesicular bodies during starvation-induced autophagy in erythroleukemic
cells (Fader et al. 2008). These findings suggest that fusion of specific membrane-
bound compartments during the maturation of autophagosomes engage different sets
of Rab proteins, and possibly associated cohort proteins. Other Rab proteins, such as
Rab22 and Rab24, have a subcellular localization compatible with having a role in
autophagy (Egami et al. 2005; Mesa et al. 2001; Olkkonen et al. 1993).

4.2.3 ATPases
4.2.3.1 v-ATPases

Vacuolar ATPases (v-ATPases) are ubiquitous proteins located in acidic compartments
(Forgac 2007). Inhibiting the activity of v-ATPase by bafilomycin A1 or concanamycin
A blocks the lysosomal pumping of H* and consequently inhibits lysosomal
enzymes which are active at low pH. It has been proposed that bafilomycin Al
may block the late stage of autophagy by interfering with the fusion of autophago-
somes with endosomes and lysosomes (Yamamoto et al. 1998). However, recent
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studies show that what bafilomycin Al blocks is not fusion events in the
autophagic pathway but the degradation step in lysosomes (Fass et al. 2006;
Mousavi et al. 2001). Overall, the resulting effect of v-ATPase inhibition is an
interruption of autophagic flux.

4232 AAA ATPases

ATPases associated with various cellular activities proteins (AAA ATPases) are a
family of proteins broadly engaged in intracellular membrane fusion (White and
Lauring 2007). NSF is an AAA ATPase that binds to SNARE complexes and uti-
lizes ATP hydrolysis to disassemble them, thus facilitating SNARE recycling. In
yeast mutants lacking Secl8 (the yeast homolog of NSF), autophagosomes are
formed but do not fuse with the vacuole (Ishihara et al. 2001). However it is not known
whether the ATPase activity of NSF is involved in the later stages of autophagy in
mammalian cells. Nevertheless, we do know that NSF activity is attenuated during
starvation, which could account for the slow fusion between autophagosomes and
lysosomes observed when autophagy is induced by starvation (Fass et al. 20006).
SKD1 (Vps4), another AAA ATPase protein, is required for the maturation of
autophagosomes (Nara et al. 2002) in mammalian cells. Vps4/Cscl, which controls
the assembly of ESCRT complexes on multivesicular membrane (see below), is
involved in autophagosome maturation (Rusten et al. 2007) in Drosophila, and in
autophagosome fusion with the vacuole in yeast (Shirahama et al. 1997).

4.2.4 ESCRT and Hrs

Endosomal sorting complex required for transport (ESCRT) mediates the
biogenenesis of multivesicular bodies and the sorting of proteins in the endocytic
pathway (Raiborg et al. 2003). It has been recently demonstrated that the
multisubunit complex ESCRT III is required for autophagosomes to fuse with
multivesicular bodies to generate amphisomes, and is also involved in the fusion of
autophagosomes with lysosomes (Rusten et al. 2007). ESCRT III dysfunction
associated with the autophagic pathway may have important implications for
understanding some neurodegenerative diseases (such as frontotemporal dementia
linked to chromosome 3 and amyotropic lateral sclerosis) (Filimonenko et al. 2007;
Lee et al. 2007). Hrs protein plays a major role in endosomal sorting upstream of
ESCRT complexes (Raiborg et al. 2003a). Hrs contains a FY VE domain that binds
specifically to PtdIns3P. It has recently been shown that Hrs facilitates the maturation
of autophagosome (Tamai et al. 2007), which raises the intriguing possibility that
PtdIns3P may be required for autophagosome formation via the Beclin 1 complex
and its maturation via Hrs. It is interesting to note that the endosomal PtdIns(3)P
5-kinase Fabl, which uses PtdIns3P to produce PtdIns(3,5)P2, is required in
Drosophila for amphisomes to fuse with lysosomes (Rusten et al. 2007). Since the
inactivation of Fabl in yeast causes a marked enlargement of the vacuole, which
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fails to acidify correctly (Yamamoto et al. 1995), the production of PtdIns(3,5)P2
may play an important part in maintaining organelle homeostasis in the autophagic
pathway. The role of PIKfyve (the mammalian ortholog of Fabl) in autophagy has
not been yet investigated.

4.2.5 Endo/lysosomal Proteins
4.2.5.1 LAMP-2

LAMPs (lysosomal associated membrane proteins) are a family of heavily glyco-
sylated transmembrane endo/lysosomal proteins (Eskelinen et al. 2003). Autophagic
degradation has been shown to be impaired in hepatocytes isolated from LAMP-2-
deficient mice (Tanaka et al. 2000). In LAMP-2-deficient mice that reproduce a
human cardiomyopathy (Danon disease) (Nishino et al. 2000), the fusion of
autophagosomes with the lysosomal compartment seems to be impaired, whereas
their fusion with multivesicular bodies is not. However, no defect in autophagy was
observed in LAMP-2-deficient mouse fibroblasts (Eskelinen et al. 2004). Blockade
in the later stage of autophagy only occurs in fibroblasts deficient in both LAMP-1
and LAMP-2. Differences in autophagic activity observed between hepatocytes and
fibroblasts may be responsible for the cell-type-specific effect of LAMP-1 and -2
depletion (Eskelinen 2005).

4.2.5.2 DRAM

Damage-regulated autophagy modulator (DRAM), which encodes a 238-amino
acid protein, is generally conserved through evolution but has no ortholog in yeast
(Crighton et al. 2006). DRAM is a direct target of p53. The protein is a multispan-
ning transmembrane protein present in the lysosome. DRAM may regulate the late
stage of autophagy, but surprisingly it also controls autophagosome formation
(Crighton et al. 2006). This suggests a possible new paradigm in which feedback
signals from the lysosomes control the early stages of autophagy.

4.2.5.3 Recycling Molecules

Two categories of lysosomal recycling molecules can be distinguished. The first
category consists of the lysosomal proteins that recycle entities needed for the
ongoing autophagic pathway. Proteins such as DRAM and Fabl, which were
discussed in preceding sections, may fall into this category, although this has not been
conclusively demonstrated. The second category includes lysosomal transporters
that recycle nutrients generated by the lysosomal degradation of macromolecules.
Several transporters in the lysosomal membrane have been shown to recycle amino
acids, monosaccharides, or lipids (reviewed in Lloyd 1996). Atg22 was recently
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identified as an amino acid transporter in the vacuole membrane of S. cerevisiae
(Yang et al. 2006). Atg22, which regulates the final stage of autophagy (i.e., recy-
cling from the lysosomal/vacuolar compartment), is crucial for maintaining cell
survival during nutrient starvation (Yang et al. 20006).

4.2.6 Microtubules

As discussed in Sect. 3, microtubules are involved in the formation of autophagosomes.
Originally, the involvement of microtubules was demonstrated in the later steps of
the autophagic pathway. The destabilization of microtubules by either vinblastine
(Hoyvik et al. 1991) or nocodazole (Aplin et al. 1992) blocks the maturation of
autophagosomes, whereas their stabilization by taxol increases the fusion between
autophagic vacuoles and lysosomes (Yu and Marzella 1986). Subsequent findings
have confirmed the role played by microtubules in fusion with the acidic compartment
(Jahreiss et al. 2008; Kochl et al. 2006; Webb et al. 2004). Autophagosomes move
bidirectionally along microtubules, and their centripetal movement is dependent on
the motor protein dynein (Jahreiss et al. 2008; Ravikumar et al. 2005; Webb et al.
2004). Two types of fusion have been documented (Jahreiss et al. 2008), including
(1) complete fusion of the autophagosome with the lysosome; and (2) transfer of
material from the autophagosome to the lysosomal compartment following a
kiss-and-run fusion process in which two separate vesicles are maintained.
However, it has been reported that autophagosome fusion with lysosomes is micro-
tubule-independent during starvation-induced autophagy (Fass et al. 2006). Under
these conditions, autophagosomes are formed in the vicinity of lysosomes and the
fusion of vesicles may be independent of microtubules.

4.3 Signaling and Maturation of Autophagosomes

4.3.1 MAPKSs

Protein kinases of the MAPK kinase family (JNK, p38, ERK1/2) have been shown
to regulate autophagy at both level 1 and level 2. However, p38 and ERK1/2 are
probably also involved in regulating the late stage of autophagy. A recent report
shows that the activation of ERK1/2 promotes the formation of large autolysosomes
(Corcelle et al. 2006). Thus, activating ERK1/2 activates both the formation and
maturation of autophagosomes. A protein involved in regulating the activity of
trimeric G, protein has been shown to act downstream of ERK1/2, and to regulate
the early stages of autophagy (Pattingre et al. 2003a). However, the target of
ERK1/2 in the regulation of the late stage of autophagy remains to be identified. As
in its inhibitory effect on the early stage of autophagy in hepatocytes (Haussinger
etal. 1999), p38 has also been shown to have an inhibitory effect on the maturation
of autophagosomes (Corcelle et al. 2007). Here too, the targets of p38 in the early
and late stages of autophagy are not yet identified.



58 A. Esclatine et al.

S How Autophagy Can Be Manipulated

Understanding how autophagy can be manipulated is important for potential thera-
peutic applications of autophagy. In this section we will focus on drugs that act at
different stages of autophagy (Rubinsztein et al. 2007). Of course, autophagy can
be manipulated by genetic approaches. Atg-knockout mice and Atg knockdown by
RNA interference-based methods are of fundamental importance in identifying the
function of autophagy in various physiological and pathophysiological situations
(Levine and Kroemer 2008). Genetic approaches are important not only for inves-
tigating the autophagic machinery (level 2 of regulation), but also for investigating
the signaling of autophagy (regulation level 1). For example, knockdown of mTOR
partners (raptor and rictor) led to the discovery that mTOR complex 2, but not
mTOR complex 1, is involved in the regulation of autophagy during the atrophy of
skeletal muscle (Mammucari et al. 2007).

One of the drugs most often used to stimulate autophagy is the immunosuppressive
agent rapamycin (Meijer and Codogno 2006). Rapamycin targets the kinase TOR
by binding to the 12 kDa immunopilin FKBP12. The rapamycin-FKBP12 complex
inhibits mTORCTI. It should be noted that chronic treatment with rapamycin has an
inhibitory effect on the supposedly “rapamycin-insensitive” mTORC2 (Rubinsztein
et al. 2007). The role of autophagy in the effects observed with analogs of rapamycin
(CCI-779, RADOO1, and AP23573), which are currently used in clinical trials,
remains to be carefully investigated (Faivre et al. 2006). Drugs that act on signaling
elements upstream of mTOR are also useful for manipulating autophagy (Meijer
and Codogno 2006). However, caution is called for with regard to the specificity of
some of these drugs when investigating their effect on autophagy. For example,
AICAR, an AMPK activator, has an inhibitory effect on autophagy that seems to be
independent of AMPK (Meley et al. 2006; Samari and Seglen 1998).

Autophagy can be manipulated independently of mTOR using drugs that act on
the myo- inositol phosphate metabolism (Sarkar et al. 2005). Lithium chloride,
sodium valproate and carbamazepine, which lower the levels of myo-inositol-1,4,5-
triphosphate (IP,), induce autophagy. Accordingly, xestospongin B, an inhibitor of
the IP, receptor, is a potent inducer of autophagy (Criollo et al. 2007).

Recently, screens for drugs regulating autophagy have been undertaken. The first
strategy employed was to identify compounds that enhance the growth-inhibitory
effects of rapamycin in yeast (these compounds were named SMERs, for small-
molecule enhancers) (Sarkar et al. 2007). Three of these SMERs were shown to
induce autophagy independently of rapamycin in mammalian cells. One of the major
points of interest of these SMERSs is that they do not have the immunosuppressive
effect of rapamycin. Other strategies were based on screening a library of compounds
(Williams et al. 2008; Zhang et al. 2007). One of these screens identified seven
drugs that had already received FDA approval for the treatment of human diseases
(schizophrenia, cardiovascular disorders) (Zhang et al. 2007). Interestingly, some of
these drugs are known to act on Ca?* channels and the Ca?" current. The screening
of FDA-approved drug libraries also identified minoxidil (a K* ATP channel
opener) and clonidine (a G, signaling activator) as activators of autophagy (Williams
et al. 2008; Zhang et al. 2007).
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One of the drugs most often used to inhibit autophagy is 3-methyladenine
(3-MA) (Seglen and Gordon 1982). 3-MA inhibits the formation of autophagosomes
by interfering with the activity of hVps34 in the Beclin 1 complex (Petiot et al.
2000). Thus, 3-MA inhibits autophagy by acting at level 2 of autophagy regulation.
In fact, 3-MA is a PI3K inhibitor and a similar effect on autophagy has also been
observed with two other PI3K inhibitors, wortmannin and LY294002 (Blommaart
et al. 1997a). However, these inhibitors also interfere with the activity of class I
PI3K and other kinases. For example, 3-MA inhibits the activity of p38MAPK and
JNK (Tolkovsky et al. 2002). The design of specific inhibitors for the different
classes of PI3K would be important to enable us to target the various different
enzymes in this family more specifically. These enzymes sometimes have opposite
effects on the regulation of autophagy (Petiot et al. 2000). Interestingly, the activity
of the Beclin 1 complex in autophagy can also be manipulated via the Beclin 1/
Bcl-2 interaction. Pharmacological BH3-mimetic compounds, such as ABT737,
stimulate autophagy by competitively disrupting the interaction between the
BH3-domain of Beclin 1 and Bcl-2 (or Bcl-xL) (Maiuri et al. 2007b).

Specific modulation of level 3 of autophagy regulation requires the targeting of
entities that only control this part of the autophagic pathway. This would exclude
microtubules (which are also involved at level 2, unless the target is dynein, a micro-
tubule motor that is not involved in level 2). It also rules out targeting the signaling
pathways identified so far at level 3, because p38 and ERK1/2 can also be involved
at level 1 in some cell types. Some endo/lysosomal proteins are not likely good can-
didates, because DRAM is probably also involved at level 2. So far the most specific
targets identified in level 3 are inhibitors of v-ATPase (bafilomycin A1, concanamycin
A) and the dominant-negative form of Rab7. Brefeldin A, which blocks several mem-
brane fusion events in the exocytic and endocytic pathways by interfering with the
exchange of GDP for GTP on Arf, does not interrupt the autophagic pathway (Ogier-
Denis et al. 1997a; Purhonen et al. 1997). This suggests that guanine nucleotide
exchange factors containing a Sec7 domain, a target of brefeldin A, are not involved
in membrane fusion events in the autophagic pathway. Although this is not discussed
in this chapter, it should be pointed out that inhibiting lysosomal activity by cathepsin
inhibitors or lysosomotropic agents such as chloroquine is also a valuable tool for block-
ing the late stage of autophagy (Amaravadi et al. 2007; Boya et al. 2005). It has been
suggested that chloroquine treatment may block cytoprotective autophagy in tumor
cells that resist chemotherapy (Amaravadi and Thompson 2007). Combining an
autophagy inhibitor such as chloroquine with apoptosis-inducing chemotherapies
may lead to improved tumor regression and reduced tumor recurrence.

6 Conclusions

Some progress has been made in understanding how autophagy is regulated. There
are many ways to regulate the formation of autophagosomes. Besides the long-known
(although still not completely defined) mTOR complex 1, which occurs upstream
of the Atgl/Ulkl and Ulk2 complexes, it has now been established that the Beclin
1 complex (which can also be designated PI3K complex I by analogy with the two
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PI3K complexes in yeast) and Atg4 are also possible sites for regulation by signaling
molecules. We cannot exclude the possibility that there are other possible points
within the molecular machinery at which autophagy can be regulated. The machin-
ery responsible for the maturation of autophagosomes and their fusion with acidic
compartments is also regulated by several entities, including ATPase and GTPase
activities, SNARE, MAPK signaling, and cytoskeletal motor proteins. However,
more investigation is required to understand the roles of these different regulation
systems in the late stages of autophagy. The tight regulation of the different stages
of autophagy is a safety procedure that allows cells to retain control over a
self-eating process that ends up in a “suicide bag,” to use Christian de Duve’s vivid
description of lysosomes (De Duve and Wattiaux 1966).

The use of drugs, RNA interference and gene invalidation provide various ways to
manipulate the autophagic pathway in order to study its role in different physiological
and pathophysiological situations. The recent development of screening for drugs that
modulate autophagy offers new perspectives for therapeutic interventions in human
disease (Sarkar et al. 2007; Zhang et al. 2007), and is revealing new regulatory
circuits during level 1 of the autophagic pathway (Williams et al. 2008). Moreover,
drugs that interfere with level 3 provide a new way to modulate autophagy in the
context of cancer therapy (Amaravadi and Thompson 2007). A future challenge will
be to design drugs that specifically target level 2 of autophagy regulation.

The dialog between pathogens and autophagy, which will be discussed
elsewhere in this issue of Current Topics in Microbiology and Immunology,
depends at least partially on the ability of these microorganisms to exploit the vast
repertoire of autophagy-regulating mechanisms to introduce “flats and sharps” in
order to modulate the full musical score of autophagy.
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Abstract The field of autophagy research has advanced rapidly in recent years,
with important discoveries made in relation to both molecular mechanisms and
physiological functions. Initially, autophagy was thought to be primarily a response
to starvation. Although this might be true in lower eukaryotes, this catabolic process
exerts various physiological functions in higher eukaryotes. This review summarizes
the physiological roles of autophagy in amino acid pool maintenance, intracellular
quality control, development, cell death, tumor suppression and anti-aging.

1 Introduction

Intracellular protein degradation systems can be roughly classified into two
groups: selective and nonselective. Selective degradation is primarily carried out
by the ubiquitin-proteasome system, whereas most nonselective degradation occurs
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in the lysosome. The degradation of cytoplasmic components in the lysosomes is
generically referred to as autophagy (Cuervo 2004; Klionsky 2007; Mizushima
2007; Levine and Kroemer 2008; Mizushima et al. 2008). The three types of
autophagy are macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA). In CMA, substrate proteins are specifically recognized by
chaperones and directly transported across the lysosomal membrane to the
lumen (Cuervo 2004). Microautophagy has been proposed to occur by invagination
of the lysosomal membrane into the lumen; however, its molecular mechanisms
remain unknown. This chapter focuses on macroautophagy, having been extensively
studied and closely related to immunology and microbiology.

Macroautophagy (referred to as autophagy hereafter) is mediated by a unique
organelle called the autophagosome (Fig. 1). Upon autophagy induction, a portion
of the cytoplasm is enclosed by an autophagosome. Not only cytosolic proteins but
also organelles such as mitochondria and endoplasmic reticulum are often sequestered
into autophagosomes. The outer membrane of the autophagosome then fuses with
the lysosome, allowing lysosomal enzymes to degrade the sequestered cytoplas-
mic materials. Since bulk cytoplasm is sequestered by autophagosomes, autophagy
is usually considered a nonselective random degradation system. However, recent
studies have indicated that some proteins and organelles are selectively degraded by
autophagy, an issue discussed later in this chapter.

Recently, the molecular mechanisms of autophagy have become increasingly
clear. Breakthroughs came from genetic analyses performed in yeast, and at least
18 autophagy-related genes have been identified in this organism so far. Since most
of these genes are conserved in higher eukaryotes, studies using reverse genetic
approaches have been carried out in various organisms. These studies have demon-
strated that, although autophagy is a simple membrane-mediated process, it has a
wide variety of physiological and pathophysiological roles.

Lysosome

Selective substrates - - - -

00
Non-selective =~~~ 09%g Amino acids
substrates
Phagophore or Autophagosome Autolysosome

Isolation membrane

Fig. 1 Schematic model of macroautophagy. A portion of cytoplasm is enclosed by a phagophore
or isolation membrane to form an autophagosome. While most substrates are enclosed nonselec-
tively, some proteins such as p62 are selectively recognized by the autophagosome membrane (via
LC3 in the case of p62). The outer membrane of the autophagosome subsequently fuses with the
lysosome, and the internal materials are degraded. The resulting amino acids are delivered back
into the cytosol for reuse or further metabolism
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2 Physiological Functions of Autophagy

2.1 Maintenance of the Amino Acid Pool

An evolutionarily conserved role of autophagy is adaptation to starvation through
the generation of amino acids inside cells. Under normal conditions, the intracellular
amino acid pool can be maintained by the proteasome, which continuously
degrades cytoplasmic proteins (Vabulas and Hartl 2005). In contrast, this pool is
largely maintained by autophagy during starvation. In yeast, autophagy is
suppressed to undetectable levels under growing conditions, but is rapidly upreg-
ulated during nitrogen starvation (Takeshige et al. 1992). The levels of amino
acids in autophagy-deficient yeast cells are lower than those in wild-type cells
during starvation. Likewise, autophagy is immediately activated in cultured mam-
malian cells following amino acid withdrawal. Accordingly, autophagy has been
shown to be crucial for surviving starvation in Sacharomyces cerevisiae (Tsukada
and Ohsumi 1993), Dictyostelium discoideum (Otto et al. 2003), Drosophila
melanogaster (Scott et al. 2004) and Caenorhabditis elegans (Kang et al. 2007).
Moreover, autophagy is upregulated in most tissues except the nervous tissues in
starved mice (Mizushima et al. 2004). It is also upregulated shortly after birth,
when nutrient supply from the placenta is abruptly terminated (Kuma et al. 2004).
Mice lacking Atg5, an essential factor in autophagosome formation, die about 12
h after birth. The amino acid levels of these mice are normal at birth but immediately
decrease thereafter. These experiments illustrate the important role of autophagy
in response to starvation.

The maintenance of the amino acid pool during starvation is important for the
production of subsets of proteins needed for adaptation to starvation conditions.
Starved yeast cells upregulate the synthesis of chaperones and enzymes for amino
acid synthesis, which is severely affected in autophagy-defective mutants (Onodera
and Ohsumi 2005). This defect might account for the low survival rate of these
mutants under starvation conditions (Tsukada and Ohsumi 1993).

Amino acids produced by autophagy can also be utilized for energy production.
Although amino acids are generally considered poor fuel sources, they can be
metabolized through the tricarboxylic acid (TCA) cycle to produce energy. This is
particularly apparent in muscle (Shimomura et al. 2004), but may also be the case
in cultured cells (Lum et al. 2005). Indeed, the autophagy-deficient phenotype of
IL-3-dependent cells can be restored by methylpyruvate, a cell-permeable substrate
for the TCA, supporting the idea that autophagy produces energy. In addition to
direct energy production, amino acids generated by autophagy can be used for
gluconeogenesis, which is an important physiological response to starvation. One
of the well-known pathways is the glucose-alanine cycle. Under starvation conditions,
peripheral tissues such as muscle secrete alanine, which is converted to glucose
in the liver. However, the extent that autophagy contributes to this pathway
remains unknown.
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2.2 Intracellular Quality Control

Although massive induction following nutrient withdrawal is the most prominent
feature of autophagy, this process also occurs constitutively at low levels under
normal growth conditions. The primary role of this basal autophagy is seemingly
not the maintenance of the amino acid pool, because the intracellular amino acid
pool is not affected in autophagy-deficient cells and animals as long as sufficient
nutrients are available (Kuma et al. 2004; Komatsu et al. 2005; Onodera and
Ohsumi 2005). However, recent mouse genetic studies have revealed that basal
autophagy is quite important for intracellular quality control through the constitu-
tive turnover of cytoplasmic components. Abnormal ubiquitinated proteins and
organelles accumulate in the cytoplasm immediately after the deletion of autophagy
genes such as Arg5 and Arg7 in the liver (Komatsu et al. 2005; Hara et al. 2006) and
nervous system (Hara et al. 2006; Komatsu et al. 2006). These proteins are present
in both the diffuse cytosolic and intracellular protein-aggregated forms. Interestingly,
ubiquitinated proteins accumulate extensively in the liver, neurons and some endo-
crine glands, and much more slightly in other tissues such as the skeletal muscle,
heart, and kidney (Hara et al. 2006). Since protein turnover in the liver is very high, it
is not surprising that basal autophagy is very important in this organ. However, the
reason underlying the critical importance of autophagy in the brain remains unclear.
Autophagic activity in the brain is very low and is not induced during starvation
(Mizushima et al. 2004; Nixon et al. 2005). Quality control may be more important
in nondividing, quiescent cells than in rapidly dividing cells. In agreement with this
concept, primary mouse embryonic fibroblasts prepared from Azg5” mice do not
show protein aggregates at early phases, but do so in later senescent phases.
Intracellular accumulation of abnormal proteins is also observed in Azg7-deficient
Drosophila (Juhasz et al. 2007).

Basal autophagy is apparently crucial for cellular homeostasis. Liver-specific
Atg77~ mice develop hepatomegaly and hepatic failure (Komatsu et al. 2005), and
neural cell-specific Arg5 and Atg7 knockout mice show neurodegeneration accom-
panied by progressive motor deficits (Hara et al. 2006; Komatsu et al. 2006). These
phenotypes are cell autonomous because Purkinje cell-specific Aftg5 and Arg7
knockout mice show Purkinje cell degeneration (Komatsu et al. 2007a; Nishiyama
et al. 2007). Abnormal proteins and organelles are also detected in heart-specific
Atg5-deficient mice (Nakai et al. 2007). Therefore, autophagy serves as a house-
keeper under normal conditions in order to prevent cell degeneration, particularly
in the nervous tissue, even if animals do not express disease-associated mutant
(aggregate-prone) proteins.

Although the accumulation of protein aggregates and autophagic vacuoles is a
hallmark of many neurodegenerative diseases such as Alzheimer’s disease
(Okamoto et al. 1991; Cataldo et al. 1996), polyglutamine (CAG) repeat diseases
(Petersen et al. 2001; Ravikumar et al. 2002), and Parkinson’s disease (Anglade
et al. 1997), it remains unknown whether autophagy is indeed involved in the
pathogenesis of these diseases. In some familial neurodegenerative diseases such as
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amyotrophic lateral sclerosis-like motor disease and frontotemporal dementia,
the causative mutations in dynein and CHMP2B do indeed affect autophagosome—
lysosome fusions, which should impair autophagic clearance of abnormal proteins
(Ravikumar et al. 2005; Filimonenko et al. 2007; Lee et al. 2007). Irrespective of
whether the autophagy defect is the direct cause or not, autophagy could be a good
therapeutic target in these neurodegenerative diseases (Rubinsztein 2006). Inhibitors
of Tor, a potent endogenous suppressor of autophagy, have been shown to be effective
in attenuating symptoms in fly and mouse Huntington disease models (Ravikumar
et al. 2004). In addition, other molecules such as lithium and trehalose were shown
to modulate autophagy (Sarkar et al. 2005; Sarkar et al. 2007a; Zhang et al. 2007a).
Furthermore, small-molecule enhancers of the cytostatic effects of rapamycin
(SMERs) enhance autophagy in an mTOR-independent manner, and accelerate the
clearance of mutant huntingtin and a-synuclein in a fly Huntington disease model
(Sarkar et al. 2007b). Finally, lithium, which induces autophagy by inhibiting inositol
monophosphatase independently of mTOR, delays progression of amyotrophic
lateral sclerosis in humans (Fornai et al. 2008). To achieve the maximum effect,
combination therapy using lithium and mTOR inhibitors has been proposed (Sarkar
et al. 2008). Since most neurodegenerative diseases progress slowly, slight modula-
tion of autophagy could produce dramatic effects on disease prognosis.

2.3 Selective Degradation by Autophagy

Whether abnormal proteins and inclusion bodies are selectively degraded by autophagy
has been a continuing issue for debate. In the temporary controlled liver-specific Azg5
knockout model, a loss of autophagy first leads to the accumulation of diffuse ubiquiti-
nated proteins in the cytosol followed by the generation of inclusion bodies (Hara et al.
2006). This suggests that the accumulation of inclusion bodies in autophagy-deficient
models is a secondary phenomenon, and large inclusions are not primary substrates.
If protein turnover is generally impaired by random autophagy, proteins would have
more opportunities to be damaged, misfolded, ubiquitinated and finally aggregated.
However, these studies do not rule out the possibility that oligomerized mis-
folded proteins or ubiquitinated proteins might be selectively incorporated into
autophagosomes. Recently, it has been proposed that p62/SQSTMI1 may serve as
an adaptor protein for mediating the binding of ubiquitinated proteins by autophago-
somes (Bjgrkgy et al. 2005; Pankiv et al. 2007). Apart from the known functions of
p62 in various signaling pathways (Wooten et al. 2006; Moscat et al. 2007), it can
also bind both ubiquitin and LC3. Therefore, the LC3-p62 complex on the inner
membrane of an autophagosome may recruit ubiquitinated proteins into autophago-
somes (Fig. 1). However, the extent to which this pathway contributes to the degra-
dation of ubiquitinated proteins under normal conditions remains unclear. A recent
study showed that K63-ubiquitinated proteins accumulate in p62~- mouse brain,
though this may be due to the reduced activity of a K63-deubiquitinating enzyme
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called cylindromatosis tumor suppressor (CYLD), which seems to be independent
of autophagy (Wooten et al. 2008).

p62 is mainly degraded by autophagy together with LC3, but accumulates
excessively in autophagy-deficient cells (Wang et al. 2006; Komatsu et al. 2007b;
Nakai et al. 2007). Interestingly, the maintenance of p62 expression at certain levels
by autophagy is critically important for cellular homeostasis. The liver enlargement
and dysfunction found in liver-specific Arg7 knockout mice are significantly
rescued by simultaneous ablation of p62 (Komatsu et al. 2007b). Ubiquitin-positive
inclusion bodies are not generated in Arg77-p62~- mouse liver, suggesting that
the excess amount of p62 accounts for the generation of the inclusions and hepatocyte
damage. However, deletion of p62 does not alter the clinical course of neural
cell-specific Arg7 knockout mice (Komatsu et al. 2007b). Therefore, basal
autophagy is important for the degradation of not only p62 and its interacting
proteins but also other proteins.

Selective degradation by autophagy has been also demonstrated for yeast Ald6
(Onodera and Ohsumi 2004), peroxisomes (Luiken et al. 1992; Iwata et al. 2006),
mitochondria (Kim et al. 2007), ribosomes (Kraft et al. 2008) and invading bacteria
(Levine and Deretic 2007; Schmid and Miinz 2007).

2.4 Development and Cell Death

Autophagy has been reported to be important for the development of various
organisms. For example, yeast autophagy mutants are defective in spore formation
during starvation (Tsukada and Ohsumi 1993), and autophagy mutants of D. discoideum
are defective in multicellular development (Otto et al. 2003). Dauer formation is
also affected in Caenorhabditis elegans autophagy mutants (Melendez et al. 2003).
These findings might suggest that autophagy is important for nutrient mobilization
during these remodeling processes because these developmental events occur under
starvation conditions. However, this idea may be reconsidered based on a recent
Drosophila study (Juhasz et al. 2007). Previous studies of Drosophila revealed that
several autophagy mutants show premature death from the third larval to the pupal
stages (Juhasz et al. 2003; Scott et al. 2004). It could thus be interpreted that larval
tissues are degraded to produce nutrients for generating adult tissues in a pupa.
Indeed, in dying larval tissues such as the salivary glands, massive autophagy is
observed (Baehrecke 2003). However, recently generated Azg7-deficient Drosophila
have been shown to be viable, although autophagy is virtually suppressed and adult
flies are sensitive to nutrient and oxidative stresses (Juhasz et al. 2007). The pupal
period is extended but the larval-adult midgut transition proceeds normally. The
previously reported Drosophila mutants such as the Azg/ mutant may have defects
beyond autophagy. Therefore, some other pathways may compensate for the defective
protein breakdown in the autophagy-defective mutant during metamorphosis.
Autophagy has also been thought to be a type of cell death-inducing process,
especially during development. It is sometimes referred to as “type 2 cell death” or
“autophagic cell death.” During development, autophagy occurs in dying cells in various
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embryonic tissues (Baehrecke 2005; Debnath et al. 2005; Levine and Yuan 2005).
However, the role of autophagy in cell death execution has been an issue of great
controversy, while that of autophagy in cell survival has been well documented.
In apoptosis-deficient cells, autophagy contributes to cell death induced by apoptogenic
stimuli such as genotoxic stress and staurosporine, and a caspase inhibitor (z-VAD)
(Shimizu et al. 2004; Yu et al. 2004). There have been no lines of evidence that
autophagy induces cell death during physiological development in mammals because
Atg57 and Atg7”~ mice are born grossly normal at birth. However, a recent
Drosophila study revealed that autophagy is indeed required for the complete degra-
dation of a dying salivary gland in a pupa (Berry and Baehrecke 2007). Cells in the
salivary glands rapidly die and whole salivary glands are degraded after pupa forma-
tion. This tissue destruction is at least partially mediated by autophagy, because the
suppression of several ATG genes leads to incomplete degradation (Berry and
Baehrecke 2007). Since caspase inhibition also partially suppresses cell death, both
apoptosis and autophagic degradation may function in the rapid destruction of the
salivary gland. Thus, the physiological role of autophagy in cell death is rather com-
plicated and depends on the presenting situation. The term “autophagic cell death”
may not be appropriate in certain cases, even if autophagy is detected in dying cells.

The role of autophagy in mammalian development has not been well understood
because mice deficient for Azg5 or Arg7 can survive embryogenesis (Kuma et al. 2004;
Komatsu et al. 2005). However, these studies overlook the requirement of autophagy
during early developmental stages, when maternally inherited proteins remain in the
cytoplasm of knockout oocytes. Indeed, autophagy is activated shortly after fertilization,
which is essential for preimplantation development (Tsukamoto et al. 2008).

Autophagy is also involved in another step of cell death. Cells undergoing
apoptosis expose phosphatidylserine (PS) at the cell surface, which is recognized
by phagocytes. However, autophagy-defective cells cannot expose PS efficiently
due to low levels of cellular ATP, resulting in the failure of dead cell clearance (Qu
et al. 2007).

2.5 Tumor Suppression

The role of autophagy in tumorigenesis and cancer progression has been discussed
for a long time. It may be considered that autophagy is also important for the survival
of tumor cells, just like normal cells. However, many studies have suggested that
autophagy instead acts as a tumor suppressor (Hippert et al. 2006; Jin and White
2007; Levine 2007; Mathew et al. 2007a).

The first genetic linkage between autophagy and cancer was indicated by a study
on Beclin 1. Beclin 1 is a mammalian counterpart of yeast Atg6/Vps30, which is a
component of the autophagy-related PI3—kinase complex (Liang et al. 1999; Kihara
et al. 2001b; Kihara et al. 2001a). Beclin 1 was originally identified as an interacting
partner of an antiapoptotic protein, Bcl-2 (Liang et al. 1998). Accordingly, Bcl-2
negatively regulates autophagy by binding with Beclin 1 (Pattingre et al. 2005).
Importantly, Beclin 1 is monoallelically deleted in 40—75% of sporadic human breast
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and ovarian cancers (Liang et al. 1999). In addition, beclin I*'~ mice develop sponta-
neous tumors such as lung cancer, hepatocellular carcinoma and lymphoma (Qu et al.
2003; Yue et al. 2003). These studies revealed that Beclin 1 is a novel tumor suppres-
sor. Recently, UVRAG (a Beclin 1-interacting protein; lonov et al. 2004; Liang et al.
2006) and AtgdC were also shown to have tumor-suppressive roles (Marifio et al.
2007). Therefore, autophagy likely has a protective role against tumorigenesis.

There are two (not mutually exclusive) hypotheses as to why defective autophagy
causes tumors. The first is that tumorigenesis is induced by an inflammatory
response. As discussed above, autophagy is basically a protective mechanism and
its deficiency causes necrotic cell death if the apoptotic pathway is also compro-
mised. This phenomenon is particularly important under metabolic stress (ischemia
and nutrient starvation) conditions, which is often observed at the center of solid
tumors (Degenhardt et al. 2006). The resulting necrotic cell death induces an
inflammatory response, which in turn promotes secondary tumorigenesis
(Degenhardt et al. 2006). The second hypothesis is that autophagy can protect cells
from genomic damage in a cell-autonomous manner (Karantza-Wadsworth et al.
2007; Mathew et al. 2007b). A high rate of genomic damage and instability were
observed in beclin 1"~ and Atg5~~ kidney (Mathew et al. 2007b) and mammary
epithelial cells during metabolic stress (Karantza-Wadsworth et al. 2007). Why
autophagy is beneficial for genome protection is not fully understood. One possible
explanation is that deficiency in autophagy, which is important for mitochondrial
quality control, causes the accumulation of damaged mitochondria (Komatsu et al.
2006; Kim et al. 2007; Zhang et al. 2007b; Twig et al. 2008). In yeast, reactive
oxygen species (ROS) tend to accumulate in autophagy-defective cells (Xiong et al.
2007). Also in mouse liver, an oxidative transcription factor, Nrf2, is activated if
autophagy is impaired (Komatsu et al. 2007b). Such oxidative stress may promote
DNA damage and ultimately tumorigenesis.

2.6 Anti-Aging

As discussed above, autophagy is involved in both nutrient regulation and intracellular
quality control. Therefore, it can be assumed that an excess of nutrients suppresses
intracellular clearance, while mild starvation promotes such clearance. Indeed, an
inverse relationship between autophagy and aging has frequently been postulated
(Bergamini et al. 2004; Droge 2004; Levine and Klionsky 2004). Caloric restriction is
the most effective method for extending the life spans of various species from yeast to
mammals. The precise mechanisms underlying such extension are not completely
understood, but autophagy could be one of the effectors. Autophagy or general protein
degradation is upregulated during calorie restriction in rodents and worms (Ward 1988;
Donati et al. 2001; Bergamini et al. 2004; Morck and Pilon 2006). Furthermore,
genetic studies have also suggested that autophagy is indeed important for extending
life span. A C. elegans mutant lacking the insulin signaling gene daf-2 shows a life-
extension phenotype, which is suppressed if autophagy-related genes are simultaneously
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silenced (Melendez et al. 2003; Hars et al. 2007; Hansen et al. 2008). Similarly, the
life-extending effect of calorie restriction is also impaired in atg gene-knockdown
worms (Jia and Levine 2007; Hansen et al. 2008). Although both dietary restriction
and daf-2 mutation upregulate autophagy, their underlying mechanism appears to be
different. Dietary restriction-induced autophagy requires the transcription factor
Pha-4/FoxA, whereas daf-2 mutation-induced autophagy requires neither Pha-4 nor
Daf-16/FoxO (Hansen et al. 2008). Thus, autophagy induction may not be sufficient
to extend life span, and a parallel pathway through Daf-16/FoxO is also required. The
NAD-dependent deacetylase Sirtl, which is an evolutionally conserved regulator of
life span, was also shown to play an important role in autophagy induction both in vitro
and in vivo through the deacetylation of several Atg proteins by Sirtl (Lee et al. 2008).
Therefore, there appear to be complicated interrelations between autophagy and life
span determination.

In aged cells, various damaged proteins are accumulated, which could be (at
least partially) due to the seemingly reduced activity of both macroautophagy and
CMA with age (Bergamini et al. 2004; Terman, 2006; Martinez-Vicente and
Cuervo 2007). Therefore, autophagic activity may be a critical determinant of life
span, and its modulation will be a potential strategy against aging.

3 Conclusion

Autophagy has a wide variety of physiological roles due to its several different
modes (induced vs. constitutive) (Mizushima 2005) and steps (sequestration vs.
degradation) (Mizushima 2007). In addition to the topics described in this review,
recent studies have also demonstrated that autophagy is important for protection
against heart failure and liver and muscle diseases. Furthermore, as this book
highlights, autophagy is important for the degradation of not only self-proteins
but also various microbes. Paradoxically, “degradation” is not the main function of
autophagy in some circumstances. The autophagosome can also be used as a special
site for the survival and replication of subsets of bacteria and viruses. Thus, as
described in this book, autophagy has various roles in infection and immunology.
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Abstract Lymphocyte homeostasis is tightly regulated in vivo by various factors
including cytokines, antigens, and costimulatory signals. Central to this regulation
is the intricate balance between survival and apoptosis determined by pro- and antia-
poptotic factors, including Bcl-2/Bcl-xL of the Bcl-2 family in the intrinsic death
pathway and Fas/FADD of the TNF death receptor superfamily in the extrinsic
death pathway. Recent studies have identified a critical role for autophagy, a well-
conserved catabolic process in eukaryotic cells, in T and B lymphocyte homeostasis.
Autophagy is essential for mature T lymphocyte survival and proliferation. In
addition, autophagy can promote T cell death in defined physiologic or pathologic
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conditions. Autophagy also contributes to the survival of subsets of B lymphocytes,
including developing pre-B cells as well as B1 B cells in vivo. Thus, autophagy
represents a novel pathway regulating both developing and mature lymphocytes.
Future studies are required to investigate the role of autophagy in regulating T and
B cell homeostasis during immune responses to pathogens, as well as to define the
mechanisms by which autophagy regulates lymphocyte death and survival.

1 Introduction

Lymphocytes are essential regulators and effectors of the adaptive immune system.
In collaboration with innate and antigen-presenting immune cells, T cells and B
cells provide protective immune responses to a diversity of pathogens and form
long-lived immunologic memory. In order to maintain a competent and robust
immune system, the peripheral pool of mature lymphocytes is tightly regulated by
a careful balance of cell production, survival, death and proliferation. The physio-
logically relevant balance of these processes is defined as lymphocyte homeostasis
(Crowley et al. 2008; Jameson 2002; Marrack et al. 2000; Plas et al. 2002). In
healthy adult animals, homeostasis stabilizes the population of mature T and B
cells. During periods of induced or naturally occurring lymphopenia, lymphocyte
homeostasis can also restore T and B cell numbers (Agenes and Freitas 1999;
Beutner and MacDonald 1998; Cabatingan et al. 2002; Ernst et al. 1999; Goldrath
and Bevan 1999a; Miller and Stutman 1984; Viret et al. 1999).

The regulation of lymphocyte expansion and death during immune responses also
contributes critically to the maintenance of homeostasis in the adaptive immune system.
Although effector T cells can expand up to 1,000-fold during the primary immune
response (Blattman et al. 2002; Murali-Krishna et al. 1998), the programmed death of
a majority of these cells limits the accumulation of total T cell numbers (Badovinac and
Harty 2006). Regulated contraction of effector cells also ensures that the peripheral T cell
repertoire remains diverse in preparation for future antigen encounters. These homeo-
static mechanisms provide a large and diverse lymphocyte population in secondary
lymphoid organs while limiting pathology due to the dysregulation of T or B cell num-
bers. Extensive studies have identified many factors that regulate peripheral lym-
phocyte homeostasis (Crowley et al. 2008; Jameson 2002; Marrack et al. 2000; Plas et al.
2002). Recent studies suggest that autophagy, a fundamental intracellular process,
provides a novel mechanism regulating T lymphocyte homeostasis (Pua and He 2007).

2 Regulation of T Cell Homeostasis by Cytokines
and MHC/Peptide Ligands

T cell homeostasis is regulated throughout the lifespan of T lymphocytes. Robust
T cell development in the thymus in young animals is required for the production
of mature T cells to populate secondary lymphoid organs. The homeostatic survival
and proliferation of mature T lymphocytes is profoundly regulated in peripheral
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lymphoid organs. This regulation depends on critical environmental signals that
help to define the mature T cell niche (Jameson 2002; Marrack et al. 2000; Plas et
al. 2002). Although multiple essential extrinsic factors may contribute to T cell
homeostasis, attention has been largely focused on the role of cytokines and the T
cell receptor (TCR) in the regulation of T cell development as well as the mainte-
nance of naive and memory T cell pools.

2.1 Cytokines in T Cell Homeostasis

Cytokines are small secreted proteins that act on cellular targets to promote diverse
biological responses, including survival, differentiation, proliferation, and migration.
A group of cytokines sharing the common yc chain receptor subunit including inter-
leukin-2 (IL-2), IL-7, and IL-15 support T cell survival and play important roles in
regulating T cell homeostasis (Boise et al. 1995; He and Malek 1998; Rathmell et al.
2001; Vella et al. 1997). Many T cell subsets, including double negative (DN) thymo-
cytes, single positive (SP) thymocytes, naive T cells and memory T cells, express IL-7Ra
on their surface (Goldrath et al. 2002; Sudo et al. 1993; Tan et al. 2001). IL-15Rf3
is also expressed at a high level on CD8* memory T cells (Zhang et al. 1998b).
Consistent with this expression pattern, thymocyte development as well as the pool of
mature T cells is severely compromised in IL-77~ mice, IL-7R~~ mice, or mice treated
with an antagonistic antibody for the IL-7R (Schluns et al. 2000; Sudo et al. 1993;
Tan et al. 2001). In naive and memory T cells, this reflects a role for IL-7 both in
promoting proliferation as well as supporting the survival of cells in mice with filled
peripheral T cell compartments (Goldrath et al. 2002; Kondrack et al. 2003; Lenz et al.
2004; Schluns et al. 2000; Seddon et al. 2003; Seddon and Zamoyska 2002; Tan et al.
2001; Tan et al. 2002). In parallel, IL-157- or IL-15R™ animals have significant defects
in CD8* memory T cells with prominent alterations in the proliferation and long-term
maintenance of these memory cells (Becker et al. 2002; Goldrath et al. 2002; Judge
et al. 2002; Kennedy et al. 2000; Lodolce et al. 1998; Tan et al. 2002).

Importantly, IL-7 and IL-15 not only promote T cell survival and proliferation
but they also limit the size of the peripheral T cell pool, helping to define a homeostatic
niche for T cells in the spleen and lymph nodes. Administration of recombinant
IL-7 and transgenic overexpression of IL-7 both increase T cell numbers in vivo,
suggesting that competition for endogenous cytokine helps to limit the population of
mature T cells (El Kassar et al. 2004; Kieper et al. 2002; Morrissey et al. 1991).
Transgenic overexpression of IL-15 can similarly expand target lymphocyte
populations, suggesting that its expression is also limiting in vivo, though the activity
of IL-15 is more selective within the T cell compartment, predominantly affecting
memory CD8* T cells (Fehniger et al. 2001; Marks-Konczalik et al. 2000).

2.2 TCR-MHC Interactions in T Cell Homeostasis

TCR-major histocompatability complex (MHC) interactions play a critical role in
the positive and negative selection of thymocytes during development as well as
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the response of mature T cells to foreign antigens in the context of infection or
immunization (Goldrath and Bevan 1999b). However, the interaction of the TCR
with MHC molecules also plays a role in naive T cell homeostasis. Both the grafting
of wild type thymi as well as the adoptive transfer of T lymphocytes into MHCI™~
and MHCII hosts reveal a critical role for these molecules in the proliferation
and expansion of T cells in response to lymphopenia (Bender et al. 1999; Brocker
1997; Goldrath and Bevan 1999a; Kirberg et al. 1997; Nesic and Vukmanovic
1998). Consistent with productive homeostatic TCR-MHC interactions, a low level
of MHC-dependent constitutive phosphorylation of the TCR CD3( chain occurs in
mature T cells, suggesting tonic signaling in the periphery (Dorfman and Germain
2002; van Oers et al. 1994; Witherden et al. 2000). In addition, the inducible deletion
of TCRa chain expression results in a profound reduction in the half-life of CD8*
TCR™~T cells when compared to undeleted controls (Polic et al. 2001). Interestingly,
memory CD4* and CD8* T cell homeostatic proliferation as well as long-term
survival appears to be independent of MHC-peptide complexes, though tonic stimulation
may be required to maintain the functional capacity of memory cells (Kassiotis et al.
2002; Lau et al. 1994; Murali-Krishna et al. 1999; Swain et al. 1999).

3 Regulation of T Cell Homeostasis by the Intrinsic
and Extrinsic Apoptotic Pathways

Apoptosis is defined as a programmed form of cellular death that results in the
orderly destruction of cell viability with characteristic morphologic features including
nuclear condensation, DNA cleavage, membrane blebbing, cell shrinkage, and
mitochondrial depolarization (Danial and Korsmeyer 2004). Although there are
many initiators and executioners of programmed cell death, central to most forms
of apoptosis is the activation of a well-conserved family of cysteine proteases
termed caspases. Caspases can be activated by either the intrinsic or extrinsic cell
death pathway, and both forms of apoptosis have a role in T cell biology (Zhang
et al. 2005a).

3.1 Extrinsic Pathway Apoptosis in T Cell Homeostasis

Classically, the initiation of the extrinsic apoptotic pathway depends on the ligation
of tumor necrosis factor (TNF) receptor superfamily death receptors, and results in
caspase 8 activation through adaptor molecules including Fas-associated death
domain (FADD) and tumor necrosis factor receptor-associated death domain
(TRADD). In thymocytes, death receptor activity may contribute to the elimination
of cells that fail to rearrange the TCRf chain early in development as well as auto-
reactive SP thymocytes undergoing negative selection, although the relative contribution
of individual death receptors is limited and remains somewhat controversial
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(Corazza et al. 2004; Cretney et al. 2003; Diehl et al. 2004; Erickson et al. 1994;
Kishimoto et al. 1998; Lamhamedi-Cherradi et al. 2003; Newton et al. 2000; Page
1999; Page et al. 1998; Pfeffer et al. 1993; Wang et al. 2001). While in vitro models
of activation-induced cell death generated much interest in a possible role for the
death receptor Fas in effector T cell death, Fas and TNF signaling are not required
for the normal contraction of an acute immune response in vivo (Nguyen et al.
2000; Reich et al. 2000). However, the death receptor tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) contributes to cell death during the secondary
expansion of CD8* T cells that are primed in the absence of CD4" help, as may
occur in certain pathologic conditions such as HIV infection (Janssen et al. 2005).
In addition, recent data has demonstrated an important role for death receptors and
extrinsic apoptosis in maintaining T cell homeostasis during chronic infections (Hughes
et al. 2008; Weant et al. 2008).

3.2 Intrinsic Apoptosis Pathway in T Cell Homeostasis

Extensive studies have demonstrated that T lymphocyte homeostasis is critically
regulated by the intrinsic apoptotic pathway in vivo. In the intrinsic apoptosis pathway,
cellular stresses, which classically include genotoxic damage and growth factor with-
drawal, lead to the activation of B cell leukemia/lymphoma 2 (Bcl-2) family members,
permeabilization of the mitochondria, and downstream caspase activity. The important
role of the intrinsic pathway in T cell biology has largely been demonstrated through
examining the role of pro- and antiapoptotic Bcl-2 family proteins.

Three antiapoptotic proteins of the Bcl-2 family, including Bcl-2, Bcel-xL, and
Mcl-1, have an important role in T cell homeostasis in vivo. The loss of either Bcl-2
or Mcl-1 expression in developing T cells results in an approximately fivefold
reduction in the number of thymocytes and peripheral T cells in mice (Dzhagalov
et al. 2008; Matsuzaki et al. 1997; Nakayama et al. 1993; Opferman et al. 2003;
Veis et al. 1993). Bcl-27- and Mcl-17- thymocytes and mature T cells demonstrate
enhanced rates of cellular death under conditions that initiate the intrinsic apoptosis
pathway, such as cytokine withdrawal, dexamethasone exposure, or irradiation. The
regulated expression of both Bcl-2 and Mcl-1 provides a link between pro-survival
cytokine signaling and the intrinsic apoptosis pathway in T cell homeostasis. The
expressions of both Bcl-2 and Mcl-1 can be upregulated in T cells by IL-7
(Opferman et al. 2003; Vivien et al. 2001; von Freeden-Jeffry et al. 1997), and the
transgenic overexpression of Bcl-2 rescues the development of T cells in the thymus
as well as the homeostatic survival of mature T cells in the spleen and lymph nodes
of IL-7Ra”~ mice (Maraskovsky et al. 1997).

Consistent with its expression in double positive (DP) thymocytes but not naive
resting T cells, the antiapoptotic protein Bcl-xL has a role in promoting DP cell
survival (Broome et al. 1995; Motoyama et al. 1995; Zhang and He 2005).
Interestingly, although Bcl-xL is highly upregulated during T cell activation, its
expression is not required for T cell responses or memory cell formation in vivo
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(Zhang and He 2005). The role of Mcl-1 and Bcl-2 during immune responses and
in memory formation remains largely unexamined due to the developmental defects
in genetic models examined to date.

Pro-apoptotic Bcl-2 family members also have an important role in regulating T
cell homeostasis. Bim, Bax, and Bak all contribute to thymocyte death in models
examining negative selection in vitro and in vivo (Bouillet et al. 2002; Rathmell et al.
2002; Villunger et al. 2004). In the periphery, although the multidomain pro-apoptotic
family members have largely redundant roles in T cell homeostasis (Knudson and
Korsmeyer 1997; Knudson et al. 1995; Rathmell et al. 2002), Bax™*, Bak™* mice
and bone marrow chimeras demonstrate an expanded T cell compartment with
defects in negative selection as well as impaired sensitivity to intrinsic pathway apop-
tosis in vitro (Lindsten et al. 2000; Rathmell et al. 2002). In these mice, the number of
effector/memory T cells is increased and they accumulate due to a defect in the death
of effector cells after immune responses. Bim also plays a critical role in the death of
activated cells, as expanded antigen-specific Bim™ T cells persist in vivo after an
immune response due to an impairment of the contraction phase (Hildeman et al.
2002; Pellegrini et al. 2003; Wojciechowski et al. 2006).

4 Autophagy Induction in T Lymphocytes

Autophagy is a well-conserved catabolic process in eukaryotic cells with diverse
functional roles both outside and within the immune system (Klionsky and Emr
2000; Levine and Kroemer 2008; Mizushima et al. 2002; Schmid and Munz 2007).
Defined by the de novo formation of specialized double-membrane vesicles within
the cytoplasm of cells, an explosion of research examining the molecular and cellular
regulation of autophagy has followed the recent discovery of a network of genes
required for autophagosome formation (Thumm et al. 1994; Tsukada and Ohsumi
1993). Although T lymphocytes are small cells with limited cytoplasmic volume, T
lineage cells do express essential autophagy genes and form autophagosomes.
Transmission electron micrograph studies have identified characteristic double-
membrane and cytoplasm-containing autophagic vacuoles in primary human and
mouse T cells (Fig. 1) (Espert et al. 2006; Gerland et al. 2004; Jia et al. 1997; Li et al.
2006; Pua et al. 2007).

Autophagic activity may also be regulated at different developmental stages in
T lymphocytes. Within the thymus, transcription of the autophagy genes Arg5,
beclin 1, and LC3 is most robustly detected early in thymocyte development within
the DN faction of cells (Pua et al. 2007). Studies in a beclin 1-GFP bacterial artificial
chromosome transgenic line also report varying protein levels of this autophagy
gene, with detectible expression in DN1, DN2, DN3, and SP cells but not DN4 and DP
thymocytes (Arsov et al. 2008). In addition, although there is a low level of constitutive
autophagy in mature resting CD4* and CD8* T cells (Pua et al. 2007), autophagic
activity increases in activated T cells. Stimulation of T cells with anti-CD3 in vitro
for 24-48 h induces autophagy as measured by electron microscopy, LC3 processing,
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as well as GFP-LC3 puncta formation (Li et al. 2006; Pua et al. 2007). Chronic
restimulation of human CD8* T cells with mitogen in vitro also results in a fourfold
increase in the number of cells with autophagic vacuoles by electron microscopy
after 14 weeks of culture (Gerland et al. 2004).

The signaling pathways regulating the induction of autophagy in T lymphocytes
are not well characterized. Nevertheless, some interesting clues have emerged
(Fig. 1). As mentioned above, the activation of T cells by either mitogens or TCR
stimulation results in the induction of autophagy (Gerland et al. 2004; Li et al.
20006; Pua et al. 2007). In differentiated effector CD4* T cell cultures, increases in
the number of cells containing multiple GFP-LC3* autophagic puncta after anti-
CD3 stimulation can be inhibited by JNK inhibitors or 3-methyladenine (3-MA)
and enhanced by rapamycin and zVAD (Li et al. 2006). These results suggest that
target of rapamycin (TOR), a central regulator of cell growth and metabolism, as
well as Class III phosphatidylinositol 3-kinase (PI3K) and MAP kinase pathways
may all provide important signals in T cell autophagy. Continued investigations
will be required to further define the signaling pathways downstream of the antigen
receptor that are necessary for autophagy induction. However, the TCR is not the
only receptor associated with autophagy in T lymphocytes. The ability of HIV
envelope glycoprotein to induce autophagosome formation through the receptor
CXCR4 in CD4* T cells suggests that G-protein-coupled receptors in general or
chemokine receptors in specific may regulate autophagy in this lymphocyte population
(Espert et al. 2006). Understanding the regulation of autophagosome formation in
T cells is particularly important to determining the biologic function of autophagy
in lymphocytes.
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Fig. 1a—¢ Autophagosomes form in primary T lymphocytes and can be identified by transmission
electron microscopy (a) and LC3 localization (b). The induction of autophagy can be regulated in T
lymphocytes by signaling pathways downstream of the T cell receptor and chemokine receptor (c).
The image in a was originally published in the Journal of Experimental Medicine (Pua et al. 2007)
published by Rockefeller University Press, and the image in b is unpublished data from Pua and He
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5 Autophagy: Dual Roles in T Cell Survival and Death

Autophagy was first identified as a pathway contributing to cell survival in yeast
(Thumm et al. 1994; Tsukada and Ohsumi 1993). However, the relationship between
autophagy, cell survival, and cell death is complex in higher eukaryotes. Deletion of
essential autophagy genes in the neonate, the central nervous system, and the liver
impairs cellular survival, demonstrating a clear cytoprotective role for autophagy
(Hara et al. 2006; Komatsu et al. 2006; Komatsu et al. 2005; Kuma et al. 2004). Yet,
in other model systems, autophagy may contribute actively to cell death. In particular,
autophagy has been demonstrated to promote cell death during salivary gland genera-
tion in Drosophila as well as in cells where classical apoptotic pathways are disabled
(Baehrecke 2005; Berry and Baehrecke 2007; Codogno and Meijer 2005). Given the
dynamic and essential regulation of T cell survival during development, peripheral
homeostasis and immune responses in Vvivo, it is particularly important to determine
the roles of autophagy in primary T lymphocytes (Fig. 2).

5.1 Autophagy Contributes to Homeostatic T Cell
Survival In Vivo

To investigate the role of autophagy in T cells in vivo, two mouse genetic model
systems have been employed. Since mice lacking the essential autophagy genes
Atg5 or Arg7 die within the first 24-48 h of birth (Komatsu et al. 2005; Kuma et al.
2004), the role of autophagy in T cells has been studied using Arg5~~ fetal liver
chimeric mice as well as Azg7" Lck-Cre mice with a conditional deletion early in
thymocyte development (Pua et al. 2007; Pua et al. 2009). In both mice, there are
subtle but potentially significant changes within the thymus. In Azg5~ fetal liver chi-
meras, although there are no obvious perturbations in the relative percentage of
developing thymocyte subsets, there is ~50% reduction in the total number of thy-
mocytes in autophagy-deficient chimeric mice (Pua et al. 2007). In Azg7" Lck-Cre
mice, there is also a modest reduction in thymocyte numbers with a specific
decrease in SP cells (Pua et al. 2009). Interestingly, thymocytes from Azg5~~ and
Atg7~~ T cells display no increase in ex vivo apoptosis (Pua et al. 2007; Pua et al.
2009). Therefore, more detailed studies will be required to determine the function
of autophagy in thymocytes, though it seems possible that Arg5~~ hematopoietic
chimeras have a defect in progenitor cells and/or autophagy-deficient thymocytes
may have a proliferation defect which limits cell numbers in vivo (see below).
The effects of deleting essential autophagy genes in T lineage cells are more
dramatic in the periphery. There is a substantial reduction in peripheral T cell numbers
in the spleen and lymph nodes of Azg5~~ and Arg7" Lck-Cre mice (Pua et al. 2007,
Pua et al. 2009). Consistent with a role for autophagy in the homeostatic survival
of mature T cells, Atg5~~ and Arg7~~ T cells have enhanced rates of apoptosis (Pua
et al. 2007, 2009). In contrast to Bax™~Bak™~ hematopoietic progenitor cell lines that
require autophagy to survive after growth factor withdrawal (Lum et al. 2005),
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Fig. 2 The function of autophagosome formation varies depending on the developmental and
activation status of T lymphocytes. Autophagy appears to largely promote survival in naive T
lymphocytes while potentially contributing to cell death in activated or effector T cells

autophagy-deficient primary T cells demonstrate an in vitro survival defect in the
presence of abundant pro-survival IL-7 cytokine (Pua and He, unpublished observa-
tion). Therefore although peripheral T cell homeostasis requires IL-7 (El Kassar et al.
2004; Goldrath et al. 2002; Kieper et al. 2002; Morrissey et al. 1991; Schluns et al. 2000;
Seddon and Zamoyska 2002; Sudo et al. 1993; Tan et al. 2001), the role of autophagy
in T lymphocyte survival goes beyond providing an alternative survival pathway in
a limited cytokine environment.

How then might autophagy contribute functionally to the survival of mature T
cells? An alternative pro-survival function for autophagy depends upon its ability
to degrade long-lived proteins and whole organelles that become toxic or damaging
to cells. Both Azg5~~ and Arg7~~ mature T cells have enhanced mitochondrial
content when compared to control cells (Pua et al. 2009). This defect appears to
result from an inability to clear mitochondria by autophagy. Interestingly, the
mitochondrial content in T lymphocytes is developmentally regulated. The exit of
T lymphocytes from the thymus marks a transition from high mitochondrial
content in thymocytes to low mitochondrial content in mature T cells in normal
mice, and this change depends on autophagy (Pua et al. 2009). The autophagic
sequestration of mitochondria, termed “mitophagy,” which has been identified in
both yeast (Baba et al. 1994; Kissova et al. 2007) and mammalian cells (Reipert et
al. 1995; Takano-Ohmuro et al. 2000), results in functionally significant changes
in mitochondrial content within cells. In vitro studies have demonstrated that
induction of autophagy results in mitochondrial clearance while the inhibition of
autophagy leads to an increase in mitochondrial numbers (Colell et al. 2007;
Ravikumar et al. 2006; Terman et al. 2003). Much interest has focused on the role
of autophagy in the clearance of organelles in epithelial cells during lens develop-
ment and in erythrocytes during hematopoiesis, though the role of autophagy in
these processes remains unclear given the normal clearance of lens and erythro-
cyte organelles in Arg5~~ mice (Bassnett 2002; Kent et al. 1966; Matsui et al.
2006; Takano-Ohmuro et al. 2000). However, the Bcl-2 family protein Nix has
recently been demonstrated to play a critical role in mitochondrial clearance by
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autophagy in developing erythrocytes (Sandoval et al. 2008; Schweers et al. 2007).
Along with results in T lymphocytes (Pua et al. 2009), these findings should
continue to spark interest in the role of autophagic organelle clearance in the
biology of cells of the hematopoietic system.

Consistent with a protective role for mitophagy in cells, mitochondrial dysfunction
including osmotic swelling (Nowikovsky et al. 2007) and loss of mitochondrial
potential (Elmore et al. 2001; Priault et al. 2005; Rodriguez-Enriquez et al. 2006;
Sandoval et al. 2008) induce mitophagy. In addition, the ability to clear mitochon-
dria by autophagy induction in cell culture and after pro-apoptotic stimuli prevents
cell death, suggesting that mitochondrial clearance is an important pro-survival
mechanism downstream of autophagosome formation (Colell et al. 2007; Ravikumar
et al. 2006; Terman et al. 2003). Further supporting this notion, hepatocytes not
only have increased mitochondrial content after the induced deletion of Atg7 but
also deformed mitochondria, suggesting organelle dysfunction (Komatsu et al.
2005). In autophagy-deficient T lymphocytes, enhanced mitochondrial content is
associated with increased reactive oxygen species (ROS) production, apoptosis and
imbalanced expression of pro- and antiapoptotic Bcl-2 family members (Pua et al.
2009). These results point toward an important pro-survival role for autophagy in
clearing mitochondria, organelles that regulate T cell death during homeostasis
through the intrinsic apoptosis pathway in vivo. Continued work is needed to deter-
mine the signals that regulate mitophagy in T cells. It will also be interesting to
determine whether the clearance of mitochondria is the primary function of
autophagy in naive T cells, or whether there are other important autophagic functions
in T lymphocytes. Finally, the specific signals or cellular stresses that contribute to
death in autophagy-deficient T cells need to be determined to better understand the
role of autophagy in the larger program of T cell homeostasis.

5.2 Autophagy Contributes to T Cell Death

In contrast to its pro-survival role in naive T cells during homeostasis, there is also
evidence that autophagy contributes to cell death in T lymphocytes under specific
physiologic and pathologic conditions. In particular, autophagy may contribute to
cell death in activated T cells, reflecting a dynamic role for autophagy in T cell
biology. Consistent with the induction of autophagy in T cells after mitogen or TCR
stimulation (Gerland et al. 2004; Li et al. 2006; Pua et al. 2007), there appears to
be an important functional role for autophagy in activated T cells. In a model of T
cell senescence after chronic restimulation, the percentage of autophagosome-
positive cells decreases within 48 h after restimulation (Gerland et al. 2004). The
authors of this study suggest that the accumulation of autophagic vesicles in T cells
may increase the susceptibility of these cells to cell death after stimulation. This
raises the interesting possibility that autophagy could contribute to death in aged
memory or chronically restimulated effector T cells. Genetic models capable of
addressing this question will lead to important advances in investigating the role of
autophagy in T cells under various stimulation conditions.
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Two additional reports have also suggested that the induction of autophagy may
lead to cell death. In an immortalized T helper cell line, silencing the essential
autophagy genes Atg7 or beclin I leads to enhanced cell survival after IL-2 growth
factor withdrawal in vitro (Li et al. 2006). It will be interesting to determine how
autophagy may contribute to activated or effector T cell survival decisions, and
whether this result coincides with an important function for autophagy in the
regulation of effector T cell survival in vivo. Finally, pathologic cell death in T
lymphocytes may also be regulated by autophagy. HIV envelope-mediated
bystander killing of CD4* human T cells depends on autophagic activity in these
cells, as the siRNA-mediated knockdown of essential autophagy genes inhibits the
cellular toxicity (Espert et al. 2006) (see chapter xx). Whether this effect results
from the co-opting of a normal regulatory pathway in T cells or the pathologic
activation of the T cell autophagic systems remains to be determined. In addition,
the effects of HIV on T cells may be complex, like many host-pathogen interactions,
given a recent report demonstrating an inhibition of autophagy in T cells with active
virus infection (Zhou and Spector 2008).

5.3 Autophagy as a Paradoxical Mediator of Both Survival
and Death in T Cells?

The dual role of autophagy in T cell survival and death likely results from the
complex regulation of both T cell survival decisions and autophagy. In particular,
the levels or targets of autophagic activity in T cells may vary depending on cell
type and stimulation, altering the consequence of autophagic induction. In addition,
the effects of autophagy may vary substantially among T cell subsets and alter the
functional importance of this process in T cells. It is also possible that regulation of
molecular interactions between autophagic and apoptotic machinery dictate the
cellular outcome of autophagy induction in T cells. Atg5 and FADD (Pyo et al.
2005) as well as Beclin 1 and Bcl-2/Bel-xL (Liang et al. 1998; Pattingre et al. 2005)
interact, and both of these molecules play an important role in T cell biology. Given
the extensive interest in apoptosis in T lymphocytes, these cells may provide an
excellent model to study physiologically relevant interactions between the
autophagy and apoptosis pathways.

6 Autophagy in T Cell Proliferation

Consistent with the induction of autophagy in activated T cells (Gerland et al. 2004; Li
et al. 2006; Pua et al. 2007), autophagy-deficient T cells have defects in proliferation.
Atg5™ and Atg7~~ T cells fail to proliferate optimally after TCR crosslinking despite the
normal upregulation of early activation markers (Pua et al. 2007, 2009), suggesting
that the autophagy machinery may actively participate in TCR-induced proliferation
(Fig. 3). Given that the development of many other cell types appears to be normal in
autophagy-deficient mice, autophagy is not universally required for cell proliferation.
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Fig. 3 Autophagy genes contribute to TCR-mediated T cell proliferation in vitro. Although the
function of autophagy in T cell proliferation is not known, it may depend on the selective degradation
of cellular components, autophagy-dependent metabolic function and/or the molecular interaction
of essential autophagy genes with other signaling pathways

6.1 Autophagosome Formation in T Cell Proliferation

How might the formation of autophagosomes function in cell cycle progression in
activated T lymphocytes? First, autophagosomes may degrade key regulatory factors
that normally inhibit T cell proliferation. Although the sequestration of cytosol during
starvation-induced autophagy is though to be nonspecific, there is some evidence
that the autophagy-dependent degradation of specific proteins has biological conse-
quences. The selective degradation of catalases by autophagy has been shown to
contribute to death after caspase inhibition (Yu et al. 2004). In addition, heat shock
protein 90 regulates the autophagy-dependent degradation of the NF-kB pathway
kinase IKK in human T cell leukemia virus-transformed T cells (Qing et al. 2006,
2007; Yan et al. 2007). This result suggests that degradation of critical signaling
molecules by autophagy could play a role in TCR-mediated signaling pathways and
will provide an interesting area for future investigation.

Second, autophagy may provide a key intracellular nutrient supply during T cell
proliferation. In proliferating T cells, the TCR-mediated calcium-dependent activation
of adenosine monophosphate-activated protein kinase (AMPK) suggests that TCR-
mediated signals anticipate enhanced energy demand (Tamas et al. 2006). AMPK
activation in cardiac myocytes during ischemia/reperfusion (Matsui et al. 2007), in
human cancer cell lines through calcium signals (Hoyer-Hansen et al. 2007), and
in human cancer cell lines after nutrient deprivation (Liang et al. 2007) result in the
induction of autophagy. Although the effectors downstream of AMPK which activate
autophagy in the previous experimental systems have not been determined, AMPK
classically inhibits TOR (Wullschleger et al. 2005), a known negative regulator of
autophagosome formation. Pharmacologic inhibition of the TOR pathway with
rapamycin in activated T cells leads to the induction of autophagy (Li et al. 2006),
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consistent with a functional role for autophagosome formation in a larger program
of cellular growth and metabolism.

6.2 A Role for Autophagy Genes in T Cell Proliferation
Outside of Autophagosome Formation?

Although the defective proliferative responses in both Arg5~~ and Atg7~~ T cells
suggest that autophagic function is required for optimal TCR-induced proliferation,
it is possible that some essential autophagy genes have a role in T cell proliferation
outside of autophagosome formation. Atg5 interacts with the death domain of the
death receptor adaptor protein FADD, and this interaction has functional conse-
quence in HeLa cells during interferon-y-induced cell death (Pyo et al. 2005). Like
Atg5~~ T cells (Pua et al. 2007), FADD™- or FADD dominant-negative expressing
T cells have reduced TCR-induced proliferation with normal upregulation of early
activation markers (Beisner et al. 2003; Newton et al. 1998, 2001; Walsh et al.
1998; Zhang et al. 1998a, 2001, 2005b). Although the precise mechanism by which
FADD regulates the cell cycle is not known, it will be interesting to determine
whether Atg5 and FADD interact in primary T cells to affect as yet unidentified
downstream signaling pathways independent of autophagy. Alternatively, the cell
cycle arrest observed in FADD™~ T cells may be due to alterations in autophagic
activity. Overexpression of the death domain of FADD or stimulation through the
death receptor TRAIL in epithelial cells results in the induction of autophagy
(Thorburn et al. 2005). Therefore, it is possible that TCR-associated autophagic
induction depends on the activity of FADD or death receptors in T cells.

A second autophagy-associated apoptotic molecule, Bcl-2, regulates T cell pro-
liferation. Bcl-2 deficiency inhibits early cell cycle progression in multiple cell
types (Zinkel et al. 2006), and Bcl-2 dose inversely correlates with proliferation in
T cells (Linette et al. 1996). The autophagy protein Beclin 1 was first identified as
a Bcl-2 interacting protein in mammals (Liang et al. 1999), and the interaction
between Beclin 1 and Bcl-2 has important physiologic consequences both for the
induction of autophagy as well as the execution of other cellular functions, including
cell death (Pattingre et al. 2005; Shimizu et al. 2004). Therefore, it will be interesting
to determine whether Beclin 1 and Bcl-2 cooperate to regulate autophagy-
dependent or autophagy-independent pathways for T cell proliferation.

7 Autophagy in B Lymphocytes

Although fewer studies have investigated autophagy in B cells, the available data
demonstrates an important role for autophagy in this second lymphocyte lineage.
Asin T cells, deletion of the essential autophagy gene Azg5 leads to selective survival
defects in B cells in mouse models. However, the stages impacted in T and B cells



98 H.H. Pua and Y.-W. He

differ. While thymocyte development appears normal in Azg5~~ fetal liver hematopoi-
etic chimeric mice, the development of B cells is altered in the bone marrow of these
mice (Pua et al. 2007). The number of pre- and immature B cells is reduced in
Atg5~~ chimeras, and this reduction correlates with an increase in the rate of apop-
tosis in autophagy-deficient developing B cells (Miller et al. 2008). Why the loss of the
autophagy gene Arg5 affects the pre-B but not the pro-B cell compartment will be an
interesting area of future investigation, likely providing physiologically relevant informa-
tion about both B cell development as well as the functions of autophagy.

In Arg5~~ chimeric mice, there is also a statistically significant reduction in
mature B cells in the spleen and lymph nodes (Miller et al. 2008; Pua et al. 2007).
However when Atg5 is conditionally deleted in B cells using a CD19-Cre transgene,
no reduction in developing B cells or mature B-2 cells is observed (Miller et al.
2008). In this model system, only the population of innate cells like self-renewing
B-1a B cells are reduced in number. Therefore the essential autophagy gene Arg5
is not required acutely for conventional B cell survival when cells maintain normal
autophagic function early in development.

This work on the role of B cell autophagy raises many important questions for
future investigation. When and how is autophagic activity regulated in B lym-
phocytes? Analysis of the expression of a beclin 1-GFP transgene in B cell subsets
suggests that at least this autophagy-associated protein is differentially expressed in
B cell subsets (Arsov et al. 2008). Recent work in B cell lines and mouse splenic B
cells demonstrates an increase in autophagosome formation 36 h after IgM
crosslinking (Watanabe et al. 2008). Therefore, signaling through antigen receptors
in both B and T lymphocytes may result in the induction of autophagy.

Future investigations are needed to address the function of autophagy in B
lymphocytes as well as whether autophagy may contribute to programmed death
within these cells. Finally, there is good preliminary evidence to suggest that
autophagy may play an important role not only in normal B cell homeostasis but
also in pathologic B cell processes. In a c-Myc-induced model of B cell lymphoma,
inhibition of autophagosome maturation results in the enhanced clearance of tumor
cells during chemotherapy (Amaravadi et al. 2007). Therefore, understanding the
function of autophagy in B lymphocytes may ultimately have therapeutic consequences
for human disease.

8 Conclusion

Although the importance of autophagy in T and B lymphocytes is somewhat unex-
pected, the critical role of autophagic activity in many organ systems highlights the
breadth and complexity of this pathway both within and outside of the immune
system. Not only is autophagy activity in lymphocytes regulated, but it contributes
to diverse cellular processes including survival, death, and proliferation. This
reflects complex activity depending on B or T cell stage as well as activation status,
and likely will lead to important roles for autophagy in both normal physiologic
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activity as well as the pathology of lymphocytes in the adaptive immune system.
Hopefully, continued work in this exciting area will result in both fundamental
advances in understanding the function of autophagy in cells of the immune system
as well as an application of that knowledge to diseases including cancer, autoimmunity,
and host-pathogen interactions.
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Abstract Autophagy is an ancient, highly conserved pathway responsible for
the lysosomal degradation of cytosolic constituents and organelles that is critical
in maintaining cellular homeostasis. Recent studies have illustrated an important
interplay between autophagy and the innate immune system. Signaling through
innate pattern recognition receptors leads to the induction of autophagy. Autophagy
is utilized by the innate immune cells to survey for virus infection through delivery
of cytosolic viral replication complexes to the endosomal viral sensors. In another
case, key molecules in the autophagy pathway were found to negatively regulate
cytosolic sensors of RNA viruses. Moreover, it has recently become apparent that
the autophagic machinery is utilized by phagocytic cells for efficient phagocytosis
and clearance of extracellular pathogens. These studies shed light on the possibility
that molecules classically thought to be dedicated to the process of autophagy may
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function in important physiological processes independent of autophagy, whereby
the double-membrane structures form within the cytosol to enclose organelles and
long-lived proteins. In this chapter, we will highlight key findings relevant to the
role of the autophagic machinery in the innate immune system.

1 Introduction

Elegant studies performed in yeast have laid the foundation for our current under-
standing of the molecular components involved in autophagy. These studies
identified more than 30 autophagy-related (ATG) gene products that are involved in
multiple aspects of the process of autophagy (Klionsky et al. 2003). The molecular
details of the process of autophagy have been covered by others extensively in
elegant reviews (Klionsky and Emr 2000; Ohsumi 2001). Here, we briefly describe
elements of autophagy relevant to the discussions pertaining to this chapter. Two
ubiquitin-like conjugation systems are necessary for autophagosome formation
(Mizushima et al. 1998). The first involves the Atg5-Atgl2 conjugation complex,
which localizes to the isolation membrane. Atg7, an El-like enzyme, activates
Atgl2 and then Atgl?2 is transferred to the Atgl10, E2-like enzyme. The C-terminal
glycine residue of Atgl2 is finally linked through covalent binding to the lysine
residue of Atg5. The Atgl2—Atg5 complex noncovalently binds to Atgl6, allowing
association with the isolation outer membrane. This complex dissociates from the
membrane before autophagosome completion. The second conjugation system
involves coupling of Atg8 (or microtubule-associated protein 1 light chain 3, LC3,
in mammals) to phosphatidylethanolamine (PE), which allows its incorporation
into the isolation membrane. LC3 is a soluble cytoplasmic protein that is proteolyti-
cally cleaved by Atg4, activated by Atg7, and then transferred to Atg3. Finally, LC3
is covalently linked to PE. These LC3-PE proteins remain coupled to both sides of
the autophagosomal membrane (Ichimura et al. 2000; Kabeya et al. 2000). The
autophagosome ultimately fuses with lysosomes and the luminal contents are
degraded. Alternatively, autophagosomes can also fuse with endosomes to form
amphisomes (Berg et al. 1998). After degradation, the proteins are recycled through
lysosomal transporters.

All cells are capable of undergoing autophagy; however, the extent of constitutive
autophagy is dependent on both cell type and organ type (Mizushima et al. 2004).
Autophagy is also inducible under certain conditions, the best characterized of
which is starvation. Under starvation conditions, autophagy provides an alternate
source of nutrients and amino acids from the degradation of existing organelles and
proteins (Levine and Klionsky 2004), and therefore serves as an important survival
pathway during physiological stress. Manipulations of the ATG genes and their
upstream regulatory molecules in the past decade have unveiled critical roles for
autophagy not only in cellular homeostasis but also in host defense (Levine and
Deretic 2007). The clearance of intracellular pathogens via autophagy followed by
degradation in the lysosome is referred to as ‘“xenophagy” and presents the most
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direct example of autophagy contributing to host defense. Autophagy is used by the
immune cells to deliver cytosolic viral genetic materials to the endosomal receptors
for the purpose of innate recognition (Lee et al. 2007). In addition, autophagy is
utilized by antigen-presenting cells to deliver cytosolic viral antigens to the MHC
class IT loading compartment, which serves to stimulate adaptive immunity (Schmid
and Munz 2007). In this chapter, we will provide an overview of the recent literature
examining the relationship between autophagy and innate recognition of pathogens,
and highlight key emerging concepts that provide fundamental links between these
two highly evolutionarily conserved processes.

2 Autophagy and Viral Sensing: Patrolling the Fort

2.1 Innate Viral Recognition

Viruses represent a major class of pathogens that cause significant diseases in
bacteria, plants, and animals. Unlike other pathogens, viruses rely entirely on the
host cell machinery for their own synthesis and replication. The innate immune
system utilizes pattern recognition receptors (PRRs) to recognize molecular signatures
that are unique to pathogens, pathogen-associated molecular patterns (PAMPs)
(Janeway 1989). Owing to the host origin of virion components, the mechanism by
which viruses are recognized by the immune system has remained unclear until
recently. Studies in the past decade have revealed that the unique features associated
with the nature—e.g., double-stranded (ds)RNA, single-stranded (ss)RNA or (ds)
DNA—and/or the locations (e.g., endosomal) of viral genomes are detected as a
molecular signature by the PRRs and comprise the cell’s viral reconnaissance unit
(see below for more details). Once alerted, viral PRRs stimulate the expression of
type I interferons (IFNs), which are the most potent known antiviral factors,
capable of limiting the replication and spread of most viruses (Taniguchi and
Takaoka 2002). In addition to IFN production, viral recognition also evokes a proin-
flammatory cytokine and chemokine response, which is required for the initiation
and subsequent coordination of innate and adaptive antiviral immunity (Takeuchi
and Akira 2007). In general terms, these antiviral PRRs can be divided into two
groups that function in parallel. The Toll-like receptors (TLRs), including TLR3,
TLR7, TLRS and TLROY, survey the endosomal environment for viral nucleic acids.
These TLRs are located in the endosome and recognize dsRNA (TLR3) (Alexopoulou
etal. 2001), single-stranded (ss)RNA (TLR7 (Diebold et al. 2004; Lund et al. 2004)
and TLRS (Heil et al. 2004)) and dsDNA (TLR9) (Krug et al. 2004; Lund et al.
2003) associated with virus genomes or replication intermediates. The second group
of PRRs are located in the cytosol and patrol for the presence of viral nucleic acids.
These belong to two families: the retinoic-acid-inducible gene (RIG-I)-like receptor
(RLR) family, consisting of RIG-I and melanoma differentiation-associated gene 5
(MDA-5), and the sensor(s) of DNA (Ishii et al. 2006; Stetson and Medzhitov 2006),
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including DNA-dependent activator of IRFs (DAI) (Takaoka 2007). RIG-I recog-
nizes 5'-triphosphate RNA (Hornung et al. 2006; Pichlmair et al. 2006), which is
only present in the viral genomes of certain sSRNA viruses, not in the mammalian
genome. MDA-5 recognizes the viral RNA of picornaviruses and synthetic dsSRNA
such as polyinosine-polycytidic acid (poly I:C) through a ligand that is yet to be
determined (Gitlin 2006; Kato 2006). These endosomal and cytosolic pattern rec-
ognition systems ensure broad surveillance of viruses that have RNA or DNA
genomes and/or replication intermediates, and subsequently elicit the production of
the antiviral type I IFNs. The critical difference between these pathways lies in their
cell-type specific expression and compartmentalization. Most cells rely solely on
cytosolic recognition of viruses, which occurs after a cell has been infected.
Cytosolic sensors, through the local secretion of type I IFNs, induce an antiviral
state in the infected and the neighboring cells. On the other hand, a subset of den-
dritic cells (DCs) known as plasmacytoid dendritic cells (pDCs) relies exclusively
on TLR7 and TLRY to detect the genomes and related structures of ssSRNA and
dsDNA viruses before becoming fully infected. pDCs serve as professional viral
sensors that are specialized in viral detection and vigorous secretion of type I
IFNs, allowing them to induce a local and systemic antiviral state in the infected
host (Liu 2005). Autophagy is emerging as an essential component of antiviral
defense that is intimately linked to both families of innate viral sensors.

2.2 Autophagy in Innate Viral Recognition Through TLRs

The recognition of viral RNA or DNA by the endosomal TLR7 or TLRY, respectively,
induces type I IFN and cytokine production by pDCs. This was thought to occur
exclusively upon endocytosis of virions and uncoating of capsid within the
lysosomes, whereby the viral genomes become accessible to the TLRs (Fig. 1a).
We recently demonstrated that this pathway is not the only mechanism by which
pDCs detect the presence of viruses. We found that IFN-a and cytokine production
following recognition of vesicular stomatitis virus (VSV) and Sendai virus by
TLR7 requires replicating virus, suggesting that pDCs recognize viral replicative
intermediates of cytosolic origin. We hypothesized that autophagy could deliver
cytosolic viral replication intermediates to the endosomes where TLR7 resides
(Fig. 1b). Because Atg57 mice are neonatally lethal (Kuma et al. 2004), we used
Atg57 neonatal liver chimeras. Indeed, pDCs lacking Atg5 were defective in sensing
VSV through TLR7, and mice lacking Azg5 in hematopoietic compartments failed
to respond to VSV infection in vivo (Lee et al. 2007). Thus, our study demonstrates
that autophagy plays a critical role in the innate recognition of ssSRNA viruses via
delivery of viral replication intermediates from the cytosol to the endosome within
which TLR7 resides. Autophagy is utilized by pDCs to bridge the compartmental
separation of ligand (in cytosol) and sensor (in endosomes) by ferrying cytosolic
viral replication intermediates into endosomal compartments containing TLR7,
thus facilitating the detection of viral nucleic acids. An intriguing question that
emerges from these findings relates to how TLR7 distinguishes self from non-self
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endosome endosome

Influenza

plasmacytoid dendritic cells plasmacytoid dendritic cells

Fig. 1a-b Recognition of virus-associated molecular patterns by plasmacytoid dendritic cells.
a Viruses such as influenza are recognized in the lysosomes of pDCs via TLR7 following endo-
cytosis of virions. The molecular signature of influenza virus is provided by the endocytic location
of the viral genomic ssSRNA. b In contrast, VSV recognition via TLR7 requires cytosolic virus
replication intermediates, which are transported to the lysosome by means of autophagy. This
figure is used with permission from Iwasaki A. “Role of autophagy in innate viral recognition.”
Autophagy 3:354-6, 2007

RNA, if not through compartmental separation as had been previously thought.
TLR7 does not seem to distinguish viral or mammalian RNA based on studies
using synthetic and purified nucleic acids (Diebold et al. 2006). Our study implies
that there may be other ligands of TLR7 that are naturally produced during ssSRNA
virus infection, such as the replication intermediates, that serve as potent agonists
for TLR7. In contrast to recognition of VSV or SeV, TLR7-dependent recognition
of influenza virus and TLR9-dependent recognition of a dsDNA virus, herpes simplex
virus (HSV), have been shown to be unaffected by UV irradiation, heat inactivation
and formaldehyde fixation (Asselin-Paturel et al. 2001; Diebold et al. 2004;
Eloranta and Alm 1999; Krug et al. 2004; Lund et al. 2003). Thus, it appears that
viral replication intermediates are required for the complete stimulation of TLR7
upon infection with ssSRNA viruses that replicate within the cytosol; however,
further study will be required to determine whether such products are required for
robust innate immune stimulation following infection with viruses harboring distinct
genome content and/or replication strategies.

2.3 The Role of Atg5/Autophagy in TLRY Signaling in pDCs

While both TLR9 and TLR7 signals depend on the adaptor protein myeloid
differentiation primary response gene (88) (MyD88), recent evidence suggests the
existence of two bifurcating pathways emanating from these TLRs. The first pathway
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leads to the activation of nuclear factor kB (NF-xB), IFN regulatory factor 5 (IRF5)
and mitogen-activated protein kinase (MAPK) activation (Takaoka et al. 2005). The
second pathway leads to the activation of type I IFN genes through phosphorylation
of IRF7 (Honda et al. 2005). Honda and Taniguchi termed these two distinct signaling
complexes the cytoplasmic transductional-transcriptional processors for proinflam-
matory cytokines and IFNs (Honda and Taniguchi 2006). While both pathways
depend on MyD88 (Lund et al. 2003), interleukin-1 receptor-associated kinase 4
(IRAK4) (Honda et al. 2004), UNC93B (Tabeta et al. 2006) and TNF receptor-asso-
ciated factor 6 (TRAFO), the latter pathway leading to IFN activation also requires
additional molecules including IRAK1 (Uematsu et al. 2005), TRAF3 (Hacker et al.
2006; Oganesyan et al. 2006), IxB kinase oo (IKKa) (Hoshino et al. 2006), osteopon-
tin (Shinohara et al. 2006) and pDC triggering receptors expressed on myeloid cells
(TREM) (Watarai et al. 2008). The mechanism by which these two types of signals
are mediated through TLR7/9 is unknown. Our recent work also demonstrated that
Atg5 is required for secretion of type I IFNs but not proinflammatory cytokines in
pDCs stimulated with CpG or HSV-1 (Lee et al. 2007). These data indicated that
while Atg5 is not required for the recognition of CpG or HSV-1, it is required for
TLRY signaling leading to type I IFNs but not proinflammatory cytokines. The defect
in Atg57~ pDCs is at the level of transcription of IFN genes (Lee and Iwasaki, unpub-
lished observations). These data indicated that in addition to the previously described
molecules, Atg5 plays a key role in TLRY signaling leading to the transcription of type
TTFN genes in pDCs. Whether a similar requirement for Atg5 in IFN production applies
also to other cell types and other TLRs remains an important question, as does the
molecular mechanism by which Atg5 and autophagy regulate TLR signaling.

2.4 Negative Regulation of RLRs via the Atg5-Atgl2 Conjugate

TLR-mediated pathogen recognition is of vital importance in specialized viral
sensors, pDCs. However, most other cell types utilize cytosolic RLRs such as RIG-I
and MDA-5 to detect the presence of viral invaders (Foy et al. 2005; Yoneyama
et al. 2005; Yoneyama et al. 2004). In light of this fundamental difference in viral
sensing, it is interesting to note that the role of autophagy in viral recognition is
strikingly different in pDCs versus non-pDCs. A recent report indicated that innate
recognition in mouse embryonic fibroblasts (MEFs) of VSV via RIG-I and poly I:C
via MDA-5 pathways is regulated by the Atg5-Atgl2 conjugate (Jounai et al. 2007).
The authors showed that Azg5”~ and Atrg7"~ MEFs (both lacking the Atg5-Atgl2
conjugate) produced enhanced type I IFNs in response to VSV and poly I:C. Thus,
in contrast to pDCs, fibroblasts, which rely on cytosolic sensors of viral replication,
appear to utilize molecules involved in autophagy to repress type I IFN responses.
The Atg5-Atgl2 conjugate blocked RLR activity by binding to RIG-I, MDA-5, and
the adaptor protein IFN-f promoter stimulator 1 (IPS-1) [also known as mitochondrial
antiviral signaling (MAVS) (Seth et al. 2005), Cardif (Meylan et al. 2005), or
virus-induced signaling adaptor (VISA) (Xu et al. 2005)] through the caspase
activation and recruitment domain (CARD). Thus, Atg5-Atgl2 may exert a
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noncanonical function in the constitutive regulation of RLRs (Takeshita et al.
2008). However, since the experimental system used in this study led not only to
the deficiency in Atg5-Atgl2 conjugate but also to the complete inhibition of the
autophagic process, it remains a possibility that the observed phenotype may
also reflect the lack of autophagy in addition to Atg5-Atgl2 conjugate-mediated
inhibition of RLRs.

3 Interplay Among Innate Recognition, Induction
of Autophagy and Phagocytosis: Securing the Fort

Considering the emerging evidence suggesting shared elements and cooperation
between phagocytosis and autophagy, it is important to explore a broader view of the
intersection between these two pathways. It is known that both autophagy and phago-
cytosis play important roles both in scavenging intracellular versus extracellular elements
for degradation and in host defense. However, investigations into the potential overlap
between these two pathways of lysosomal degradation have only just begun.

3.1 Phagocytosis

While all cells need to ingest nutrients from extracellular sources, several specialized
cell types have evolved the ability to specifically engulf microbes or apoptotic cells
through phagocytosis, thus serving an essential role in host defense and in maintain-
ing tissue homeostasis. These cells, known as phagocytes, include macrophages,
neutrophils, and DCs. Phagocytosis is an actin-dependent process of engulfing solid
particles by the cell membrane to form an internal vesicle, or phagosome. Phagosomes
undergo a sequence of fission and fusion events resulting in phagosomal maturation.
Ultimately, phagosomes fuse with lysosomes and the ingested materials are degraded
by hydrolases that act within the acidified environment of the lysosome. Phagocytosis
can be further characterized as constitutive or inducible. For example, phagocytes
will take up many types of extracellular particles varying in size and charge.
However, if a particular cargo stimulates PRR activation through TLRs, phagosomal
maturation is accelerated and (Blander and Medzhitov 2004) antigen processing for
MHC class II is enhanced (Blander and Medzhitov 2006). Phagocytes express a
variety of cell surface PRRs, allowing them to survey the extracellular space around
them for both inert (through constitutive phagocytosis) and pathogenic (through
induced phagocytosis) invaders.

3.2 Convergence of Autophagy and Phagocytosis

Striking similarities exist between phagosome and autophagosome formation and
maturation. After all, phagocytosis and autophagy are both processes of ingestion,
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where the cargo or pathogen resides in extracellular or cytosolic spaces, respectively.
It is tempting to speculate on the nature of the relationship between autophagy and
phagocytosis and the degree to which these two processes are intertwined. Below,
we will describe studies that demonstrated that TLR signals induce (1) autophagy
to elicit autophagosome-mediated clearance of cytosolic pathogens or (2) recruitment
of the machinery of autophagy to enhance phagosome fusion to the lysosome for
clearance of extracellular pathogens.

3.2.1 TLR Signals Induce Autophagy to Clear Intracellular Pathogens

Here, we consider the evidence for the intersections between autophagy, innate
recognition, and phagocytosis. The advantages of crosstalk between these pathways
are readily apparent as the induction of autophagy in response to pathogen detection
would mediate both xenophagy and increased transfer of cytosolic antigen into
endosomal recognition compartments. Macrophages are considered “professional
phagocytes” responsible for clearance of both apoptotic host cells and microbial
invaders. Recently it was shown that LPS stimulation of RAW 264.7 macrophage-like
cells induced LC3 punctate structure formation and increased levels of LC3II
(lipidated form of LC3 capable of incorporating into the phagophore), both of which
are indicative of autophagy (Xu et al. 2007). TLR4 signaling is mediated via two different
sets of adaptors commonly referred to as the MyD88-dependent pathway (which utilizes
the MyD88 and Toll-interleukin 1 receptor (TIR) domain-containing adaptor protein
(TIRAP) adaptors) versus the MyD88-independent pathway (which utilizes Toll/IL-1
receptor domain-containing adaptor inducing IFN- (TRIF) and TRIF-related adaptor
molecule (TRAM) adaptors) (Takeda and Akira 2005). TLR4 and MyD88 dominant-
negative mutant expression and TLR4, MyD88 and TRIF siRNA were used to
demonstrate that the induction of autophagy following 16 h of LPS stimulation was
TRIF dependent and MyD88 independent (Xu et al. 2007). The prolonged timescale
described for this induction of autophagy, in comparison to the standard 1-2 h starva-
tion or pharmacological induction of autophagy by rapamycin, suggests that LPS-
mediated autophagy may involve an element of transcriptional regulation.

In order to examine the effect of LPS-induced autophagy on antimicrobial defense,
the authors examined mycobacterial infection. Mycobacterium tuberculosis wields a
double-pronged sword against PI(3)P to halt phagosome maturation in its attempt to
evade immune destruction. The first assault is by glycosylated phosphatidylinositol
lipoarabinomannan secretion, which leads to reduced recruitment of Vps34 and subse-
quent generation of PI(3)P (Vergne et al. 2003). Renegade PI(3)P that manages to
escape the first assault is then targeted by SapM, a PI(3)P phosphatase, thereby preventing
maturation of the phagosome (Vergne et al. 2005). Thus, mycobacteria-containing
phagosomes fail to mature for lack of PI(3)P. Previous studies have demonstrated that
induction of autophagy by starvation, rapamycin or by expression of a p47 resistance
GTPase (LRG47) results in colocalization of the mycobacteria phagosomes with
autophagosomes, leading to the elimination of mycobacteria (Gutierrez et al. 2004; Singh
et al. 2006). Xu et al. found that LPS-induced autophagy also led to the colocalization
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of mycobacterium-containing phagosomes and autophagosomes (Xu et al. 2007).
However, this occurred in a MyD88-independent but TRIF-dependent manner. An
interesting parallel between TLR4-induced autophagosome fusion to the lysosome
and TLR-induced phagosome fusion to the lysosome is that they both require p38
MAPK activity. In the case of TLR-induced phagosome maturation, cargo containing
TLR agonists triggers signals in a phagosome-autonomous manner, specifically
marking that particular phagosome for an inducible mode of maturation, which is
blocked by p38 MAPK inhibitors (Blander and Medzhitov 2004). It is intriguing to
speculate that phagosome-to-lysosome and autophagosome-to-lysosome fusion share
common machinery that require p38 MAPK for activation.

In another study, Deretic and colleagues surveyed various TLR agonists for
autophagy induction using RAW 264.7 macrophages and found that TLR3, TLR4,
and TLR7 induce an approximately twofold increase in GFP-LC3 puncta per cell
(Delgado et al. 2008). This study focused on TLR7-induced autophagy, as the effect
was more significant than TLR3 or TLR4 activation. LC3 puncta formation
occurred in a TLR7- and MyD88-dependent manner 4 h after stimulation with
ssSRNA or imiquimod (Delgado et al. 2008). Induction of autophagy via TLR7
signaling also resulted in a decrease in mycobacterial survival, which was abro-
gated by siRNA knockdown of beclin 1 (Delgado et al. 2008). These data suggested
that TLR7-mediated clearance of mycobacteria was solely mediated by autophagy.
Since IFN-y-mediated clearance of mycobacteria is also dependent on autophagy,
mediated though LRG47 (Singh et al. 2006), it would be interesting to determine
the relationship between TLR7- and IFN-y-induced autophagy in mycobacterial
clearance in macrophages.

A major question that remains unanswered is how TLR signals lead to the induction
of autophagy. It appears that both TRIF- (Xu et al. 2007) and MyD88- (Delgado et al.
2008) dependent signals can induce autophagy in macrophages, depending on the
TLR ligand used. In addition, do the autophagosomes induced by TLRs form randomly
in the cytosol or is there a targeting signal? If the purpose of the formation of
autophagosomes through TLRs is to clear intracellular pathogens, selective enclosure
of pathogen or pathogen-containing vesicles by the autophagosome would be more
beneficial to the host. Dissecting these molecular mechanisms will provide the next
important advance in moving this field forward.

3.2.2 TLR-Induced Phagocytosis Utilize Machinery of Autophagy
to Clear Extracellular Pathogens

The studies on TLR4- and TLR7-mediated induction of autophagy identify a means
by which TLR-activation triggers autophagy, which in turn enhances autophagosome
fusion with the arrested phagosomes containing mycobacteria. An elegant and
provocative report by Sanjuan et al. (2007) demonstrated that molecules involved
in autophagy are utilized by macrophages to facilitate fusion of phagosomes with
lysosomes. This study showed that LPS, imiquimod, and CpG all induced macro-
phages to form LC3 punctate structures throughout the cytosol as early as 1 h after
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stimulation. However, upon phagocytosis of bacteria and yeast, only the cargo-
containing phagosomes rapidly recruited Beclin 1 and LC3, which was followed by
fusion with the lysosome and acidification. This was not observed in phagosomes
containing latex beads that were not associated with TLR agonists. The recruitment
of LC3 to phagosomes containing zymosan (recognized by TLR2 and Dectin-1) or
Escherichia coli (recognized by TLR2 and TLR4) was found to be independent of
MyD88 and p38 MAPK, indicating that signals mediated by Dectin-1 (zymosan)
and TRIF (E. coli) can also result in the recruitment of LC3 to phagosomes. Live
Saccharomyces cerevisiae engulfed by Atg7 knockout macrophages showed a marked
survival advantage over yeast taken up by wild-type macrophages. Importantly, no
double-membrane structure typical of autophagosomes was ever detected around
the phagosomes. Collectively, this study revealed that in contrast to the other reports,
TLR signaling during conventional phagocytosis of an extracellular organism utilizes
the autophagy machinery to associate LC3 rapidly with phagosomes, without the
formation of conventional autophagosomes.

This concept prompts us to re-examine certain definitions and lines of reasoning
that have shaped this field. First, there is the startling demonstration of LC3 recruit-
ment to phagosomes that remain with a single lipid bilayer membrane as opposed
to the double lipid bilayer that sets autophagosomes apart (Sanjuan et al. 2007).
While this is considered autophagy-independent recruitment of LC3, it is still
dependent on Beclin 1 and Atg7. How then should we define autophagy experimen-
tally? Are LC3 punctate structures or LC3 lipidation patterns and the dependency
on essential proteins in the autophagic pathway such as Atg5 and Atg7 sufficient to
evaluate autophagy without showing degradation of long-lived cytosolic proteins?
If electron microscopy does not show a double membrane surrounding the phagosome,
but Beclin 1, Atg5, Atg7, and LC3 are shown to be necessary, is this a utilization
of the autophagic machinery by phagocytosis, or is this perhaps evidence that
phagocytosis and autophagy are convergent pathways?

It may be necessary to revisit the definition of autophagy as specifically involving
the envelopment by a double membrane. In 1963, a century after the discovery of
phagocytosis, Christian de Duve coined the term autophagy to describe a different
type of cellular “eating,” in this case “self-eating.” This name was chosen to portray
the observations of a vesicle that contained sequestered cytoplasmic elements
including organelles in various stages of degradation, and to distinguish this
phenomenon from heterophagosomes (phagosomes) that engulfed extracellular
matter. In his 1966 review on the functions of lysosomes, de Duve speculated on a
cellular digestive system that could originate with either autophagy or phagocytosis
and then feed into the lysosomes for degradation. While a multitude of reports and
images of autophagic vesicles had already accumulated by that time, only a few of
them depicted a double membrane. This led to the idea that an early double
membrane of preformed cytomembrane enveloped around cytoplasmic constituents
and rapid degradation of the inner membrane left only a single membrane on the
vesicle (De Duve and Wattiaux 1966). Later, evidence for the existence of an
amphisome, a fusion product between autophagosomes and endosomes, was
provided by demonstrating the cleavage of lactose sequestered in autophagosomes by
endocytosed [3-galactosidase during lysosomal inhibition (Gordon and Seglen 1988).
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It is plausible that what has been hitherto considered two parallel processes are
actually two facets of a convergent process. Future research in this area is expected to
further reveal fundamental relationships between autophagy and phagocytosis.

4 Cytokine Feedback: Beating the Battle Drum

Cytokine-mediated signaling during the initiation of an immune response allows the
coordination of an appropriate defense pathway suitable for protecting against a
plurality of potential invaders. It is worth noting that Thl- and Th2-polarizing
cytokines differentially affect autophagy. It has been reported that IFN-y (Th1l) can
induce autophagy (Gutierrez et al. 2004; Inbal et al. 2002), while IL-4 and IL-13
(Th2) have an inhibitory effect on autophagy (Harris et al. 2007). Autophagy bypasses
mycobacterium-mediated arrest of phagosomal maturation targeting Vps34 upon
induction by IFN-y and LRG-47 GTPase, providing a mechanism by which Th1 cells
trigger phagosomal maturation in macrophages (Gutierrez et al. 2004; Singh et al.
2006). In contrast, IL-4 and IL-13 inhibit both IFN-y-induced and starvation-induced
autophagy. These cytokines stimulate the Akt pathway in macrophages, resulting in
the activation of mTOR and the inhibition of starvation-induced autophagy (Harris
et al. 2007). It will be important to determine the regulatory effects exerted by other
important groups of cytokines, including IL-17 (produced by Th17 cells), transforming
growth factor (TGF)-B, IL-10 (suppressive cytokines), type I IFNs (antiviral
cytokines), IL-1, and IL-18 (released upon inflammasome activation), on autophagy
and on autophagy-mediated immune effector functions described throughout this
chapter. For instance, if xenophagy plays an important role in viral clearance, it would
not be surprising if autophagy is induced by type I IFNs. What is unclear currently is the
precise mechanism of regulation of autophagy by cytokines. Such complexities are
exemplified by the fact that NF-xB, which activates the transcription of numerous
genes including proinflammatory cytokines and IFNs, has been shown to downregulate
autophagy (Djavaheri-Mergny et al. 2006). In addition, selective autophagy has been
shown to mediate degradation of IKK and NF-kB-inducing kinase (NIK), which are
essential activators of NF-kB through the canonical and noncanonical pathways,
respectively (Qing et al. 2007; Qing et al. 2006). Future studies must delineate the
molecular pathways involved in the cytokine regulation of autophagy and its
relevance in antiviral and other antimicrobial defense in vivo.

5 Concluding Remarks

Multiple layers of host defense are triggered in response to viral infection; however,
viruses multiply rapidly, and can quickly evolve to evade immune recognition and
elimination. Gaining an understanding, at the molecular level, of the innate immune
pathways that are stimulated by viral infection and the mechanisms by which such factors
catalyze protective immunity will shed new light on critical immune pathways and
provide an opportunity for therapeutic intervention. For example, dsRNA-dependent
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protein kinase (PKR) is an elongation and initiation factor 2o (eIF2a) kinase that
is activated by dsRNA. Intriguingly, in addition to inhibiting translation of mRNAs,
phosphorylated elF2a also induces autophagy. It was demonstrated that HSV-1
infection triggers PKR-mediated induction of autophagy (Talloczy et al. 2002).
However, autophagy is blocked by the HSV-1 neurovirulence factor ICP34.5
through the inhibition of both PKR signaling and Beclin 1 function (Orvedahl et al.
2007). Although virus recognition might lead to the induction of autophagy, the
role of autophagy in the outcome of infection can be multifold. Some viruses may
manage to inhibit autophagy (Talloczy et al. 2002), or might even harness it as a
replication platform (Jackson et al. 2005), while others may be successfully eliminated
by xenophagy (Liang et al. 1998). There are enumerable factors to consider before
declaring a winner or a loser in the battle over autophagy between pathogen and host,
and undoubtedly many of these examples and mechanisms still await discovery.
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Abstract Macroautophagy is a catabolic process for the lysosomal turnover of cell
organelles and protein aggregates. Lysosomal degradation products are displayed
by major histocompatibility class II molecules to CD4* T cells in the steady state
for tolerance induction and during infections to mount adaptive immune responses.
It has recently been shown that macroautophagy substrates can also give rise to
MHC class II ligands. We review here the breadth of antigens that may utilize this
pathway and the possible implications of this alternate route to MHC class II anti-
gen presentation for immunity and tolerance. Based on this discussion, it is apparent
that the regulation of macroautophagy may be beneficial in various disease settings
in order to enhance adaptive immune responses or to reduce autoimmunity.
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1 Introduction

The adaptive immune system monitors, via its T cells, the protein degradation products
of cells in order to check for deviations from the steady-state peptide repertoire under
display. CD8* T cells monitor peptide presentation on major histocompatibility
complex (MHC) class I molecules and CD4* T cells monitor peptide presentation
by MHC class II molecules. MHC class I and II molecules are thought to present
peptide products of proteasomal and lysosomal proteolysis, respectively (Trombetta
and Mellman 2005). MHC class I and II ligands are loaded in different intracellular
compartments. Proteasomal products are transported into the endoplasmic reticulum
(ER) via the transporter associated with antigen processing (TAP), and get primarily
loaded in the ER onto newly synthesized MHC class I molecules, which then travel
to the cell surface for CD8* T cell immune surveillance. In contrast, MHC class 11
molecules are loaded in late endosomal compartments with intravesicular membranes,
termed MHC class II-containing compartments (MIIC). MHC class II molecules
are directed there by the invariant chain (Ii), a chaperone that associates with newly
synthesized MHC class II molecules in the ER and prevents premature peptide
binding, and also facilitates the vesicular transport to the MIIC. In the MIIC, antigen
and Ii are degraded by lysosomal hydrolases, and then the last remnant of Ii, the
class II-associated Ii chain peptide (CLIP), is exchanged for a high-affinity peptide
by the chaperone HLA-DM. The stable MHC class II/peptide complex is succes-
sively released to the cell surface for CD4* T cell stimulation. Since the proteasome
is located in the cytosol and nucleus, and the MIIC is part of the endosomal system,
MHC class I displays mainly fragments of cytosolic and nuclear antigens, while
MHC class II presents mainly peptides from secreted and membrane proteins.
However, with the discovery of multiple pathways leading to the access of endo-
cytosed proteins to the cytosol for cross-presentation on MHC class I molecules
(Groothuis and Neefjes 2005) and of autophagic delivery of cytoplasmic
constituents to late endosomes, followed by lysosomal proteolysis for MHC class
II presentation (Schmid and Miinz 2007), the cellular localization has become less
important, and the degradation behavior of the individual antigen is emerging as a
more important determinant of MHC class I and II presentation to CD8* and CD4*
T cells. We will discuss in the following chapter how research on autophagy, which
has blossomed in the recent past, enriches our understanding of what can be seen
by the adaptive immune system.

When we speak of autophagy, we must consider several pathways that lead to
the lysosomal degradation of cytoplasmic constituents. These include primarily
macroautophagy, microautophagy and chaperone-mediated autophagy (Mizushima
and Klionsky 2007). In this chapter, we will primarily discuss macroautophagy and
chaperone-mediated autophagy, since the evidence for microautophagy in higher
eukaryotes is sparse, and an involvement of this pathway in MHC presentation has
not yet been described. During macroautophagy, around 30 essential autophagy-
related gene (Atg) products participate in the formation of a double-membrane-
surrounded vesicle, the so-called autophagosome, and its fusion with late endosomes
and lysosomes. While other chapters in this book will discuss the mechanistic basis
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of this process in more detail (see the first three chapters of this volume), we will
briefly outline the two ubiquitin-like systems involved in autophagosome formation
(Ohsumi 2001), since these are primarily utilized by immunologists to monitor
macroautophagy and to selectively interfere with it.

One of these systems uses Atg8, which in mammals is a family of proteins with
four members: LC3, GABARAP, GATE-16 and ApgL (Hemelaar et al. 2003). Atg8/
LC3 is processed by the Atg4 protease to expose a C-terminal glycine residue, and
is then coupled in a ubiquitin-like reaction (assisted by the El-activating enzyme
Atg7 and the E2-conjugating enzyme Atg3) to the lipid phosphatidylethanolamine
(PE) on the inside and outside of the forming autophagosome membrane, called the
isolation membrane. The second ubiquitin-like system couples Atgl2 to AtgS,
catalyzed by Atg7 and the E2-conjugating enzyme AtglO. The Atgl2/Atg5
heterodimer then associates with Atgl6L and decorates the outer surface of the
isolation membrane. Once the cup-shaped isolation membrane closes around its
cargo to form the completed autophagosome, the Atgl2/Atg5/Atgl6L complex
dissociates from it and a substantial portion of the Atg8/L.C3 is also cleaved by Atg4
from the outer membrane, but Atg8/L.C3 on the inner membrane stays associated
with the autophagosome and is degraded with the inner membrane in autolysosomes.

In contrast to macroautophagy, which requires the formation of a separate vesicle,
chaperone-mediated autophagy imports its substrates directly into the lysosome
(Agarraberes and Dice 2001). For this purpose, a signal peptide in the protein
substrate is recognized by a cytosolic HSC70 chaperone and then imported via
LAMP-2A into the lysosome with the help of a lysosomal HSC70 chaperone.
While the pentamer KFERQ from RNAse A was originally described as the proto-
typic signal peptide for directing substrates to chaperone-mediated autophagy, a
more degenerate sequence of five amino acids including a glutamine preceded or
followed by one or two basic and one or two hydrophobic residues has been found
to efficiently mediate lysosomal import (Chiang and Dice 1988). Not too surprisingly,
these essential catabolic processes grouped under the term “autophagy” are
involved in many biological functions (Levine and Kroemer 2008; Mizushima et al.
2008), but we will focus on their role in alarming and tolerizing the mammalian
immune system, primarily T cells.

2 Source Proteins of Peptide Ligands For MHC Class II Molecules

One way to investigate if MHC molecules present fragments of autophagic
substrates to T cells is to analyze their natural peptide ligands after affinity purification
of MHC molecules and acid extraction of their small molecular weight cargo
(Rammensee et al. 1999). Interestingly, up to 30% of MHC class I ligands originate
from cytosolic and nuclear proteins (Dengjel et al. 2005). Of these, some proteins
preferentially give rise to MHC class I ligands and some primarily to MHC class 11
ligands. For example, cyclins with protein half-lives of around 15 min (Barette
et al. 2001; Germain et al. 2000; Singer et al. 1999) have been found to be source
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proteins for at least ten natural peptide ligands of mouse and human MHC class 1
molecules, but have only been found to be a source of MHC class II ligands on one
occasion (Rammensee et al. 1999). Similarly, ornithine decarboxylase with a half-life
of 12 min (Dice and Goldberg 1975) contains two natural ligands, which have been
eluted from human MHC class I molecules (Rammensee et al. 1999). On the other
hand, MHC class II ligands seem to be preferentially generated from long-lived
proteins, and this protein pool has been described as being preferentially turned
over by autophagy (Henell et al. 1987). HSC70- and HSP70-derived peptides are
two- to threefold more frequently found as natural ligands of MHC class II molecules
than MHC class I molecules, and these chaperones have half-lives of between 4 and
20 h (Jiang et al. 2001; Landry et al. 1991; Li and Duncan 1995). In addition,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a protein with an extraordinarily
long half-life of 130 h (Dice and Goldberg 1975), is a prominent source of MHC
class II ligands, and GAPDH peptides have been eluted from five human
MHC class II molecules, but not yet from MHC class I molecules (Dengjel et al.
2005; Rammensee et al. 1999). In addition, GAPDH has been described as a
substrate of chaperone-mediated autophagy (Aniento et al. 1993) and has been
isolated from autophagosomes (Fengsrud et al. 2000). Therefore, long-lived proteins,
which are preferential substrates of autophagy, more frequently give rise to natural
MHC class II ligands, and peptides from GAPDH, a known autophagy substrate,
have been eluted from several MHC class II molecules.

In addition to potential and proven autophagy substrates, MHC class II ligands
from proteins of the molecular machinery of macroautophagy have also been eluted
from MHC class II molecules. Two peptides of Atg8/LC3 (MAP1LC3B and

93-109

MAPILC3B,, |,,) have been found on HLA-DR4 and/or HLA-DRI1 of an Epstein-Barr
virus (EBV)-transformed B cell line (Dengjel et al. 2005). In addition, H2-A¥¢’, a
diabetogenic mouse MHC class II molecule, was found to present a peptide from
another mammalian Atg8 member, GABARAP29 s ON the surface of a mouse B cell
lymphoma cell line (Suri et al. 2008). Interestingly, a potentially autoreactive CD4*
T cell clone against the latter peptide was isolated from pancreas-draining lymph
nodes, identifying GABARAP as a potential autoantigen in type I diabetes in mice
(Suri et al. 2008). These results suggest that as well as being presented on MHC
class II molecules, mammalian Atg8 proteins may also become autoantigens in
susceptible genetic backgrounds.

Finally, proteins may also make themselves destined for autophagy by inhibiting
their degradation through the other main proteolytic machinery in cells, the proteasome
(Ciechanover 2005). Along these lines, the nuclear antigen 1 of EBV (EBNAI)
encodes a glycine alanine (GA) repeat domain that impairs proteasomal degradation
in cis, and at the same time prolongs EBNA1’s half-life (Hoyt et al. 2006;
Levitskaya et al. 1995; Levitskaya et al. 1997; Tellam et al. 2001). Deletion of the
GA repeat domain enhances proteasomal degradation and MHC class I presentation
of EBNALI (Lee et al. 2004; Levitskaya et al. 1997). In contrast, long-lived, full-length
EBNALI is intracellularly processed for MHC class II presentation via macroau-
tophagy (Miinz et al. 2000; Paludan et al. 2005). Similarly, long-lived influenza
matrix protein 1 (MP1) is presented on MHC class II after intracellular processing
(Jaraquemada et al. 1990). However, when it is destabilized for more efficient
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proteasomal degradation via N-end rule modification, MHC class II presentation is
severely compromised (Gueguen and Long 1996). Finally, the nuclear antigen
RAD?23, which is involved in nucleotide excision repair, contains a UBA2 domain
that blocks proteasomal processing and extends the protein half-life of RAD23
(Heessen et al. 2005). Interestingly, MHC class II molecules of cells that were
starved to upregulate autophagy presented elevated levels of a RAD23-derived
peptide ligand along with other peptides of nuclear and cytosolic sources, while the
presentation of membrane and secretory proteins was not increased (Dengjel et al.
2005). Altogether, these data suggest that proteins that are protected from proteasomal
degradation and therefore have long half-lives or proteins that are targeted to
autophagosomes as part of the molecular machinery involved in the generation of
these vesicles are substrates of macroautophagy and are preferentially presented
onto MHC class II molecules to CD4* T cells.

3 Intracellular Antigen Processing onto MHC Class I1
Proteins

In addition to the MHC class II ligand isolation studies that identified the presentation
of cytosolic and nuclear antigens, some CD4* T cell specificities recognize their
antigens after intracellular processing. This fact was primarily documented with in
vitro MHC class II presentation assays to CD4* T cell clones or lines, whereby the
antigen is expressed either in target cells together with the cognate MHC class 11
allele or in bystander cells that are mismatched in their MHC both to the T cell
specificity and to target cells with the correct MHC class II molecules, which are
mixed with the antigen-expressing cells in the culture. If only the coexpression of
antigen and restricting MHC class II molecule is recognized, an endogenous route
rather than release and re-uptake is suggested for antigen processing onto MHC
class II. However, autophagy has only been investigated and documented as the
pathway by which the respective antigen gains access to MHC class II loading
compartments for a few of these antigens.

Four separate intracellular pathways for MHC class II presentation have now
been postulated. The first pathway involves MHC class II loading with peptide
epitopes of secreted or membrane proteins that are co-translationally inserted into
the ER, travel with MHC class II molecules to MIICs for loading, and are degraded
along this route (either in the ER itself or by lysosomal hydrolysis). Several viral
and targeted model antigens have been shown to follow this proteasome- and
TAP-independent intracellular pathway of membrane, secreted and ER antigens.
Prominent examples of this pathway are influenza hemagglutinin (Aichinger et al.
1997; Kittlesen et al. 1993), the glycoprotein poison tail of vesicular stomatitis
virus (Bartido et al. 1995), ER-retained immunoglobulin A-light chain (Weiss and
Bogen 1989; Weiss and Bogen 1991), and secreted as well as ER-retained hen egg
white lysozyme (Bonifaz et al. 1999; Brooks et al. 1991; Brooks and McCluskey
1993; Dissanayake et al. 2005).
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A second pathway provides access for cytosolic antigens to MHC class II loading
via TAP, and most likely requires proteasomal processing of the antigen in the
cytosol. Influenza hemagglutinin peptides expressed in the cytosol after transfection
(Malnati et al. 1992), and hemagglutinin and neuraminidase that escape from
endosomes in cross-presenting dendritic cells (Tewari et al. 2005) use this route for
MHC class II presentation to CD4* T cells.

The other two pathways do not utilize ER import mechanisms but directly target late
endosomal and lysosomal compartments for MHC class II loading. The third pathway
of intracellular antigen processing for MHC class II presentation is proteasome
dependent but TAP independent. Ovalbumin, introduced into the cytosol by
hyperosmotic pinosome lysis, (Mukherjee et al. 2001), cytosolic and membrane-bound
forms of the MHC class II a-chain H2-Ea (Dani et al. 2004; Mukherjee et al. 2001),
and the autoantigens glutamate decarboxylase 65 (GAD65) as well as the mutant
immunoglobulin k-light chain SMA (Lich et al. 2000; Zhou et al. 2005) have been
shown to use this pathway. MHC class II presentation of GAD65 and SMA was
increased after overexpression of the transporter for chaperone-mediated autophagy
LAMP-2A (Zhou et al. 2005). Therefore, chaperone-mediated autophagy might import
proteasomal products into lysosomal compartments for MHC class II presentation.

The fourth and last pathway for intracellular antigen processing onto MHC class
II is proteasome and TAP independent. In addition to the cytosolic, secretory and
membrane proteins processed for MHC class II presentation by the pathways
outlined above, nuclear and mitochondrial antigens have also been found to be
delivered for MHC class II loading by an intracellular route (Le Roy et al. 2002;
Paludan et al. 2005; Qi et al. 2000). Furthermore, some cytosolic proteins are also
processed for MHC class II presentation by this pathway that relies on lysosomal
hydrolysis and targets substrates outside the secretory pathway (Chen et al. 1998;
Jacobson et al. 1989; Jaraquemada et al. 1990). A long protein half-life seems beneficial
in order to enter this pathway (Gueguen and Long 1996; Paludan et al. 2005). Even
so, it is currently not known how measles virus matrix and nucleocapsid (Jacobson
et al. 1989), hepatitis C virus core protein (Chen et al. 1998), and influenza matrix
protein 1 (Gueguen and Long 1996; Jaraquemada et al. 1990) access lysosomal
proteolysis for MHC class II presentation. EBNA1 reaches MIICs via macroautophagy
for CD4* T cell stimulation (Paludan et al. 2005). In addition, other cytosolic antigens,
including neomycin phosphotransferase II (Nimmerjahn et al. 2003) and complement
C5 (Brazil et al. 1997), are also presented on MHC class II molecules after
autophagy. Therefore, multiple pathways seem to give intracellular antigens access
to MHC class II presentation, and probably intracellular location as well as susceptibility
to proteasomal versus lysosomal degradation largely determine which pathway will
be used by a given antigen for loading onto MHC class II molecules.



Autophagy in MHC Class II Presentation 129

4 Macroautophagy as a Source of MHC Class II Ligands

We have previously demonstrated that macroautophagy is a constitutive pathway in
professional antigen-presenting cells (dendritic cells and B cells) as well as in epi-
thelial cells. In these cells, autophagosomes constitutively fuse with MHC class 11
compartments, delivering their contents to the MHC class II loading machinery.
Hence, autophagosome cargo is a new source of endogenous MHC class II epitopes
in the steady state as well as in pathogenic situations. Several studies have now
implicated this pathway in the endogenous processing of MHC class II epitopes for
model antigens and (more relevant physiologically) for some tumor or viral
antigens (Fig. 1).

c5 NeoR

HSP70
EF1-a1
Ag858

= EBNA 1
RA023
Nucleus

Fig. 1 Examples of proteins that may gain access to MHC class II presentation via macroau-
tophagy. The viral nuclear antigen EBNA1 (Paludan et al. 2005), the endosomal tumor antigen
Mucl (Dorfel et al. 2005) and the cytosolic model proteins NeoR (Nimmerjahn et al. 2003) and
C5 (Brazil et al. 1997) have been shown to be recognized by CD4* T cells after macroautophagy.
The M. tb antigen Ag85B is also processed onto MHC class II after macroautophagy, but it is
unclear if this happens from its endosomal or cytosolic pool (Chinnaswamy Jagannath, personal
communications). The self-proteins RAD23 (nucleus), cathepsin D (endosome), HSP70 and EF1-al
(cytosol) were significantly better presented on MHC class II molecules after starvation-induced
macroautophagy (Dengjel et al. 2005). Finally, the viral membrane protein LMP1 has been found
to be a substrate of macroautophagy (Lee and Sugden 2008), and its presentation on MHC class
1L is frequently recognized by CD4* T cells (Marshall et al. 2003; Miinz et al. 2000)

Cytosol



130 M. Gannagé and C. Miinz

4.1 Model Antigens

We used two model antigens, a viral antigen—the matrix protein 1 (MP1) of influenza
virus, and a tumor antigen—the cancer testis antigen NY-ESO-1, to generate two
fusion proteins with the autophagosome membrane protein Atg8/LC3 (MP1-LC3
and NY-ESO-1-LC3, respectively; Schmid et al. 2007, and unpublished data). Since
Atg8/L.C3 is degraded with the inner membrane in autolysosomes, our idea was to
target these antigens to the autophagy compartment and therefore enhance their
MHC class II presentation. Indeed, by expressing NY-ESO-1-LC3 and MP1-LC3 in
epithelial cells, we observed a significant increase (five- to tenfold) in IFN-y secretion
by antigen-specific CD4* T cell clones compared to the unmodified proteins
NY-ESO-1 and MP1, respectively. Therefore, by targeting these two antigens to the
macroautophagy compartment, we were able to show a significant enhancement in
MHC class II presentation by accessing macroautophagy.

It has been suggested that another cytosolic model antigen, neomycin phospho-
transferase II (NeoR), is delivered to MHC class II-containing compartments by
macroautophagy (Nimmerjahn et al. 2003). In this study, the recognition of a CD4*
T cell epitope derived from NeoR was significantly reduced by pharmacological
inhibitors of macroautophagy with 3-methyladenine or low concentrations of
wortmannin. As a control, the exogenous presentation of NeoR was not affected by
these pharmacological inhibitors, and neither was the CD8* T cell recognition of
control antigens. Similarly, overexpression of complement C5 in mouse macrophages
has been shown to elicit CD4* T cell recognition (Brazil et al. 1997). This recognition
was sensitive to 3-methyladenine inhibition, while external addition of C5 could be
efficiently processed for MHC class II presentation even in the presence of
3-methyladenine. These examples document the efficient processing of cytosolic
antigens for CD4* T cell stimulation after macroautophagy.

In addition to these model antigens, evidence is mounting that a number of
tumor- and pathogen-derived antigens are delivered to the MIIC after macroautophagy,
and this will be reviewed in the next two sections.

4.2 Tumor Antigens

The role that macroautophagy plays during tumorigenesis has been a matter of
debate. It remains unclear if macroautophagy acts as a tumor suppressor and/or a
tumor pro-survival pathway. Nevertheless, tumor antigens have been shown to enter
this pathway for the generation of tumor-specific CD4* T cell epitopes. One of the
first tumor antigens to be described as being processed by macroautophagy was
mucin gene 1 (MUC1). Dorfel and coworkers demonstrated that in MUC[-transfected
dendritic cells, the processing of a CD4* T cell epitope of MUC1 was dependent on
the macroautophagy pathway (Dorfel et al. 2005). Indeed, by inhibiting the pathway
using class III PI3K inhibitors (3-methyladenine or wortmannin), they could
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significantly reduce the proliferation of MUC1-specific CD4* T cell lines, while the
CDS8* T cell response to the same antigen was unchanged.

It is tempting to speculate that other tumor antigens can also be processed by
macroautophagy. Indeed, there are an increasing number of MHC class II epitopes
derived from melanoma antigens that are described as being processed via an
endogenous route onto MHC class II molecules (Godefroy et al. 2006; Zarour et al.
2000). Cytosolic melanoma antigens such as Melan-A/MART-1 or MAGE3 that
lack a sorting signal to melanosomes and are not expressed on the cell surface could
represent a potential pool of macroautophagy substrates. Clearly more studies are
needed to assess which tumor antigens can gain access to MHC class II presentation
and CD4* T cell stimulation. A better understanding of tumor immune surveillance
by CD4* T cells after macroautophagy could provide insights into how adaptive
tumor immune responses are influenced by macroautophagy regulation in tumors.

4.3 Intracellular Pathogens as a Source of Macroautophagy-
Dependent MHC Class 11 Antigens

Several intracellular pathogens interfere with the autophagic machinery. While some
pathogens can be degraded by macroautophagy, like Rickettsia conorii (Walker et al.
1997), others like Shigella flexneri (Ogawa et al. 2005) have evolved to evade this
catabolic pathway, or make possibly use of autophagosomal membranes for their
own replication (Jackson et al. 2005). Despite this growing evidence for the involvement of
macroautophagy in innate immune response to intracellular pathogens, there are
only a few studies suggesting a direct link between the adaptive immune response
and macroautophagic clearance of bacteria, parasites and viruses.

4.3.1 Mycobacterium tuberculosis

A recent study demonstrated that induction of macroautophagy by rapamycin or
starvation significantly enhanced MHC class II presentation of the immunodomi-
nant Ag85B antigen on M. tuberculosis-infected macrophages and dendritic cells
(Chinnaswamy Jagannath, personal communications). This mechanism is an active
process, occurring only during live M. tuberculosis infection, and is specifically
inhibited by silencing of the essential autophagy gene beclin 1 (the mammalian
ortholog of yeast ATG6). Moreover, confocal immunofluorescence analysis of
infected macrophages demonstrated that mycobacteria localize to autophagosomes
upon rapamycin treatment. Furthermore, rapamycin pretreatment of M. tuberculo-
sis-infected dendritic cells significantly enhanced the efficiency of vaccination by
adoptive DC transfer, and protected from M. tuberculosis challenge in mice. This
interesting work describes for the first time how the manipulation of macroau-
tophagy can improve vaccine strategies.
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4.3.2 Epstein—-Barr Virus (EBV)

Two latent antigens of EBYV, the nuclear antigen EBNA1 and the membrane
protein LMP1, have been described as being at least partially degraded by macroau-
tophagy. LMP1 (latent membrane protein 1), the main oncogene of the virus, has
recently been shown to induce macroautophagy in a dose-dependent manner (Lee
and Sugden 2008). In this recent work, Sugden and colleagues demonstrated that
LMP1 accumulated upon the inhibition of two essential autophagy genes, beclin I and
ATG?7. Therefore, LMP1 regulates its own clearance via macroautophagy, but further
studies are needed to evaluate if CD4* T cell epitopes of LMP1, which are frequently
recognized in healthy virus carriers by IFN-y- and/or IL-10-producing CD4* T cells
(Miinz et al. 2000); (Marshall et al. 2003), can be processed via this pathway.

Another latent protein, EBV nuclear antigen 1 (EBNA1), the most consistently
recognized CD4* T cell antigen of latent Epstein-Barr virus infection, gains access
to MHC class II loading compartments via macroautophagy. Indeed, our group has
demonstrated that in EBV-transformed B cells and EBNA 1-transfected cell lines,
EBNAI is degraded via lysosomal degradation after macroautophagy (Paludan
et al. 2005). This pathway is also at least partially responsible for delivering this
antigen for MHC class II presentation. Upon the inhibition of macroautophagy by
siRNA-mediated silencing of ATGI2 or the pharmacological inhibition of
macroautophagy with 3-methyladenine, antigen presentation of distinct epitopes to
EBNA1-specific CD4* T cell clones was significantly reduced, while CD8* T cell
recognition of another nuclear EBV antigen was not affected. This study was the
first demonstration of MHC class II presentation of physiological levels of a
pathogen-derived antigen via the autophagic route.

4.4 Self-Antigens as a Source of MHC Class II Epitopes
After Macroautophagy

The influence of macroautophagy on the MHC class II self-ligandome has been
investigated in an elegant study (Dengjel et al. 2005). Indeed, upon starvation-
induced macroautophagy, mass spectrometric analysis of natural HLA-DR ligands
from a human B lymphoblastoid cell line showed a significant change in the
amount of presented peptides derived from cytosolic and nuclear proteins, while
MHC class II presentation of membrane and secretory proteins was unchanged.
Interestingly, the presentations of four proteins were particularly elevated (HSP70,
RAD?23, elongation factor-1a. and cathepsin D). As we discussed above, two of
these, HSP70 and RAD23, are proteins with long half-lives and are therefore good
candidates for macroautophagy substrates. Further studies are needed to investigate
the possible implications of self-protein presentation as the basis for autoantigen
recognition during autoimmune diseases or for allogeneic transplant rejections
where upregulated macroautophagy could enhance the MHC class II presentation
of self-epitopes on tissue epithelial cells.
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While MHC class II presentation of antigens via macroautophagy has been
described for a number of in vitro systems, little information is available on the role
of this pathway in vivo. In the remaining parts of this chapter, we will speculate on
the role(s) that macroautophagic delivery of proteins to MHC class II presentation
may play during immune responses and steady-state tolerance in professional
antigen-presenting cells and in epithelial cells.

4.5 Macroautophagy in Professional Antigen-Presenting Cells

4.5.1 Tolerance Induction by DCs

Immature DCs were found to contain significant numbers of autophagosomes.
Since the interaction of naive T cells or T cell precursors with immature DCs has
been described as being a mechanism of peripheral and central tolerance induction
in vivo (Probst et al. 2005); (Steinman et al. 2003), macroautophagy could contribute
to these tolerance-inducing mechanisms by continuously delivering self-antigen to
MHC class II loading compartments. DCs may enhance their efficiency of
self-antigen presentation on MHC class II molecules through macroautophagic
mechanisms for tolerance induction.

4.5.2 Immunological Synapse

Given the growing evidence for the role of endogenous (self-) peptide in triggering
the activation of TCR for the recognition of an agonist peptide (Krogsgaard et al.
2005), it is tempting to speculate that autophagy may participate in the delivery of
endogenous self-epitopes to the cell surface of dendritic cells and enhance CD4* T
cell priming to agonist peptides. Indeed, in the so-called “pseudodimer model” of T
cell activation (Hailman and Allen 2004; Krogsgaard and Davis 2005), dimerization
of two TCRs occurs through a high-affinity interaction with an agonist MHC/peptide
complex together with a low-affinity interaction with a self-peptide MHC/peptide
complex, which both contribute to stabilizing the T cell/target cell interaction.
Interestingly, among MHC class II self-epitopes that accumulate at the immunologi-
cal synapse (Krogsgaard et al. 2005), some of them (like HSC70) are long-lived
proteins that are suggested to be macroautophagy substrates (Dengjel et al. 2005). In
addition, infected DCs may use macroautophagy to display pathogen-derived pep-
tides via MHC class II on their surface. Further studies are needed to determine the
consequences of macroautophagy silencing in dendritic cells, both in the steady state
as well as during intracellular pathogen invasion and oncogenic transformation. It will
be interesting to see if endogenous MHC class II pathways can also contribute to the
adaptive immune response in these cells that have a high phagocytic capacity.
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4.6 Macroautophagy in Epithelial Cells

In epithelial cells that have diminished phagocytic capacity, macroautophagy may
be even more important to the loading of MHC class I molecules due to its delivery
of proteins to MHC class II loading compartments, and may play major roles in
both immune surveillance of inflamed tissues and central and peripheral tolerance
in the thymus and secondary lymphoid organs.

4.6.1 Possible Roles of Autophagy in Central Tolerance

The thymus is involved in the education of the T cell compartment. In this process,
medullary thymic epithelial cells autoreactive T cell specificities (Klein and Kyewski
2000). They do so for both CD4* and CD8"* T cells. In order to perform this task
comprehensively, they should express and present both epithelial self-antigens
and also a broad spectrum of proteins that T cells may encounter in the periphery.
The importance of thymic peripheral antigen expression has been clearly
demonstrated by mutations in the transcription factor Aire. In human diseases and
in mouse models in which the Aire gene is mutated, a dramatic reduction in the
efficiency of negative selection is responsible for the susceptibility to autoimmune
disease (Mathis and Benoist 2007). Medullary thymic epithelial cells (mTECs)
express a wide range of tissue-specific antigens that are dependent on Aire for
expression at this site. Although the classical view of negative selection of CD4* T
cells implicates thymic dendritic cells, it is tempting to speculate that, just as for
MHC class I-restricted thymocytes, endogenous processing of MHC class
II-presented self-epitopes in mMTECs may participate in the selection of MHC class
II-restricted thymocytes. This hypothesis is reinforced by the fact that Aire
expression is very weak in dendritic cells.

Interestingly, in GFP-LC3 transgenic mice, which allow for the investigation of
fluorescently labeled autophagosomes in vivo, the thymic epithelia was described
as a tissue of high macroautophagic activity in the steady state, independent of
starvation (Mizushima et al. 2004). This study initially raised the possibility that
macroautophagy in thymic epithelial cells contributes to T cell education and
central tolerance. Indeed, a recent study demonstrated that selective disruption of
the essential mouse macroautophagy gene ATGS5 in thymic epithelial cells led to the
altered selection of certain MHC class II-restricted CD4* T cell specificities and to
colitis and multiorgan inflammation (Nedjic et al. 2008). Interestingly, alterations
in the MHC class II-presented peptide repertoire seemed to be the basis for these
differences in positive and negative T cell selection. Thus, the macroautophagy
pathway in thymic epithelial cells may contribute to self-antigen loading onto MHC
class II molecules for T cell selection and may be essential for the generation of a
self-tolerant T cell repertoire in vivo.
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4.6.2 Peripheral Tolerance
4.6.2.1 Extrathymic Expression of Aire

A recent report has described the presence of extrathymic expression of Aire and
Aire-dependent peripheral tissue antigens in peripheral lymph nodes. The authors
demonstrated that peripheral tolerance can be induced by this stromal cell population
of the lymph node cortex, and that this cell population presented intestinal
self-antigens to naive CD8 T cells (Lee et al. 2007). Given the epithelial origin
of this particular stromal cell population, it will be interesting to analyze the level
of autophagy in these cells and further evaluate a possible link between macroau-
tophagy and the induction of peripheral tolerance to self-reactive CD4* T cell
clones that have escaped thymic deletion.

4.6.2.2 Association Between Macroautophagy Regulation and Crohn’s Disease

A possible role for macroautophagy in the maintenance of immune homeostasis in
the gut has been highlighted by recent genome-wide association studies on Crohn’s
disease. The results of these studies have implicated mutations in an essential
autophagy gene, ATGI6L1 (Hampe et al. 2007; Rioux et al. 2007). A significant
association with Crohn’s disease risk was found for patients bearing a variant of
ATGI6LI expressing the coding SNP (T300A), and two recent studies discussed in
detail elsewhere in this volume describe intestinal pathology in mice harboring
mutations in Azg /6L (see the chapter by Cadwell et al. in this volume). The importance
of intestinal epithelial cells (IECs) in maintaining gut homeostasis is notable; indeed,
IECs must deal with a massive antigenic challenge from commensal bacteria and try
to keep gut-associated lymphocytes in a state of immunological hyporesponsiveness.
Since CD4* T cells play a key role in the pathogenesis of Crohn’s disease and
represent the vast majority of activated mononucleated cells invading the gut,
compromised macroautophagy in IECs could participate in immune deregulation,
leading to uncontrolled activation of intraepithelial CD4* T lymphocytes. Further
studies are required to determine if deregulation of macroautophagy in Crohn’s
disease causes a defect in the adaptive response or in innate immunity against gut
commensals.

4.6.2.3 Autophagy and the Allogeneic Response

Recent advances in the field of allogeneic recognition consider TCR interactions
with self or with allogeneic MHC molecules to be comparable. Indeed, it now
appears that in the majority of cases, such as for “conventional recognition,”
alloreactive T cells recognize both the peptide and the backbone of the foreign
MHC molecule (Felix and Allen 2007). Therefore, macroautophagy could play a
role in the allogeneic response by presenting self-peptides at the cell surfaces of
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dendritic cells and epithelial cells during either hematopoietic stem cell or solid
organ transplantation.

In graft versus host disease (GVHD), epithelial cells of the gut, the skin and the
liver are the main targets of allogeneic T cells. During the GVHD-induced cytokine
storm, these cells upregulate MHC class II molecules and therefore present
self-epitopes, also of endogenous origin, on their MHC class II molecules. This
renders them susceptible to recognition by alloreactive CD4* T cell cells.
Interestingly, it has been suggested that TNF-a and IFN-y, two major stimuli
present during the acute phase of GVHD, increase macroautophagy (Djavaheri-
Mergny et al. 2006; Gutierrez et al. 2004).

In organ transplantation, rapamycin treatment, a known stimulator of macroau-
tophagy via repression of the mTor pathway, is used therapeutically as an immuno-
suppressive regimen. The exact mechanism of action of rapamycin is not well
understood, but some mouse studies have demonstrated that rapamycin-conditioned
dendritic cells can expand Foxp3* T regulatory cells and promote organ transplant
tolerance (Turnquist et al. 2007). It is tempting to speculate that rapamycin-
enhanced macroautophagy may lead to increased self-peptide presentation on
MHC class II molecules, thereby facilitating regulatory T cell expansion.

These examples demonstrate that self-antigen and commensal antigen presentation
on MHC class II molecules via macroautophagy may contribute to peripheral
tolerance, and unfortunately also to autoimmunity in various settings. A better
understanding of the beneficial and detrimental contributions of this pathway
in vivo, as well as its regulatory mechanisms, should allow us to develop
therapeutic interventions.

5 Conclusions

The cargo of autophagosomes has now been shown to reach MHC class II loading
compartments quite efficiently, and therefore must be considered a new potential
source of endogenous MHC class II epitopes for CD4* T cells during adaptive
immune responses as well as tolerance induction. The targeting of this pathway
could be beneficial in order to enhance immune responses against intracellular
pathogens and tumors, as well as to downmodulate autoimmunity. However, a better
understanding of the degree to which antigen processing for MHC class II presentation
via macroautophagy contributes to tolerance and immunity is required in order to
select disease states in which enhanced macroautophagy might be beneficial without
breaking tolerance.
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